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PREFACE

The peculiar characteristics of clays provide it with very interesting adsorption qualities,
especially for polar or ionizable molecules. Some of these characteristics include the silicates'
sheet structure that makes a large surface area accessible for adsorption; the usually
significant surface charge that can be responsible for strong electrostatic interactions; and
clays' swelling properties and presence of exchangeable surface cations that facilitate ion-
exchange mechanisms. Added to their wide availability and associated low cost, these
characteristics have motivated in recent years an increasing interest in utilizing natural,
processed or chemically-modified clays for the removal of organic contaminants from
aqueous solutions. This book discusses the application of clay materials for the removal of
organic compounds from contaminated waters. It also discusses several other topics that
include time and temperature related behavior of clays; mechanical treatment of clay
minerals; the workability of natural clays and clays in the ceramics industry; recent advances
in hydraulic performance of clay liners; and the genesis, properties and industrial applications
of bauxitic lithomargic clay.

Chapter 1 - The prediction of stresses, deformations and temperature as a function of time
in a material subjected to simultaneous thermal and mechanical loading is one of the most
challenging and complex problems in engineering mechanics. In the field of Geomechanics a
number of important problems exist that necessitate the realistic prediction of time dependent
thermal-mechanical behavior. Thermal-mechanical analyses of soils are complicated by the
nature of these materials. Soils consist of a porous skeleton whose voids are filled with fluid
and gas. Consequently, soils are non-homogeneous materials. Macroscopically such materials
exhibit an anisotropic, inelastic, path-dependent, strain hardening (and softening), time-, rate-
and temperature-dependent behavior. To further complicate matters, the thermal properties of
such materials are not as well known as those for other materials such as metals. The
variability in a soil’s composition and subsequent degrees of thermal and mechanical
dependency further increase the complexity of the thermomechanical behavior of such
material. Finally, natural soils are also subject to sample disturbance that makes the task of
representative testing all the more difficult. Local variations in soil composition often
preclude the obtaining of reproducible test results, and thus impose limitations on the
confidence associated with the analytical description of the soil behavior. This chapter briefly
discusses the rudimentary microscopic and physicochemical aspects associated with saturated
cohesive soils. This is followed by a discussion of the macroscopically observed time- and
temperature-dependent behavior of such soils. Finally, a combined and coupled thermo-
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elastoplastic-viscoplastic framework for modeling the anisotropic, time-, rate- and
temperature-dependent behavior of cohesive soils in the context of a bounding surface
formulation is proposed.

Chapter 2 - Clay-rich soil lenses and layers in the subsurface play an important role in
determining the efficiency of remediation of waste sites contaminated with hazardous organic
compounds. Often organic solvents, such as trichloroethylene or tetrachloroethylene, are
spilled or disposed of in such a manner that they enter the subsurface. There they dissolve in
the groundwater and accumulate over time in the clayey lenses and layers located in the
saturated zone. During the remediation of these waste sites, the contaminants are then slowly
released, contributing to elevated concentrations in groundwater over an extended period of
time. Because of the low permeability of the clayey lenses and layers, the main transport
process into and out of these locations is considered to be diffusion. Thus, estimating the rates
of diffusion in clayey soil materials is key to determining the rates at which these hazardous
compounds may be released during clean-up activities.

Correlations have been developed to estimate diffusion coefficients in soil media based
on the diffusion coefficient of the compound in water and the porosity of the soil. However,
the use of these methods may be limited as they suggest an increase in the diffusion
coefficient with an increasing porosity whereas lower diffusion coefficients are usually
measured in clay materials despite their higher porosity. Furthermore, the flexibility of the
structure of smectitic clay minerals can result in variable porosities. Because remediation time
frames depend on the diffusional rate of release of hazardous organic solutes from clayey
soils, this study quantitatively assessed the performance of commonly-used methodologies to
estimate the diffusion coefficient of organic solutes in saturated clay-silt mixtures. The results
suggest that the performance of these methodologies is acceptable (average relative error of
61%) if the soil contains less than 25% clay, whereas high relative errors (> 151%) may occur
for soils containing more than 25% clay. To improve predictions for the materials with high
clay contents, two methodologies were developed from literature data to estimate the
effective diffusion coefficient as a function of dry bulk density, which yielded relative errors
of 83% and 48%. Consequently, these methods are recommended as alternatives to those
commonly used to estimate effective diffusion coefficients of organic solutes in saturated
clayey soils.

Chapter 3 - Physico-chemical changes during the dry grinding of clays produce
mechanochemical effects, as in other solids subjected to mechanical stress by impact and
friction forces among particles, such as planetary mills. Thus, the reactivity of ground
materials is enhanced and, therefore, it leads to mechanochemical reactions. The effects of
dry grinding on clays and clay minerals have been extensively studied. It is associated to their
relevant importance in some industrial applications as ceramic raw materials and processing
of advanced ceramics.

In the present research, kaolinite (1:1 layer silicate), pyrophyllite and talc (2:1) and raw
clay materials have been selected. Dry grinding experiments using planetary milling have
been performed using selected samples. Several techniques have been used to follow the
evolution of the layer silicates, mainly XRD, surface area (nitrogen adsorption), SEM, TEM,
MAS-NMR, FTIR, particle size analysis and thermal methods (DTA-TGA).

The mechanical stress during grinding clays are quite diverse, producing important
changes such as lattice distortions, amorphization, decrease in particle size, formation of
nanostructures and an increase in surface area. Modifications of surface area, particle size and
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shape of short and prolonged grinding on the crystal structure of the layer silicates have been
evaluated. These observed changes have been related to a progressive delamination and
structural breakdown during grinding, with final formation of a turbostratic-type structure.
Short grinding times resulted in the breakdown and drastic size reduction of relatively thin
particles. It has been found an inverse relationship between coherent X-ray domain and lattice
microstrains in the ground powders. It can be also observed an increasing in amorphization as
a consequence of the loss of long-range order. On the other hand, the rate of size reduction
decreased with time and a limit was reached for each layer silicate producing more rounded
particles and aggregates, with a decrease of surface area. Grinding produced a loss of
periodicity perpendicular to the layer silicate plane, and the dimensions of the crystallites
along the c-direction resulted too small to produce coherent X-ray scattering. Microscopy
techniques (TEM and SEM) allowed to observe the formation of nanometer size ground
powders and further particle agglomeration. Modifications in the coordination of Si and Al
nuclei have been also deduced from MAS-NMR spectroscopy, demonstrating a short-range
order.

The present results are interesting in clay research to analyze the formation of
nanostructured powders, with enhanced surface properties and reactivity, when grinding clays
and to compare the effects of grinding on 1:1 and 2:1 layer silicates, the modifications of
tetrahedral and octahedral sheets, the mechanochemical effects induced by grinding and the
influence of experimental conditions.

Chapter 4 - The peculiar characteristics of clays (namely, among others, the silicates'
sheet structure that makes a large surface area accessible for adsorption; the usually
significant surface charge that can be responsible for strong electrostatic interactions; and
clays' swelling properties and presence of exchangeable surface cations that facilitate ion-
exchange mechanisms) provide these materials with very interesting adsorption qualities,
especially for polar or ionizable molecules. Added to their wide availability and associated
low cost, these characteristics have motivated in recent years an increasing interest in utilizing
natural, processed or chemically-modified clays for the removal of organic contaminants from
aqueous solutions. In fact, organic xenobiotic compounds have been emerging in the latest
years as a serious environmental concern, as many of these pollutants have a proven
ecotoxicity and may even be a threat to human health. Associated to the fact that many such
substances are not efficiently removed from wastewaters by conventional wastewater
treatment processes (which has resulted in many reports of the detection of organic
xenobiotics presence in treated wastewaters, natural waters and even drinking waters) urges
for the development and implementation of alternative or complementary water and
wastewater treatment technologies, of which adsorption-based processes have been
recognized as one of the most economic possibilities (depending on the cost of the adsorbent
materials). The aim of this work is to present a review on the extensive amount of studies on
the adsorption of organic compounds to several clay-based materials. The discussion is
focused on the environmental applications, specifically for the decontamination of water and
wastewater polluted with organic xenobiotics, and with the aim of highlighting the
possibilities presented by this type of generally cheap materials, and to provide resources for
the screening of prospective adsorbents with potential to be used as efficient and economic
water and wastewater treatment alternatives.

Chapter 5 - The large quantities of sewage sludge that are currently generated require
new alternatives for its recycling and final destination, beyond already known methods in the

Complimentary Contributor Copy



X Liam R. Wesley

agriculture and cement industry. The use of this sludge as raw material for the production of
structural ceramics, such as clay bricks, may become an interesting alternative, both from an
industrial and environmental point of view.

This chapter is focused on the use of solid wastes, such as for example sewage sludge or
forest residues, to serve as additive raw materials for the production of clay bricks. It is based
on the author’s experience with the Ecobrick® material and their subsequent research on
producing some raw materials from WWTP sludge suitable for the ceramic industry. The
chapter shows some formulations of raw materials in ceramic mixtures, their physical
properties and to analyze their environmental characteristics. The final purpose is to illustrate
the possibility of designing tailor-made ceramics that fulfill custom-physical properties,
which are appropriate for particular construction use.

Chapter 6 - The property of workability is important in the ceramics industry, particularly
in association with extrusion processes, in the construction industry where natural and
stabilised clay soils are required to be worked, moulded and compacted and in the agricultural
industry where the conditions for good tillage and ploughing are related to a friable or brittle
condition close to the plastic limit. The work required to carry out the processes of extrusion
and compaction of clays in the plastic state can be related to their toughness which in turn
depends on the clay mineralogy, water content, particle size distribution and soil fabric.
Toughness has previously only been studied in an indirect and qualitative manner. The results
of tests conducted with an apparatus developed by the author to produce rolling of a soil
thread comparable to the procedure in the Atterberg plastic limit test are discussed. A well-
defined ductile-brittle transition in relation to water content is achieved resulting in a much
more accurate determination of the plastic limit compared to the poor reproducibility of the
standard test. The toughness of a ductile clay can be determined as a measure of work/unit
volume from a stress-strain curve over a range of water contents. Unique toughness-water
content relationships are obtained for a wide variety of natural clays, ball clays and brick
clays. The range of water contents between the liquid and plastic limit, conventionally
referred to as the plasticity index, can be distinguished into three regions, described as
adhesive-plastic, soft-plastic and stiff-plastic regions and these are defined by the water
content at zero toughness, the toughness limit, the water content at the stiffness transition
between the soft-plastic and stiff-plastic regions and the plastic limit. The effects of coarse-
grained particles, silts and sands, on toughness is small at low contents but at high contents is
affected by the requirements not only to mould the clay component but to displace the coarse
particles. Mixing different clays together is found to produce non-linear variations in their
properties, depending on the total clay content and the content of a dominant clay mineral.

Chapter 7 - In the last decades, our planet has been systematically harmed by
contamination processes, mainly by the industrial activity. Within such context, the textile
industry is responsible by the generation of great amount of highly colored effluents,
composed of dyes which are harmful both for men and the environment. Amongst the several
methods of dyes removal, adsorption has been increasingly applied, due to low cost and
simplicity of this this technique. Therefore, the development and study of low cost adsorbent
materials with good adsorption capability have been carried out. Nowadays, hybrid materials
present great appeal, as they have unique features, which are not seen in the precursors when
isolated. Clays are amongst the most used materials, as they are low cost material and have
lamellar structure which might serve as a support to other substances interlayer in the
preparation of mixed materials. In this study, a composite material obtained from the mixture
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of bentonite clay and pinus activated charcoal, which presented very interesting properties
regarding reactive dye adsorption, was used. In order to evaluate the composite adsorption
potential to remove dyes in aqueous solution, a reactive navy blue dye was used and some
parameters which influence the process, such as pH, ionic strength and temperature were
evaluated by factorial design. Results revealed that all variables under study influenced the
reactive navy blue dye adsorption process, as well as the interaction between pH and
temperature, ionic strength and temperature and also amongst the three variables. Thus, the
results of experimental design showed that the variables pH, ionic strength and temperature
cannot be studied separately. Besides this, it enabled reduction in the number of experiments
carried out.

Chapter 8 - Since ancient times that the fired clay bricks have been used as building
materials. In general, the common clays are the most widely used raw materials for clay
bricks. It is known fact that the clay brick bodies are empirically formulated with clays of
different technical characteristics. This empirical approach makes the economically unviable
industrial experiments, since the costs and execution time are high. On the other hand, the
technological properties of clay bricks are influenced primarily by the combination of the raw
materials and processing conditions. When the processing conditions are kept constant, the
experimental design technique with mixture could be used to optimize the clay body
formulation. In this context, the present chapter focuses on the use of experimental design in
simplex lattice to optimize a clay brick formulation using two distinct sedimentary clays from
south-eastern Brazil. Emphasis special is given on the effect of the clayey formulation on the
technical properties of clay bricks.

Chapter 9 - This chapter presents recent advances on the hydraulic performance of clay
liners. Due to their low hydraulic conductivity, clay liners are used as hydraulic barriers in
many engineering and environmental applications including earth dams, embankments,
levees, landfills, and pond liners, to prevent leakage of water or leachate from reservoirs
and/or landfills. The hydraulic performance of clay liners is related to the mineralogy, the
manner of deposition and the exposure conditions, which could involve chemical exposure,
potentially large physical stresses, thermal and freeze-thaw cycles, and elevated operating
temperatures due to waste biodegradation in landfills. Changes in the clay hydraulic
conductivity by several orders of magnitude have been reported in the literature upon
exposure to thermal cycles or permeation with high-concentration leachate solutions. The
latest findings on the hydraulic performance of clay liners under various field conditions such
as daily thermal and wet-dry cycles, elevated temperatures, leachate exposure, and the
combined effect of temperature and chemical exposure conditions are described. The
hydraulic performance of composite liners (i.e., clay liner along with a layer of
geomembrane) under simulated field conditions is also discussed.

Chapter 10 - The kaolins are a group of dioctahedral 1:1 layer silicates, in which each
layer consists of a combination of one sheet of tetrahedral and one sheet of octahedral cations
linked by bridging oxygen atoms. The surface of the tetrahedral sheet consists of oxygen
atoms, whereas that of the octahedral sheet contains hydroxyl groups, and neighbouring
layers are held together by hydrogen bonds. Kaolin deposits are widely distributed throughout
the World, but they also exhibit considerable variations in both their chemical and structural
compositions; the latter are exhibited both in the nature of the stacking of adjacent layers, but
also in the inclusion of water molecules in the interlayer region. The kaolin minerals are used
extensively in the ceramics, paint and paper industries, and can also be used as source
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materials for the production of higher-value products for a wide range of industrial uses. In
addition, kaolins can be modified to produce new materials with a wide range of physical and
chemical properties that have the potential for the development of additional uses for the
mineral.

This chapter reviews recent publications on the generation, characterization, and
properties of modified kaolins, and these results are supplemented by the inclusion of some
previously unpublished results obtained using materials from two of the main kaolin deposits
in Thailand. A final section discusses potential uses for some of these products and possible
further developments in the production of novel kaolin-derived materials.

Chapter 11 - Clay mineral surfaces have been important for the prebiotic organization
and protection of nucleic acids. The adsorption of DNA to mineral surfaces is of great interest
because of gene transfer, drug release, bio-adhesion (cell capture) and origins of life studies.
Here, the authors present the morphology observation to provide insight into the adsorption
structure and characteristics of DNA by natural allophane particles. The molecular orbital
computer simulation has been used to probe the interaction of DNA and/or adenosine 5’-
monophosphate and allophane with active sites. The author’s simulations predicted the strand
undergoes some extent of the elongation, which induces the alteration of the conformation of
the phosphate backbone, base-base distance and excluded volume correlation among bases.
The authors discuss the general adsorption mechanism for the DNA/allophane complexation
and hydrogel formation.

Chapter 12 - Direct observations of physical structures and chemical composition of the
seismogenic zones of active faults are rare, due to the difficulty in reaching the fault zone at
depth. Thus, the physico-chemical processes, triggered by energies released from coseismic
faulting, remain largely unknown. The Chelungpu thrust fault was northward ruptured as a
result of the Mw 7.6 Chi-Chi earthquake which struck central Taiwan on 21st September
1999. To fill the knowledge gaps raised by the 1999 Chi-Chi earthquake, such as what the
absolute stress levels was on the fault during the earthquake, how the stresses recover
afterward to prepare for the next event, and how the material properties of the Chelungpu
fault affect its propensity to catastrophically slide rather than creep, the Taiwan Chelungpu
fault Drilling Project (TCDP) was conducted in 2005 and drilled to a depth of 2,003 m. On
the basis of continuous coring, a suite of geophysical measurements, and microstructural
observation, three fault zones of the Chelungpu fault were identified at the depth of 1,111 m,
1,153 m, and 1,222 m (described as FZ1111, FZ1153, and FZ1222 hereafter). The active fault
zone of the Chelungpu fault corresponding to the 1999 Chi-Chi earthquake was recognized at
the depth of 1,111 m (FZ1111). By characterizing clay mineral assemblages with continuous
sampling from fresh materials of the Chelungpu fault, the authors aim at achieving the
objectives of (1) characterization of clay mineralogy of the Chelungpu fault zones, (2)
recognition of the PSZ within the active fault zone(s) corresponding to the 1999 Chi-Chi
earthquake, (3) determination of the physico-chemical processes occurred during seismic slip
and plausible slip weakening mechanism operated at seismic rates, and (4) estimation of
earthquake source parameters (e.g., estimate of temperature for calculating associated
frictional energy and thickness of the PSZ for calculating associated surface fracture energy).
Distinct clay mineral assemblage within the principal slip zone (PSZ) of FZ1111 show that
(1) a decrease in clay content; and (2) significant decline of illite, disappearance of chlorite
and kaolinite, and a spike in smectite. Meanwhile, the microstructural observation provides
the evidence of melting, and the temperature within the fresh black gouge is estimated to be
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from 900°C to 1100°C by comparing the SEM images of in-situ natural samples with those of
heated materials. The interval of clay anomaly within the PSZ resulted from frictional melting
was determined by state-of-art in-situ synchrotron X-ray diffraction analysis and was
estimated to be 1 mm. Thus, the characteristics of clay within the PSZ suggest that
pseudotachylyte were possibly produced during the 1999 Chi-Chi earthquake and promptly
altered to smectite. In addition, based on the estimation of the thickness of the PSZ, the
contribution of surface fracture energy to earthquake breakdown work is quantified to be
1.9%. The huge remaining part of the breakdown work would be turned into chemical work
(mineral transformation) and mechanic work associated with several processes to lubricate
the Chelungpu fault such as thermal pressurization, elastohydrodynamic lubrication, and
melting lubrication.

Chapter 13 - Free radicals and other paramagnetic centres are a common occurrence in
mineral species. Paramagnetic metal ions may be incorporated into mineral structures during
or after formation, whereas free radical centres are mainly generated by natural radiation,
although they can also be the consequence of chemical and physical processes during and
after mineral formation. This chapter reviews the types of paramagnetic centre that have been
observed in clay minerals and their characterization by electron paramagnetic resonance
(EPR) spectroscopy, with special attention being given to natural kaolin samples, which
illustrate the diversity of these minerals from different parts of the World. In addition, clay
minerals contain reactive surfaces, and have important function in controlling the mobility
and stability of ions and molecules in environmental situations, as well as having potential
uses as catalysts. Examples are also presented of potentially useful free radical reactions that
are catalyzed by clay mineral surfaces.

Chapter 14 - Inhalation of dust is an important cause of lung disease, and it has long been
associated with premature deaths in the mining industry. However, it is now also becoming
recognized as an important problem associated with air pollution. Reactions associated with
the surfaces of clay mineral particles can generate highly toxic reactive oxygen species (ROS)
such as the hydroxyl radical and the superoxide radical anion, and also lead to lipid
peroxidation in the lungs after inhalation. The production of free radicals can be identified by
a combination of electron paramagnetic resonance (EPR) spectroscopy and spin trapping
technology, which converts highly reactive radicals into long(er) lived species that can be
studied and identified. In this chapter the authors review the evidence for the generation of
these free radical species by the surfaces of silicate mineral particles, and discuss their
implications for health problems associated with mineral dust inhalation.

Chapter 15 - Clays are among the most widespread sedimentary rocks, which are mainly
composed of clay minerals like kaolinite, illite, montmorillonite and other aluminum silicates
as well as other various ingredients, e.g., quartz grains, apatite, granite, iron hydroxide, etc.
According to their mineralogical composition, there are three main groups of clays: kaolinite,
montmorillonite and illite as well as around 30 different types of pure clays within these
categories. However most of natural clays are mixtures of these different types. Due to their
specific properties, e.g., high capillarity, unique rheological properties, hardening, plasticity,
thixotropy, high degree of swelling, clays are widely used in various industries. For example,
because of their excellent colloidal properties clays are often used as drilling fluids for oil and
gas wells as well as other boreholes to lubricate and cool the cutting tools, to remove cuttings,
and help prevent blowouts. The possibility of swelling allowes clays to occupy an important
role in mining and geology while the high swelling degree of clays is exploited in the

Complimentary Contributor Copy



Xiv Liam R. Wesley

construction industry. In contact with freshly poured concrete, clays swell and create a
waterproof barrier that is used during construction of underground facilities, sewerage
systems, water tanks, nuclear and other waste storages, etc. Clays have been widely used as a
foundary-sand bond in the steelmaking industry as well as a binding agents in the
manufacturing of iron ore pellets. One of the important properties of clays is adsorption and
ability to interact with the metal ions from the surrounding environment. Therefore clays take
a prominent place in the list of natural sorbents and can be used to remove heavy metals ions
and organic compounds from industrial water, that represents one of the major challenges of
the modern civilization. Besides being used in environmental protection, the use of clays as
adsorbents is found in the food industry as well, e.g., for clarification of wine. In addition,
clays are also very important in medicine and cosmetics where mixed with water create a
colloidal solution, which when consumed acts as a natural laxative absorbing both organic
and inorganic contaminants, heavy metals and free radicals. Clays and clay minerals are
ingredients in a large number of skin care products as creams but also independently applied
to eczema and different types of rashes. Recently a lot of studies have been performed in
order to investigate the use of clays as a thermal energy storage medium since they are able to
perform reversible direct hydration/dehydration process. The first results clearly showed that
a few types of clays can be even considered as an efficient energy storage materials compared
to the others used in this purpose.

Chapter 16 - Clay as inorganic material present naturally is considered as additional
mater for immobilization and containment of radioactive wastes. The use of natural clays as
an additive to facilitate the incorporation of organic radioactive wastes seems to be an
acceptable route to counteract the retarding effect of these hazardous wastes and to obtain a
well-standing structural stable monolith. The waste form composite has to optimally comply
with the advised requirements of chemical, physical and mechanical characterizations for the
safe long-term disposal even at very exaggerating conditions. Radioactive waste generated
from the nuclear applications should be properly isolated by a suitable containment such as,
multi-barrier systems. Multi-barrier technology is a promising method for keeping the
radioactive waste safe against the flooding events and keeping the radiation dose in the
permissible level during the transportation and long-term disposing processes.

The capacity of a multi-barrier system including economical material and other additives
such as clays and clay minerals to isolate radioactive wastes is an important point for study.

Chapter 17 - Primary clays underlying Awaso lateritic bauxite deposits in southwestern
Ghana, known as lithomargic clays are thought to have resulted from an indirect or
incomplete bauxitization process. The physical, genetic, geochemical and mineralogical
relations characterizing these clay types have been examined enabling their potential use for
the production of alumino-silicate refractories and aluminium sulphate (alum). Kaolinite and
gibbsite are the dominant minerals whilst accessory minerals found included goethite, rutile,
biotite and muscovite with quartz conspicuously absent. The gibbsitic fraction has
successfully been separated from the kaolinitic fraction using a 90 um sieve making it
possible to produce refractories of varying alumina content. Being residual, lithomargic clays
of low iron content (< 1.5%) are not plastic and therefore difficult to produce refractory
bodies. An improvement in the plasticity of the clay has been achieved by addition of a clay
binder. This report reviews the advances made towards the industrial utilization of
lithomargic clays. The effect of processing route on the structure, physical and mechanical
properties as well as performance of products from lithomargic clay is discussed.
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Preface XV

Chapter 18 - In many studies, vermiculite, hydrobiotite and a mixture of vermiculite,
mica and hydrobiotite are grouped together as ‘vermiculite’. This is due to the fact that the
name ‘vermiculite’ is used as a mineral at the same time as a traded commodity. Any mineral
that shows the property of exfoliation when flash-heated is named as ‘vermiculite’, regardless
whether is vermiculite, hydrobiotite or a mixture of vermiculite, hydrobiotite and/or mica.
This generalisation is making confusion and difficult to compare available data in literature.
True vermiculite does not expand when heated or treated with chemicals and it is rarely used
as a commercial commaodity in civil engineering works because of high bulk density and poor
thermal exfoliation. It differs significantly from other minerals that are regarded as
commercial vermiculites in chemical compositions as well as in physic-chemical properties.
Thus, it is recommended in this chapter that this generalisation should stop because it is
misleading the public.
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Chapter 1

THE TIME- AND TEMPERATURE-RELATED
BEHAVIOR OF CLAYS: MICROSCOPIC
CONSIDERATIONS AND MACROSCOPIC MODELING

Victor N. Kaliakin'*, Meysam Mashayekhi' ‘and Andrés Nieto-Leal* *
1University of Delaware, Newark, DE, US

2Universidad Militar Nueva Granada, Colombia
& University of Delaware, Newark, DE, US

Abstract

The prediction of stresses, deformations and temperature as a function of time
in a material subjected to simultaneous thermal and mechanical loading is one of
the most challenging and complex problems in engineering mechanics. In the field
of Geomechanics a number of important problems exist that necessitate the realis-
tic prediction of time-dependent thermal-mechanical behavior. Thermal-mechanical
analyses of soils are complicated by the nature of these materials. Soils consist of a
porous skeleton whose voids are filled with fluid and gas. Consequently, soils are non-
homogeneous materials. Macroscopically such materials exhibit an anisotropic, in-
elastic, path-dependent, strain hardening (and softening), time-, rate- and temperature-
dependent behavior. To further complicate matters, the thermal properties of such ma-
terials are not as well known as those for other materials such as metals. The variability
in a soil’s composition and subsequent degrees of thermal and mechanical dependency
further increase the complexity of the thermo-mechanical behavior of such material.
Finally, natural soils are also subject to sample disturbance that makes the task of rep-
resentative testing all the more difficult. Local variations in soil composition often
preclude the obtaining of reproducible test results, and thus impose limitations on the
confidence associated with the analytical description of the soil behavior. This chapter
briefly discusses the rudimentary microscopic and physicochemical aspects associated
with saturated cohesive soils. This is followed by a discussion of the macroscop-
ically observed time- and temperature-dependent behavior of such soils. Finally, a
combined and coupled thermo-elastoplastic-viscoplastic framework for modeling the

*E-mail address: kaliakin @udel.edu
TE-mail address: meysam@udel.edu
*E-mail address: andres.nieto@unimilitar.edu.co
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anisotropic, time-, rate- and temperature-dependent behavior of cohesive soils in the
context of a bounding surface formulation is proposed.

Keywords: Cohesive soils, time-dependent, temperature-dependent, micromechanics, elasto-
plasticity AMS Subject Classification: 53D, 37C, 65P

1. Introduction

The nature of most engineering materials is quite complex. It is therefore difficult to devise
a general mathematical (constitutive) model that will cover all possible ranges and types of
excitation and behavior of a given material. As a result, the development of mathematical
models is based upon simplifying assumptions regarding material behavior. The level of
sophistication of the model, therefore, significantly dictates the extent to which the com-
plexities of a given engineering material are taken into consideration.

Soils are prime examples of complex engineering materials. Whereas in elementary
physics, solid, liquid and gaseous states are distinguished, soils are not simple bodies that
can be placed in either of these three groups. Soils are generally composed of solid, liquid
and gas, with the solid part being a porous medium made up of numerous particles whose
voids are filled with fluid and gas (typically water and air, respectively, with the former
possibly containing contaminants). Consequently, soils are non-homogeneous materials.
Macroscopically such materials exhibit an anisotropic, path-dependent, inelastic, strain
hardening (and softening), time-, rate- and temperature-dependent behavior. Thermal-
mechanical analyses of soils are thus complicated by the nature of these materials. Con-
sequently, the prediction of stresses, deformations and temperature as a function of time
in a material subjected to simultaneous thermal and mechanical loading is one of the most
challenging and complex problems in engineering mechanics.

To further complicate matters, the thermal properties of such materials are not as well
known as those for other materials such as metals. In addition, the variability in a soil’s com-
position and subsequent degrees of thermal and mechanical dependency further increase the
complexity of the thermo-mechanical behavior of such material. Finally, natural soils are
also subject to sample disturbance that makes the task of representative testing all the more
difficult. Local variations in soil composition often preclude the obtaining of reproducible
test results, and, thus, impose limitations on the confidence associated with the analytical
description of the soil behavior.

The above deficiencies in material testing and description, along with fairly limited
computational capabilities, have imposed severe restrictions on past attempts to model the
complex nature of soils. Historically, problems involving geomaterials have, by necessity,
been solved using extremely simplistic and highly idealized mathematical models. How-
ever, over the past few decades, the aforementioned experimental and computational limi-
tations have been greatly reduced. In the area of geotechnical testing, significant advances
have been made not only in laboratory apparatus, but, more importantly, in equipment that
measures the behavior and properties of soils in situ. Of even greater significance has been
the rapid development of high-speed computers and efficient numerical techniques such as
the finite element and finite difference methods. These computational advances have facili-
tated the application of improved models of soil behavior to problems of practical interest.
As a result of the above experimental and computational advances, much research has, in
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The Time- and Temperature-Related Behavior of Clays 3

recent years, been directed towards the development of sophisticated mathematical consti-
tutive models that can more accurately predict diverse stress-strain phenomena exhibited by
actual soils.

In the field of Geomechanics a number of important problems exist that necessitate
the realistic prediction of time-dependent thermal-mechanical behavior. Examples of such
problems include: 1) creep, relaxation and strain-rate effects under both isothermal and
non-isothermal conditions, 2) the disposal of radioactive waste in deep underground repos-
itories deep ocean sediment, or in hard rock; 3) the interaction between soils and piles in
conjunction with energy pile applications; 4) the performance of geothermal structures as
affected by long-term deformations such as de-bonding effects in soils; 5) the investiga-
tion of land subsidence in connection with shallow geothermal energy production; 6) the
realistic simulation of thermal and/or hydraulic fracturing of oil reservoirs, as well as deep
geothermal energy production; 7) the injectivity and reactive transport in sequestration of
emitted gas in deep geothermal wells; 8) the interaction between soils and buried conduits
transporting high-temperature fluids or high-voltage cables; 9) the loss of heat from buried
buildings and its subsequent affect on energy consumption; 10) the integrity of pavement-
soil systems subjected to diurnal (cyclic) temperature changes; 11) the prediction of sample
disturbance due to temperature changes during sampling, handling, storage or testing, and
12) the increased stability of earth masses through heating.

This chapter briefly discusses the rudimentary microscopic and physicochemical as-
pects associated with cohesive soils. This is followed by a description of macroscopically
observed the time- and temperature-dependent behavior of such soils. Finally, a combined
and coupled thermo-elastoplastic-viscoplastic framework for modeling the anisotropic, time-
, rate- and temperature-dependent behavior of cohesive soils in the context of a bounding
surface formulation is proposed. In the remainder of this document cohesive soils are as-
sumed to be fully saturated; i.e., the soil is assumed to be a two-phase continuum, consisting
of a solid skeleton with fluid-filled pores. Furthermore, unless stated otherwise, the pore
fluid is assumed to be water.

2. Microscopic Aspects Related to Clays

This section presents an overview of the rudimentary microscopic and physicochemical
aspects associated with cohesive soils. The intent is not to present an exhaustive discourse
on this subject, but to introduce certain terms and concepts that will be used in subsequent
sections of this chapter. More thorough discussions of the physicochemical and microscopic
aspects of soils are presented in a number of publications, of which the books by Scott
(1963) and Mitchell & Soga (2005) are prime examples.

The microscopic and submicroscopic mineral particles formed, for the most part, by
chemical rather than by physical weathering processes are crystalline, and are called clay
or clay colloids. The minerals that combine to produce clay are chemically the same as
those forming the parent rock, but they have a different crystalline structure arising from
the solution and recombination, or crystallization, of the original materials (Scott 1963).

The word “clay” is generally understood to refer to a material composed of a mass of
small mineral particles that are plastic within a moderate to wide range of water content.
In this context, plasticity refers to a soil’s ability to be molded. Minerals in a finely ground
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state do not all exhibit plasticity; those that do are referred to as clay minerals, among which
there are several groups of different chemical compositions. The finest sizes on the grain-
size distribution chart, typically smaller than 0.075 mm, are referred to as clay sizes only for
purposes of definition. To say that a given soil falls in the range of clay sizes does not imply
that it is composed of clay minerals, although this frequently may be true. In the fine and
very fine fractions, any one grain usually consists of only a single mineral. The particles
may be angular, plate-shaped or, rarely, tubular. Rounded particles are absent (Terzaghi
& Peck 1967). In general, the percentage of platy particles in a given soil increases with
decreasing grain size of the soil fraction, and is associated with a sheeted crystal structure
in which the particle diameters may be as great as several hundred times the plate thickness
(Scott 1963).

Soils possessing clay particles often deform plastically at varying water contents. In ad-
dition, the particles in such soils produce a mass that holds together even when unconfined.
Clays are thus often referred to as cohesive soils, for this cohesive quality results from the
presence of some proportion of clay minerals. Those soils that do not exhibit this cohesion
are called cohesionless. Soils composed of bulky grains are cohesionless regardless of the
fineness of their particles (Sowers & Sowers 1970).

2.1. The Solid Phase

In soils, mineral grains comprise the solid phase. By means of mechanical analysis, it has
been found that most natural soils contain grains representative of two or more soil frac-
tions. It might be expected that the type of mineral occurring in a soil would influence
the engineering properties of the soil. However, in coarser grained soils it is found that
properties related to the mass of the material do not depend upon the constituent minerals,
although locally the mineral present will control the frictional characteristics of the individ-
ual grains (Tschebotarioff 1952). The character of mixed-grained soils is known however to
be determined almost entirely by the character of the smallest soil constituents (Terzaghi &
Peck 1967). In general, the greater the quantity of clay mineral in a soil, the higher the plas-
ticity, the greater the potential shrinkage and swell, the lower the permeability, the higher
the compressibility, the higher the true cohesion, and the lower the true angle of internal
friction (Mitchell 1976). The inert portion of a mixed-grained soil comprises about 80 to 90
percent of the total dry weight, with the decisive or active portion making up the remainder.

The changes in behavior with diminished particle size are due to the increasing influence
of the forces between the molecules of adjacent particle surfaces. In most mineral particles
with high sphericites (e.g. those particles making up silts, sands, and larger sizes), the
ratio of the area of the surface to the volume of the sample is relatively small, and as a
result their behavior is principally dependent on the bulk or volume of the grains. In a
small particle, however, the molecules forming the surface constitute a large proportion
of the total number of molecules, and the electrical charges of these molecules dictate the
behavior of the particles. The influence of these surface effects relative to the influence of
mass forces (i.e., the weight of the particle) is directly related to the surface area per unit
mass of particles. A useful index of the relative importance of surface effects is thus the
specific surface (i.e., the magnitude of surface area per unit mass of dry soil) of a grain, that
becomes larger as the particle decreases in size (Grim 1968, Mitchell 1976).
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2.2. Interatomic Bonding

Clay particles at one time were believed to be amorphous. However, investigations car-
ried out with improved equipment and techniques since the 1920’s have shown them to
be predominantly crystalline (Scott 1963). The type of crystal structure associated with
a particular material is determined by the strength and directionality of interatomic bonds
together with the relative sizes of the bonded atoms (Mitchell 1976). There are two main
groups of interatomic bonds: primary or high-energy bonds that hold atoms together and
secondary or weak bonds that link molecules.

2.2.1. Primary Bonds

In the formation of primary bonds, only the outer shell (or valence) electrons participate.
There are two types of primary bonds of importance in the study of soils: covalent and ionic.
In an arbitrary system of measure, both bonds are considered to be strong (Mitchell 1976).

If one or more bonding electrons are shared by two atomic nuclei so that they serve to
complete the outer shell for each atom, then the bond is termed covalent. In the nonmetallic
state, covalent bonds form primarily between nonmetallic atoms such as oxygen, chlorine,
and nitrogen. Since only certain electrons participate in the bonding, covalent bonds are
directional. Atoms bonded covalently thus pack in such a way that fixed bond angles are
developed, resulting in strong bonds (Mitchell 1976).

Ionic bonds result from the electrostatic attraction between positive and negative ions
formed from free atoms through loss or gain of electrons. The loss or gain of electrons does
not, however, leave the atoms in an electrically neutral state. Strong electrostatic attractions
and repulsions may thus develop. Ionic bonds are non-directional; each cation (positively
charged atoms) attracts all neighboring anions (negatively charged atoms) and vice-versa.
In most minerals, purely ionic and purely covalent bonds are limiting conditions that are
the exception rather than the rule. Instead, a combination of the two types is common
(Mitchell 1976). For example, in the case of silicate minerals, which are the most abundant
constituents of the majority of soils, the interatomic bond in silica (Si0;) is about half
covalent and half ionic.

2.2.2. Secondary Bonds

In addition to the primary bonds described above, other types of weaker, secondary bonds
exist between units of matter. Although these bonds are weak relative to ionic and covalent
bonds, they are often strong enough to be important sources of attraction between very
small particles and between solid particles and liquids. Although there are several different
types of secondary bonds, only hydrogen bonds, van der Waals forces and electric forces
are pertinent to the present discussion.

If hydrogen represents the positive end of a dipole, its attraction to the negative end of
another dipole forms a hydrogen bond. Although hydrogen bonds do not have the strength
of a covalent bond, their strength is, however, considerably greater than the other types of
secondary bonds (Mitchell 1976).

As a result of the movements of electrons in their orbits spinning around atoms and
the associated fluctuating polarizations, any molecule possesses an electric field that is ca-
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pable of interacting with the field of nearby molecules to give rise to an attractive force
between the molecules called a van der Waals force. Although the resulting molecular
bonds are weak, typically an order of magnitude weaker than a hydrogen bond, they are
non-directional and additive between atoms (Mitchell 1976). This force is essentially inde-
pendent of the characteristic of the fluid between the particles (Lambe & Whitman 1979).
Instead, it depends primarily on the crystal structure of the minerals and on the distance
of separation between two flat particles. The net attraction from Van der Waals forces is
believed to be the main cause of cohesion in fine-grained soils (Scott 1963, Mitchell 1976).

Although a clay particle as a whole is electrically neutral, it will, owing to typically
large values of specific surface, carry a net surface charge. Theoretically, the surface charge
may be of either sign, yet only negative charges have been measured (Lambe & Whitman
1979). The net negative electrical charge primarily arises due to isomorphous substitution,
a process in which metallic ions in the clay mineral lattice are replaced by other metallic
ions of lower valency without modifying the crystal structure. Since clay particles have
a finite, small size, breaks must occur in the crystal structure at the plate edges. There,
other, normally internal, ions may now be exposed. Most of these ions are positive, and
therefore the edge may attract dipole molecules, negative ions, or be itself attracted to the
negatively charged surface of another clay particle. There are localized areas of high and
low charge, and the total charge per unit of mass varies with the charge per unit area and
with the specific surface.

2.3. Clay Minerals

Although soils may contain virtually any element found in the earth’s crust, by far the most
abundant elements found in soils are oxygen, silicon, hydrogen, and aluminum (Mitchell
1976). Atoms of these elements are organized into various crystallographic forms along
with lesser amounts of other elements to form the common soil-forming minerals with a
relatively complicated structure. Clay minerals are formed through the decomposition of
feldspars, micas, and ferro-magnetism minerals (Sowers & Sowers 1970).

As previously noted, clay minerals that are found in soils are crystalline substances.
Chemically, they are hydrous aluminum silicates that also contain other metallic ions. Clay
minerals belong to the larger mineral family called phyllosilicates (Mitchell & Soga 2005).
The crystals are colloidal sized and have a large specific surface. Mineralogical inves-
tigations reveal that clay particles consist of many molecular sheets. The sheets have a
repeating atomic structure consisting of essentially two basic structural units help together
by ionic bonds. These are the silica tetrahedron and the aluminum or magnesium octahe-
dron (Mitchell & Soga 2005). Multiple sheets stack together to form layers; multiple layers
then form crystals.

A silica tetrahedron consists of a central silicon ion (Si**) surrounded by four oxygen
ions (0%7), each of which contributes one valence link to the central silicon (Figure 1).
A number of such tetrahedra may combine to form the sheet structure. In this formation,
there is a central plane of silicon atoms above which project single oxygen ions that are
charged negatively and are free to combine with external cations because their valences are
incompletely satisfied.

The aluminum or magnesium octahedron is more complex (Scott 1963). It consists of
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Figure 1. Silica tetrahedron and silica tetrahedra arranged in a hexagonal network (Grim
1959.)

six oxygen or hydroxyl ions enclosing an aluminum, magnesium, iron or other metallic
ion that occupies the center of the structure (Mitchell & Soga 2005) (Figure 2). If the
central ions are replaced by other of the same valency, the charge balance is maintained.
If, however, ions of different valency enter the lattice, a charge imbalance occurs that can
materially increase the surface activity of the clay mineral (Scott 1980).

. Aluminums, magnesiums, etc.

Figure 2. Octahedral units and sheet structure of octahedral units.
(Grim 1959)

Although the tetrahedral and octahedral sheets are capable of indefinite extension in the
direction of the planes, the resulting particles generally have a hexagonal shape, with the
sheets tightly bonded in the plates (Scott 1963). Since cleavage takes place between the
sheets and the plates are interrupted at their edges, it follows that while the electric charges
for a sheet are theoretically neutral, broken bonds will be found at the edges, resulting in
positively charged particle edges and negatively charged surfaces. The particles are thus
electrically non-neutral.

All clay minerals consist of the two aforementioned basic structural units, stacked in
certain ways to form plates, with certain cations present. There are many forms of clay
minerals, with some similarities and wide differences in composition, structure and behav-
ior (Sowers & Sowers 1970). Differences among clay mineral groups arise mainly from
differences in the type and amount of isomorphous substitution within the crystal structure
(Mitchell 1976). For example, if all the anions of the octahedral sheet are hydroxyls and
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two-thirds of the cation positions are filled with aluminum, the mineral is called gibbsite.
In this case the valences are not balanced as in the case of silica, so an occasional unit oc-
tahedra will contain no aluminum. This makes the sheet non-symmetrical and non-uniform
(Scott 1963). If magnesium is substituted for the aluminum and it fills the cation positions,
then the mineral is called brucite (Holtz, Kovacs & Sheahan 2011).

Although dozens of clay minerals have been identified, only a few groups are typically
associated with geotechnical applications. These include the kaolinite-serpentine group
(minerals in this group consist of alternating octahedral and silica tetrahedral sheets), the
smectite minerals (consisting of an octahedral sheet between two silica tetrahedral sheets),
and the micalike minerals (possessing sheet structures similar to the smectites, only with
ions bonding the respective sheets together. The most common members of the above three
groups are kaolinite, montmorillonite and illite.

Towhata, Kuntiwattanakul & Kobayashi (1993) examined whether heating clay pow-
ders affects their fundamental properties. Two clays, one having a mineral content similar
to kaolin and the other bentonite, were heated in an oven to temperatures of 200°C. Follow-
ing cooling, conventional laboratory tests (Atterberg limits, free swelling and unconfined
compression) were performed on the clays. The results of these tests indicated that heating
does not influence the fundamental nature of clay powders, and that thermal effects should
occur only through the interaction between clay grains and pore fluid. These conclusions
are in agreement with the findings of Houston & Lin (1987), who found that heating marine
clays to 200°C resulted in no appreciable mineralogical changes.

2.4. The Liquid Phase

The properties of any cohesive soil are greatly influenced by the presence of water (Rosenqvist
1959, Mitchell 1976). In a general cohesive soil, water is present in the following forms:
(a) As ordinary (“free” or “bulk™) liquid water, (b) As adsorbed water, and, particularly in
low-porosity clays (c) As an “organized” fluid. Each of the above forms is briefly discussed
below.

2.4.1. Free Water

Even in low-porosity clays some “free” (liquid) water may be present in inactive zones
in pores formed by non-clayey particles. The amount of this water corresponds to the
shrinkage limit of the clay (Yong & Warkentin 1975). The viscosity of the free water
is known to decrease exponentially with temperature (Houwink 1953). It follows that at
points of higher temperature the viscosity thus decreases, allowing for a greater flow. This,
in turn, causes the solid particles to re-arrange themselves in such a manner as to be in
equilibrium under the applied load.

2.4.2. Adsorbed Water and the Diffuse Double Layer

The properties of any clay, with sufficiently large voids, are greatly influenced by the
amount of water present through the process of adsorption. When water contacts a clay
particle, both the mineral surfaces and exchangeable ions pick up water; i.e., they hydrate.
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To better understand this phenomenon, recall that the ions in the surface layers of clay crys-
tals are oxygen ions (O?>~) or hydroxyls (OH ™). Thus water, being a polar molecule, is held
against these surfaces by hydrogen bonds. Unlike exchangeable ions, these water dipoles
are tightly held and strongly oriented at the surface due to the high electrical forces at-
tracting them to the clay surface; they form an adsorbed, diffused water film. It is generally
considered that within this layer of “adsorbed water,” the water molecules closest to the par-
ticle surface are tightly held and strongly oriented (Terzaghi 1941, Rosenqvist 1959). As a
result, the adsorbed water is anisotropic with respect to directions perpendicular and paral-
lel to the particle surfaces (Michaels 1959), and appears to be denser and more viscous than
“free” water (Kezdi 1974). Indeed, several investigators (Hogentogler 1937, Scott 1963,
Grim 1968) have proposed that due to the spacing and/or structure of water molecules clos-
est to the surface of a clay crystal, this water appears to have properties of a solid substance.

The density of the adsorbed water may vary from 1.0 Mg/m? for free water to 1.4
Mg /m? or more for the first layers of water molecules at the solid surface (DeWit & Arens
1950, Martin 1960, Mitchell 1976, Mooney, Keenan & Wood 1952, Yong & Warkentin
1975). It would appear, however, that the thermal expansion of adsorbed water should
be different from that associated with free water at the usual density (Baldi, Hueckel &
Pellegrini 1988), though this has not always been assumed. Movement of water is largely
restricted to slow migration parallel to the surface; in this way the adsorbed water appears
to have a higher viscosity than ordinary water (Iler 1955, Sowers & Sowers 1970).

The amount of water that can be bound to a particle is greatly dependent on the size
of the particle. The greater the specific surface, the higher the water content bound to the
particle and the less of the water is “free” (i.e., not strongly attracted to the mineral skeleton
and thus constituting a separate phase). Farther from a clay particle’s surface, the hydrogen
bonds become weaker, the degree of orientation is less regular, and the apparent viscosity
is lower. This results in more random motion of water molecules; water at sufficiently large
distances from the particle surface approaches the behavior of normal water and is more
easily expelled from the pores.

Upon hydration, the exchangeable cations grow about sevenfold, and are quite mo-
bile, being in ceaseless motion due to thermal agitation. They are too large to fit into a
monoionic layer on the mineral particles and move away from the mineral surfaces to po-
sitions of equilibrium (Lambe & Whitman 1979). They distribute themselves statistically
in an assemblage having the greatest density of ions near the surface and a decreasing den-
sity with increasing distance. They constitute a positively charged zone which, together
with the negatively charged surface of the particle itself, is known as the electric or diffuse
double layer. The effective thickness of the double layer depends on the concentration of
the electrolyte in the pore fluid, on the dielectric constant, and on the valence of exchange-
able cations. Monovalent cations (e.g., Na™) lead to thicker double layers than divalent
ions (e.g., Ca*") since twice as many of the former are required to balance a given charge
(Scott 1980). When the mineral surface is approached, the ionic concentration and holding
force in water increase exponentially. The difference in concentration between double layer
water and free water gives rise to osmotic suction (van Olphen 1977).

The double layer accounts for the viscous nature of cohesive soils; in conjunction with
the small particle and pore sizes it is responsible for the phenomenon of “hydrodynamic
lag”; that is, the time required for pore fluid to drain from a loaded cohesive soil. This
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phenomenon is intimately related to a second time effect, namely, drained creep. Whereas
drained creep involves a slow reorientation of the clay particles themselves (due to slow
diffusion mechanisms, viscous effects and breakage of bonds), hydrodynamic time lag is
caused mainly by the friction between the particles (surrounded by layers of adsorbed water)
and the pore fluid. As a result of this friction, during the process of consolidation the
expulsion of excess pore fluid is restrained; macroscopically the clay is said to have a low
permeability. There is no consensus whether drained creep actually occurs during the period
of hydrodynamic time lag. Some researchers (Suklje 1957, Barden 1965, Bjerrum 1967)
support the notion that the two phenomena occur simultaneously. Others believe that during
this time creep is insignificant (Ladd, Foott, Ishihara, Schlosser & Poulos 1977, Leonards
1977, Mesri & Choi 1985). The theoretical development of Janbu (1985) seem to indicate
that the true soil behavior may lie somewhere in between the two above extremes.

2.5. Structure and Fabric of Fine-Grained Soils

The geometric arrangement of particles, particle groups and pore spaces (voids) in a soil
is referred to as fabric. Referring to the fabric scale concept, Mitchell & Soga (2005) fur-
ther divide soil fabric into the microfabric, minifabric, and macrofabric. The microfabric
includes the regular aggregation of particles (i.e., particle clusters) and the very small pores
between them called micropores. The minifabric contains the aggregation of the microfab-
ric and the pores between them called minipores. Finally, the macrofabric is the largest
scale, which includes cracks, fissures, root holes, etc., thus, characterizing the in-situ con-
ditions.

In soil mechanics, the term structure, or more accurately microstructure, is used to de-
scribe the fabric along with the interparticle forces present in a soil. Since the microstructure
acquired by a clay deposit at the time of formation may have a profound influence on its sub-
sequent engineering properties, an understanding of factors influencing the microstructure
is of considerable importance. Compared to the quantification of its macroscopic response,
the study of a soil’s microstructure is significantly more difficult. Furthermore, since inter-
particle forces are very difficult, if not impossible to measure, it follows that the fabric is
most amenable to study and quantification.

In cohesionless soils (i.e., gravels, sands and silts), the surface activity of the individual
particles is very small. The fabric and microstructure of cohesionless soils is thus essentially
the same. However, in fine-grained cohesive soils the interparticle forces are relatively
large. Consequently, the microstructure of such soils consists of both these forces and
the soil fabric. The interaction of individual clay particles through their adsorbed water
layers is closely associated with the microstructure of the soil, and has a profound influence
on its behavior and engineering properties. Research on clay microstructure suggests that
the greatest single factor influencing the final microfabric of a clay is the electrochemical
environment existing at the time of sedimentation (Holtz et al. 2011).

2.5.1. Early Studies and Classification

The concept of fabric in soils is traced to the work of Terzaghi (1925), Goldschmidt (1926)
and Casagrande (1932). The subsequent work of Lambe (1953) and his students (Mitchell
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1956, Martin 1962), of Schofield & Samson (1954), Tan (1957) and van Olphen (1963)
significantly advanced the study of microfabric in cohesive soils by establishing models
that included consideration of colloidal and electrochemical properties of clays.

The early microfabric studies were primarily concerned with the interaction of individ-
ual clay platelets or groups of platelets. Since clay particles are platey, the interparticle
contacts may be edge-to-edge, edge-to-face, or face-to-face (Sides & Barden 1971). Terza-
ghi (1925) assumed a model in which the individual clay mineral grains stick to each other
at the points of contact with forces sufficiently strong to allow for the formation of the
“honeycomb” arrangement shown in Figure 3. The “honeycomb” arrangements of particles
postulated by Casagrande (1932) for sensitive marine soils built on the concepts proposed
by Terzaghi (1925). In this model, the particle arrangements located in the smallest gaps
between adjacent silt particles were thought to be highly compressed, whereas those in the
larger spaces between silt particles had undergone relatively little compression (Figure 4).
The former particle groups were referred to as “bond clay”, whereas the latter were “matrix
clay.” The bonds between particles were hypothesized as being quite brittle.

Figure 3. Hypothetical “honeycomb” fabric.
(Terzaghi 1925)

2.5.2. More Refined Studies

In subsequent years the study of clay microstructure involved consideration of the double
layer theory and the behavior of clay platelets in dilute colloidal suspensions. Lambe (1953)
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Figure 4. Hypothetical fabric of sensitive clay.
(Casagrande 1932)

considered the microstructure of inorganic soils and presented clay mineral arrangements
associated with deposition in a rather wide range of electrochemical environments from
fresh water to marine. As previously stated, van der Waals-London attractive forces are
independent of the nature of the pore fluid. It follows that, for a given type of clay in
suspension, the net force between adjacent particles (as a function of distance between the
particles) can be prescribed by the addition of electrolyte to the suspension, since this will
only have an influence on the repulsive particle force.

Lambe (1958) found that sedimentation in intermediate electrolyte concentrations, such
as that found in brackish water, would lead to dispersed microstructure. Indeed, in a dilute
suspension with wide particle spacings, the net force will be repulsive. The particles remain
separate, the force of gravity upon any particle being negligibly small, and the particles set-
tle out very slowly or remain in suspension exhibiting Brownian (random) movement. The
repulsion between the particles as they near each other causes them to assume a config-
uration having a maximum grain-to-grain distance in a given volume of soil (Sowers &
Sowers 1970). The process that takes place under these conditions of settling is known as
dispersion, and the microstructure produced is called dispersed. This requires a large or
expanded double layer, which suggests that clays compacted wet of optimum will have a
dispersed microstructure. This dispersion implies a rather closely packed configuration in-
volving essentially face-to-face arrangements. Dispersion can, in general, be increased by
adding substances to the suspension that increase the repulsion forces without increasing
the attraction.

If electrolyte is added to a soil-water suspension that initially is dispersed, a flocculent
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microstructure will form. The sudden addition of an electrolyte supplies ions to the soil
particles that partially neutralize the negative surface charges and thereby create net attrac-
tive forces (Lambe 1958). The particles, even though widely spaced, will then attract each
other and will move together and stick (coagulate) in a heterogeneous loose edge-to-edge
or edge-to-face arrangement termed a “floc”. Such flocs often contain hundreds of indi-
vidual particles and there may be considerable interparticle contact between the positively
charged clay mineral edges and the negative faces, producing strong bonds that resist dis-
placement. Such flocculation requires a small or contracted double layer, which suggests
that clays compacted dry of optimum will have a flocculated microstructure (Lambe 1958).
Considerable free water is trapped in the large voids between the particles, in addition to
the adsorbed water already immobilized by the clay. Sides & Barden (1971) demonstrated
that as the particle size is reduced and the colloidal activity increases, chemical additives
become more effective in producing dispersed and flocculated microstructures. Thus, such
additives have little visible effect on the microstructure of kaolinite clays but their effect is
evident for illitic clays.

The flocculation process includes coarser particles so that flocculated clays will exhibit
a structure consisting of silt and sand grains. These grains are fairly evenly distributed,
except in stratified or varved clays, and the larger grains are not usually in contact with each
other (Mitchell 1976). Figure 4 shows such a mixed-grained “honeycomb” soil structure
proposed by Casagrande (1932) to account for the sensitivity of marine clays. This structure
was confirmed by an electron microscope study of quick clays by Pusch (1966). Dispersion,
on the other hand, is selective, and the materials under certain conditions will settle in layers
differentiated on the basis of particle size (Scott 1963).

The basis of many of the early studies was that particular fabric models could be as-
sociated with certain depositional environments. The inherent assumption was that the
dominant factors in the determination of the particle arrangement were 1) the mode of
deposition, and 2) the electrochemistry of the pore fluid at the time of deposition. Subse-
quently, Collins & McGown (1974) showed that the following factors also influence the
depositional arrangement of particles: 1) particle size, shape and gradation, 2) clay miner-
alogy, 3) Exchangeable cations (particularly their valency), 4) acidity, 5) organic content of
the soil, 6) concentration of sediment and rate of deposition, 7) state of agitation and depth
of water, and 8) seasonal drying.

2.5.3. Studies Employing Enhanced Experimental Techniques

Much of the aforementioned work was rather speculative in nature. This changed in the
late 1960’s with the use of X-ray diffraction, the polarizing microscope, and the electron
microscope. Of these, the scanning electron microscope (SEM), with its relatively high
level of magnification and large depth of focus (which provides an almost three-dmensional
image), is generally viewed as being the most useful for interpreting clay fabric. The work
of Gillott (1969), Barden & Sides (1970) and Sides & Barden (1971) is representative of
the early use of the SEM in such applications. In recent years, various other techniques
such as indirect measurements (electrical resistance or acoustic wave velocity), Magnetic
Resonance Imaging (MRI) and X-ray computerized tomography (X-ray CT) have been de-
veloped for observing and possibly quantifying the fabric. Unfortunately, some of this work
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generated a multiplicity of descriptive terminology that tended to complicate understand-
ing of the subject (Collins & McGown 1974). Mitchell & Soga (2005) give further details
pertaining to enhanced experimental techniques.

From electron microscope observations of laboratory prepared clays, it has generally
been established that the mineralogy and concentration of clay in the sediment, as well as
the salt content of the pore fluid, influence clay particle arrangements. In such studies, the
desired microfabric is obtained by mixing dry soil with a suitable pore fluid, subjecting the
slurry to a prescribed consolidation pressure, or some combination of the two.

Flocculent soils are light in weight and quite compressible, but are relatively strong
and insensitive to vibration because the particles are tightly bound by their edge-to-face
attraction. In general, an element of flocculated soil has a higher strength, lower compress-
ibility and higher permeability than the same element of soil at the same void ratio but in a
dispersed state (Lambe & Whitman 1979). The higher strength and lower compressibility
result from the interparticle attraction and the greater difficulty of displacing particles when
they are in a disorderly array. The higher permeability in the flocculated soil results from
the larger channels available for flow.

Sachan & Penumadu (2007) studied the compressibility behavior of laboratory prepared
samples of kaolin having dispersed and flocculated microfabrics. Since the latter consist of
randomly organized clay platelets in contact with each other and thus possess larger micro-
pores, it follows that flocculated microfabrics exhibit higher compressibility than dispersed
ones (Figure 5). Pillai, Robinson & Boominathan (2011) compared the permeability of
samples having flocculated and dispersed microfabrics. They confirmed previous observa-
tions (Lambe & Whitman 1979) that, at the same void ratio, flocculated microfabrics are
more pervious than dispersed ones (Figure 6).
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Figure 5. Compressibility of kaolinite clay with flocculated and dispersed microfabric
(Sachan & Penumadu 2007).
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The response of cohesive soils subjected to various loading conditions has been shown
to be slightly different for flocculated and dispersed microfabrics (Sridharan, Narasimha &
Venkatappa 1971, Wang & Siu 2006, Sachan & Penumadu 2007, Prashant & Penumadu
2007, Pillai et al. 2011). Due to the fact that clays with flocculated microfabrics have
larger micropores, their response under undrained shear loading will be softer than for dis-
persed samples. In particular, samples with dispersed microfabrics exhibit peak stresses
followed by strain softening, while samples with flocculated microfabrics exhibit a plastic
strain hardening response. Under drained conditions, flocculated samples will experience
larger volumetric strain. In terms of overconsolidation ratio, the response of overconsoli-
dated cohesive soils with flocculated and dispersed microfabric is quite similar (Sachan &
Penumadu 2007). Thus, overconsolidation has a stronger influence on shear resistance and
volumetric response than does microfabric. At critical state cohesive soils assume a state
independent of the sample’s initial microfabric (Pillai et al. 2011).
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Figure 6. Permeability of kaolinite clay with flocculated and dispersed microfabric (Pillai
etal. 2011).

In concluding this section, it is evident that the flocculated and dispersed structures dis-
cussed in the previous section represent the two extremes in soil fabric for clay suspensions.
Indeed, previous SEM studies of the microfabric of compacted clays (Barden & Sides 1970)
have revealed that the generally accepted concepts of flocculated and dispersed microfab-
rics are too simplistic, particularly for the case of flocculated microfabrics. Between these
limits there is a large number of intermediate configurations. For mixed-grained soils, the
particle arrangements assume a variety of forms. Most of these are, however, related to the
flocculent and dispersed configurations discussed previously and reflect the difference in
water content between a clay suspension and a denser soil mass.

The feeling of many researchers is that purely dispersed states in cohesive soils are rare,
occurring only in very dilute natural clay-water systems, in remolded (disturbed) natural
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clays, and in ones artificially prepared (Scott 1963, Holtz et al. 2011). In virtually all natural
depositional environments (e.g., fresh water, brackish, marine) the presence of electrolytes
(dissolved salts) in the pore fluid supplies ions that result in the formation of a flocculated
or aggregated fabric. The submicroscopic fabric units consisting of aggregated particles
are called domains. Domains, in turn, group together to form clusters. Finally, clusters
group together to form peds (aggregates) or groups of peds (Collins & McGown 1974).
The fabric thus consists of an irregular three-dimensional arrangement of particles, clusters
and peds. The degree of flocculence, and hence, of group formation, depends primarily
upon the electrolyte concentration of the pore fluid.

3. Macroscopic Aspects Related to Clays

The physically observed behavior of a loaded soil is a macroscopic manifestation of the
mechanisms active at the level of the material microstructure. Since such mechanisms have
been discussed in the previous section, attention is turned to the macroscopic time- and
temperature-dependent behavior of cohesive soils.

3.1. Time-Dependent Behavior

The effect of time on the strength and deformation characteristics of various materials as-
sumes importance in a variety of engineering problems where a) very rapid, or very long-
term response is of concern, or b) in cases where translation of measured behavior is nec-
essary from one time scale to another. In the field of geomechanics, the subject of time-
dependent behavior aroused interest early on, being first discussed in detail by Terzaghi
(1931). Subsequent to this pioneering work, this subject has been the focal point of nu-
merous investigations, in particular since the early sixties. Although considerable progress
has been made, present knowledge of the basic physical mechanisms responsible for the
time-dependent behavior of soils is still far from being complete.

In discussing the time-dependent behavior of cohesive soils from a macroscopic point
of view, it is convenient to divide the subject into the following categories: a) creep, b) stress
relaxation, and c¢) strain-rate effects. Such a division could be considered rather artificial,
but it adequately separates different types of time-dependent behavior under particular load-
ing conditions, is generally how the literature has been delineated, and provides a means
to present the material in this section in a logical manner. Indeed, it is the feeling of many
researchers that the same physical mechanism may be responsible for all three of the above
phenomena.

3.1.1. Creep

Of the categories listed above, creep of soils has been studied more extensively than the
other two. Creep is defined as the time-dependent development of shear and/or volumetric
deformations under a constant state of total stress. Creep occurs under undrained (con-
stant volume), as well as drained (constant effective stress) conditions, at a rate that either
remains constant, or varies with time.
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In typical laboratory creep experiments, specimens are first preconsolidated and then
sheared to a prescribed deviatoric stress level. This stress is then maintained constant
throughout the remainder of the test. During undrained creep tests, shear strains and
changes in effective stress (resulting from changes in pore pressure) are induced in the
specimen. Since the effective stress relaxes, such tests are true creep tests only with re-
spect to the total stress. Drained creep tests, on the other hand, can induce both devia-
toric and volumetric strains in the specimen. The creep response of soils, as measured in
such tests, varies widely depending upon the soil type, soil structure, water content, ac-
tivity, stress history, temperature, drainage conditions, and other factors (Campanella &
Vaid 1972, Mitchell 1976, Campanella & Vaid 1974).

The phenomenon of consolidation was first modeled by the classical linear uniaxial
theory developed by Terzaghi (1925). This hydrodynamic process, termed primary consol-
idation, first introduced the element of time into soil mechanics. For certain soils significant
departures from Terzaghi’s theory were observed. In particular, it was found that toward the
end of the consolidation process, the rate of settlement decreased less rapidly than predicted
by the theory. It is this additional settlement, that is not accounted for by Terzaghi’s theory
and that takes place at practically constant effective stress, that has been called “secondary”.
Consequently, in the past, most investigations of drained creep behavior have studied the
specific phenomenon of secondary compression; i.e., the drained volumetric creep under
uniaxial strain conditions that follows primary consolidation.

The subject of drained creep behavior of cohesive soils under general stress states has
received relatively limited attention in the soil mechanics literature. This is somewhat sur-
prising in view of the fact that from a practical standpoint, the problem of drained creep
is very pertinent to in situ problems where creep deformations and eventually creep failure
may develop as a result of a reduction in shear strength with time. Excavated or natural
slopes are prime examples of such conditions; in all these situations, partial or full drainage
would be expected, though uniaxial conditions would not necessarily apply. The findings
of the limited number of investigations of general drained creep behavior have been rather
inconclusive. In some cases the drained creep strength of the cohesive soil was found to co-
incide with the compressive strength as measured in normal duration drained tests (Shibata
& Karube 1969, Finn & Shead 1973, Tavenas, Leroueil, La Rochelle & Roy 1978). Failure
of the soil, if it occurred at all, did so after only a few days. Other results show a marked
instability of strain rate and subsequent failure, but only after periods of time exceeding
about two years (Bishop & Lovenbury 1969). Because the types of clays used in these
investigations differed, it is evident that further research is required before an improved
understanding of response under conditions of general drained creep can be achieved.

Under uniaxial as well as general conditions, the time permitted for drained creep prior
to shear testing is sometimes called the “age” of the sample. Aging greatly influences the
strength and compressibility characteristics of cohesive soils. Longer periods of aging re-
sult in a reduction of void ratio, in the development of a more stable arrangement of soil
particles with a greater number of interparticle bonds (Bjerrum 1967), and in a greater
resistance to further consolidation (Whitman 1960, Leonards & Altschaeffl 1964, Ladd &
Preston 1965). The process of aging also increases the efficiency of thixotropic time effects,
that also contribute to the increase in strength. Since pore water pressure is a measure of the
potential structural rearrangement of soil particles (Barden 1969), older samples, that have
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a reduced rearrangement potential, will have a lower potential for pore pressure build-up,
resulting in higher undrained strength. The above hypotheses have been supported by ex-
perimental findings. In particular, for older samples, sizable increases in shear strength and
stiffness with a more brittle response (Wissa 1961, Bjerrum & Lo 1963), and reductions in
the amount of pore water pressure build-up during subsequent undrained creep (Shen, Aru-
lanandan & Smith 1973) have been noted. This behavior closely resembles that exhibited
by overconsoidated clays.

Time-dependent soil behavior under undrained creep conditions has been the subject of
numerous investigations. The relation between drained and un-drained creep is generally
well understood. The mechanisms that cause volume decrease at constant effective stress in
the drained case lead to the development of excess pore pressures for undrained (constant
volume) loadings. This applies to both isotropic and deviatoric stresses, though only the
latter result in deformations because of the constant volume condition (Ladd et al. 1977).

During undrained creep tests shear strains and changes in pore pressure are induced
in the specimen. The changes in pore pressure have been attributed to the arresting of
secondary compression (Arulanandan, Shen & Young 1971, Holzer, Héeg & Arulanandan
1973, Shen et al. 1973), and to the magnitude of shearing strain imposed on the specimen
(Bonaparte 1981).

3.1.2. Stress Relaxation

In studying the time-dependent behavior of soils, emphasis has primarily been placed on
deformation-related phenomena such as the rate of applied strain, drained and undrained
creep, secondary consolidation (drained volumetric creep), etc. Such considerations have
important applications for the solution of field problems involving the settlement of earth
structures where the applied loads are essentially constant. Although stress relaxation rep-
resents a complementary phenomenon to creep, relatively few investigations of this phe-
nomenon have been performed.

Relaxation tests attempt to duplicate the behavior of loaded soil masses whose dimen-
sions are held constant in situ. Prime examples of such problems are those involving soil-
structure interaction in which the presence of the structure prevents excessive deformation
of the soil mass. In such cases, the relaxation of stresses becomes the response quantity of
primary interest. Since relaxation behavior involves the soil state “relaxing” to an equilib-
rium stress level at constant deformation, the relaxed state is quite highly dependent on the
existing soil microstructure at the point of relaxation. Thus, in observed macroscopic re-
laxation behavior there is a close correlation to, and manifestation of a soil’s microstructure
(Sheahan & Kaliakin 1998, Sheahan & Kaliakin 1999).

Relaxation tests are typically performed under axisymmetric conditions in which the
axial stress, radial stress and pore pressure can each be controlled independently. Following
a preconsolidation phase, in which a consolidation stress state is applied to the specimen
and pore pressure allowed to drain, specimens are typically axially loaded to a desired strain
level (with or without further pore pressure drainage), and this level is subsequently held
constant. The principal stress difference (¢ = 6 —03), mean normal effective stress and
pore pressure or volumetric strain are all monitored with time. In a properly performed
relaxation test, a stable stress state is reached at each strain level before imposing further
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strain on the specimen (Sheahan & Kaliakin 1998).

Based on the results of stress relaxation tests performed primarily on hydrostatically
consolidated and remolded specimens, the following behavioral trends have been noted:
a) following the application of a constant strain, the decay of ¢ is essentially linear with
the logarithm of time (Pagen & Jagannath 1967, Lacerda & Houston 1973, Murayama,
Sekiguchi & Ueda 1974, Lacerda 1976, Arai 1985, Hicher 1988), b) during undrained re-
laxation tests, the variation in pore pressure is very small in comparison with the drop in ¢
(Murayama & Shibata 1964, Lacerda & Houston 1973, Lacerda 1976, Arai 1985, Hicher
1988); this is in accord with Lo’s hypothesis (Lo 1969a, Lo 1969b) which states that un-
der undrained conditions the magnitude of pore pressure depends almost exclusively upon
the amount of strain, ¢) in stress relaxation tests performed under drained conditions, the
volume change during relaxation was negligible; this is in accordance with the observed
constancy of pore pressures in the undrained relaxation tests, and d) in contrast with the
large effect of anisotropic consolidation on creep, no measurable deviation between the
stress relaxation of isotropically and anisotropically consolidated samples of undisturbed
clay has been observed (Lacerda & Houston 1973). Thus, unlike in the case of drained
creep, experimental findings related to stress relaxation appear to be quite consistent.

Two subsequent testing programs (Silvestri, Soulie, Touchan & Fay 1988, Sheahan,
Ladd & Germaine 1994) showed more clearly that a soil’s microstructure determines the
stabilized stress state during relaxation. At smaller relaxation strains when the soil’s in-
herent microstructure is still intact, a natural soil will reach stabilized stress states along
the soil’s depositional consolidation line. At higher relaxation strains, when the soil has
been destructured, the stabilized relaxation stress states will depend on its new equilibrium
microstructure that will typically be indicated by a different line of stabilized strain states.
It thus appears that when realistic test methods such as anisotropic consolidation are used,
and when the soil retains some of its original microstructure throughout the consolidation
process, both the microstructure and anisotropy can affect the observed relaxation (Sheahan
& Kaliakin 1998).

3.2. Temperature-Dependent Behavior

Due to the complex, heterogeneous and discontinuous nature of the microstructure and
physicochemical constitution of cohesive soils, it is not yet possible to macroscopically ac-
count for detailed microscopic aspects in a practical manner. Instead, in order to quantify
how microscopic phenomena affect the macroscopic constitutive modeling of the thermo-
mechanical response of saturated cohesive soils, it is necessary to review the findings from
pertinent experimental studies in several general areas. Over the past fifty or so years a
number of studies have established that the engineering properties of geomaterials can sig-
nificantly be influenced by temperature variations. In this section the findings of these
studies are briefly reviewed.

3.2.1. Compressibility and Preconsolidation Pressure

Several investigators studied the effect of temperature cycling on volume changes for drained
tests performed at different levels of (constant) confining stress. Both standard oedome-
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ters (Finn 1951, Paaswell 1967, Plum & Esrig 1969, Habibaghi 1973, Tidfors & Sillfors
1989, Towhata, Kuntiwattanakul & Kobayashi 1993) and special triaxial cells (Demars &
Charles 1982, Campanella & Mitchell 1968, Del Olmo, Fioravante, Gera, Hueckel, Mayor
& Pellegrini 1996, Abuel-Naga, Bergado & Lim 2007) were used in these studies. It was
observed that at constant effective stress levels, normally consolidated and lightly overcon-
solidated specimens subjected to temperature increases consolidate. Decreases in tempera-
ture typically cause such specimens to swell; the soil behaves as if it were overconsolidated
(Campanella & Mitchell 1968, Hueckel & Baldi 1990, Paaswell 1967, Plum & Esrig 1969).
Heating, at constant mean normal effective stress, produces a quasi-preconsolidation be-
havior similar to the associated with the effects of prolonged consolidation (Campanella &
Mitchell 1968, Plum & Esrig 1969, Tidfors & Séllfors 1989, Towhata, Kuntiwattanakul &
Kobayashi 1993).

The effect of temperature cycling on the volume change behavior of overconsolidated
cohesive soils has also been investigated (Plum & Esrig 1969, Demars & Charles 1982,
Baldi et al. 1988, Hueckel & Baldi 1990, Del Olmo et al. 1996, Abuel-Naga et al. 2007).
The consensus appears to be that compared to normally consolidated specimens, thermally
induced volumetric changes are relatively small. The amount of volume contraction appears
to decrease with increasing overconsolidation ratio. For low-porosity clays, the behavior of
overconsolidated specimens was found to be thermoelastic (Baldi et al. 1988, Hueckel &
Baldi 1990, Del Olmo et al. 1996). Furthermore, when heated, highly overconsolidated
specimens of such clays exhibited volume expansion. This is explained in part by the fact
that upon heating, the pore fluid in low-porosity clays expands more than the solids. Since
the permeability of such soils is low, the fluid cannot readily drain from the pores, resulting
in a volume expansion.

The effect of temperature on the preconsolidation pressure has been studied using isother-
mal oedometer tests performed at various temperatures. Based on the results of these tests,
it was determined that at a given value of void ratio, increases in temperature cause the pre-
consolidation pressure to decrease (Eriksson 1989, Tidfors & Saillfors 1989, Moritz 1995);
the change in preconsolidation pressure seems to be larger for soils possessing a higher
clay content and for those with higher liquid limits (Tidfors & Séllfors 1989). Finally, the
complete temperature cycles were found to be irreversible.

3.2.2. Compression and Swell/Re-Compression Indices

Based on the results of isothermal oedometer tests performed at various temperatures, at
low confining pressures (less than 207kPa) the compression index (C.) was found to be a
function of the temperature and pressure (Plum & Esrig 1969). However, at higher pres-
sures, C. was found to be essentially independent of temperature (Finn 1951, Campanella
& Mitchell 1968, Demars & Charles 1982, Eriksson 1989).

No consensus has been reached on the effect of temperature changes on the swell/re-
compression index (Cy). Campanella & Mitchell (1968) concluded that the effect of tem-
perature on Cy was insignificant. By contrast, Eriksson (1989) and Graham, Tanaka, Crilly
& Alfaro (2001) found that C; varied with temperature.
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3.2.3. Permeability

To better understand the effect of temperature changes on the permeability of clays, the
coefficient of permeability (k) commonly used by geotechnical engineers (units of Lt ') is
written in terms of the intrinsic permeability k¢ (units of L?); viz.,

Pfg>d
k=|—=2)k 1
<11 (D

where p/ is the density of the pore fluid (units of ML™3), g is the gravitational acceleration
(units of Lt ~2), and 7 is the dynamic viscosity (units of F' L7 %t). The density of water is a
function of pressure and temperature (Khan 2000). Although for most fluids the viscosity
shows a rather pronounced variation with temperature, it is relatively insensitive to pressure
until rather high pressures have been attained (Bear 1972). For free (non-adsorbed) pore
water, 1 decreases exponentially with temperature (Houwink 1953).

Although the above observations apply for free water, it is less evident that they also
apply to saturated clays, as clay-water interactions are known to be sensitive to changes
in temperature (Mitchell 1969). In addition, clays exhibit an apparent viscosity that is
larger close to the clay particles and decreasing with the clay-water distance. It is thus
difficult to clearly separate viscosity effects from those related to clay-water interaction
when analyzing the effect of temperature on water flow in cohesive soils. As a consequence,
the use of the standard exponential expression giving the change of viscosity of free water
with temperature is approximate (Delage, Sultan & Cui 2000).

In previous investigations, the effect of temperature on permeability was determined
indirectly. Habibagahi (1977) performed isothermal consolidation tests at various tempera-
tures in a rigid ring odometer. He derived permeability values at different temperatures and
concluded that they increased with increasing temperatures. This was attributed to the fact
that the viscosity of pore water decreases with temperature, thus reducing the internal re-
sistance to flow. Towhata, Kuntiwattanakul, Seko & Ohishi (1993) performed similar tests
and confirmed Habibagahi’s conclusions.

Delage et al. (2000) concluded that investigations of the effect to temperature changes
on the permeability should be made using direct isothermal tests at different temperatures.
They observed that indirect values, obtained from consolidation for Boom clay, overesti-
mated the permeability by a factor of four. Direct permeability measurements at various
temperatures appear to be rather rare. Morin & Silva (1984) performed constant head per-
meability tests on various ocean sediments at temperatures ranging from 22°C to 220°C.
Their conclusions regarding the effect of temperature changes on permeability agreed with
the aforementioned ones of Habibagahi (1977) and Towhata, Kuntiwattanakul, Seko &
Ohishi (1993).

To study the relationship between the intrinsic permeability k%, porosity and tempera-
ture, Delage et al. (2000) performed a series of constant head permeability tests at different
temperatures on Boom clay. They concluded that there is a unique and essentially linear
relationship between the porosity and the logarithm of k¢ that is independent of the thermo-
mechanical load path that is applied to a sample. Consequently, since changes in p/ for
the temperature range used in the tests (20 to 90°C) were negligible, it was concluded that
the increase in permeability of a sample with temperature is only related to the decrease
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in viscosity of the pore water. In addition, the water flowing through a sample during a
permeability test is free water. These conclusions agree with the earlier ones of Morin &
Silva (1984).

3.24. Pore Pressure Development

For normally consolidated and lightly overconsolidated cohesive soils tested under undrained
conditions at a constant level of total stress, temperature increases, even relatively minor
ones, lead to the generation of excess pore pressure and thus to a decrease in effective stress.
Decreases in temperature have the reverse effect. The changes in pore pressure are typically
attributed to: 1) the difference in thermal expansion of the fluid and solid phases, and 2)
physicochemical effects. The amount of pore pressure change is thought to be a function of:
1) the thermal path, 2) the temperature increment, 3) the boundary conditions, 4) the soil’s
compressibility (under drained conditions) attributed to thermally induced physicochemi-
cal effects, and 5) The thermal expansion properties of the pore fluid and soil (Houston,
Houston & Williams 1985).

The effect of temperature cycling on pore pressure development has also been inves-
tigated, typically using a standard triaxial cell. The biggest point of contention appears
to be whether residual pore pressures are developed after a temperature cycle. Although
Mitchell & Campanella (1964) reported closed hysteresis loops and no build-up of residual
pore pressures, a number of other investigators found the pore pressure changes to be irre-
versible (Henkel & Sowa 1964, Campanella & Mitchell 1968, Plum & Esrig 1969). In light
of these findings, it appears safe to conclude that: 1) upon temperature cycling, hysteresis
loops shall be formed, though not necessarily always in the first cycle, and 2) the amount
of residual excess pore pressure decreases with the number of cycles, for the soil is becom-
ing more overconsolidated. Since the development of residual pore pressure is attributed to
irreversible physicochemical phenomena, and since such phenomena vary from soil to soil,
it follows that the level of the aforementioned hysteresis will likewise vary.

3.2.5. Elastic Response

The effect of temperature on the elastic response of clay was investigated by Murayama
(1969). From the results of experiments performed in oedometer and triaxial cells on undis-
turbed Osaka clay it was that, provided the axial strain did not exceed a certain critical value
(approximately 1.0 percent), the elastic moduli at a given temperature were constant. How-
ever, beyond this critical value, temperature increases resulted in a reduction in the elastic
moduli. Such behavior was attributed to the fracture in the clay skeleton that proceeds with
straining beyond the critical value. In addition, when comparing the constant elastic moduli,
it was observed that the relative magnitude of the moduli decreased with increases in tem-
perature. These conclusions were supported by more general findings (Eriksson 1989, Tid-
fors & Sillfors 1989, Hueckel & Baldi 1990) that showed that the elastic domain of a soil
reduces with increased temperature.
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3.2.6. Shear Strength and Friction Angle

Many individuals (Lambe 1958, Mitchell 1964, Duncan & Campanella 1965, Campanella
& Mitchell 1968, Noble & Demirel 1969, Sherif & Burrous 1969, Houston et al. 1985) have
investigated the effects of temperature variations on soil strength. Campanella & Mitchell
(1968) noted that an increase in temperature causes a decrease in the shearing strength of in-
dividual interparticle contacts. This decrease in bond strength was attributed to the increase
in thermal energy that acts in conjunction with the shear force at interparticle contacts to
increase the probability of bond slippage or failure. As a consequence, there is a partial
collapse of the soil structure and (under drained conditions) a decrease in void ratio until
a sufficient number of additional bonds are formed to enable the soil to carry the stress at
the higher temperature. This effect was thought to depend only on properties of the soil
structure; its rate was considered to be independent of pore pressure considerations, and
was thought to be analogous to secondary compression under a stress increase.

Sherif & Burrous (1969) and Noble & Demirel (1969) reported similar results. In the
latter study, specimens of a highly plastic alluvial clay were sheared at temperatures lower
than the consolidation temperature. It was observed that the higher the consolidation tem-
perature, the greater the shear strength at any given temperature. This observation, which is
supported by the results of Laguros (1969), is attributed to the greater decrease in void ratio
at higher consolidation temperatures. However, for a given consolidation temperature, the
strength decreases in a regular manner with increasing test temperature. For overconsoli-
dated clays, Hueckel & Baldi (1990) showed that besides reducing shear strength, temper-
ature increases also lead to less dilatant volume change behavior. To summarize the above
findings, Leroueil & Marques (1996) state that, as a rule of thumb, the undrained shear
strength and preconsolidation pressure typically change by 10 percent per 12°C change in
temperature.

Test results presented by Mitchell (1964), Hueckel & Pellegrini (1989) and Hueckel
& Baldi (1990) indicate that, for normally consolidated soils, temperature changes have
little effect on the friction angle. From tests performed at temperatures below 40°C, Hous-
ton et al. (1985) confirmed these observations. However, at higher temperatures the peak
strength (and stiffness) of soils increased significantly. Lingnau, Graham & Tanaka (1995)
reported similar results for sand-bentonite mixtures. More recently, Cekerevac & Laloui
(2004) showed that the friction angle at the critical state can either slightly increase or de-
crease with temperature; they thus assumed it to be independent of temperature. To summa-
rize this issue, it appears that the effect of temperature on friction angle is material-specific.

3.2.7. Time Effects

Related to the thermal dependence of soil strength is the influence of temperature on time
effects such as the creep and stress relaxation of soils. Although especially pertinent to
the present development, this subject has unfortunately not been widely investigated. The
general conclusions made should thus be viewed as being somewhat preliminary.

In drained triaxial tests performed by Mitchell, Campanella & Singh (1968) on nor-
mally consolidated specimens, temperature increases during testing resulted in increased
axial strain and strain rate, combined with a decrease in volume. Virdi & Keedwell (1988)
also performed drained creep tests under both constant and transient (two complete cycles)
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temperature conditions. They noted that increases in temperature considerably reduced the
volume of a specimen and decreased its height; decreases in temperature were found to have
the reverse effect. Volume changes associated with a temperature cycle were irreversible.
In all the drained creep tests the effects of temperature change on sample height and on
axial strain rate were greater at higher levels of deviator stress. Virdi & Keedwell (1988)
noted that, due to variations in temperature, the volume of water drained out or absorbed
appeared to be proportional to the moisture content of the soil.

Several individuals have investigated the effect of heating on secondary compression
(i.e., drained volumetric creep). Plum & Esrig (1969) concluded that, provided that suf-
ficient time is allowed for the volume change associated with the temperature increase
to be dissipated, secondary compression rates appear to be only slightly affected by in-
creases in temperature. This conclusion, which is based on the results of a single test
conducted at quite high consolidation pressure (loading from 1242 to 1442kPa), was in
rather sharp contrast to those reached by other investigators (Lo 1961, Schiffman, Ladd &
Chen 1966, Campanella & Mitchell 1968, Towhata, Kuntiwattanakul & Kobayashi 1993).
It is possible, however, that in the latter investigations insufficient time was allowed for
thermally induced volume changes to fully manifest themselves. Before leaving this some-
what unresolved subject of secondary compression, it is timely to note that investigators are
in agreement with the observation that overconsolidation of soil due to cooling reduces the
rate of secondary compression (Campanella & Mitchell 1968, Plum & Esrig 1969).

For normally consolidated and lightly overconsolidated soils tested under undrained
conditions, increases in temperature tend to increase the pore pressure and strain, and to
thus decrease the effective stress (Murayama & Shibata 1961, Mitchell & Campanella 1964,
Mitchell et al. 1968, Houston et al. 1985, Virdi & Keedwell 1988). Decreases in pore pres-
sure generally have the reverse effect. Virdi & Keedwell (1988) performed undrained tri-
axial creep tests under transient temperature conditions involving two complete cycles. In
these tests, four levels of deviator stress (30, 50, 70 and 90% of the failure stress for mono-
tonic loading) were used. During increases in temperature the axial strain increased, but at
a decreasing rate, with each cycle. During decreases in temperature, the axial strain did not
decrease appreciably, especially at the higher levels of deviator stress. The results was a
permanent axial strain almost twice the magnitude of that associated with tests performed
on the same material only at constant temperature.

Data concerning the effect of temperature on stress relaxation is quite scarce. The only
results of stress relaxation experiments, performed in compression under undrained triaxial
conditions, appear to be those presented by Murayama (1969). These show that for a given
increment of strain, both the initial and the fully relaxed stress decrease with increasing
temperature.

4. Framework for Modeling Time and Temperature-Dependent
Clay Behavior
A mathematical framework for a constitutive model to simulate the time and temperature-

dependent behavior of cohesive soils is presented in this section. There are two main and,
in general, complimentary approaches to developing such a model.
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The first approach represents the soil as an assembly of discrete particles
(Anandarajah 1994, Anandarajah 2000b, Anandarajah 2000a, Yao & Anandarajah 2003)
or clusters of particles (Chang, Hicher, Yin & Kong 2009, Yin, Chang, Hicher & Karstunen
2009, Yin & Chang 2009, Yin, Chang, Hicher & Wang 2011, Yin, Hattab & Hicher 2011).
Suitable material characteristics are assumed for the particles or clusters, and are supple-
mented by proper interparticle or intercluster contact laws. The macroscopic behavior of
cohesive soils is then simulated through a collection of such particles or clusters that inter-
act with each other primarily through mechanical forces rather than physicochemical ones
(e.g., double-layer repulsive forces and van der Waals attractive forces). Although such
discrete particle methods offer insights into the mechanical and physicochemical phenom-
ena controlling macroscopic behavior, they tend to be computationally intensive. More
importantly, the scalability of such methods has yet to be proven.

In the second approach, the microscopic and physicochemical phenomena are not of
prime concern. Instead, only the behavior of the material as a whole is deemed important.
The macroscopic behavior is explained by assuming the material to be a continuum. How-
ever, since the physically observed behavior of a material is a macroscopic manifestation
of the mechanisms active at the level of the microstructure, a continuum based model can-
not be developed without due consideration, either in detail or in concept, of microscopic
phenomena. Since the present mathematical framework is continuum based, the following
observations are timely.

4.1. The Continuum Approach

As noted at the outset of this chapter, a two-phase continuum, consisting of a coherent solid
matrix (skeleton) with fluid-filled pore space, is assumed (Figure 7). The solid matrix is
composed of both a solid part and possibly an occluded porosity. The occluded pores may or
may not be saturated, but it does nor affect the storage or transport properties of the porous
material because no flow is assumed to take places through these pores (Coussy 2004).
The pore space is completely filled by a single fluid that is freely moving. Unless stated
otherwise, the pore fluid is assumed to be water. The pore space is assumed to be fully
connected, it is through this space that the fluid actually flows. The pore space is assumed
to remain continuous throughout deformation of the material.

A porous material is commonly treated as the superimposition of two continua: the
solid matrix continuum and the pore fluid continuum (Coussy 2004). A continuum de-
scription of a porous medium that is heterogeneous at the level of the microfabric requires
the suitable choice of a macroscopic scale at which the constitution of the material at the
micro-level will be ignored in the analysis of physical macroscopic phenomena. The hy-
pothesis of continuity assumes the existence of a representative elementary volume that is
relevant at the macroscopic scale for all the physical phenomena involved in the intended
application (Coussy 2004). The physics of one such elementary volume is assumed to vary
continuously to neighboring volumes, giving a continuum for which the densities of mass,
momentum, and energy exist in the mathematical sense (Fung 1977).

In concluding the discussion of microstructure and fabric given in Section 2.5., it was
noted that in virtually all natural depositional environments the presence of electrolytes in
the pore fluid supplies ions that result in the formation of an irregular, three-dimensional ar-
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Figure 7. Schematic illustration of a fully saturated porous medium.

rangements of aggregated particles or domains surrounded by micropores. Domains group
together to form clusters. Clusters, in turn, group together to form peds or groups of peds
that are surrounded by minipores.

Based on the above considerations, an elementary volume is assumed to consist of
groups of clusters; i.e., one or more peds. In the case of laboratory prepared soils possessing
a primarily dispersed fabric, the elementary volume consists of an assemblage of individual
particles and their associated pore space. With the elementary volume defined, attention
is turned to the various aspects of material response exhibited by cohesive soils subject to
applied mechanical, thermal or thermo-mechanical loads.

4.2. The Instantaneous Response

Within a saturated cohesive soil, very low changes in effective stress under isothermal con-
ditions produce changes in the shear and normal forces at points of interparticle contact.
These, in turn, produce an elastic bending of particles within clusters, and an elastic defor-
mation of particle clusters and/or peds. A relaxation of previously bent or distorted particles
and/or particle clusters may also occur (Murayama 1969). Both of these phenomena occur
without slippage or breakage of interparticle bonds, and result in an instantaneous elastic
deformation of the elementary volume.

If the applied mechanical, thermal or thermo-mechanical loading causes a sufficiently
large change in effective stress within the soil, the shear forces at intercluster “bridges” or
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other points of particle discontinuity become large enough to cause the breakage of bonds.
Although the exact manner in which the bonds between individual particles are disrupted in
a shearing process is not known (Scott 1963), the result is an instantaneous rearrangement
of clusters that occurs simultaneously with the elastic deformations. This, in turn, leads to
the formation of localized groups of particles oriented parallel to the direction of shear and
causes a translation and rotation of the clusters themselves. In a primarily dispersed fabric
this leads to a translation and rotation of the individual particles. In either case, the result is
an instantaneous plastic deformation of the elementary volume.

Regardless of the clay’s fabric, the simultaneously occurring instantaneous elastic and
plastic responses can be modeled macroscopically within the framework of rate-independent
thermo-elastoplasticity. Under one-dimensional drained conditions this response is associ-
ated with the phenomenon of primary consolidation (with or without deviatoric stress), as
excess pore pressure is dissipated by drainage of fluid from the minipores.

The word “instantaneous,” as used in the previous discussion, requires some explana-
tion. It is a well-known fact that, due to hydrodynamic time lag, the testing of cohesive
soils under drained conditions requires a finite waiting period between the application of
load and the measurement of deformations. This is to allow for the aforementioned dis-
sipation of excess pore pressure within the sample, a process that is slowed by the low
permeability of the soil and by the fact that drainage occurs only at the boundaries of the
test specimen. Were it possible to establish drainage at all points within the sample, the
above deformations would indeed appear to occur essentially instantaneously in real time'.
Thus, if no further deformation of the particles occurs, the constitutive relations for co-
hesive soils in relation to effective stress can be formulated solely within the framework
of rate-independent thermo-elastoplasticity. The analysis in relation to total stress requires
consideration of the mechanisms of two-phase materials (i.e., the soil skeleton and pore
fluid) (Biot 1956).

4.3. The Delayed Response

The deformation is, however, known to continue past the instantaneous phase. In cohesive
soils possessing a dispersed fabric, and in the particles comprising the relatively weak inter-
cluster bridges in aggregated fabrics, this additional deformation consists primarily of the
re-orientation of particles caused by the further breaking of interparticle bonds. The partial
equilibrium achieved during the instantaneous phase of deformation is slowly changed by
the motion of ions, water molecules, and other slow diffusion processes (Scott 1963). If, as
a result of this change in equilibrium, the shear force at a point of interparticle contact is of
sufficient magnitude, it causes the bond at this location to break.

This, in turn, further disrupts the equilibrium among contact forces and results in fur-
ther displacement of clusters and particles as they seek new equilibrium configurations in
which interparticle bonds can once again be formed. This displacement (and thus the sub-
sequent re-formation of bonds) is greatly retarded by the layers of highly viscous adsorbed
water that surround the particles. The rate of this retardation depends primarily on the
applied stress level, the change in temperature, or both. Macroscopically, these processes

I'These instantaneous deformations would not, however, occur with sufficient rapidity to warrant consider-
ation of inertia forces.
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produce a delayed viscoplastic deformation of the elementary volume, which occurs with
negligible change in pore pressure (under undrained conditions) or volume (under drained
conditions). Such deformation is expected to continue until the shear forces at particle con-
tacts are transformed to normal forces at different contacts as a result of particle movements
(Mitchell 1976).

In cohesive soils with an aggregated fabric, the delayed deformation tends to be even
more pronounced than in those possessing a relatively dispersed one. In the former case
it is not only the above viscous and physicochemical processes that affect the intercluster
contact forces and cause cluster rearrangement with time, but also the clusters themselves
undergo time-dependent deformation as pore fluid is slowly forced from the micropores.
However, because of the small interparticle spacing and larger number of bonds in a clus-
ter due to the close proximity of diffuse double layers, these intracluster deformations are
much smaller than the intercluster ones associated with the instantaneous deformation. As
a result, the highly viscous intracluster pore fluid drains from the micropores into the mini-
pores at a much slower rate than the intercluster fluid drains during the instantaneous phase
of deformation.

During the process of cluster deformation, the reduction in cluster volume is exactly
balanced by the increase of the minipores due to the transfer of incompressible pore fluid
from the micropores. Thus, the relatively small cluster deformations alone cannot account
for the delayed volumetric strain (under drained conditions) or pore pressure increase (un-
der undrained conditions) in the elementary volume. Instead, it is the perturbation of con-
tact force equilibrium (due to the aforementioned physicochemical diffusion processes) that
facilitates further cluster rearrangement and, consequently, further deformation of the ele-
mentary volume. Under drained conditions, as the clusters change orientation, the perturbed
intercluster contact forces are continuously restored to some average value and the excess
pore pressure remains negligible. As a result, the macroscopically measured effective stress
remains essentially constant. Under undrained conditions no change in volume is permitted;
as a result, the pore pressure increases, causing a decrease in effective stress.

Regardless of the soil fabric, the delayed deformation mechanisms can be macroscopi-
cally modeled in a unified manner within the framework of viscoplasticity. Although both
instantaneous (elastoplastic) and delayed (viscoplastic) deformations occur simultaneously,
the development rate of the latter is typically slow enough to exhibit measurable effects
only after considerable time has elapsed.

4.4. Brief Note on Unification of Macroscopic Time-Dependent Phenomena

Before proceeding further with the discussion, it is timely to unify some of the commonly
observed macroscopic time-dependent phenomena in light of the viscous mechanism dis-
cussed above. By retarding the rearrangement of particles, the viscous adsorbed water lay-
ers delay changes in pore pressure. These viscous layers are thus primarily responsible for
the rate dependence of the material response; i.e., for the so-called “strain-rate effect.” The
same delayed deformation mechanism is also responsible for the long term time-dependent
behavior of clays. More precisely, under uniaxial drained conditions, the delayed defor-
mation is associated with the phenomenon of secondary compression (drained volumetric
creep). If, on the other hand, drainage is prevented and the applied stress level maintained
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constant, the resulting response is known as undrained creep. Finally, if the applied level of
deformation remains unchanged, the resulting decrease in stress is termed stress relaxation.
Thus, the common classifications of “rate dependent response” and “time effects” are both
macroscopic manifestations of the same microstructural process.

4.5. The Combined Elastoplastic - Viscoplastic Response

Based upon the above considerations, it is evident that a general description of material re-
sponse for clays cannot realistically be obtained by means of elastoplasticity alone, nor
by viscoplasticity alone. Instead, cohesive soils, regardless of the fabric they possess,
must be modelled within the general framework of combined and coupled elastoplasticity-
viscoplasticity. Dafalias (1982) first introduced such a combined formulation in the field of
soil mechanics. Kaliakin (1985) subsequently refined, implemented and verified the formu-
lation. Kaliakin & Dafalias (1990a) presented further details pertaining to the elastoplastic-
viscoplastic bounding surface model for cohesive soils under isothermal conditions, swell
as its verification (Kaliakin & Dafalias 1990b). Kaliakin (1994) extended the formulation to
a thermo-elastoplastic-viscoplastic one, suitable for isotropic cohesive soils. In this section,
the latter formulation is extended to include the effect of anisotropy.

4.6. Overview of Proposed Framework

Having established the applicability of a combined and coupled thermo-elastoplastic-
viscoplastic formulation for modeling the anisotropic, time, rate and temperature-dependent
behavior of cohesive soils, a general mathematical framework for developing an associated
bounding surface constitutive model is now presented.

Although in its most general form, soil consists of solid, liquid, and gaseous phases,
in discussing the constitutive relations for soils, reference is made specifically to the defor-
mation of the soil skeleton. In view of this fact, the material state is defined in terms of
external variables, identified as the effective stress tensor G, ;» temperature 6, and n scalar or
tensor internal variables g, that account for the nonconservative nature of soil by keeping
track of the past loading history. In the subsequent development compressive stresses and
strains are considered as positive. The effective stress o/ ; 1s related to the total stress o,
and the pore fluid pressure u by

G,-j:cséj—l—ﬁ,-ju )

where §;; is the Kronecker delta. Hueckel & Pellegrini (1992) ascertained the applicability
of the effective stress principle to the thermo-mechanical modeling of saturated cohesive
soils.

From the point of view of the microstructure, the effective stress represents the inelas-
tic forces acting over the total intercluster contact area. The effective stress represents a
means by which to quantify the elastic and inelastic response that occurs instantaneously
upon loading of the soil, and that remains essentially constant with time. However, also
present during (and subsequent to) this loading is the delayed viscoplastic deformation. In
clays possessing a dispersed fabric, and in the particles comprising the intercluster bridges
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in aggregated fabrics, this delayed deformation is due to the evolution of slow diffusion
processes of a physicochemical nature. In the case of aggregated fabrics, additional de-
layed deformation occurs as a result of the mechanical process of pore fluid drainage from
the micropores to the minipores. As a result of this drainage, the effective stress associated
with the interparticle contact forces within a cluster or ped increases, tending toward some
equilibrium value. Following the approach of Dafalias (1982), regardless of the clay fabric,
the delayed deformation is represented by one of the microscopic internal variables g,,.

Anisotropy of cohesive soils is attributed to the preferred orientation of particles and the
development of residual stresses. Preferred microstructural orientations cause both elastic
and plastic anisotropy. Since cohesive soils are soft materials, they develop anisotropic
characteristics in the course of inelastic loading as easily as they may loose them. Con-
sequently, the inclusion of initial anisotropy alone without providing for its evolution and
possible demise, is only marginally better than not including it at all (Dafalias 1986). Stress-
induced anisotropy is mathematically accounted for through rotational hardening of the
bounding surface. As such, the material state is not determined solely by the state of &/ 0
but also requires a measure of stress-induced anisotropy.

The dependence of the bounding surface on o/ ; 1s expressed in terms of three stress
invariants, namely (Ling, Yue, Kaliakin & Themelis 2002)

I]ZG;J-S,'J' (3)

a 1 a oa 4
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The quantities J* and o are the second reduced deviatoric stress invariant and thereduced
Lode angle, respectively, and o;; is the symmetric second-order anisotropic tensor that pro-
vides the aforementioned measure of stress-induced anisotropy. The values of oo = +7/6
correspond to to conditions of axisymmetric triaxial compression and extension, respec-
tively. Finally, s;; is the deviatoric stress tensor as defined by s;; = ng —8ij01/3.

A section of the elliptical bounding surface, for a given value of %, is shown in Figure
8. Analytically, the bounding surface is defined by

F(I,J°,0%0,9,) =0 (6)

where a bar indicates an “image” point on the surface.

The prominent feature of the bounding surface concept is the prediction of inelastic
deformations for points (;,J%, o 6) within or on the surface at a pace depending on the
proximity (8) of (1;,J%,a¢,0) to a unique “image” point (I;,J%, 64,0) on the surface. The
latter is uniquely assigned by the “radial” mapping rule (Dafalias & Herrmann 1986)

L=b(l, -CL)+CI, ; J*=bl" ; &“=0o )

where b (b > 1) is from an explicit expression for the bounding surface, I, represents a
measure of the pre consolidation history, and C (0 < C < 1) is a model parameter (Figure
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Figure 8. Schematic illustration of elliptical bounding surface and radial mapping rule in
stress invariants space.

8). Unlike previous isothermal formulations (Kaliakin & Dafalias 1990a), the bounding
surface and I, must now be functions of temperature.

The direction of inelastic loading-unloading is defined as the gradient of F' at the “im-
age” point. To complete the formulation, a relation between the plastic modulus K, (asso-
ciated with the actual stress point) and a “bounding” plastic modulus K), (associated with
the the “image” point) is established as a function of the Euclidean distance & between
(I;,J% 0%0) and (I;,J% 04,0); i.c.,

_ 8
(r—spd)

1

where H denotes a proper scalar hardening function of the state, s, (> 1) is a model param-
eter, r represents the Euclidean distance between the points CI, and (/;,J%,6%,0), and the
symbols < > denotes Macaulay brackets.

The bounding surface undergoes isotropic hardening. In addition, simulation of stress
induced anisotropy of the material requires that the surface also undergo kinematic harden-
ing that is realized through rotation of the surface. In both cases the hardening is dependent
on temperature.

In light of the discussion presented in Section 2.5., it is timely to note that at the mi-
croscopic level, soil anisotropy is largely attributed to a soil’s fabric. It follows that stress
induced anisotropy will be a macroscopic manifestation of the evolution of the fabric. This
evolution has largely inferred from the results of studies involving X-ray diffraction, scan-
ning electron microscopy, electrical measurements, and assemblies of discrete particles.
Based on such results, it has been postulated that the minifabric (i.e., the assembly or
aggregation of clusters) governs the behavior of cohesive soils (Delage & Lefebre 1984,

K, =R, +A —K,+H )
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Anandarajah 2000b, Hattab, Bouziri-Adrouche & Fleureau 2010). In particular, in a loaded
cohesive soil the minipores compress and the minifabric reorients into a preferred configu-
ration. At high stress levels, the compression of the micropores becomes more pronounced,
thus placing the microfabric into a preferred configuration as well.

The infinitesimal strain rate tensor €;; is additively decomposed as follows

& =& +& &0 +&) +8); 9)
i €
a superposed to denotes a material time derivative or rate. The quantity S?j represents the
reversible part of the thermal strain, and €], represents the overall volumetric strain caused
by the uniform compression of the solid phase by the pore fluid pressure.

The elastic response is assumed to be isotropic, and to be independent of the rate of
loading and to be unaltered by inelastic deformation. It is expressed in terms of the elastic
bulk and shear moduli K and G, respectively. Thermal effects enter into the elastic strain S?j
via a suitable coefficient of thermal expansion for the soil skeleton (Campanella & Mitchell
1968).

The rate equation for &;; is based on a generalization of the viscoplastic theory of
Perzyna (1966). According to this theory, £&;; is a function of the “distance” between the
current stress and that on the boundary of a “quasi-static” elastic domain. For the present
development the normalized overstress

where € and ef’j are the elastic, viscoplastic and plastic components, respectively, and

A

o s
A6 = = L (10)
r—L b(sy—1)
Sy

constitutes this distance. The elastic domain is represented by the implicitly defined “elastic
nucleus”, whose size is defined by the model parameter s,. Although the boundary of the
nucleus is equivalent to the concept of a yield surface, it is not identical since the stress point
(I;,J,a%,8) can cross this boundary and move outside with a smooth inelastic transition at
d =r/s,. Assuming an associative flow rule, it follows that

: oF
1

where ¢ represents a scalar “overstress function.” Kaliakin & Dafalias (1990b) give explicit
expressions for ¢ that are suitable for simulating the time-dependent response of cohesive
soils.

The plastic strain rate is given by

oy OF

i = (L) 3. 2)
ij
where the scalar loading index L accounts for the coupling of plastic-viscoplastic harden-
ing for states on and within the bounding surface (Kaliakin & Dafalias 1990a). Loading,
unloading and neutral loading is denoted by L > 0, L < 0 and L = 0, respectively.
From the above discussion it is evident that the present model differs from classical
yield surface thermo-elastoviscoplastic formulations in that the stress is continuously at an
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inelastic state, with the possibility of plastic-viscoplastic coupling either within or on the
bounding surface. The abrupt transition between elastic and inelastic response, which is not
exhibited by actual soils, is thus avoided.

Based on equations (9), (11) and (12), the constitutive relations, in inverse form, are
given by

: : : N
G :Eijkl <€ij—g‘.’._gl_j_€__ _gs__>

ij ij ij
| oF 9, .
= Eiju <€ij —(0) 25, (L) o5, —&j; _Sij> (13)

where E;ji; is a tensor of elastic moduli expressed in terms of K and G. Kaliakin (1994)
gives explicit expressions for elej and €], for the case of isotropic cohesive soils.

To complete the development of a constitutive model within the above framework re-
quires explicit expressions for the a) bounding surface (recall equation 6), b) isotropic hard-
ening rule, ¢) kinematic (rotational) hardening rule, d) shape hardening function A, and
e) evolution of e?j. Details pertaining to such development are beyond the scope of the
present chapter. It is, however, timely to note that Kaliakin & Nieto-Leal (2013) present an

overview of a generalized bounding surface model for cohesive soils.

Conclusion

Thermal-mechanical analyses of soils are complicated by the nature of these materials.
Macroscopically such materials exhibit an anisotropic, inelastic, path-dependent, strain
hardening (and softening), time-, rate- and temperature- dependent behavior. To further
complicate matters, the thermal properties of such materials are not as well known as those
for other materials such as metals. Several important problems have arisen that necessitate
the realistic simulation of thermal-mechanical behavior of cohesive soils. The analysis of
such problems requires a general but practical analytical framework that accounts for not
only material non-lineariltes and thermo-mechanical coupling, but also for the time- and
rate-dependent characteristics of cohesive soils.

Since the behavior of a cohesive soil loaded by mechanical, thermal or thermo-mechanical
loads is a macroscopic manifestation of the mechanisms active at the level of the material
microstructure, a brief discussion of rudimentary microscopic and physicochemical aspects
associated with saturated cohesive soils has been presented at the outset of this chapter.
This was followed by a discussion of the macroscopically observed time- and temperature-
dependent behavior of such soils. Finally, a combined and coupled thermo-elastoplastic-
viscoplastic framework for modeling the anisotropic, time-, rate- and temperature-dependent
behavior of cohesive soils in the context of a bounding surface formulation was proposed.
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Chapter 2

ESTIMATION OF DIFFUSION COEFFICIENTS FOR
ORGANIC SOLUTES OF ENVIRONMENTAL CONCERN
IN SATURATED CLAY-SILT MIXTURES

Derya Ayral” and Avery Demond
Department of Civil and Environmental Engineering,
University of Michigan, Ann Arbor, MI, US

ABSTRACT

Clay-rich soil lenses and layers in the subsurface play an important role in
determining the efficiency of remediation of waste sites contaminated with hazardous
organic compounds. Often organic solvents, such as trichloroethylene or
tetrachloroethylene, are spilled or disposed of in such a manner that they enter the
subsurface. There they dissolve in the groundwater and accumulate over time in the
clayey lenses and layers located in the saturated zone. During the remediation of these
waste sites, the contaminants are then slowly released, contributing to elevated
concentrations in groundwater over an extended period of time. Because of the low
permeability of the clayey lenses and layers, the main transport process into and out of
these locations is considered to be diffusion. Thus, estimating the rates of diffusion in
clayey soil materials is key to determining the rates at which these hazardous compounds
may be released during clean-up activities.

Correlations have been developed to estimate diffusion coefficients in soil media
based on the diffusion coefficient of the compound in water and the porosity of the soil.
However, the use of these methods may be limited as they suggest an increase in the
diffusion coefficient with an increasing porosity whereas lower diffusion coefficients are
usually measured in clay materials despite their higher porosity. Furthermore, the
flexibility of the structure of smectitic clay minerals can result in variable porosities.
Because remediation time frames depend on the diffusional rate of release of hazardous
organic solutes from clayey soils, this study quantitatively assessed the performance of
commonly-used methodologies to estimate the diffusion coefficient of organic solutes in
saturated clay-silt mixtures. The results suggest that the performance of these
methodologies is acceptable (average relative error of 61%) if the soil contains less than

“ Corresponding author: ayrald@umich.edu.
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25% clay, whereas high relative errors (> 151%) may occur for soils containing more
than 25% clay. To improve predictions for the materials with high clay contents, two
methodologies were developed from literature data to estimate the effective diffusion
coefficient as a function of dry bulk density, which yielded relative errors of 83% and
48%. Consequently, these methods are recommended as alternatives to those commonly
used to estimate effective diffusion coefficients of organic solutes in saturated clayey
Soils.

1. INTRODUCTION

Two of the most common organic contaminants found at hazardous waste sites in the
United States are trichloroethylene (TCE) and tetrachloroethylene (PCE) (SERDP, 2006).
These chemicals are used extensively as cleaning solvents in processes like degreasing and
dry cleaning because of their ability to dissolve oil, dirt, and stains (ATSDR, 1997).
Unfortunately, their improper disposal has resulted in the introduction of these solvents into
the subsurface environment. As a consequence, these contaminants are frequently found in
groundwater at concentrations above the maximum contaminant levels that are permitted in
drinking water.

TCE and PCE belong to a group of organic solvents that are sometimes referred to as
dense non-aqueous phase liquids (DNAPLs) (Cohen et al., 1993) as their density is greater
than that of water. They also have a low solubility in water, resulting in the fact that they can
persist as a separate liquid phase in the subsurface. Because they are denser than water,
DNAPLs travel through the groundwater column under the force of gravity. Due to their low
permeability, layers and lenses that contain silt and clay may limit the downward vertical
movement of such contaminants, with the result that the DNAPLs form pools on top of these
surbsurface strata. These pools then slowly dissolve, allowing transport into these strata via
diffusion.

Once contaminants enter the low permeability layers, they cannot be flushed out easily.
As a result, these zones become contaminant storage areas (Chapman and Parker, 2005).
Studies such as that by Parker et al. (2008) show that even a thin clay layer can result in
groundwater concentrations above permissible levels for decades after the original source is
isolated or removed. Thus, these strata that have accumulated a significant mass of
contaminants over time can be regarded as long-term secondary contamination sources (Sale
et al., 2008; Stroo et al., 2012).

The process of the accumulation in and the release from low permeability geologic
materials of hazardous compounds is thought to be dominated by diffusion (Mackay and
Cherry, 1989; Ball et al., 1997; Wilson, 1997; Chapman and Parker, 2005; Parker et al.,
2008). Thus, calculations of accumulated mass and the efficiency of remediation are highly
dependent on estimated diffusion rates. Since there are limited experimental studies providing
measurements of the diffusion coefficients for organic contaminants in geologic media,
particularly unconsolidated materials which contain appreciable quantities of clay, this study
examined the available data, and analyzed the ability of established correlations to estimate
these coefficients.
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2. DIFFUSION IN POROUS MEDIA

Effective Diffusion Coefficient

Diffusion is defined as the transport arising from the Brownian motion of molecules due
to their relative kinetic energy (Weber and Digiano, 1996). Diffusion is governed by Fick’s
first law, written here in one dimension for solutes in bulk water:

dac
Ip = _Daqa (1)

where Jp is the diffusional flux (%) D,q is the diffusion coefficient in bulk water (?) Cis

the aqueous phase concentration of the diffusing species (7—3) and x is the spatial coordinate
(L).

When considering diffusion in porous media, the cross section area available for the
movement of molecules is reduced due to the presence of a solid phase. If the pores can be
modeled as straight capillary tubes, a continuity of flux between that measured external to the
porous medium (Figure 1A) and that in the porous medium (Figure 1B) dictates the following
relation (Weber and Digiano, 1996):

ac ac
=eD.—
dx

)

aq ;. s
9 ax surface within pore

2
where D, is the diffusion coefficient in the pores (LF) and ¢ is the porosity of the porous

3
medium (volume of pores/total volume, or (%))

In addition to the reduced volume available for transport, the modification of the
description of diffusion for porous media must account for the increase in path length that the
solute molecules must travel (Figure 1C). Dullien (1992) compared two models of porous
media, one with straight capillary tubes and one with tortuous tubes. He defined tortuosity, ,
as the ratio of the path length travelled by the solute molecules, L. to the linear path length, L.:

T== ©)]

In order to correct for the increase in travel distance, the diffusion coefficient for the
straight pore system, D, needs to be divided by the tortuosity, t. Furthermore, if the number
of capillary tubes is held constant in moving from the system in Figure 1B to that in Figure
1C, then the porosity increases by a factor of L/L. Thus, it is necessary to divide the porosity
by this ratio in order to maintain the same porosity as in the straight capillary tube system. As
a result, the square of L./L appears in the diffusive flux equation for the tortuous capillary
tube system:

Jp = —Daq * g * ng_Daq*E*a 4)

Complimentary Contributor Copy



48 Derya Ayral and Avery Demond
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Figure 1. Diffusion in (A) bulk aqueous phase, (B) porous medium with straight pores and (C) porous
medium with tortuous pores.

Table 1. Various definitions of the effective diffusion coefficient

D, Explanation Studies Using the Definition
Dyq € T | tdefined by Egn. 8; | Oscarson et al. (1992);
¢ included. Oscarson and Hume (1994).
Dgq € | 17 defined by Eqn. Grathwohl (1998); Boving and Grathwohl
T 5; ¢ included. (2001); Garcia-Gutiérrez et al. (2006).
Dyq | 7 defined by Eqn. 3; | Ball et al. (1997); Young and Ball (1998).
T € excluded.
Dgq T | tdefined by Eqn. 8; | Johnson et al. (1989); Shackelford et al.
¢ excluded. (1989); Barone et al. (1992); Cho et al.
(1993); Sawatsky et al. (1997); Roehl and
Czurda, (1998).

The square of L¢/L is sometimes termed the tortuosity factor, denoted ¢ (Epstein, 1989):
Le\?
7= (%) ©)

Based on the conceptualization outlined here, the effective diffusion coefficient, D, for
diffusion in a porous medium is then (Grathwohl, 1998):

Daq &
D, = % (6)

and the diffusive flux (per unit bulk area) in a porous medium is given by:

Jp=—De @)

The porosity in Eqn. 6 is the effective porosity, which may be less than the overall
porosity of the porous medium if there are pores that do not contribute to the overall diffusive
flux such as dead-end pores (Lever et al., 1985). If the pores are sufficiently small that their
diameter is on the same order as that of the diffusing solute, an additional factor, the
constrictivity, §, may be applied.
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Table 1 provides a summary of definitions for the effective diffusion coefficient. A
summary was also recently included in Shackelford and Moore (2013). A number of the
variations stem from the way in which tortuosity and the tortuosity factor are defined.
Sometimes tortuosity is defined as the inverse of that in Eqn. 3 (Porter et al., 1960; Bear,
1972; Johnson et al., 1989; Shackelford et al., 1989; Oscarson et al., 1992), or:

T="— ®)

yielding a factor that is smaller than 1 rather than greater. To add to the confusion, the terms
tortuosity and the tortuosity factor are sometimes used interchangeably, as Epstein (1989)
pointed out. Some studies do not utilize the terminology of tortuosity or tortuosity factor, but
talk instead of hindrance factors (Mott and Weber, 1991; Khandelwal et al., 1998). In
addition, some studies describe effective diffusion coefficients that include porosity
(Oscarson et al., 1992; Oscarson and Hume, 1994) whereas others exclude it (Johnson et al.,
1989; Shackelford et al., 1989; Ball et al., 1997), as this is a parameter that can be determined
independently (Shackelford, 1991).

Apparent Diffusion Coefficient

Fick’s first law for a porous medium given in Eqn. 7 defines the diffusive flux at steady
state. When the Fick’s first law is combined with a mass balance, Fick’s second law is
obtained (Crank, 1975), written here for diffusion in a porous medium:

dc d?c
it = Vapp a2 (9)

where Dy, is the diffusion coefficient observed under nonsteady-state conditions in a porous
medium. Dg,, is called by various names, including the apparent diffusion coefficient
(Grathwohl, 1998), the reactive diffusion coefficient (Myrand et al., 1992) and the effective
diffusion coefficient of a reactive solute (Shackelford et al., 1989). The primary difference
between D, and D,y is that Dy, is @ function of sorption characteristics of the porous medium
whereas D, is considered to be independent of sorption, and dependent only on the geometry
of the porous medium.

Since sorption implies a partitioning of the solute to the solid phase, the transient
diffusive flux is reduced, thus:

De
Dapp = ? (10)

where R is the retardation factor. The form of R depends on how the sorption relationship is
described. Two common forms are a linear relationship and the nonlinear Freundlich
isotherm, both of which assume local equilibrium. If the sorption isotherm is linear, then:

R =1+ (11)
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where py, is the bulk density of the porous medium [L%] and Ky is the distribution coefficient

[L—S] In the case of the Freundlich isotherm, R will have the form of:

1
KpCn'pp
&

R=1+ (12)
where Kg and n are characteristic parameters of the isotherm, and C is the equilibrium
concentration in the aqueous phase.

Apparent diffusion coefficients have also been defined by the following relation:

D (13)

app =

‘“'let’

where a is called the capacity factor (Grathwohl, 1998), and a = €R. Since, the calculation of
D, from measurements of Dy, depends on how the isotherm relationship is described, it is
critical to report the form of the sorption relationship when calculating values of D, from
measurements of D, (Shackelford, 1991) and to recognize that the values may change
depending on how the sorption relationship is modeled.

Measurement of the Effective Diffusion Coefficient

Measurements of diffusion coefficients of organic solutes in geologic media have been
made using both steady state and nonsteady methods. The main advantage of steady-state
methods is that measured diffusion coefficients are theoretically independent of the
retardation factor. But, in order to achieve a constant flux and evaluate the diffusion
coefficient from Fick’s first law (Eqn. 7), the concentration gradient must be maintained
constant, thus requiring the construction of an experimental system in which the influent and
effluent concentrations are essentially maintained at the same value (Grathwohl, 1998).
Furthermore, the time to establish this condition could be considerable especially for sorbing
solutes or reactive soils, as Garcia-Gutierrez et al. (2006) determined a time to steady-state of
five years for tracer diffusion through a bentonite (>90% smectites) plug with a thickness of
two cm.

To avoid the long times that may be necessary to reach steady state, transient state
experiments may be preferred. Another advantage of transient methods is the concentration
gradient across the domain does not need to be maintained at a constant value. However,
obtaining the concentration profile along the column may require destructively slicing the
column or the extraction and analysis of pore water concentrations (Mott and Weber, 1991;
Parker, 1996; Donahue et al., 1999), both of which may be problematic in the case of volatile
organic solutes. Furthermore, the diffusion coefficient obtained by analyzing the
concentration profile is the apparent diffusion coefficient, so sorption characteristics of the
soil have to be determined independently to obtain the effective diffusion coefficient
(Shackelford, 1991).

Table 2 presents a summary of measurements of diffusion coefficients for organic solutes
in saturated soils containing clay. As the table shows, the procedures vary considerably from

Complimentary Contributor Copy



Estimation of Diffusion Coefficients for Organic Solutes ... 51

one study to another. Nonsteady state experiments are preferred. Most of these measurements
involve the fitting of solutions to the nonsteady-state diffusion equation (Eqn. 9) to
concentrations measured in the source and/or collection reservoirs (Barone et al., 1992;
Myrand et al., 1992; Headley et al., 2001; Itakura et al., 2003), or alternatively, solutions to
the advection-dispersion equation (Khandelwal et al., 1998; Young and Ball, 1998).

The reported clay content ranges from 14-87%, with the mineralogy primarily consisting
of non-expansive clays. However, some studies did use appreciable percentages of expansive
clays (e.g., Sawatsky et al., 1997; Donahue et al. 1999). These studies restricted the swelling
using different pressures, but the impact of swelling on the diffusion coefficient was not
discussed.

3. ESTIMATION OF RELATIVE DIFFUSIVITY

Because of the paucity of experimental measurements, many studies examining the
accumulation of organic solutes in clayey zones in the subsurface use estimated diffusion
coefficients (e.g., Ball et al., 1997; Parker et al., 2004). Based on Eqn. 6, estimating the
effective diffusion coefficient requires the diffusion coefficient in water, the tortuosity factor
and the porosity available for diffusion. The aqueous diffusion coefficient for a number of
organic contaminants can be obtained from the literature (Poling et al., 2001) or can be
estimated using estimation techniques such as Hayduk and Laudie (1974) (as in Montgomery,
2000). However, independent assessments of the tortuosity factor can be challenging and, as a
result, empirical methods have been developed to estimate the ratio of the effective diffusion
coefficient to the aqueous diffusion coefficient, or the relative diffusivity, as a function of
porosity:

D, _ ¢

Lo 2 f(e) (14)

Dag ¥

Since the presence of the pore structure influences more than just solute diffusion through
a porous medium, the reduction in the diffusion coefficient can be estimated in analogy with
other properties. The formation resistivity factor, F, is defined as the ratio of the electrical
resistance of the porous medium saturated with an electrolyte (e.g., water), R,, to the
electrical resistance of the electrolyte itself, R,,. According to Archie (1942):

To = gm (15)

Ry

where m is an empirical exponent whose value ranges from 1.3 to 2 for sand and sandstone
(Archie, 1942). Similar to Eqgn. 15, many of the models for estimating the relative diffusivity
in soils present it as a function of porosity only, and state that it is not affected by parameters
like sorption characteristics of porous medium, type of solute (Petersen et al., 1994; Jin and
Jury, 1996) or temperature (Grathwohl, 1998).
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Table 2. Summary of measured diffusion coefficients for organic solutes in saturated clayey soils

Solute? Soil Type of Porosity De; Dag; [De/Dag]® Dapp” R; K Notes Reference
measurement €)
1,4-DCB Synthetic soil “Quasi steady 0.40 2.41; 8[0.301] Confining pressure is4 | Mott and
4-CP mixture state” (2% bent.) (DCB) psi. Weber
containing silica | (source and 2.34; 8.9 [0.263] Study reported (1991)
sand, kaolinite, collection (CP) hindrance factor (H)
and Na-bentonite; | reservoirs which is defined as
L=0.3-05cm. | sampled at 10 0.43 2.65; 8 [0.331] D.g/De.
and 20 days (4% bent.) (DCB) D is calculated as
after an 2.59; 8.9 [0.291] Dag/H.
equilibration (CP)
time of two
weeks). 0.48 3.05; 8 [0.381]
(4% bent.) (DCB)
3.05; 8.9 [0.343]
(CP)
Lindane Synthetic soil Non-steady 0.46 2.4;5.6 [0.429] Kg=3.84 | Sorption of lindane is Mott and
mixture state (avg. of 4% x 10-4; described by Freundlich | Weber
containing silica (columns bentonite 1in= isotherm, parameter (1991)
sand, kaolinite, sectioned at 8, | values is 1.17 values compatible with
and Na-bentonite; | 16 and 32 assumed) units of mg/g and mg/L;
L=0.3-05cm. | days). Confining pressure = 4
psi.
Study reported De,
Acetone Grey clay soil Non-steady 0.39 2.2;12.8[0.172] 1.20 1.8; Soil was placed in the Barone et
from Sarnia, ON, | state (source ps =2.73 [0.19] cell saturated. al. (1992)
Canada (45% and collection glcm?® Study reported D.
1,4-Dioxane | clay, mainly reservoirs pp=1.68 1.6; 9.7 [0.165] 0.90 1.7; €Dq is reported here in
chlorite and sampled at two- | g/cm® [0.17] accordance with Eqgn. 6.
illite); day intervals Batch tests indicated
Aniline L=16cm. over 14 days). 2.7,10.5 [0.257] 0.40 6.6; linear isotherms.
[L.3] R is calculated from Barone et
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Type of

Porosity

Solute® Soil measurement | (¢) De; Dag; [De/Dagl® | Dapp” R; K Notes Reference
Chloroform 4.3; 10 [0.430] 0.16 26.8; reported values of pp, Kq | al. (1992)
[6.0] (fitted to data) and &.
using Eqgn. 11.
Toluene 5.4;8.5[0.635] 0.05 113.0; D.pp is calculated as
[26] De/R.
Benzene Glaciolacustrine Non-steady 0.34 3.5;10.9 [0.321] 0.11 32.3 Soil used directly from Myrand et
clay from Sarnia, | state pp=1.77 soil sampler. al. (1992)
TCE ON, Canada (source glem® 3.5; 9.4 [0.372] 0.06 58.4 Study reported Dqppand
(40% clay, mostly | reservoir is R.
Toluene chlorite and sampled over 3.0; 8.5 [0.353] 0.04 74 Batch tests indicated
illite); 23 days). linear isotherms.
CB L=10cm. 29:87 [0333] 0.03 98.4 De is calculated from
Dapp*R (fitted to data).
DCM Silty-clay glacial | Non-steady 0.34 3.5; 11.5[0.304] 294 1.19 Soil used directly from | Parker
till from Sarnia, state pp=1.71 soil sampler. (1996)
ON, Canada (column glem® Study reported D, and
(38% clay, mainly | sectioned at R.
chlorite and two weeks). D.pp Was calculated
muscovite); from D, /R.
L=9cm.
1-Naphthol Weathered shale | Steady state (avg) (avg) (avg) (avg) Sample was partially Sawatsky et
(43 % clay, (collection pp=1.26 0.17; 7.5 [0.023] 0.0019 | 94[39] saturated, compacted to | al. (1997)
mainly reservoir glem® a particular pp, and then
montmorillonite); | sampled over fully saturated.
L=0.4cm. about 30 days; | p»=1.40 0.20; 7.5 [0.027] 0.0017 | 116[39] | Batch tests indicated
steady-state glem?® linear isotherms.
reached in 21 Study reported D, and
days). pp=1.57 0.067; 7.5 [0.009] 0.00044 | 151 [39] | R.Reported values of
glem® Des Were taken as D,

based on Eqn. 3 in the
reference.
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Table 2. (Continued)

Solute? Soil Type of Porosity De; Dag; [De/Dag]® Dapp” R; K Notes Reference
measurement €)

Naphthalene | Weathered shale pp=1.49 0.024; 7 [0.003] 0.00025 | 94 [27] Dapp is calculated from Sawatsky et
(43 % clay, glem® Des and R. al. (1997)
mainly
montmorillonite);

L=0.4cm.

Naphthalene | Montmorillonite pp=1.45 0.069; 7 [0.010] 0.069 1[27]
(reference clay glem®
from Source Clay
Repository,

Columbia, MS;
all cations were
replaced with
Ca*" prior to use);
L=0.4cm.

TCE Jurassic clay from | Steady state (avg) (avg) (avg) (avg) Material was pressed Grathwohl
Frommern, (collection 0.45; 0.89; 9.4 [0.095] 0.27 33 tightly into the diffusion | (1998)
Germany reservoir ps=2.67 cell ring.

(52% clay); sampled up to Study reported De, Dapp
20 days). and a.

Jurassic clay from 0.41; 1.37; 9.4 [0.146] 0.24 5.8 R is calculated from o/e.

Lustnau, ps=2.65 Depp. is calculated from

Germany D. and R using Egn. 11.

(41% clay);

Triassic clay from 0.46 0.72; 9.4 [0.077] 0.73 1.0

Haigerloch ps=2.7

Germany,

(55% clay);
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Type of

Porosity

Solute? Soil measurement © De; Dag; [De/Dag]® Dapp R; K Notes Reference
Activated Na- 0.55; 0.21; 9.4 [0.022] 0.52 0.4 Grathwohl
bentonite from ps=2.65 (1998)
Friedland,

Germany

(87% clay);

Silt-clayey soil 0.34; 1.25;9.4[0.133] 1.08 1.2
from Darmstadt, ps=2.65

Germany

(6% clay);

L=1cm.

TCE Mixture of Non-steady 0.33 (avg) 1.27; 9.4 [0.135] 0.99 1.28; Soil was wet uniformly | Khandelwal
“backfill soil state (avg) [0.051] and placed into cell and | et al. (1998)
from local (diffusion saturated by increasing

Aniline source” coefficient 0.81; 10.5[0.077] 0.62 1.25; the pressure from 28 to
(45% <75 pm) determined by (avg) [0.044] 315 kPa.
and 6% Na- fitting the adv- Study reported De/e.
bentonite; dispersion D, is calculated from
L=118cm equation to De/e and €. R is
(avg). column exp’ts calculated from Ky

which last 25- (fitted to data), ppand €
49 days). using Eqgn. 11.

PCE Silty clay loam Non-steady 0.43 1.8; 8.7 [0.207] 0.918 1.96 Material moistened at Young and
from Dover AFB, | state pp=1.51 20%, packed and then Ball (1998)

1,2,4-TCB DE (diffusion glem? 2.0; 6.7 [0.299] 0344 | 582 saturated for three
(35% clay, clay coefficient weeks.
minerals determined by Study reported D, and R
identified were fitting a dual (fitted to data).
kaolinite and domain model Dapp is calculated from
chlorite); to breakthrough D/R.

L=25cm, experiments

diffusion distance
=0.59 cm

lasting 11 to
112 days).
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Table 2. (Continued)

Solute? Soil Type of Porosity De; Dag; [De/Dag]® Dapp” R; K Notes Reference
measurement €)
Benzene Silty clay from Non-steady 0.57 (avg) 1.8;10.9 [0.165] 0.577 3.12[1.0] | Soil was saturated and Donahue et
Regina, state (source ps=2.81 consolidated. al. (1999)
Saskatchewan, and collection glem® Batch tests indicated
Canada reservoirs linear isotherms.
(70 % clay, sampled over Study reported D.
mainly smectite); | 36 days; €D is reported here in
L = approx. 3cm. | column accordance with Eqgn. 6.
sectioned at end R is calculated from Ky
of exp’ts). (fitted to data), ppand €
using Eqgn. 11.
Dypp is calculated from
De/R.
Benzene Synthetic soil Non-steady 0.34 1.6; 10.9 [0.144] 0.0076 | 206 [40] | Soil was compacted ata | Headley et
mixture state pp=1.74 water content of 15% al. (2001)
(85% sand, 12% (source glcm?® and vacuum-saturated at
Toluene Na-bentonite, 3% | reservoir 0.8; 8.5 [0.093] 0.0011 | 717 [140] 70 kPa for three days.
organophilic sampled daily Study reported De.
clay); for the first two D, for toluene and 2-
) L =approx.3cm | weeks and then . fluorotoluene measured
2-FT twice weekly 11;83[0.133] 00015 717 [140] in a three-component
up to 56 or 72 mixture.
days). R is calculated from Ky

(fitted to data), ppand €
using Eqgn. 11
Dagp is calculated as €D,

R.
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Solute? Soil Type of Porosity De; Dag; [De/Dag]® Dapp” R; K Notes Reference
measurement (€)

MEK Reconstituted Non-steady Reconst. 1.02; 9.4 [0.109] 1.02 11[0] Reconstituted sample Itakura et
TCE clay state 0.41 (avg) (MEK) mixed with distilled al. (2003)
Toluene (Londonderry (source and pp=1.51 water at a moisture

clay from Sydney, | collection glem® (avg) | 0.83:9.4 [0.088] 0.53 1.5[0.15] | content of 40%, then

New South reservoirs (TCE) placed in cell and

Wales, Australia) | sampled over compressed at 100 kPa

(95% finer than | 15-27 days). 0.88; 8.5 [0.104] 057 15[0.15] | to achieve field

75 pum, mainly (Tolugne) densities. Undisturbed

kaolinite and samples used directly

illite); from corers.

L=125-2.97 Study reported D.

cm. €D is reported here in

accordance with Eqgn. 6.

UndistL_ered clay Undist. 1.02; 9.4 [0.108] 0.70 1.46 R is calculated from Ky

(50% finer than 0.36 (avg) (MEK) [0.10] (fitted to data), ppand &

75 pm, mainly pu= 1.68 using Eqgn. 11.

ﬁﬁ:g)mte and g/cm3 (avg) 0.91; 9.4 [0.097] 054 1.69 Dagp is calculated as €D,

L=1.25cm. (TCE) [0.15]

1.19; 8.5 [0.140] 0.61 1.92[0.2]
(Toluene)

CB: Chlorobenzene, 4-CP: 4-Chlorophenol, 1,4-DCB: 1,4-Dichlorobenzene, DCM: Dichloromethane, 2-FT: 2-Fluorotoluene, MEK: Methylethyl
ketone, 1,2,4-TCB: 1,2,4-Trichlorobenzene, TCE: Trichloroethylene, PCE: Tetrachloroethylene.

®D,: Effective diffusion coefficient (cm?/s *10°); Daq: Aqueous diffusion coefficient (cm?/s *10°) (values from Montgomery, 2000); Dapp : Apparent
diffusion coefficient (cm?/s *10°); R: Retardation factor; Kg: Distribution coefficient, K¢ and n: Freundlich isotherm fitting parameters.

L: Thickness of sample; ps: Soil particle density; py: Dry bulk density.
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Table 3 summarizes methods proposed in the literature to estimate the relative diffusivity.
Many of these methods are from the field of soil science where the concern is the diffusion of
oxygen, for example, in the gas phase in unsaturated sandy soils. These models have been
examined for their ability to predict diffusion in such systems: the Millington and Quirk
(1960) and Penman (1940) models are reported to overestimate gas diffusion in unsaturated
soils, whereas the Millington and Quirk (1961) model is said to provide underestimates
(Sallam et al., 1984; Schaefer et al., 1995; Jin and Jury, 1996; Moldrup et al., 2000; Saripalli
et al., 2002). On the other hand, the diffusion of inorganic solutes in unsaturated soil is
overestimated by Millington and Quirk (1961). To provide better estimates of relative
diffusivity, later methods added soil-dependent fitting parameters (Troeh et al., 1982;
Shimamura, 1992; Olesen et al., 1999; Moldrup et al., 2000). However, these methods have
as a drawback the necessity of determining the values of empirical parameters, for which
there are not adequate means to do so independently.

To adapt these models originally developed for gas or inorganics in unsaturated soils to
the transport of organic solutes in saturated soils, the total pore volume can be assumed to be
filled with water; thus, a = 6 = . Under these conditions, both Millington and Quirk models
yield:

De

=¢g*/3 (16)

Daq

The exponent has a value of 1.33, the same magnitude as the exponent given by Archie
(1942) for sand. Thus, this method suggests an increase in effective diffusion coefficient with
increasing porosity. However, it is observed that soils with a higher porosity such as clayey
soils often have a lower diffusion coefficient (Grathwohl, 1998; Itakura et al., 2003). So, the
possible overestimation of the effective diffusion coefficient for clay-containing soils may be
inherent to this type of estimation method despite the report by some that Eqn. 16 gives the
best agreement with experimental data (e.g., Mott and Weber, 1991; Jin and Jury, 1996).

The issues arising with methods that extrapolate from sandy soils for calculating relative
diffusivities in clays have been recognized by, for example, Olesen et al. (1999) who pointed
out that the goodness of the Millington and Quirk (1961) method appeared to depend on the
clay content of the soil. As the clay content increased over 21%, the method gave increasingly
large overestimates for solutes such as chloride in unsaturated soils. There may be a number
of reasons for this increase. Clay soils that contain clay minerals such as smectites (e.g.,
montmorillonite and bentonite) include macropores or interparticle void volume, and
micropores or interlayer void volume (Bourg et al., 2003).As Shackelford and Moore (2013)
point out, the total porosity does not reflect the porosity available for diffusion for clayey
soils because the water in the micropores and some fraction of that in the macropores are not
available for diffusion; thus, the total porosity is not the “diffusion-accessible porosity.”
Additionally, diffusion-accessible porosity depends on the charge of the solute. Through
experiments using uncharged species such as tritiated water (HTO), researchers have
suggested that the diffusion-accessible porosity is equal to the total porosity for uncharged
species even in expanding clays with large fractions of interlayer water (Garcia-Gutierrez et
al., 2004; Montavon et al., 2009). However, because of the negative charge of the clay
surfaces, anions may be excluded from some pores due to the repulsive force between the
negatively-charged solute and the surface (Garcia-Gutierrez et al., 2004; Shackelford and
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Moore, 2013). As a result, the diffusion-accessible porosity for anions may be much smaller
than the total porosity (Garcia-Gutierrez et al., 2004; Shackelford and Moore, 2013).

Table 3. Methods for the determination of relative diffusivity, De/Dyq

Method Reference
0.66a Penman (1940)
a3/? Marshall (1959)
a? Millington and Quirk (1960)
273
qlo/3 Millington and Quirk (1961)
£2
(a - u)” Troeh et al. (1982)
1—u
a3t Sallam et al. (1984)
82
ala—p) Shimamura (1992)
0.4 (9 - 0.022b) Olesen et al. (1999)
) £—0.022b
Suggested 60/¢ as a coefficient in Penman, Moldrup et al. (2000)
Marshall and Millington-Quirk models

€ total porosity; a: volumetric air content; 0: volumetric water content; u, v, a and PB: soil
dependent empirical parameters; b: Campbell soil moisture characteristic parameter (Campbell,
1974).

Although the diffusion accessible porosity may be equal to the total porosity for
uncharged species, clay pore morphology may differ from that of sand. Yang and Aplin
(2010) emphasized that the relation between porosity and permeability needs to be adjusted to
include the clay content as a parameter since the pore radii are smaller at higher clay contents,
implying a hindrance to diffusion despite the higher porosities. In addition, expansive clays
may have variable porosities depending on their degree of compaction. A number of studies
have addressed the relationship between the bulk density of clay materials and the relative
diffusivity for inorganic species. Figure 2 shows the data from three studies (Miyahara et al.,
1991; Sato et al., 1992; Garcia-Gutierrez et al., 2004) for HTO diffusion in montmorillonite
compacted to different bulk densities. These data show that relative diffusivity decreases with
increasing bulk density and that the relationship between the relative diffusivity and the bulk
density is log-linear. Fitting such a functional form to the combined data yields:

log <D”—> = —0.8549p, — 0.0868 (17)
aq

Eqn. 17 provides an alternative method for estimating relative diffusivities.
Also, Bourg et al. (2006) proposed a method to calculate relative diffusivities, based on a
weighted average of the relative diffusivities in macropores and interlayer space. Assuming
that the constrictivity of macropores equals one and the geometric factor for the macropores

and interlayer space is the same, they proposed for montmorillonite:

D, _ (1_finterlayer)+5interlayerfinterlayer (18)
Daq G
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Figure 2. Relative diffusivity of tritiated water (HTO) in montmorillonite as a function of bulk density.

where G is a geometric factor that has a value of 4.0, §, the constrictivity, has a value of 0.3,
and fineriayer 1S the fraction of porosity in the interlayers, and is a function of p,. Values of
finteriayer are given in tabular form in Bourg et al. (2006) and are plotted here in Figure 3.
Fitting linear models to these data yields:

finteriayer = 0.87py, — 0.348, for 1 < py< 1.3 glem’ (19)
fintertayer = 0.78 for 1.3 < p,< 1.5 glcm® (20)
finteriayer = 0.9p, — 0.58, for 1.5 < pp < 1.7 glem’ (21)

The models in Table 3 and in Eqgns. 17 and 18 were developed for the diffusion of
inorganic solutes in soil. In order to evaluate their performance for estimating the effective
diffusion coefficient for organic solutes in saturated clayey soils, values of the relative
diffusivity were calculated with those models where estimates could be made using
independently determined parameters (e.g., the Marshall, Millington and Quirk, Penman, and
Sallam models [the coefficient suggested by Moldrup et al. (2000) is equal to one in the case
of saturated soils] and Eqgns. 17 and 18) and compared with values of relative diffusivity
compiled in Table 2. The measurements of Sawatsky et al. (1997) were not included in this
assessment, due to the difference in orders of magnitude of their reported values relative to
the others.

The average relative errors for the various methods are given in Table 4. Among the
models considered, Penman’s model produced the lowest overall percent relative error
(130%) whereas Sallam’s model’s estimates are the worst (200% relative error). If the
experimental results are divided into two categories, soils with a clay content lower than 25%
versus those with a clay content higher than 25%, the relative errors change dramatically. For
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soils with a low clay content (<25%), the percent relative error range decreased to 42 — 93%
with Marshall’s model having the least amount of error. However, for soils with a high clay
content, the smallest percent relative error for the established models is 151% for the Penman
model. These results support the observation of Olesen et al. (1999) that these estimation
techniques give poor estimates for soil media containing more than 25% clay.

[ ]
0.9
0.8
5
)
T 07
£
- y=0.87x-0.348
0.6
05
08 09 1 11 12 13 14 15 16 17 18

Bulk density (g/cm?3)

* Bulk density 1-1.3 ® Bulk density 1.3-1.5 ® Bulk density 1.5-1.7

Figure 3. Fraction of porosity in the interlayers as a function of bulk density. Values are from Bourg et
al. (2006).

Table 4. Average percent relative errors for calculating relative diffusivity, De/Dyq

Percent Average Relative
Error
Method Over Soil clay | Soil clay
all content content
<25% >25%
Penman (1940) (Table 3) 130 54 151
Marshall (1959) (Table 3) 132 42 157
Sallam et al. (1984) (Table 3) 200 93 229
Millington and Quirk (1960, 1961) (Table 3) | 156 58 184
Log-linear fit to data in Figure 2 (Eqn. 17) 83 82 83
Piece-wise linear fit to data in Figure 3 60 48 63
(Egns. 19-21)

However the models listed in Table 3 were not developed specifically for clayey soils.
The log-linear relationship (Eqn. 17) improved the estimations for the soils with high clay
content as the error decreased to 83%. On the other hand, its performance is worse than the
other methods for soils with low clay content as the relative error was 82%. The equations
based on the data of Bourg et al. (2006) (Eqns. 19-21) were also used to calculate relative
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diffusivity and yielding an error of 63% in soils with a high clay content and a surprisingly
low error of 48% for the soils with a low clay content. Consequently, this method appears to
be the most accurate for estimating effective diffusion coefficients for organic solutes in
clayey soils.

CONCLUSION

Remediation of contaminated sites is a major environmental concern, with recent
research tying the lack of closure at hazardous wastes sites in part to back diffusion from clay
lenses and layers that have accumulated contaminants over decades (Stroo et al., 2013).
Calculations of the efflux from these low permeability zones are based on estimates of the
effective diffusion coefficient and are key to determining remediation time frames. Despite
this need for accurate estimates of the effective diffusion coefficient, few experimental
measurements exist for organic solutes in clayey soils. Because of the paucity of
measurements, these coefficients are often estimated. However, the results presented here
show that commonly used estimation methods overestimate the effective diffusion coefficient
considerably and are only appropriate for clay soils with less than 25% clay content. Two
estimation techniques, one developed in this study based on a regression analysis of published
data for tritiated water diffusion in montmorillonite and another based on a semi-empirical
correlation presented in Bourg et al. (2006) proved to provide better estimates. In fact, the
equations derived from the information from Bourg et al. (2006) provided almost as good an
estimate as the Marshall (1959) model for low clay content soils. Although the equations
based on Bourg et al. (2006) would involve slightly more work to implement in numerical
models, its ability to produce more accurate estimates across all clay contents might justify
the additional effort. This assessment of the ability of these methods to predict relative
diffusivity was based on experimental measurements available in the literature for effective
diffusion coefficients of organic solutes in clayey soils, of which there are relatively few.
Additional measurements are needed to determine whether the conclusions reached here
based on the currently available data can be applied more broadly.
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ABSTRACT

Physico-chemical changes during the dry grinding of clays produce
mechanochemical effects, as in other solids subjected to mechanical stress by impact and
friction forces among particles, such as planetary mills. Thus, the reactivity of ground
materials is enhanced and, therefore, it leads to mechanochemical reactions. The effects
of dry grinding on clays and clay minerals have been extensively studied. It is associated
to their relevant importance in some industrial applications as ceramic raw materials and
processing of advanced ceramics.

In the present research, kaolinite (1:1 layer silicate), pyrophyllite and talc (2:1) and
raw clay materials have been selected. Dry grinding experiments using planetary milling
have been performed using selected samples. Several techniques have been used to
follow the evolution of the layer silicates, mainly XRD, surface area (nitrogen
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adsorption), SEM, TEM, MAS-NMR, FTIR, particle size analysis and thermal methods
(DTA-TGA).

The mechanical stress during grinding clays are quite diverse, producing important
changes such as lattice distortions, amorphization, decrease in particle size, formation of
nanostructures and an increase in surface area. Modifications of surface area, particle size
and shape of short and prolonged grinding on the crystal structure of the layer silicates
have been evaluated. These observed changes have been related to a progressive
delamination and structural breakdown during grinding, with final formation of a
turbostratic-type structure. Short grinding times resulted in the breakdown and drastic
size reduction of relatively thin particles. It has been found an inverse relationship
between coherent X-ray domain and lattice microstrains in the ground powders. It can be
also observed an increasing in amorphization as a consequence of the loss of long-range
order. On the other hand, the rate of size reduction decreased with time and a limit was
reached for each layer silicate producing more rounded particles and aggregates, with a
decrease of surface area. Grinding produced a loss of periodicity perpendicular to the
layer silicate plane, and the dimensions of the crystallites along the c-direction resulted
too small to produce coherent X-ray scattering. Microscopy techniques (TEM and SEM)
allowed to observe the formation of nanometer size ground powders and further particle
agglomeration. Modifications in the coordination of Si and Al nuclei have been also
deduced from MAS-NMR spectroscopy, demonstrating a short-range order.

The present results are interesting in clay research to analyze the formation of
nanostructured powders, with enhanced surface properties and reactivity, when grinding
clays and to compare the effects of grinding on 1:1 and 2:1 layer silicates, the
modifications of tetrahedral and octahedral sheets, the mechanochemical effects induced
by grinding and the influence of experimental conditions.

Keywords: clay minerals, mechanochemical, grinding, reactivity, surface area,
nanostructures

1. INTRODUCTION

First of all, it is important in this chapter to describe some structural features of layer
silicates or phyllosilicates that constitute the clay minerals. The terms “planes”, “sheet” and
“layer” refer to specific parts of the structure [1-7]. 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 tetrahedral like a “octahedral
sheet” is composed of the edge-sharing octahedral. A “layer” contains one or more tetrahedral
sheets and an octahedral sheet. The so-called “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., pyrophyllite, talc) there is no interlayer material, and
thus an empty interlayer separates the layers [1-7].

Two types of layers, depending of 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 opposite tetrahedral sheets. The theoretical formula of kaolinite is
Al,Si,05(0OH), and the formula of pyrophyllite is Al,Si;O10(OH), being M3Si;O10(0OH), for
talc. Thus, kaolinite is a 1:1 layer silicate and pyrophyllite and talc 2:1 [7]. The structure of
2:1 layer silicates is composed of tetrahedral (T) and octahedral (O) sheets. For instance, the
general basic structural unit cell of 2:1 layer silicates as found in pyrophyllite and talc
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(Figure 1) is constituted by octahedra containing Al (in pyrophyllite) or Mg cations (in talc)
linked with OH groups. Al cations are trivalent and Mg cations are divalent. Hence, talc is a
trioctahedral 2:1 layer clay mineral, characterized by three octahedral Mg positions per four
tetrahedral Si positions, and pyrophyllite is a dioctahedral 2:1. The octahedra are perfectly
sandwiched by two tetrahedral silica layers. In contrast, 1:1 layer silicates, such as kaolinite,
contain more OH groups linked directly to the cation. Kaolinite is a 1:1 layer silicate with a
single sheet of OH octahedrally coordinated to Al cations linked through oxygens to a single
layer of silicon tetrahedra. It should be noted that kaolinite crystals have a siloxane-like sheet
only on one basal plane, with a hydrophylic gibbsite-type Al-OH sheet on the other side,
whereas talc and pyrophyllite have siloxane-like sheets on both basal planes. The layer
silicates may be considered as natural nanostructured materials with “nanomorphology” since
their physical and technological properties are nanosize-dependent [8-10].

Tetrahedral | P&, AL
Sheet || [

Q. O OH O O_ OH
Octahedral AL N
M= AlorMg| .

ko] (J) OH ‘(])’ O OH
Tetrahedral |- . W
Sheet SW N S%ﬁ?\o’

Figure 1. Structural basic unit cell of 2:1 layer silicates.

Concerning the effects of grinding on clay minerals, they have been extensively studied
along years as described and reviewed in the present chapter. These studies are associated to
the relevant importance of clay minerals in some industrial applications as ceramic raw
materials, processing of advanced ceramics, -catalysts, adsorbents, paints, paper
manufacturing, pharmaceuticals, cosmetics and fillers in nanocomposite polymers [4-6, 10].
In general, two procedures, wet or dry grinding, are commonly used for the preparation of
fine and reactive powders and further processing steps [11-17]. In general, physico-chemical
changes during the grinding of a material produce the so-called mechanochemical effects.
They are more frequently observed when grinding is carried out in equipment using impact
and friction forces among particles, such as vibratory, oscillating and planetary mills [16-23].
Deagglomeration and elimination of soft aggregates during processing are produced by wet
grinding. In contrast, dry grinding is most intensive when acting on solids. It originates
mechanical stress which are quite diverse, producing important changes such as changes in
the solid-state properties, defects in solids, lattice distortions, amorphization, decrease in
particle size by disintegration of solids, creating interphases, generation of new solid surfaces,
decrease in crystal size, increase in specific surface area and formation of nanostructures,
besides the formation of new phases by mechanical alloying and time-convenient one-step
syntheses [17, 21-23]. Thus, the reactivity of ground solids is enhanced and, therefore, it leads
to mechanochemical reactions. Mechanochemical reaction is defined as a “chemical reaction
that is induced by mechanical energy” [23]. For these reasons, there is a general interest along
years on this kind of studies on the important physical and chemical induced effects by
grinding in solids [11-23].
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As pointed out above, the effects of grinding on several clay minerals have been
extensively studied but mainly for kaolinite and montmorillonite or bentonite due to their
importance as industrial raw materials. Talc, pyrophyllite, muscovite, illite and vermiculite
have been also studied, although in less extension despite their relative great industrial
importance. Some attention has been devoted to other silicates such as chrysotile, sepiolite
and palygorskite (attapulgite), but they are fibrous silicates [4-7]. An extensive literature
review on grinding clay minerals will be provided in the next sections of this chapter.
Furthermore, several works have been published to compare the grinding behaviour of layer
silicates [5, 10, 17, 23-28]. The more recent review paper titled “Hallmarks of
mechanochemistry: from nanoparticles to technology” by Balaz et al. [23] includes silicates,
such as kaolinite, with a few references and scarce references to montmorillonite, illite, talc,
mica, etc., under the subject of ‘mechanochemical effects in the presence of water’. As
hydroxides and oxyhydroxides, these silicates undergo mechanically induced
dehydroxylation.

In the present chapter, dry grinding using planetary ball milling has been studied for
kaolinite, pyrophyllite, talc and raw clay materials. Several techniques have been used to
follow the evolution of the layer silicates. The changes of surface area, particle size and shape
of short and prolonged grinding on the crystal structure and reactivity of these clays have
been evaluated.

Consequently, the aim of this research was: (a) to compare the mechanochemical effects
by grinding on 1:1 (kaolinite) and 2:1 (pyrophyllite and talc) layer silicates because these clay
minerals are present in raw clays, and (b) to analyze the formation of nanostructured powders,
with enhanced surface properties and reactivity, when grinding these clays.

2. EXPERIMENTAL

2.1. Materials

Kaolinite (1:1 layer silicate), pyrophyllite and talc (2:1 layer silicates) as clay materials
have been selected. The theoretical formula are as follows: kaolinite Al>Si,O5(OH), ;
pyrophyllite Al,Si;010(0OH);and talc MgsSi;O19(OH),.

Two reference kaolinite samples both from Georgia (USA) have been used: well-
crystallized kaolinite (KGa-1) from Washington County and poorly crystallized kaolinite
(KGa-1) from Warren County. They are reference kaolinite samples certified by The Clay
Minerals Society (Source Clays Repository, University of Missouri, Columbia). These two
kaolinite samples have been extensively characterized [29, 30]. An industrial kaolin from
Vimianzo (A Corufia, Spain) has been also considered for grinding experiments. The
commercial sample is the washed product of alteration of granitic rocks [31], with > 90 wt %
purity of well-crystallized kaolinite and minor amounts of quartz and muscovite. It is applied
for porcelain formulations, preparation of ceramics and refractories and paper industry. The
sample was used as-received.

Raw industrial pyrophyllite from a deposit located near Zalamea de la Serena (Badajoz,
Spain) was used for this study. The sample is considered an aluminum shale and the bed was
previously studied [32, 33]. This is a natural mixture of pyrophyllite, kaolinite, illite and
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mixed-layer illite-smectite with a small content of rutile (TiO,) and iron oxides. The raw
sample was purified by a chemical procedure using acids (nitric-hydrochloric-hydrofluoric)
because pyrophyllite is not dissolved [34]. As a result of this chemical treatment, all the
extraneous phases were eliminated except for a small amount of rutile (~ 5 wt %). Thus, the
pyrophyllite content is ~ 95 wt %.

A raw talc rock sample from Puebla de Lillo (Ledn, Spain) was used. The talc bed was
previously studied [35]. The aggregate was gently ground using an automatic agate mortar
and used in this form for grinding experiments. This sample belongs to fine grained steatite.
A steatite is the non-platty, granular variety of talc according to Schiiller and Kromer [36].
Industrial commercial talc sample from Fuengirola (Méalaga, Spain), provided by Talcs of
Luzenac, has been also used for the grinding experiments. It is applied for paints, adhesives,
fillers, cosmetics, plastics and ceramics. The platty sample (> 80 wt % of talc) contains minor
proportions of quartz (< 10 wt %) and chlorite (< 10 wt %). It was used as-received in ground
powdered form.

2.2. Grinding Procedures

Dry grinding experiments in air using planetary milling have been performed. A Retsch
planetary ball mill, model S-1, at a rate of 250 rpm was used. The grinding vessel of 350 mL
was hard porcelain and contained 10 balls, 20 mm in diameter, of the same material with
grinding time up to 325 min. Samples of 2.200 g were used for each experiment, as in
previous papers [37-39]. Thus, a balls:powder weight ratio of 1:0.22 was used. Samples of 60
g were also used for other grinding experiments using vessels of hard porcelain of the same
volume but at a rate of 400 rpm. In this case, 7 balls of 17 mm in diameter and 7 balls of 15
mm were introduced. Thus, the balls:powder weight ratio of 1:4.28 was used. Under these
conditions, the grinding time was prolonged up to 80 h (4800 min.).

The purpose was to compare the effects of different conditions of grinding on these clay
minerals.

2.3. Techniques

Several techniques have been applied to follow the evolution of the layer silicates by dry
grinding.

First of all, X-Ray powder Diffraction (XRD) of original and ground samples were
obtained using a Siemens Kristalloflex D-501 diffractometer equipment with Ni-filtered
CuKo radiation and goniometer speed of 1° 26/min. To avoid prefered orientation, quasi-
randomly oriented samples were prepared using a side-packed holder with an opened
window. The holder was tapped gently with a glass slide to consolidate the powder, as
suggested previously for layer silicates [40], and covered with a piece of filter paper between
the sample and the glass slide, both being removed before X-raying. Ground and heated
samples were examined by XRD as oriented aggregates on glass slides.

The breadths (B in degrees 20) for selected diffractions were obtained from the
diffractometer profiles at a continuous scan at 0.1° 26/min by measuring the peak full widths
at half-maximum (FHWM). A microprocessor DACO MP-8 and a personal computer PC
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Siemens model 16-20 were used. The instrumental broadening was measured with a sample
of quartz (> 100 mm), “pro analisi” quality, supplied by Merck (Germany). Corrected FHWM
of each diffraction peak were calculated using a computer program based on the Jones
correction of the instrumental broadening, peak stripping of Cu Ko radiation and elimination
of instrumental background [41, 42]. The mean crystallite size (D) and the mean lattice strain
(e) were obtained from the corrected B values according to the Scherrer and Williamson-Hall
equations, as described by Klug and Alexander [41].

The Infrared (IR) spectra were recorded in the range of 250 to 4000 cm™ for samples in
KBr pellet form (2 mg of sample in 300 mg of dried KBr), using a Fourier Transform FTIR
apparatus (Nicolet model 510P).

High-resolution solid-state Magic Angle Spinning (MAS)-Nuclear Magnetic Resonance
(NMR) spectra of 29-Si and 27-Al nuclei using powdered samples were recorded at 79.49 and
104.26 MHz, respectively, by spinning the samples at the magic angle (54° 44°) in a Bruker
MSL-400 spectrometer equipped with a Fourier Transform unit. The spinnig frequency was
in the range 4000-5000 cps. 29-Si and 27-A1 NMR spectra were recorded after 2.6 us and 2
us pulses, respectively. Intervals between successive acumulations (8 and 2 s.) were selected
to avoid saturation effects. Measurements were conducted at room temperature with
Tetramethylsilane (TMS) and [Al(H,0)s]*" as external references. The mean error in the
measured chemical shifts was < 1 ppm.

The surface area determinations were carried out using two automatic system
Micromeritics equipments: 2200A model for direct measurement of the value of surface area
(estimation by the point “b” method) and ASAP 2010 model for the complete adsorption-
desorption isotherm, with nitrogen gas (N-45, 99.99 % of purity) as the adsorbate at liquid
nitrogen temperature. Samples were degassed over two hours at 150 °C prior to analysis, and
the Brunauer-Emmett-Teller (BET) method was used to calculate the nitrogen surface area
[43].

Particle-size distribution analysis was performed by sedimentation in water using a
Micromeritics Sedigrap apparatus, model 5100 VI-02 based on the Stokes” Law and sodium
hexametaphosphate (5 wt %) as dispersant, a previous sonication treatment and magnetic
stirring. In some cases, it was also used a Mastersizer X Laser equipment of Malvern
Instruments for particle size determinations. For these determinations, homogenous diluted
aqueous suspensions of the original and ground samples were prepared and dispersed with
aqueous solution of sodium silicate (10 wt %) and sonicated.

The particle morphology of original and ground samples was examined by Scanning
Electron Microscopy (SEM) using a ISI equipment, model SS-40, and a JEOL equipment,
model JSM 5400, following the same procedure as in previous papers [37-39, 44].

Dispersed samples in deionized water and sonicated were prepared. A drop of the diluted
suspension was deposited on Cu grids covered with collodion membrane and dried at 40 °C.
The preparations were examined by Transmission Electron Microscopy (TEM) using a
Hitachi H-800 electron microscope at 200 kV.

To investigate the thermal behaviour of mechanochemically treated samples by grinding,
simultaneous thermal methods were used. Differential Thermal and Thermogravimetric
Analyses (DTA-TGA) were performed using a thermal analyzer Setaram 92-16, 18 in static
air, heating rate of 10 °C/min and Pt-Pt/Rh (13 %) thermocouples. About 40 mg of samples
was gently packed each time in a Pt holder and thermally treated. Calcined alumina at 1400
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°C was used as reference material for DTA runs. The temperatures of the thermal events were
estimated from their positions at the top or bottom of the DTA-TGA diagrams.

3. RESULTS AND DISCUSSION
3.1. Structural Alteration by Dry Grinding

3.1.1. The Effects of Grinding on Kaolinite (1:1 Layer Silicate)

The effect of grinding on different kaolinite samples has been a research subject during a
long time. The use of different grinding devices (ball milling, planetary milling, jet mill, ring-
mill, oscillating mill, etc.), wet and dry grinding, and non-reference kaolinite samples have
produced different and contradictory reported results, in particular on structural alteration and
degradation time, as studied mainly by XRD, fisisorption of nitrogen gas, several
spectroscopic and microscopic techniques, particle size analysis and thermal methods.

However, earlier studies on grinding kaolinite considered this layered silicate as a soil
component and grinding experiments were performed for several days. A few authors have
summarized these first investigations [5, 17, 24-28, 44]. In a sistematic work on grinding
kaolinite minerals, Takahashi [45] ground a kaolinite sample using a mechanical mortar
during 48 hours. He reported the destruction of crystal structure of kaolinite and a reduction
of particle size, although with prolonged grinding time the powder is reaggregated in
spherical particles. Haase and Winter [46] studied the influence of grinding on the ceramic
properties of a sample of kaolin. Several years later, Miller and Oulton [47] studied a water-
washed kaolinite sample of unknown origin and the grinding was performed by percussive
grinding. These authors suggested a prototropy-effect in ground kaolinite or transfer of
protons from bound water of the remained unaltered kaolinite structure to broken bonds of the
altered kaolinite structure. This effect will be discussed on the next section. Some effects of
grinding kaolinite with KBr have been also reported [48]. Hlavay et al. [49] studied the effect
of crystallinity, particle size and structural water variation on grinding two kaolin samples.
Yariv and Cross [50] classified the reactions occurring during the grinding of kaolinite in four
groups: delamination, layer breakdown, sorption of water and thermal difussion.

Juhédsz [24] reviewed the previous literature reports on grinding kaolinite, as described
above. This author studied the processes during intensive grinding (supergrinding) of
kaolinite minerals and developed some tests to study them. It is interesting to remark that the
existence of multiple well-crystallized kaolinite phases, that influence the changes caused by
grinding, has been demonstrated using a crystallized kaolinite sample [51]. A model based on
these XRD results has been also proposed [51]. The ‘mechanochemical effects’ (structural
and textural) produced by grinding kaolinite have been reported by Aglietti et al. [52, 53].
Using XRD and other techniques, even chemical dissolution analyses, Kodama et al. [54]
quantified the crystalline and non-crystalline material in a ground kaolinite sample.

Industrial kaolin samples have been considered for grinding experiments [10, 28, 55-58].
Krist6f et al. [56] studied the effect of mechanical treatment on the crystal structure and
thermal behavour of kaolinite. They summarized the previous contributions to the study of
mechanochemical amorphization of kaolinite and the discussion by several authors on this
mechanism. Suraj et al. [57] studied the effect of micronization on kaolinite clay mineral
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using ball milling and oscillatory milling during dry and wet conditions. These authors
discussed the previous findings on mechanochemical activation in relation to the behaviour of
kaolin and clay minerals. As most studies devoted interest to investigate only one type of
grinding device, they compared these two grinding procedures. Mendelovici [5, 27] has
reported: (1) a comparative review of the effects of thermal and mechanical treatments on the
structure of clay minerals, and (2) a research on the selective mechanochemical reactions on
dry grinding structurally different silicates. Baudet et al. [58] studied the comminution of
kaolinite using attrition milling and pug milling to produce delamination and transverse
breakage of kaolin platelets.

XRD analysis, thermal methods and Diffuse Reflectance IR Fourier Transform (DRIFT)
spectroscopy analysis have been also used to study the mechanochemical activation of
kaolinite by grinding [59-69]. Kristof et al. [63] detected four different OH groups in ground
kaolinite using Controlled-Rate Thermal Analysis. The modification of low- and high-defect
kaolinite surfaces by mechanical activation has been studied by Frost et al. [66]. These
authors reported the implications for kaolinite mineral processing. Stepkowska et al. [62]
studied the effect of grinding (using an oscillatory mill) and water vapour on the particle size
of kaolinite using the reference well-crystallized kaolinite (KGa-1). In this sense, it is
remarkable that the reference kaolinite samples (KGa-1 and KGa-2) are more used in this
kind of studies on mechanochemical effects of kaolinite, as it was previously proposed [44].
Sanchez-Soto et al. [44] studied the effects of dry grinding on the structural changes of
kaolinite powders using well-crystallized and poorly crystallized reference kaolinite samples.
The evolution of theses kaolinite samples was followed by several techniques, in particular
XRD, SEM and DTA-TGA. DTA-TGA methods have been also applied to study some
physico-chemical alterations caused by mechanochemical treatments in kaolinites of different
structural order [68].

It is interesting to note that Kameda et al. [67] reported a hydrogen release during dry
milling of kaolinite: H, is formed by the reaction between surface water molecules and
mechanoradicals created by the rupture of Si-O or Al-O-Si bonds. The study of industrial
kaolin by ball-milling under vacuum allowed to find a linear relationship between thermo-
dehydroxylation and induced strain by mechanical processing [70]. The reference well-
crystallized kaolinite sample KGa-1 has been studied using two vibrating dry milling
procedures [71]. XRD and electron microscopy methods have been used to evaluate the
microstructural alteration of kaolinite, comparing the results and analyzing the correlations
between them [71]. It was also reported the surface modification of mechanochemically
activated kaolinites by selective leaching [72]. The well-crystallized kaolinite sample and the
poorly-crystallized kaolinite sample (KGa-2) have been also considered for grinding
experiments using a laboratory planetary mill [73]. The ground samples were studied by
XRD, thermal methods, IR and specific surface measurement, although the purpose was to
activate the ground kaolinites with acids and to assess the intercalation ability with urea. Tang
et al. [74] studied the effect of dry grinding on the physicochemical properties of silica
material prepared from kaolin residue. Recently, Dellisanti and Valdré [75] have investigated
the role of microstrain on the thermostructural behaviour of industrial kaolin deformed by
ball-milling at low mechanical load.
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3.1.2. X-Ray Powder Diffraction of Kaolinite After Grinding

The industrial kaolin sample is considered in this section. The kaolinite content of this
sample is > 90 wt %. Grinding treatment produces a strong structural alteration and
deterioration of the structure of this 1:1 layer silicate, with formation of an amorphous
material. This is illustrated in Figure 2 for this sample of industrial kaolin, showing the
evolution observed in the XRD powder diagrams of the kaolinite reflections after dry
grinding at different times, from 0 to 80 h. It should be emphasized that a complete
degradation of the kaolinite crystal structure in this sample after 80 h of grinding is not
reached. However, changing the grinding conditions and studying the reference kaolinite
sample (well-crystallized KGa-1 sample), a total degradation of the crystal structure can be
reached after 120 min of grinding, as demonstrated in a previous paper [44]. This industrial
kaolin sample, with high proportion of kaolinite > 90 wt %, can be considered a well-
crystallized sample with similar characteristics as the reference kaolinite sample.
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Figure 2. XRD diagrams of original (0 h) and dry ground (4-80 h) industrial kaolin sample (h=hours).

Complimentary Contributor Copy



76 L. Pérez-Villarejo, S. Martinez-Martinez, D. Eliche-Quesada et al.

Considering the 1:1 layer silicates, the well-crystallized kaolinite sample after short
grinding times produced the formation of a disordered material or “poorly-crystallized”
kaolinite, which seems the original KGa-2 (poorly crystallized kaolinite) at the starting of the
grinding experiments. The progressive grinding treatment produced disordered and highly
disordered kaolinite crystals, as described in natural samples [76]. In this sense, some
previous works [52, 53, 55] suggested that the disorder induced by dry grinding kaolinite
occurs mainly in the direction of the c-axis but that, within the randomness of the layer
displacement, some of these displacements are similar to the disorders existing in natural
kaolinites. In fact, changes in the (02I) and (11l) reflections are significative, which are
associated to the abundance of translations defects consisting in random and specific
interlayer displacements, as pointed out by Aglietti et al. [52, 53]. In contrast, minor
modifications are observed in the (201) and (13I) reflections, also affected by small random
displacements [77]. The disordered structure is associated with either the displacement of the
b-axis or rotations of the layers among themselves, which cause a change in the sequence of
octahedral vacancies along the c-axis. Consequently, the variability of XRD results
concerning the grinding of several kaolinite samples, as described in the literature [5, 24, 27,
28, 45-75], is associated to the study of samples of different crystalinities and/or disordered
structures.

As example of such works, not to mention too many, the study of De Luca and Slaughter
[51]. These authors investigated by XRD the effects of dry grinding on a crystallized sample
of kaolinite, showed the existence of multiple well-crystallized kaolinite phases that influence
the changes caused by grinding. Reynolds and Bish [64] reported that grinding of kaolinite
does not produce a progressive increase in disorder for all of the cristalites present in a
sample. Grinding apparently creates increased amounts of disordered kaolinite that coexists
with relatively unaffected material. They claimed that there is no evidence for the occurrence
of an intermediate disordered phase. Even small kaolinite crystals (produced by dry grinding),
protected by an amorphous matrix, remained in the final product after a chemical attack of
highly ground material, as found in a previous research [54].

On the other hand, dry grinding breaks the hydrogen bond between adjacent kaolinite
layers, as proposed first by Yariv and Cross [50] and later by several authors [5, 52, 53, 60,
61, 66, 71, 73]. Thus, this effect produces the delamination of the original kaolinite packets.
The delamination depends of the characteristics of the particular kaolinite sample, as
evidenced, for example, by Frost et al. [66].

3.1.3. The Effects of Grinding on Talc and Pyrophyllite (2:1 Layer Silicates)

3.1.3.1. Talc and Raw Materials Containing Talc

Earlier research works on grinding talc were performed by Farmer [78], who studied the
influence of grinding on IR spectra of talc, and Takahashi [79]. Okuda et al. [80] have studied
the density of charges on the edge and basal surfaces of dry- and wet-ground talc and
pyrophyllite. Other authors [81] studied the grinding of talc and its influence on the cationic
exchange capacity (CEC). Yvon et al. [82] investigated the effects of grinding on chlorite and
talc because these minerals can be associated in several mineral beds. They proposed a model
to explain the changes of CEC and the structural and textural modifications by grinding under
different experimental conditions. Heller-Kallai et al. [83] studied by thermal and IR methods
the interaction of talc with stearic acid by grinding.
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A structural analysis by XRD of talc under dry atmospheric conditions for different
grinding times has been reported by Sugiyama et al. [84]. These authors confirmed that an
increase of the grinding time produced a change in oxygen coordination number around Mg,
this variation being attributed to the change of an OH induced by the prolonged grinding.
Liao and Senna [85] indicated that the mechanical activation of talc shows specific features
related to the change in state of H,O or OH during structure degradation under mechanical
stress, with important variations in thermal behaviour (DTA-TGA). Aglietti and Porto Lopez
[86] and Aglietti [87] reported on the structural, physico-chemical and textural effects on talc
by XRD and other methods and its influence on thermal behaviour. Even more, Aglietti [87]
described these progressive changes on talc during dry grinding using oscillating and ball
mills. Filio et al. [88] performed a study on talc ground by tumbling and planetary ball mills
comparing the effects of these two grinding devices on talc. They used XRD, SEM, DTA-
TGA, surface area and density measurements, particle size analysis and compressive strength.
Mendelovici [5] has reviewed the main changes observed on talc after grinding. In all these
previous papers, it has been generally agreed that dry grinding is a complex mechanochemical
process involving, among others, a mechanical activation which is related to the state of the
OH groups in the structure.

For a more profound investigation, Wiéwiora et al. [89] and Sanchez-Soto et al. [90],
following previous experiments on grinding pyrophyllite [39], studied the effects of dry
grinding by ball milling of talc. They used XRD and other methods (SEM, IR, DTA-TGA,
nitrogen adsorption), showing the structural changes and the effect of dry grinding on particle
size and shape. These authors reported an initial delamination by grinding, with reduction of
particle thickness due to crystallite degradation along (00I), and a crystal structure breakdown
and amorphization to the X-rays as increasing grinding time. A correlation of powder
characteristic of talc during planetary ball milling has been proposed [91]. Kano et al. [92]
performed a ball mill simulation and powder characteristics of ground talc in various types of
mill.

Zbik and Smart [9] studied the dispersion of talc in aqueous solution showing the nano-
morphology and nano-bubble entrapment. The physico-chemical properties and surface free
energy of ground talc have been also reported [93, 94]. Christidis et al. [95] studied the
influence of dry grinding on the structure and colour properties of talc, bentonite and calcite
white fillers. Yang et al. [96] have prepared a porous material from talc by mechanochemical
treatment by planetary ball milling and subsequent leaching. The presence of negative charge
on the basal planes of ground talc, a subject previously studied by Okuda et al. [80], has been
also investigated recently by Burdukova et al. [97]. The effect of dry grinding of 1:1 and 2:1
clay minerals using vacuum conditions has been also investigated. Dellisanti and Valdré [10]
have found a linear relationship between termo-dehydroxylation and induced strain by
mechanical processing of talc and other clay minerals using a ball mill working although at
room temperature and under a medium/high vacuum. In a next paper, Dellisanti et al. [98]
examined the main physical and technological properties of talc due to induced progressive
mechanical stress by planetary ball milling.

Although it is clear that different talc samples and grinding devices have been used by all
these authors, the main effects on grinding talc could be summarized. The previous paper
reported a progressive structural disorder of this 2:1 layer silicate and a subsequent
amorphization, as studied by XRD methods, and the ground products show important changes
in textural, physical and thermal properties. A delamination process (along ab planes) takes
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place in the initial stage of the grinding, following by a drastic reduction of particle sizes with
an increasing of specific surface areas. Prolonged grinding produces an agglomeration and re-
agregation of the fine ground talc particles which show and increased reactivity. The change
in reactivity of talc after grinding is relevant. For instance, the research work of Yang et al.
[96] on porous material from ground and leached talc. Furthermore, a simple synthesis and
characterization of nanoporous materials obtained from ground talc and chemical treatments
have been proposed [99]. In this sense, grinding played an important role in the whole
synthesis process because the reduction of particle size of the talc and weakening the Mg-OH
bonds [84, 88] facilitated the subsequent leaching for this synthesis. Talc containing dolomite
has been also studied. Mahadi and Palaniandy [100] reported the mechanochemical effect of
dolomitic talc during wet grinding process using a mortar mill by varying the milling time,
solid content and vertical stress. Finally, to increase the reactivity of talc, Tavangarian et al.
[101] ground talc and magnesium carbonate. The aim was to achieve the synthesis of the
high-temperature phase forsterite at lower temperatures.

3.1.3.2. Pyrophyllite and Raw Clays Containing Pyrophyllite

Pyrophyllite and talc are 2:1 layer silicates. The crystal structures are analogous and,
hence, their physical properties are so close to each other [1-4]. For instance, the hardness of
talc (according to Mohs scale) is 1 and that of pyrophyllite between 1 and 2. The wettability
of both minerals is the lowest among all phyllosilicates [4]. However, talc contains Mg in its
structure and pyrophyllite Al. The high alumina content of pyrophyllite and physico-chemical
properties make it useful in several industries, such as refractories, ceramics and sundry uses
[102-104].

Levine and Joffé [105] described in a pioneering work some grinding experiments using
pyrophyllite. Later, researchers in Japan performed studies on pyrophyllite grinding. For
instance, Hayashi et al. [106] studied the continued grinding of pyrophyllite and its effect on
toxicity of the cell. Shiraki and Inoue [107] studied the wet and dry grinding of pyrophyllite
using ball milling. Okuda et al. [80] studied the density of charges on the edge and basal
surfaces of dry- and wet-ground pyrophyllite.

Industrial grinding of pyrophyllite materials has also been examined to determine the
efficiency of the method [108] and to separate pyrophyllite from other minerals [109]. Juhasz
[110] suggested that destruction of pyrophyllite during mechanochemical activation by
intensive dry grinding may be accelerated by cations and adsorbed water. Attrition milling of
pyrophyllite has been also studied [111]. Rosenberg and CIiff [112] studied the formation of
pyrophyllite solid solutions. They started from a lightly ground natural pyrophyllite (Glendon,
NC, USA), milled pyrophyllite and pyrophyllite gel [113]. These authors claimed that
grinding pyrophyllite using a vibratory mill for 60 minutes produced a rapid structural
degradation: X-ray reflections began to deteriorate almost inmediately and completely
disappeared after 60 minutes of grinding. However, no more experimental details were given.
Nemecz [114] reported that triclinic pyrophyllite (1Tc) is transformed into a monaoclinic
modification as a result of dry grinding for up to 60 minutes.

These previous contributions aimed to study the problems of the identification of
pyrophyllite occurring in natural multiphase samples and the effects of chemical treatments in
acid solutions [32-34]. It was of special interest to investigate further the effects of dry and
wet grinding using several grinding devices and experimental conditions [37, 38]. Pérez-
Rodriguez et al. [37, 38] studied the effects of dry grinding on pyrophyllite using a pure
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sample (Hillsboro, NC, USA). Delamination, gliding and folding of the layers, and a decrease
in particle size were detected by SEM. An increase in the background, broadening of the
diffraction bands and an increase in the degree of disorder was also reported, resulting in a
large increase in specific surface area. Longer grinding times than 32 minutes decreased the
surface area due to particle aggregation and agglomeration and an amorphous powder is
produced. Sanchez-Soto and Pérez-Rodriguez [115] demonstrated the formation of the high-
temperature phase mullite at lower temperatures than in the unground pyrophyllite.

The crystallite size and lattice distortion of ground prophyllite was studied by X-Ray
methods [116, 117]. Gonzalez-Garcia et al. [118] studied the effects of dry grinding on a
sample containing pyrophyllite, kaolinite and illite. These authors discussed the behaviour of
this natural multiphase sample after grinding with those previous results on grinding
pyrophyllite [37]. The effects of dry grinding on X-ray diffraction line broadening in
pyrophyllite were also reported [119]. The mechanical treatment by dry grinding of
pyrophyllite strongly influenced the thermal behaviour with an increase of reactivity [38].
The formation mullite at lower temperatures than in the unground pyrophyllite was firstly
reported [115]. Later, the influence of dry grinding on mullite and cristobalite formation was
also studied by high-temperature DTA [120]. An interesting research was the comparative
study of wet and dry grinding on pyrophyllite and their effects on the microstructure of the
resultant powders [121]. The structural alteration of pyrophyllite by dry grinding was also
studied by IR spectroscopy and XRD using thin oriented films [122]. Sanchez-Soto et al.
[123] studied the grinding effect on kaolinite-pyrophyllite-illite natural mixtures and its
influence on mullite formation.

Thus, the knowledge of the mineralogical and chemical composition of natural
pyrophyllite materials and these previous research papers on dry grinding pyrophyllite aimed
to approach the study of structural alteration with the point of view of polytypism. Wiéwiora
et al. [39] studied several pyrophyllite samples and the effects of dry grinding and acid
leaching on polytypic structure of pyrophyllite. These authors discussed the polytypism of
pyrophyllite and concluded that the formation of a one-layer triclinic polytype of pyrophyllite
or disordered forms is more likely than the formation of the two-layer monoclinic variety by
grinding. In a later research, Wiéwiora and Hida [124] reported the X-ray determination of
superstructure of pyrophyllite studying a sample from Japan.

The structural alteration of pyrophyllite by dry grinding was also studied by IR
spectroscopy [122]. In particular, a prototropy effect by grinding pyrophyllite, as occurs in
kaolinite, was discussed. This first spectroscopy study was completed by a MAS-NMR
spectroscopy investigation on the influence of thermal and combined mechanical, by dry
grinding, and thermal treatments in pyrophyllite-mullite thermal transformation [125]. The
diffusion of Al-ions and formation of Si-poor nuclei of mullite at 1000 °C is favoured by
grinding and the exothermic DTA effect, detected at 1000 °C, is ascribed to transformation of
pentahedral coordination of Al in tetra- and octahedral Al in mullite. These results were
compared with those obtained in kaolinite-mullite transformation, which were previously
analyzed [126]. An invited paper [127] reviewed these previous studies on the influence of
mechanical and thermal treatments on raw materials containing pyrophyllite. Other authors
reported the evolution of pyrophyllite particle sizes during dry grinding as studied by TEM
methods [128].

The influence of dry grinding of pyrophyllite using an oscillatory mill (at 1500 rpm) on
water sorption has been studied by Stepkowska et al. [62]. These authors reported the effects
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of grinding by delamination and structural degradation by the action of water molecules on
the size of pyrophyllite and kaolinite particles, showing interesting results on the evolution of
both 1:1 and 2:1 layer silicates previously ground. Thus, the storage in water or water vapour
for 20 days may improve the technological properties of these clays, in particular the
rheology of water suspensions [62].

The effect of dry grinding on pyrophyllite flotation were also studied [129]. It was
concluded that dry grinding for longer times affects the flotation recovery of pyrophyllite,
since the crystal structure is distorted by mechanical treatment, in accordance with previous
reports [37, 39, 122]. The effect of grinding on the leaching behaviour of pyrophyllite has
been also studied by Temuujin et al. [130]. These authors reported the presence of significant
numbers of micropores in ground samples after leaching. In this sense, it was interesting the
study of the textural properties of dry ground pyrophyllite. The pore size distribution of
ground pyrophyllite samples was reported [131]. This textural study showed that the
fisisorption of nitrogen gas is produced by multilayers and the absence of micropores in the
ground powders.

3.1.4. X-Ray Powder Diffraction of Talc After Grinding

As in 1:1 layer silicates, grinding treatment produces a strong structural alteration and
deterioration of the structures of 2:1 layer silicates, with formation of an amorphous material.
Figure 3 shows the XRD powder diagrams of industrial talc ground from 0 to 80 h.

The crystal structure of talc (platty sample) is completely degraded after 32 h under the
same conditions of grinding the industrial sample of kaolin. In contrast, in the talc sample
(fine grained esteatite) ground from 0 to 325 min, the crystal structure is degraded after 60
min (Figure 4), as demonstrated in a previous paper [90]. The series of XRD diagrams allow
to observe an important change in the X-ray patterns after grinding talc from 20-30 min. In
the case of purified pyrophyllite, this change can be observed from 30 min, with
disappearance of (00I) reflections and an increase of line broadening of remaining reflections.
In previous works grinding other pyrophyllite sample under the same conditions, this change
was observed between 30-32 min [37, 38, 115, 119].

Grinding of the natural mixture of pyrophyllite, kaolinite, illite and mixed-layer illite-
smectite revealed that this treatment gradually destroys the pyrophyllite, kaolinite and illite
structures. The use of different grinding conditions produces some differences in the
structural alteration of pyrophyllite and kaolinite in the mixture. If a ball:sample ratio of
1:4.28 is used, pyrophyllite seems to have less mechanical strength to be destroyed than
kaolinite, a result that coincides with a previous report [118]. However, if a ball:sample mass
ratio of 1:0.22 is used, the effect is opposite, as is demonstrated in a previous paper using
XRD of thin oriented films [122]. After 32 min of grinding, basal reflections of pyrophyllite,
kaolinite and illite have almost disappeared and the (110) reflection of pyrophyllite remained.

In general, although previous studies indicated the variety of samples, grinding devices
and different experimental conditions, for both 1:1 and 2:1 layer silicates (Figures 2 and 3)
the intensities of the general (hkl) reflections change less than that the basal (00I) reflections,
with a progressive increase of line broadening. The reason is that the alteration caused by dry
grinding is greater along the c-axis of the silicate structures. This is a general result of the
pronounced propensity of these layered silicates toward cleavage perpendicular to this c-axis.
Consequently, there is a loss of periodicity perpendicular to the layer silicate plane and the
dimensions of the crystallites along the ¢ direction become too small to produce coherent X-
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ray scattering with an increasing in amorphization. This is in accordance with previous
research works, as reviewed in previous sections. However, Temuujin et al. [130] studied the
grinding of a pyrophyllite sample and observed the retention of the basal (00I) reflections in
samples ground for 3-18 hours using a planetary pot mill. These authors suggested that the
basal reflection may also be stable to dry grinding and the structural alteration produced by
mechanical treatment does not necessarily occur readily along the c-axis of the crystal
structure.
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Figure 3. XRD diagrams of original (0 h) and dry ground (4-80 h) industrial talc sample.

A detailed structural examination of the powder XRD diagrams (Figures 2 and 3) have
shown that, in fact, there are random translations along b-axis induced at the first grinding
stages. This process caused a partial ortogonalization of the structures. Although these kinds
of studies by XRD are complex, it was confirmed using quasi-randomly oriented samples of
pyrophyllite and talc examined by X-ray diffraction transmission techniques [39, 89, 90]. In
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other words, relative short times of dry grinding treatments induced only limited layer
translations, changing regular stackings modes of the layer silicates into more random and
thus the structure became more disordered.

However, for a study by XRD of the grinding effects with care, it was necessary to
prepare an aggregate cut out directly from the raw talc rock sample. It was subsequently
polished slightly using a fine grained glass paper to remove the surface layer, possibly
affected by stress and heat treated by mechanical shear during cutting. The XRD of this
prepared sample demonstrated that the original unground sample belongs to fine grained
steatite [89]. Steatite is a non-platty, granular variety of talc according to Schiller and Kromer
[36]. Moreover, the XRD recorded on the polished surface of the natural talc rock, after
structural analysis and determination of unit cell parameter refined by a computer program,
allowed to study this sample in a profound extension [89]. According to these previous
results, this sample is characterized by random translations, that is, random stacking of the
layer along the Y axis and the determination of the polytype was not possible. Dry grinding
produces a profound structural alteration, with progressive smearing of (00l) basal reflections
as suggested before, being (004) the most affected. Other (hkl) planes are less affected by dry
grinding (Figure 3). The polytypes and polytypism of pyrophyllite and talc and the structural
disorder have been already studied by XRD methods in previous papers [39, 89]. It could be
very complex in the case of kaolinite, according to previous studies [51, 64]. On the other
hand, as in kaolinite, several authors reported a delamination effect in talc after grinding. For
instance, Christidis et al. [95] considered delamination due to the decrease of crystallite
thickness. Studying (002) and (104) planes of ground talc, Mahadi and Palaniandy [100]
reported a reduction in XRD peak intensity, peak base broadening, increase in background,
and even peak shift. Terada and Yonemochi [94] studied the physicochemical properties of
surface free energy of ground talc. They found a selective destruction of (00I) planes, in
accordance with the present results (Figure 3). Thus, the hydrophobic property of talc surface
was significantly changed to the hydrophilic property by the grinding treatment, with an
improvement of surface property of talc by the grinding.

On the basis of delamination effects observed in pyrophyllite after grinding, as previously
reported by Pérez-Rodriguez et al. [37], a mechanism of pyrophyllite particle degradation by
grinding has been proposed by Uhlik et al. [128]. These authors considered the shape of the
crystallite and the particle size distributions obtained by XRD analysis of 001 peak intensities
(mean crystallite thickness and crystallite thickness distribution) and HRTEM images. The
particles are first delaminated randomly, then some are delaminated preferentially and,
finally, all particles undergo delamination.

In summary, the stages of degradation by dry grinding of the 1:1 and 2:1 layer silicates
are directly related to a state of increasing structural disorder. Short grinding time induces
only limited layer translations, changing the regular stacking mode of layers into a more
random one. The process starts along the b-axis and subsequently along the b and a-axes,
which results in the formation of a turbostratic structure, although it is influenced by the
experimental conditions according to previous studies on kaolinite, talc and pyrophyllite. This
is common for the finest particles. Thus, the prolonged grinding produces a near turbostratic
structure [132] characterized by the presence of 001 and hk diffraction effects (Figures 2 and
3), with disappearance of (Okl) reflections such as (02l) and (111).
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3.1.2. IR Spectroscopy

Structural information can be also deduced studying the 1:1 and 2:1 layer silicates by IR
spectroscopy. Figure 4 shows selected IR spectra of pyrophyllite. Detailed analysis can be
performed studying different zones in the IR spectra: OH stretching, OH bending and lattice
vibrations. The IR band at 3670 cm™ is associated to structural OH groups bonded directly to
Al cations within the structure and perpendicular to pyrophyllite layer planes [109, 122, 130].
This band decreases in intensity along grinding. The disappearance of this sharp band is
explained considering that the loss of structural regularity takes place mainly along the c-axis
direction. This fact is in accordance with the above X-ray results. In the case of kaolinite, the
IR bands due to OH stretching at 3696, 3670, 3653 and 3620 cm™ are rapidly altered by
grinding, showing a noticeable reduction in their intensities, in accordance with previous
reports [5, 47, 48, 52, 53, 56, 59, 66, 73]. At the same time, a broad band increases at ~ 3400
cm* and being at 3440 cm™ in the case of pyrophyllite. They are both associated to randomly
attached OH ions and adsorbed water.
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Figure 4. Selected IR spectra of original (0 min) and ground (15-325 min) pyrophyllite sample
(min=minutes).

It can be also observed for pyrophyllite an important reduction of the intensity of the IR
bands from 30 to 32 minutes. Thus, OH bending at 940 cm™ from AI-OH groups markedly
decreases, in a similar way to the band associated to OH structural groups at 3670 cm™, as
well as the band at 545 cm™ associated to Si-O-Al vibrations. Longer grinding times produce
a drastic reduction of all these IR bands. These observations indicate total decomposition of
2:1 layer silicate with loss of periodicity perpendicular to the layer plane and a greated
rupture degree between the octahedral (Al or Mg in the case of talc) and tetrahedral (Si)
layers as grinding increases.

The IR bands in the region of lattice vibrations at 1115-1120 cm™ and 1060-1050 cm™
associated with Si-O stretching vibrations [109, 122, 130] decrease in intensity as increasing

Complimentary Contributor Copy



84 L. Pérez-Villarejo, S. Martinez-Martinez, D. Eliche-Quesada et al.

grinding time. This band is originated from the vibrations of oxygen common to tetrahedra
and octahedra, and the Si-O vibration is perpendicular to the silicate layers, i.e., to the (001)
plane. A progressive disappearance during grinding indicates that the structural alteration
occurs mainly along the c-axis, as deduced by XRD. Detailed study of the IR spectra revealed
that after 60 minutes of grinding, the band at 1120 cm™ appeared slightly shifted at higher
wavenumbers. A broader IR band centered at ca. 1100 cm™ was observed after 90 minutes,
which would indicate formation of amorphous silica after pyrophyllite decomposition by
grinding. The same process occurs when grinding the well-crystallized sample of kaolinite,
but after 60 minutes under the same experimental conditions. A similar fact was deduced by
IR spectroscopy in previous reports when grinding kaolinite [5, 47, 52, 53, 59, 66].

At longer grinding times than 60 minutes, broader IR bands are detected at 1100 and 435
cm™ associated to the formation of amorphous silica with an intense deformation of SiO,4
tetrahedra from the silicate. Modifications of the band at 1098 cm™ (band SiO,) has been also
related to delamination effects during grinding kaolinite [48, 50].

On the other hand, IR broad bands are detected at ca. 3440 cm™ and 1620 cm™ being both
associated to adsorbed or extrastructural water. Both bands increase in intensity as increasing
grinding time. The disappearance of 913 and 937 cm™ IR bands by grinding kaolinite is
associated to the breakage of AI-OH bonds.

Finally, the alteration of Si-O stretching and the disappearance of the Si-O-Al band
suggest an increase of the alteration of tetrahedral and octahedral layer.

In general, analogous observations for pyrophyllite can be deduced for kaolinite and talc
after grinding, demonstrating: a) the OH groups are displaced irreversibly during grinding
treatment, and b) the rupture of the O-H, Al-OH, Mg-OH, Al-O-Si, Mg-O-Si and Si-O bonds
during grinding, as reported in previous papers [5, 47, 56, 59, 96].

Grinding the reference kaolinite sample KGa-1, Pardo et al. [71] suggested that dry
grinding breaks the hydrogen bond between adjacent kaolinite layers, leading to the
delamination of the material in accordance with previous results on dry grinding kaolinite [59,
61]. This can be the same mechanism of delamination grinding other layer silicates.

It is also possible a transfer or migration of protons from one phase (bound water of the
remained unaltered 2:1 and 1:1 silicate structure) to another (broken bonds of the altered
structure). This is a ‘prototropy effect’ as proposed in previous investigations on grinding
kaolinite [5, 26, 47]: migrated protons interacting with OH groups and generate water
molecules that can be lost at lower temperatures. Horvath et al. [65] considered this effect
under the concept of ‘proton migration through grinding and their combination with OH
units’. In a next paper of the same research group [66], they proposed that another
mechanochemical effect on grinding kaolinite is the dehydroxylation of basal surfaces by the
coalescence of two OH groups to form H,O leaving a chemically bonded oxygen as an oxide
anion in the lattice. Thus, grinding produces a mechanochemical effect of dehydroxylation at
lower temperatures than that unground samples.

In a recent review, Balaz et al. [23] studied the mechanochemical effects in the presence
of water. These authors considered kaolinite under this subject and indicated that
amorphization by grinding is often accompanied by a condensation process within the crystal
lattice, which is typical for kaolinite, and the surface OH groups lost during milling were
replaced with coordinated and adsorbed water on the surface of the octahedral sheet,
following the previous findings of Frost et al. [60].
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However, there is also a possibility of partial rehydroxylation by activated and reactive
ground powder with atmospheric water molecules. Consequently, it would be originated a
weight loss by heating due to adsorbed water and, in part, weight loss of dehydroxylation
associated to weakly bound OH groups. In this sense, when grinding lepidocrocite (y-
FeOOH) the OH groups are affected by the close vicinity of the positively charged Fe ions.
They are polarized with the change arranged in a tetrahedral configuration and, by prototropic
interaction with neighbour OH ions, bound water molecules are formed, resulting in a weak
zone in the layered structure which facilitates delamination fracture [133]. A similar
mechanism is suggested for the delamination effects during dry grinding 1:1 and 2:1 layer
silicates, as discussed above.

3.1.3. Solid-State °Si and Al MAS-NMR Spectroscopies

For this section of the present chapter, pyrophyllite was selected. The °Si MAS-NMR
spectrum of the sample (Figure 5) shows a narrow resonance peak at -95.1 ppm from TMS.
This is associated with Si surrounded by three Si in a Q* configuration or polymerization
state: three Si atoms bonded to a SiO, tetrahedron [134-136]. The 2°Si MAS-NMR spectra of
ground pyrophyllite samples produce a progressive broadening of the -95.1 ppm peak as
increasing grinding time. A new 2’Si broad band, centered at -100 ppm, appears after 32
minutes of grinding. This band increased in intensity for prolonged grinding treatments,
overlapping with the -95 ppm peak. At longer grinding times, a single broad band can be only
observed centered at -101 ppm which was overlapped with the peak at -95 ppm. The
formation of this new signal is associated to Q* environments in which Si is surrounded by
four tetrahedra of Si and Al [134-136].

210 min.

120 min.

60 min.
32 min.

30 min.

0 min.

60 -80 -100-120 -140
ppm

Figure 5. *Si MAS-NMR spectra of original (0 min) and ground (30-240 min) pyrophyllite.
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The ?’Al MAS-NMR spectrum of pyrophyllite shows several peaks: a sharp peak at 4
ppm, which is ascribed to octahedral Al coordination [134-136], and four small peaks or
sidebands (SB) associated with the sample spinning. The ?’ Al MAS-NMR spectra of ground
pyrophyllite show the single peak at 4 ppm and below 32 minutes of grinding, additional
bands between 30-60 ppm are detected. Their intensities increase as grinding times is longer.
These new bands can be associated to tetrahedral and possible pentahedral Al coordination
[126, 135-137], which are being generated during grinding. The progresive grinding produces
an increase of tetrahedral Al coordination and confirmed the asignation of Si surrounded by
four tetrahedra of Si and Al, as described above. The ?Al MAS-NMR spectrum of a
pyrophyllite sample heated at 300 °C and previously ground for 240 minutes showed signals
at 50, 35 and -1.6 ppm. They have been ascribed to tetra-, penta- and octahedral coordination
of Al [125, 126]. Thus, the heating at temperatures lower than 300 °C leads to the formation
of less distorted pentahedral Al than that detected in unground heated pyrophyllite samples.
These different Al coordinations can be detected as MAS-NMR signals associated to the
structural alteration of the 2:1 layer silicate by dry grinding.
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Figure 6. Al MAS-NMR spectra of original (0 min) and ground (30-240 min) pyrophyllite.

This result is explained taking into account a dehydroxylation of the mechanochemically
activated pyrophyllite at lower temperatures as compared with the unground sample. It should
be emphasized that the characteristics peaks of >’Al MAS-NMR spectra are affected by the
local environment: sharp resonances usually indicate short-range order while broad
resonances indicate short-range disorder in the structure [138, 139].

After comparison of both set of MAS NMR spectra (Figures 5 and 6), it can be deduced
that a considerable tetrahedral structural breakdown is produced after 32 minutes of grinding.
It is concluded from these results that the structure of this 2:1 layer silicate is progressively
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destroyed by dry grinding, in accordance with IR results (Figure 4), where the crystal
structure is progressively disordered and altered by this treatment, as above described. Taking
into account these MAS-NMR results, it is also very important to note the structural
modifications detected in tetrahedral sheets of pyrophyllite, with theoretical formula
Al,;Si;0410(OH), because the original octahedral Al coordination, with Al bonded to OH
groups, changed to tetrahedral Al coordination, with a vacancy due to the loss of a ligand.
Water is eliminated by dehydroxylation because the octahedral Al-O(OH) sheet is affected,
being in connection with the structural breakdown and formation of an amorphous material as
deduced by XRD [37, 115-117, 119]. Kaolinite is a 1:1 layer aluminium silicate with OH
groups, whereas pyrophyllite is 2:1 containing originally aluminium octahedra bonded with
OH groups perfectly sandwiched between silica tetrahedra. Structural breakdown is facilitated
a priori in kaolinite by grinding, but does not in pyrophyllite. In other words, taking into
account the structure of 2:1 silicates (Figure 1), the breakdown of tetrahedral sheet produced a
looser environment coordination structure around the Al cations and thus it is affected by the
progressive grinding.

The structural changes of kaolinite are consistent with those previous results on
quantification of crystalline and noncrystalline material in ground kaolinite analyzed by
several techniques, including solid-state MAS-NMR [54]. The °Si MAS-NMR spectrum of
unground kaolinite showed a sharp resonance peak at -91.8 ppm from TMS. This is
associated with Si surrounded by three Si in a Q® configuration or polymerization state [126,
134-139]. Grinding kaolinite showed an increase in breadth of this resonance and the
formation af a broad band, as in the case of pyrophyllite, being observed at ca. -95 ppm which
was overlapped with the peak at -91.8 ppm. The formation of this new signal is associated to
Q* environments in which Si is surrounded by four tetrahedra of Si [126, 134-139], as point
out above. Using *Si NMR spectroscopy at 60 MHz, Suraj et al. [57] reported that an
unground kaolinite shows a single sharp peak at -92.213 ppm. When the sample is ground for
30 minutes in a disc mill, the Si resonance was broadened and shifted towards upfield to ~ -
100 ppm, atributable to the presence of a number of Si sites of different bond lengths, bond
angles or cation-oxygen bond strengths [140]. Suraj et al. [57] suggested that this observation
reflects a decrease in the number of aluminum groups bonded to SiO4 groups. These authors
concluded that silica is being separated from the aluminosilicate phase. The study of ground
kaolinite by °Si MAS-NMR spectroscopy suggested that SiO, tetrahedra were considerably
distorted in the structure ground in an agate mortar for > 30 hours [54]. It is clear that when
grinding time is increased for kaolinite, the structural alteration and disorder became more
pronounced, as in pyrophyllite (Figures 5 and 6).

The ?’Al MAS-NMR spectra of kaolinite ground at several times are similar to those
presented for pyrophyllite. For a complete discussion, the previous results of Kodama et al.
[54] grinding kaolinite up to 150 hours are interesting.

The original kaolinite sample shows a single peak of octahedral Al coordination at -4.1
ppm. Grinding kaolinite produced the detection of extra resonance bands near 30 ppm (it
appeared from 30 hours of grinding) and near 56-60 ppm, characteristic of tetrahedral Al
coordination [126, 134-139]. They attributed that the weak resonance at 30 ppm that may be
due to separate tetrahedral species [141], as previously observed in the spectra of heated
kaolinite after dehydroxylation (metakaolinite). However, the ?’Al MAS-NMR spectra of
several samples of kaolinite treated at different temperatures indicated that, after heating, the
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intensity of the peak at 3 ppm (assigned to octahedral Al) decreases and two additional peaks
appeared near 57 and 27 ppm [139].

The first one of these additional peaks corresponded to pentahedral coordinated Al and
the second one to tetrahedral coordinated Al [134-139]. It should be noted that the octahedral
Al coordination signals appeared shifted from -4.1 ppm to 2.0 ppm, and the tetrahedral
signals shifted from 56 to 60 ppm as grinding time increased. According to Kodama et al.
[54], the °Si and Al MAS-NMR spectra of the sample of ground kaolinite studied in their
work showed a remarkable similarity to those reported for metakaolinite [141, 142].

Table 1. Specific surface areas (m?/g) of the two kaolinite samples (KGa-1 and KGa-2),
purified Pyrophyllite (P), Talc (T) and Pyrophyllite Raw Clay sample (PRC),
original (0 minutes) and ground in a planetary ball mill using a ball:powder ratio
of 1:0.22 at a rate of 250 rpm

Sr:zo("n:?n) KGa-1(m¥g) | KGa-2 (m¥g) | P(mg) | T(m¥g) | PRC (m¥g)
0 10.20 1981 117 3.20 12.44
5 - - 1401 | 1141 -

10 - 38.63 2102 | 2462 -

5 1831 - 4152 |- 24.73
20 - - - 4771 -

30 - 50.27 5160 | 10972 | -

2 17.73 - 3821 |- 39.35
60 1301 37.00 1913 | 28.74 34.14
120 11.35 - - - -

180 - 9.49 - -

210 - - - 282 -

240 - - 5.6 - 841

Table 2. Specific surface areas (m?g) of the industrial kaolin (1K), industrial talc (1T)
and Pyrophyllite Raw Clay sample (PRC) original (0 hours) and ground in a planetary
ball mill using a ball:powder ratio of 1:4.28 at a rate of 400 rpm

Grinding time (hours) IK IT PRC pyrophyllite
0 14.7 8.4 14.0
4 30.6 429 435
8 35.7 44.7 51.2
16 41.2 52.6 50.0
32 46.6 59.1 70.1
64 44.9 30.3 38.7
80 385 10.8 22.2

Following the above discussion, and taking into account the formation of metakaolinite
by heating kaolinite [126, 137, 139-142], the dry grinding of kaolinite, and pyrophyllite and
talc, produced the mechanochemical effect of dehydroxylation by intense local heating and
impact of the particles and the grinding media, as well as the mechanism proposed in the
above section of OH basal groups. In the present case, the grinding media are balls and the
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planetary milling. Then, the original octahedral Al coordination in kaolinite bonded to OH
groups changed to tetrahedral Al coordination with a vacancy due to the loss of a ligand and
water is eliminated by dehydroxylation. Due to the loss of OH groups, and considering that
the theoretical formula of kaolinite is Al,Si,Os(OH), the octahedral Al-O(OH) sheets
appeared to be more directly affected than the SiO, sheets, as deduced from the MAS NMR
spectra. This is in accordance with previous IR results, as above discussed, and the plausible
mechanism of structural alteration of 1:1 and 2:1 layer silicates by dry grinding.

3.2. Textural Properties of Ground Layer Silicates: Specific Surface Areas,
Particle Sizes, Crystal Sizes (Coherent Diffraction Domains), Lattice
Microstrains and Morphologies

3.2.1. Specific Surface Areas and Particle Sizes

Tables 1 and 2 show the BET specific surface areas determined for all the samples
ground using two different balls:powder weight ratios, as studied in this chapter.

From these values, the average diameter of the particles assuming a spherical shape
(equivalent spherical diameter) was calculated using the equation S=F/(pD) where F is a
shape factor (6.0 considering a particle’s shape as a sphere); S is the specific surface area
(m%/g); p the density of the clay sample (theoretical kaolinite, talc, pyrophyllite and an
estimation for the pyrophyllite raw clay) and D the diameter (in um). The obtained values are
included in Tables 3 and 4.

The specific surface areas of the samples increase with grinding time in the first minutes
(Table 1) and hours (Table 2) up to a maximum value different for each clay sample.
Differences are observed considering the two kaolinite samples comparing the ordered or
well-crystallized (KGa-1) and the disordered or poorly crystallized kaolinite (KGa-2), with a
maximum of 50.27 m?g in the second one at 30 min starting with powders of different
surface areas. In this case, the balls:powder weight ratio is of 1:0.22.

Table 3. Average particle sizes of the clay samples estimated from specific
surface area values (Table 1)

Grinding time (min) KGa-1 (um) KGa-2 (um) P (um) T (um) PRC (um)
0 0.22 0.11 1.83 0.73 0.17
5 - - 0.15 0.20 -

10 - 0.05 0.10 0.10 -

15 0.12 - 0.05 - 0.08
20 - - - 0.05 -

30 - 0.04 0.04 0.02 -

32 0.12 - 0.05 - 0.05
60 0.17 0.06 0.11 0.08 0.06
120 0.20 - - - -
180 - 0.24 - -

210 - - - 0.83 -
240 - - 0.40 - 0.26
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Table 4. Average particle sizes (um) of the industrial kaolin (IK), industrial talc (IT)
and Pyrophyllite Raw Clay sample (PRC) estimated from specific surface area values

(Table 2)
Grinding Time (hours) IK IT PRC pyrophyllite
0 0.15 0.34 0.16
4 0.07 0.06 0.05
8 0.06 0.06 0.04
16 0.05 0.05 0.04
32 0.04 0.04 0.03
64 0.05 0.09 0.05
80 0.06 0.27 0.10

KGa-1
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GRINDING TIME (min)

Figure 7. Specific surface areas of original well-crystallized kaolinite (KGa-1 sample) and ground by
ball-milling using a balls:powder ratio of 1:0.22, as a function of grinding time (min).

Figures 7 to 10 include illustrative graphical representations of the evolution of specific
surface areas of these clay samples as increasing grinding times (min or h). Figures 11 and 12
show the evolution of calculated average particle sizes (equivalent spherical diameter) for
industrial kaolin and talc after grinding. It can be observed that the rate of size reduction
decreased with time and a limit is reached for each clay sample, producing particles of
average sizes higher than 0.02 um (talc sample, Table 1).

In accordance with previous reports grinding layer silicates and from a point of view of
mineral processing [5, 12, 16, 17, 23], there is an optimum time for grinding to produce an
increase of specific surface areas, i.e., to decrease the particle size, beyond which any further
grinding will be of no benefit. Taking into account the present results (Tables 3 and 4), after
the lower limits of particle size reduction of these clay samples are reached, the particle sizes
remains almost constant. The evolution is similar to those found after grinding other solids
[23] and layer silicates in previous works [10, 14-17, 21-28, 37-39, 44-75, 79-101, 103-127].
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Figure 8. Specific surface areas of original poorly-crystallized kaolinite (KGa-2 sample) and ground by
ball-milling using a balls:powder ratio of 1:0.22 milling, as a function of grinding time (min).

However, the values of maxima of specific surface areas could be different according to
the characteristic of the starting clay samples and experimental grinding conditions, as
pointed out in previous sections.

The industrial kaolin sample ground using a balls:powder weight ratio of 1:4.28, and
grinding time prolonged up to 80 h, shows a maximum of 46.6 m?/g at 32 h of grinding time
(Table 2 and Figure 9), with minimum particle size of 0.04 um (Table 4 and Figure 11).
Pyrophyllite shows a maximum of 51.60 m?/g and 39.35 m?/g in the pyrophyllite raw sample
(Table 1), although the maximum value of this sample is 70.1 m?/g at 32 h (Table 2) using
different experimental conditions of grinding. Talc shows the maximum relative value of
109.72 m?/g at 30 min (Table 1), as compared with the other samples. Changing the
experimental conditions, the pyrophyllite raw clay sample is the higher (Table 2). It should be
noted that these features for each clay sample coincide with the strong estructural alteration
and amorphization, as observed by XRD, IR and MAS-NMR (Figures 2-6) in the previous
section of this chapter. In fact, grinding produces that primary particles tend to adhere to each
other because of the increased energy and the action of the amorphous surface layers formed
during grinding, as previously proposed [54, 57].

Gonzélez-Garcia et al. [55] found a maximum value of 40 m?%g by ball milling an
industrial kaolinite sample under the same experimental conditions of balls:powder weight
ratio of 1:4.28, and grinding time prolonged up to 80 h. Grinding several high-grade natural
kaolinites, Frost et al. [66] suggested that the effectiveness of the mechanochemical treatment
depends on the crystallinity of kaolinite, in accordance with the present results. These authors
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Figure 9. Specific surface areas of industrial kaolin samples, original and ground by ball-milling using a
balls:powder ratio of 1:4.28, as a function of grinding time (h).
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Figure 10. Specific surface areas of industrial talc samples, original and ground by ball-milling using a
balls:powder ratio of 1:4.28, as a function of grinding time (h).

identified two processes in the mechanochemical activation of kaolinite. First of all, the
delamination process of kaolinite appears to takes place at the first hour of grinding (under
their experimental conditions), and second a recombination process results in the
reaggregation of the ground crystals. Taking into account previous reports [17, 23, 66, 68,
69], the changes in the surface areas can be used to identify different stages or steps of the
grinding process: (I) the produced new surface areas by breaking the original particles, with
delamination in the case of layer silicates, is approximately proportional to the grinding time;
(1) aggregation section with a monotonic decrease in the specific surface areas, and (lll)
agglomeration section, when the specific surface areas decrease.

The increasing of specific surface areas of the clay samples is interpreted due to an
important reduction of particle sizes (Tables 3 and 4 and Figures 11 and 12) as a consequence
of grinding treatment. This is produced very fast at the first minutes (or hours) of grinding
treatment up to reach a maximum value (see Tables 1-2 and Figures 9-10). Consequently, a
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limit in particle size reduction is reached by grinding and mechanochemical effects are
operating and generating particles with high surface energy partially compensated by a size
increase. The activated ground particles with enhanced surface reactivity start a
reaggregation, agglomeration or “cold-welding” process [11-13]. Mechanochemical effects
are manifested with formation of reduced particles with high surface energy, which is
partially compensated by the size increase by re-aggregation forming aggregates and
agglomerates. These features are similar to thoser found after grinding silicates and other
inorganic solids [16-23]. This is a general behaviour of solids submitted to grinding and
considered mechanochemical reactions [23]. It is interesting to mention a recent paper by Li
et al. [143]. These authors discussed the formation of aggregates and agglomerates in a dry
ground sample. They suggested that as a result of the low thermal conductivity of most of
non-metallic solids, the energy delivered by the mill is not totally stored in the particle as
thermal energy but is also applied to the bending and/or breaking of the crystalline solid,
following the previous work on grinding kaolinite by Aglietti et al. [53]. Many broken bonds
are formed in the process of fragmentation; these create new surfaces to take more charge and
to enhance surface activity. Consequently, there is a tendency for particles to aggregate
spontaneously to reduce the enthalpy of the system [143].

On the other hand, the previous studies on a pyrophyllite sample (Hillsboro, North
Carolina, USA) by fisisorption of nitrogen have demonstrated a maximum of specific surface
area of 60 m?/g at 30 minutes of grinding [37-39, 131]. The adsorption of nitrogen gas by
multilayers and the absence of micropores have been reported [131]. The pore size
distribution analysis of these ground pyrophyllite samples has proved a contribution of sizes
ranging between 2-5 nm to the increase of surface area. Above 30 minutes of grinding, this
contribution decreases progressively by the re-aggregation or agglomeration process of the
ground particles due to their high surface energy, with an important contribution of size pores
lower than 4 nm [131]. However, Temuujin et al. [130] reported the presence of significant
numbers of micropores in ground pyrophyllite samples but after leaching.
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Figure 11. Average particle sizes (equivalent specific surface diameters) of original industrial kaolin

sample and ground by ball-milling (balls:powder ratio of 1:4.28), as a function of grinding time (h).
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Figure 12. Average particle sizes (equivalent specific surface diameters) of original industrial talc

sample and ground by ball-milling (balls:powder ratio of 1:4.28), as a function of grinding time (h).
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Figure 13. Cumulative curves of particle size distribution analysis (Sedigraph) for original industrial
kaolin sample and samples ground by ball-milling (balls:powder ratio of 1:4.28).
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Figure 14. Cumulative curves of particle size distribution analysis (Sedigraph) for original industrial
talc sample and samples ground by ball-milling (balls:powder ratio of 1:4.28).

Particle size distribution analysis of selected original and ground samples has been
studied using two methods after dispersion in water: Laser scattering and sedimentation using
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X-ray methods (Sedigraph). The size distribution of particles is affected by the
mechanochemical agglomeration process, as described above.

To illustrate this behaviour, Figures 13 and 14 are presented. They show the cumulative
curves of particle size distribution analysis (by Sedigraph) of industrial kaolin (Figure 13) and
talc (Figure 14) samples, respectively. These samples were ground by ball-milling using a
balls:powder weight ratio of 1:4.28 and grinding time was prolonged up to 80 h.. In general,
the measured size distributions of the ground powders (4-80 h) dispersed in water contained
particles that seemed larger than those of the starting samples. These agglomerated particles
seem to be rather hard and the dispersion treatment using chemicals and sonication before
particle size analysis using both techniques is not so effective. This observation is in
accordance with previous results grinding layer silicates [52, 53, 55, 57, 88]. For instance,
agglomerates produced by dry-grinding kaolinite can be of sizes in the range 15-20 um and
larger, even up to 40 pm in diameter [52, 53, 55]. Dellisanti and Valdré [75] reported particles
larger than 100 um by grinding kaolinite during 20 hours, the particles dispersed in water and
laser scattering measurements.

Agglomeration of the fine particles increases with the progress of grinding. Thus, the
mean size calculated from the cumulative size distribution curve is significantly larger than
the average particle size diameter (equivalent spherical diameter), as estimated from specific
surface areas (Tables 3 and 4). This discrepancy is explained considering the agglomeration
of the very fine particles produced by ball milling. A microscopy study will be presented in a
next section to study the formation of agglomerates in these ground clay samples.

If it is considered the particle size distribution analysis (Figures 13 and 14), the mean
particle diameter can be calculated in each case for kaolinite and talc. Figures 15 and 16 show
the determined values. The observations of Figures 15 and 16 are in agreement with the
above: the particles seemed larger than those of the starting samples and this behaviour is
associated to the agglomeration process. Starting from average particle size of 2pum in the
case of kaolinite, the maximum agglomerated particles reached ~ 6 pm at 16-32 hours and
slightly decreased as increasing grinding time. For the industrial talc sample, the rapid
decrease of average particle size at 4 hours (1.45 pum) starts to increase with grinding time up
to a similar average particle sizes of the original (unground) talc sample at 32 hours, with
average particle sizes of ~ 9 pm at 80 hours.
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Figure 15. Average particle sizes (um) determined by particle size distribution analysis (Sedigraph,
Figure 13) for original industrial kaolin samples and ground for different times.
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Figure 16. Average particle sizes (um) determined by particle size distribution analysis (Sedigraph,
Figure 13)) for original industrial talc samples and ground for different times.

3.2.2. Crystal Sizes (Coherent Diffraction Domains) and Lattice Microstrains

Crystal sizes and lattice microstrains are two parameters obtained from XRD profiles to
evaluate the progress of mechanical treatments by dry grinding. In the present chapter they
are also interesting to compare the evolution of 1:1 and 2:1 layer silicates by dry grinding.
The XRD diagrams (Figures 2 and 3) of industrial kaolin and talc samples, original and
ground from 4 to 80 h, are considered in this part of the chapter. Taking into account the
pronounced propensity of layered silicates toward cleavage perpendicular to this c-axis, the
alteration caused by dry grinding is greater along the c-axis of the silicate structures and the
(00I) reflections are the most affected. Hence, there is a loss of periodicity perpendicular to
the layer silicate plane and the dimensions of the crystallites along the ¢ direction become too
small to produce coherent X-ray scattering, with an increasing in amorphization.

The results of XRD (Figures 2 and 3) show that the intensities of the general (hkI)
reflections change less than that the basal (00I) reflections, with a progressive increase of line
broadening which leads to an amorphous material. The increase in line broadening and the
decrease in intensity of the XRD peaks become marked. The characteristic kaolinite and talc
XRD peaks finally disappear at long grinding times since the original crystal structure is
destroyed under the mechanical action of the ball milling. Thus, grinding produces a
reduction in the number of layers in individual particles and a profound distortion of the
crystal lattice. The crystalline disorder, defects, particle size diminution and microstrains
cause the broadening of the XRD peaks and the ground material become more amorphous to
X-rays. The contribution of crystallite size and lattice microstrains can be analyzed from X-
ray line broadening.

The line breadths for selected (00l) diffractions have been obtained from the
diffractometer profiles by measuring their respective FHWM and performing the corrections
(see experimental section). From these FHWM corrected values, the mean crystallite size (D)
or coherent domain and the mean lattice microstrain (e) have been estimated. Figures 17 and
18 show the results of D considering the (001) peak for kaolinite and the (002) peak for talc
as a function of grinding time.
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Figure 17. Crystallite size (coherent diffraction domain) for (001) reflection of kaolinite as a function of
grinding time (balls:powder ratio of 1:4.28), as determined for the sample of industrial kaolin (Figure
2).1A=0.1nm
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Figure 18. Crystallite size (coherent diffraction domain) for (002) reflection of talc as a function of
grinding time (balls:powder ratio of 1:4.28), as determined for the sample of industrial talc (Figure 3). 1
A=0.1nm

Figures 19 and 20 show the corresponding evolution of the e values. According to these
results, the crystallite sizes decrease and lattice microstrains increase as grinding time
increases. The values of D in kaolinite decrease from 25 nm (original) to 14 nm at 80 hours of
grinding. For instance, Pardo et al. [71] found variations for kaolinite (well-crystallized
sample) from ~ 40 nm to 31.7 nm and from to 37 nm to 8.5 nm using two procedures of dry
grinding.

Concerning the sample of industrial talc, the values decrease from 28 nm (original) to 16
nm at 32 hours because longer grinding times produced the disappearance of (002) peak. As
pointed out before, the coherent domain size or “crystallite size” and the grain size or
“particle size” of materials are two features which are theoretically independent [119].
However, it is clear that there may be some indirect relationships between both parameters.
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Thus, there is small grain size and small domain size in the “clay fraction” or fraction below 2
um of layer silicates and natural mixtures of them.

On the other hand, the values of lattice microstrains for both layer silicates increase as
increasing grinding time, although the relative values are higher for talc (Figure 20) as
compared with kaolinite at the same grinding time (Figure 19).
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Figure 19. Values of mean lattice microstrains for the industrial kaolin sample determined by (001)
reflection analysis of kaolinite as a function of grinding time (h).
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Figure 20. Values of mean lattice microstrains for the industrial talc sample determined by (002)
reflection analysis of talc as a function of grinding time (h).

These observations could be in connection with the differences in the crystal structures of
1:1 and 2:1 layer silicates, although there is not a plausible explanation. Efforts have been
previously performed to study samples of talc and pyrophyllite by grinding and using other
X-ray methods [39, 89, 90]. For instance, in a previous paper studying two pyrophyllite
samples, the X-ray variance method was used to determine D and e after mechanical
treatment by dry grinding [116, 117].
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Figure 21. Mean lattice microstrains plotted as a function of crystallite sizes (coherent diffraction
domain) for original and ground industrial kaolin and talc samples.

However, the basal reflections were not considered. The (131) diffraction profiles of the
samples were analyzed by this method and assuming octahedral and tetrahedral crystallite
shape. A size limit of ~ 10 nm of D at 30 minutes of grinding time was reached. The strain
increased up to a maximum of 4.8x107. In the case of talc, in a previous study using the
Scherrer equation and MudMaster software, both applied to talc samples after grinding, the
reduction in particles size was as low as 0.009 pm, with equivalent spherical diameter of
0.021 pm [89, 90]. However, in the present investigation different experimental conditions
have been considered: a balls:powder weight ratio of 1:4.28 and prolonged times up to 80
hours (Figures 2 and 3).

Finally, Figure 21 shows a plot of these D and e values to show the relation between both
parameters. It is observed an inverse relationship between mean lattice microstrains and
crystallite size considering the (001) peak for kaolinite and (002) for talc. The microstrain
content increases proportionally with the reciprocal of crystallite size, as occurs in other
materials [144-147]. This kind of relationship was also found for pyrophyllite samples after
grinding [116, 117, 119]. Grinding produces an increase in X-Ray line broadening and a
decrease in crystallite size (Figures 17 and 18). The small crystals produced by grinding have
a high content of lattice microstrains as the crystal structure is altered and degraded by impact
of the grinding media. The particles of ground samples are formed by small crystallites
welded together in a mosaic structure, as has been assumed grinding other solids [146].
According to Criado et al. [146], the grain boundaries constitute the main contribution to the
lattice microstrains. Therefore, the higher the number of grain boundaries in a particle, the
smaller the size of the crystallites. Through mechanical treatment by dry grinding, the number
of grain boundaries increase substantially within a more defective structure. A previous study
on crystal imperfections with respect to crystal orientation in kaolinite minerals by XRD and
TEM concluded that there is a mosaic structure in the crystalline surface, with imperfections
being more important in [111] and [002] directions [148]. This fact significantly influences
the properties of the silicate.

3.2.3. Morphological Changes by SEM and TEM

Morphological changes and size reduction with grinding have been studied by SEM and
TEM. In general, SEM and TEM examination of original and ground clay minerals treated at
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short grinding times allow to observe that the layered particles are delaminated. Prolonged
grinding resulted in the breakdown and drastic size reduction of relatively thin particles.
Progressively, they lose their original shape reaching more isometric particles with nanometer
size as increasing grinding time. For the sake of simplicity, in this section only the SEM
results are presented and discussed.

The evolution of a ground clay sample is illustrated in Figure 22 for purified pyrophyllite.
At the first stages of grinding, SEM observations indicate that the original pyrophyllite plates
experiment a morphological evolution changing the layered aspect. Thus, it can be observed
delamination of the stacking layers, some gliding, folding of the layers and reduction of the
layers in smaller particles (Figure 22 a, b, c, d). This is a contribution to the relative rapid
increase of specific surface area (Tables 1 and 2). Progressive grinding produces a decrease in
particle size (Figure 22 e, ), and the surface area can reach a maximum, as pointed out above.
However, agglomeration of the particles starts to be observed by SEM (Figure 22 f, g, h),
with degradation of the original material and formation of an amorphous product, and specific
surface areas decrease. The agglomeration or re-aggregation process increases with grinding
time. It can be observed by SEM that the agglomerates gradually became almost rounded in
shape with a rugged surface. At longer grinding times, larger agglomerates are present, as
observed by SEM. They contain very smaller particles and appeared welded (Figure 22 g, h).
Then, SEM allows to observe the formation of nanometer size ground powders and further
particle agglomeration with an increase of amorphization as a consequence of long grinding
times.

Figure 22. Selected SEM microphotographs of original pyrophyllite sample (a, b) and after grinding
(balls:powder ratio of 1:0.22) at several times (min): ¢) 5 min; d) 15 min; €) 30 min; f) 60 min; g) 120
min and h) 240 min.
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Figure 23. Selected SEM microphotographs of original Pyrophyllite Raw Clay sample (a) and after
grinding (balls:powder ratio of 1:0.22) at several times (min): b) 15 min; ¢) 32 min; d) 240 min.

Figure 24. Selected SEM microphotographs of industrial talc sample after grinding (balls:powder ratio
of 1:4.28) at several times (min): a) 64 h; b) 80 h.

SEM observations of the original and ground pyrophyllite raw clay show similar features
to the above described for the purified pyropyllite sample (Figure 23). The original stacking
layers of the mixtures of silicates are delaminated and these particles are broken by
mechanical impact of the balls, producing a decrease in particle size (Figure 23 a, b, ¢) and an
increase in specific surface area (Table 1). As grinding progresses, the agglomeration and re-
aggregation process can be observed by SEM (Figure 23 d). It is important to note that the
agglomerates are constituted by smaller particles.

Figure 24 shows selected SEM micrographs of the industrial talc sample after grinding to
show the formation of agglomerates. These are samples where the reduction of specific
surface area is very important (Figure 10). The change of greasy feel of the original platy
particles of talc into a gritty feel of the ground material is noteworthy, as pointed out by Filio
et al. [88]. However, wet milling of a dolomitic talc produced particles that exhibited
delaminated talc in nanosheets [100].

Grinding the industrial kaolin sample under the same experimental conditions allows to
observe the delamination of the original booklets. The layered particles, with well-formed
faces, are broken by grinding. Dry grinding produces a decrease in particle size and an
increase of specific surface area (Figures 9, 11 and 15). In this case, formation of amorphous
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agglomerates by grinding can be observed by SEM (Figure 25), although it is not so extended
as compared with the other clay samples.

Figure 25. Selected SEM microphotographs of industrial kaolin sample after grinding (balls:powder
ratio of 1:4.28) at several times (min): a) 60 h; b) 80 h.

Thus, the evolution of specific surface area of this sample shows that the maximum of
surface area reached a plateau from 20 to 60 hours of grinding, decreasing at 80 hours but no
so fast as in ground talc (Table 2 and Figure 10). The ball-milling conditions have not
produced the intense effect as in the others clay samples.

The agglomerates can be of several sizes depending of the kaolinite sample and the
experimental grinding conditions. For instance, Aglietti et al. [52, 53] observed a size up to
40 pm of diameter. These authors also reported that the ground kaolinite agglomerates are not
disintegrated by the use of chemical dispersants or sonication before size analysis, as pointed
out in a precedent section (Figures 13-16). This is an indication of the high energy involved in
the bond of the solid broken particles produced by milling. Gonzalez-Garcia et al. [55],
grinding two industrial kaolins of different degree of crystalinity, observed the formation of
large spheroidal aggregates of fine particles produced by ball milling. As noted before, these
authors used the same grinding conditions as in the present case for the industrial kaolin and
talc (Figures 2 and 3). They reported a size of 15-20 um by SEM for these tightly bound
particles. Grinding other sample of kaolinite, Suraj et al. [57] reported the agglomeration of
formed platelets produced by oscilatory milling into small balls, with a size of agglomerates
of 5 um in diameter, which tends to increase with milling time. Frost et al. [66] indicated that
SEM images of ground kaolinite particles agglomerate to take on a spherical shape.

In consequence, ball milling of these clay minerals during long time produces, as a
mechanochemical effect, the change of platy morphology to a new particle structure, as it was
previously found [9, 28, 37, 44, 52, 53, 57, 62, 73, 86, 96, 100, 118, 123].

Agglomerates are very common in many finely divided powders. Its formation is due to a
tendency of the starting particles to reduce their surface free energy [11-16]. An “aglomerate”
is defined as a limited arrangement of primary particles, which forms a network of
interconnective pores. The primary particles in “hard agglomerates” or “aggregates” are
bonded by solid bridges or grain boundaries. It is the behaviour when the clay samples are
ground at longer times above the limit of mechanochemical reduction of the particles (Tables
1-4 and Figures 7-10). Even this can justify the problems found when the particle size
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analyses are performed (see section 3.2.1). In “soft agglomerates”, the fine particles are held
together by short-range surface forces, such as van der Waals attractions, electrostatic, etc.),
as seem to occur in the studied clay samples at short grinding times depending of the
experimental conditions. It is clear that the formation of reduced particles by grinding of the
parent clay minerals is mechanochemically activated because progressively they reached a
high surface energy. After a limit, they start a reaggregation process in which adhesion forces
act that leads to a decrease in surface areas with an apparent increase of the particle size. It
seems also possible that the solid residues from grinding became cemented together by highly
reactive amorphous material (generated by grinding) that act as a coating as grinding
progresses, producing the reaggregation as seen by the changes in surface areas [149, 150].
Balaz et al. [23] considered that agglomeration can be attributed to capillary pressure and/or
chemihesion (the presence of chemical bonds exactly at the places of contact among solids),
although the overall stability of the dispersed system may be influenced by the interplay of
several phenomena occurring simultaneously (adhesion, chemihesion, capillary pressure,
etc.).

Figure 26 shows a plot of average particle sizes, as estimated by SEM (Figure 22)
considering the particles which form the agglomerates, and specific surface areas of original
and dry ground purified pyrophyllite (Table 1) after ball-milling (balls:powder weight ratio of
1:0.22). It can be observed that the average particle size estimated by SEM decrease as
opposite to the increase and evolution of specific surface areas. According to the results of
specific surface areas (Table 1), the equivalent spherical diameter range from 1.83 pm
(unground) to 0.04 pm at the maximum (30 minutes), reaching 0.40 um at 240 minutes of
grinding (Table 3) when agglomeration is more intense. The irregular agglomerates,
progressively denser, are formed by intensive grinding (Figure 22), with destruction of the
layered shape initially present.
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Figure 26. Plot of average “particle sizes” estimated by SEM (Figure 22) and specific surface areas of
original pyrophyllite sample and ground by ball-milling (balls:powder ratio 1:0.22) as a function of
grinding time.

The limit in particle size reduction is reached and mechanochemical effects are operating:
the particles with high surface energy start to be aggregated forming the agglomerates and,
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hence, the specific surface areas decrease as pointed out above. However, the agglomerates
are constituted by very small particles aggregated between them and intimely mixed. For this
reason, an estimation of “particle size” inside the agglomerates as observed by SEM could be
performed (Figure 26).

Concluding this part of the present chapter, it is emphasized that the mechanical stress in
these ground clays are quite diverse, producing important mechanochemical changes such as
structural alteration, lattice distortions, amorphization, decrease in particle size, formation of
nanostructures and an increase in surface area. Modifications of surface area, particle size and
shape of short and prolonged grinding on the crystal structures of 1:1 and 2:1 layer silicates
have been also evaluated.

3.3. Thermal Analysis by DTA-TGA

Thermal evolution of original and ground clay samples as increasing grinding times has
been studied by DTA-TGA. Figure 27 shows the DTA diagrams of original industrial kaolin
and after grinding up to 80 hours, using a balls:powder weight ratio of 1:4.28. The original
kaolin sample shows the characteristic endothermic DTA peak of kaolinite dehydroxylation,
with loss of structural OH groups, at ~ 538 °C. The exothermic DTA peak is observed at ~
985 °C. These two features are in accordance with well-known previous DTA studies on
thermal analysis of kaolinite samples [29, 151, 152]. The endothermic DTA peak is shifted to
lower temperatures as grinding time increases, changing to 520 °C at 32 hours of grinding.
The plot of Figure 28 shows this evolution. This endothermic DTA effect appears as low as
490 °C at 80 hours. At the same time, it is also observed a decrease in intensity of this peak as
increasing grinding time, although it does not disappear at 80 hours.

200 400 600 800 1000 1200 °C

Figure 27. DTA diagrams of the original industrial kaolin sample and of samples ground by ball-milling
(ratio balls:powder 1:4.28) for different times (h).
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Figure 28. Evolution of peak temperatures of endothermic and exothermic DTA effects observed in
original industrial kaolin sample and in those ground for different times (h).

The exothermic DTA peak is affected only after longer grinding times, with a change
from 985 °C to 980 °C at 64 and 80 hours. These observations are in accordance with
previous reports on grinding kaolinite, being a mechanochemical effect [5, 24-28, 52-57, 59-
63, 65-75]. However, the use of different kaolinite samples, several grinding devices and
distinct experimental conditions, influence on the reported variations in DTA thermal effects
and TGA diagrams after grinding the samples, as it was mentioned in a previous section. For
instance, Gonzalez-Garcia et al. [55] used the same grinding experimental conditions as
described here for the industrial kaolin sample. These authors found changes from 540 °C to
485 °C (at a heating rate of 10 °C/min) in the DTA endotherm of one kaolinite sample similar
to the industrial kaolin (Figure 27), with variation of the DTA exothermic from 988 °C to 979
°C.

Grinding kaolinite, Kristof et al. [56] reported variations in endothermic and exothermic
DTA peaks, although the peak temperatures were not provided. Suraj et al. [57] found
variations from 538.1 °C (original) to 470.9 °C at 30 minutes grinding using a disc mill,
although with a slight increase of the exothermic DTA peak from 999.6 °C (original) to
1002.5 °C. It was already mentioned that Frost et al. [66] suggested that an effect of dry
grinding in kaolinite is the dehydroxylation of basal surfaces by the coalescence of two OH
groups to form H,0O, leaving a chemically bonded oxygen as an oxide anion in the lattice.
Dellisanti and Valdré [57] reported similar results on DTA evolution of a sample of kaolinite,
although this sample contained dickite.

The main cause of the DTA exothermic in kaolinite has been controversial in the
literature [5, 52, 53, 75, 115, 123, 125, 126, 151, 153-156]. The observation of the DTA
exothermic effect at ~ 980 °C in kaolinite has been attributed to the formation of either
mullite nuclei or a transient alumina-type spinel (y-alumina solid solution or cubic phase) or
both, because at DTA heating rates both mullite and spinel have the possibility of forming
concurrently [156]. In this sense, it must be noted that the lower limit of composition for the
formations of Al-Si spinel is 30 wt % Al,O3 according to Okada and Otsuka [154]. This value
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is the maximum amount of Al,Oj3 that is present in the theoretical chemical composition of
pyrophyllite. The theoretical chemical composition of kaolinite is 45 wt % AlOs.
Consequently, the formation of spinel phase is not possible in pyrophyllite after thermal
treatment although it is possible in kaolinite. Evidences by MAS-NMR indicated that the
formation of such an exothermic peak is most likely due to a release of energy, associated
with the Al ion transformation to a more stable octahedral coordination, facilitating the
formation of mullite with segregation of amorphous silica [125, 126].

Figure 29 shows selected DTA-TGA diagrams corresponding to a purified pyrophyllite
and samples ground by ball milling using a balls:powder weight ratio of 1:0.22. It can be
observed that the broad DTA endotherm, associated to the elimination of structural OH
groups between 600-800 °C, becomes sharper and appears progressively shifted at lower
temperatures, with disappearance at higher grinding times. When the sample is ground for 30
minutes, the DTA diagram is similar to that of unground kaolinite (Figure 27). The structural
OH groups in pyrophyllite (and talc), as 2:1 layer silicate, need higher temperature than
kaolinite (1:1 layer silicate) for dehydroxylation [3, 151, 152]. Grinding for more than 30
minutes does not cause any further change in the temperature of the endothermic peak, as it
was previously found studying by thermal analysis other sample of pyrophyllite [38, 115].
These observations are in connection to two factors: 1) the decrease in bond energy of OH
groups in a more stressed structure produced by the mechanical treatment by grinding, and 2)
the particle size reduction which produces dehydroxilation at lower temperatures than in
unground clay sample. As a consequence, thermal decomposition occurs at lower
temperatures in 2.1 layer silicates after grinding. The dehydroxylation of basal surfaces by the
coalescence of two OH groups, as suggested by Frost et al. [66], must be also considered.

— DTA

60

200 400 600 800 1000
TEMPERATURE (°C)

Figure 29. DTA-TGA diagrams of original (0 min) and ground (15-120 min) pyrophyllite samples by
ball-milling (balls:powder ratio 1:0.22).
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A sharp exothermic DTA peak which increases in intensity is observed from 32 minutes
to higher grinding times, when disruption between tetrahedral and octahedral layers of the
pyrophyllite structure is being more important, as demonstrated by spectroscopy techniques
(Figures 4-6). The shape of the DTA diagram of the ground pyrophyllite sample for 32
minutes and higher is very similar to that of unground kaolinite (Figure 27). As a difference
with DTA diagram of kaolinite, the exothermic DTA peak observed in pyrophyllite is
associated to the formation of mullite by combined mechanical by grinding and thermal
treatments. It has been already reported the formation of mullite from ground pyrophyllite
grinding other sample [38, 119]. In this sense, ground pyrophyllite samples as amorphous
materials are interesting as mullite precursors.

Grinding talc (industrial talc sample and the other talc sample) produces a slight shift in
the main endothermic DTA peak of dehydroxylation (800-1100 °C) as indicated also by TGA.
It has been also detected an increase of weight loss on heating at lower temperatures than
those observed in unground talc samples. An exothermic DTA effect appears on grinding talc,
being detected from 10 minutes (grinding using a balls: powder weight ratio of 1:0.22) and
from 8 hours (grinding using a balls:powder weight ratio of 1:4.28). This effect is not
detected in ungroud samples of talc and appears at 830 °C. It increases markedly in intensity
during grinding, especially when structural breakdown is very important and an amorphous
and reactive solid is produced. The present results and previous reports on grinding talc agree
that crystallization of ortho-rhombic enstatite is produced at ~ 830 °C by combined grinding
and thermal treatments [85-90]. Previous studies suggested that the lower temperature
dehydroxylation on grinding talc, and the formation of this new exothermic DTA effect,
could be closely related to the environmental change around Mg ions [84, 88]. Talc is a 2:1
layer silicate whereas enstatite is a chain silicate. However, other authors interpreted the
formation of such as exothermic DTA in ground talc samples as a result of the liberation of
energy stored during mechanical activation in the form of ‘excess enthalpy’ [85]. In this
sense, Li et al. [143] suggested enthalpy reduction changes produced by grinding.

It should be noted that in the case of pyrophyllite and talc, exothermic DTA effects
detected in these samples after grinding are characteristic of the formation of high-
temperature phases, as identified by XRD, but at lower temperatures than in unground
samples: (1) mullite from ground pyrophyllite and (2) enstatite from ground talc. In contrast,
the case of kaolinite (1:1 silicate) is different because: (1) grinding did not seem to influence
the formation of a phase with a spinel-type structure (silicon-aluminum spinel), and (2) the
transformation of the amorphous mechanically activated phase to low-crystalline mullite
nuclei occurred at relatively lower temperatures than in the original (unground) kaolinite, in
particular when the starting material is a disordered or poorly-crystallized sample (KGa-2), as
it was previously demonstrated [44]. Mullite formation requires previous Al rearrangement,
which is hindered by the existence of the two tetrahedral silica sheets that surrounds the
octahedral one (Al) and that impedes Al atomic diffusion in pyrophyllite. For this reason, no
exothermic DTA effect can be observed in unground pyrophyllite (Figure 29). Destruction of
the tetrahedral network by grinding eliminates this restriction, decreasing the temperature of
formation of mullite nuclei to ~ 1000 °C (Figure 29), when the ground pyrophyllite samples
are dynamically heated (DTA).

Tetrahedral sheet destruction by grinding favours also the incorporation of Si in Al-rich
mullite nuclei during thermal treatment of ground samples above 1000 °C. It is concluded that
dry grinding affects kaolinite and pyrophyllite structures and, in turn, affects the
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characteristics of the kaolinite-mullite and pyrophyllite.mullite reaction series [125, 126].
These all results are interesting in clay research because the formation of high-temperature
phases is enhanced at lower temperatures by a previous intensive mechanical treatment of the
1:1 and 2:1 layer silicates by dry grinding.

Finally, the weight losses calculated from the TGA curves (Figure 29) are presented in
Figure 30. These results are interesting for an additional discussion considering both 1:1 and
2:1 layer silicates by grinding. The weigh losses are assumed that they are due entirely to loss
of water by heating, although evidently a part is from dehydroxylation of structural OH
groups. Concerning these results, grinding increases the weight loss on heating at
temperatures lower than 110 °C or “free moisture”. Grinding also increases the weight loss
between 110 and 250 °C and lowers slightly the loss of structural OH groups in the region of
thermal dehydroxylation.

%

1 2 3 4 5 6 7 8 9 10 x100°C

Figure 30. TGA plots (wt %) of original (0 min) and ground (15-120 min) pyrophyllite samples by ball-
milling (balls:powder ratio 1:0.22) calculated by TGA diagrams (Figure 29).

In other words, dry grinding of pyrophyllite produces dehydroxylation at lower
temperatures, as would be expected from IR spectroscopic observations that protons move to
their original positions of stable attachment to oxygen ions, with detection of IR bands at ca.
3440 cm™ and ~ 1620 cm™ (Figure 4). However, weight losses observed after grinding are
also in accordance with the possibility of some dehydroxylation even during initial grinding.

The evidence of a prototropy effect in these 1:1 and 2:1 layer silicates, as pointed out
studying the IR results of pyrophyllite (Figure 4), must be considered. This mechanism of
transfer of protons, from one plane to another within the structure, generates water molecules
(detected by IR spectroscopy) when interacting the protons with OH groups. These water
molecules can be lost at lower temperatures, as confirmed by thermal analysis (Figure 30).

However, as grinding proceeds, it is also possible a rehydroxylation process of the
reactive ground powder with atmospheric water molecules or moisture in the atmosphere.
Then, this would suggest further that weight losses are not due entirely to loss of adsorbed
water but are, at least in part, due to dehydroxylation of extremely weakly bound OH groups.
The increasing of specific surface areas (Table 1) and the smaller particle size of the ground
clay powder favour this interpretation. The formation of broad endothermic DTA effects at
low temperatures (< 200 °C) in ground samples (Figures 27 and 29) is in accordance with the
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above. Then, after a limit of mechanochemical reduction (Tables 1-4), the process seems to
be inverted, although the ground product still become dehydroxylated at lower temperatures
than in the unground sample (Figure 30).

CONCLUSION

In the present research, kaolinite (1:1 layer silicate), pyrophyllite and talc (2:1) and raw
clay materials have been considered. The previous research works on grinding these layer
silicates have been reviewed and updated. Dry grinding experiments using planetary ball
milling have been performed using selected samples. Several techniques have been used to
follow the evolution of the layer silicates, mainly XRD, surface area (nitrogen adsorption),
SEM, TEM, MAS-NMR, FTIR, particle size analysis and thermal methods (DTA-TGA).

The mechanical stress in ground clays are quite diverse, producing important changes
such as lattice distortions, amorphization, decrease in particle size, formation of
nanostructures and an increase in surface area. Modifications of surface area, particle size and
shape of short and prolonged grinding on the crystal structure of the layer silicates have been
evaluated. These observed changes have been related to a progressive delamination and
structural breakdown during grinding, with final formation of a turbostratic-type structure.
Short grinding times resulted in the breakdown and drastic size reduction of relatively thin
particles. It has been found an inverse relationship between coherent X-ray domain and lattice
microstrains in the ground powders.

It was found that the rate of size reduction decreased with time and a limit is reached for
each layer silicate producing more rounded particles and aggregates, with a decrease of
surface area because mechanochemical effects are operating. It can be also observed an
increasing in amorphization as a consequence of the loss of long-range order. It is explained
considering that grinding produces a loss of periodicity perpendicular to the layer silicate
plane, and the dimensions of the crystallites along the c-direction resulted too small to
produce coherent X-ray scattering. SEM allows to observe the formation of nanometer size
ground powders and further particle agglomeration. Modifications in the coordination of Si
and Al nuclei have been also deduced from MAS-NMR spectroscopy, demonstrating a short-
range order.

The present results evidenced the influence of experimental grinding conditions and
characteristics of the clay samples with the structure of 1:1 and 2:1 layer silicates. In
particular, the rupture of the tetrahedral and octahedral sheets led to important modifications.
These results are interesting in clay research to analyze the formation of nanostructured
powders, with enhanced surface properties and reactivity, when grinding clays and further to
compare the effects of grinding on 1:1 and 2:1 layer silicates, in particular when the ground
mechanochemical activated samples are thermally treated.
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ABSTRACT

The peculiar characteristics of clays (hamely, among others, the silicates' sheet
structure that makes a large surface area accessible for adsorption; the usually significant
surface charge that can be responsible for strong electrostatic interactions; and clays'
swelling properties and presence of exchangeable surface cations that facilitate ion-
exchange mechanisms) provide these materials with very interesting adsorption qualities,
especially for polar or ionizable molecules. Added to their wide availability and
associated low cost, these characteristics have motivated in recent years an increasing
interest in utilizing natural, processed or chemically-modified clays for the removal of
organic contaminants from aqueous solutions. In fact, organic xenobiotic compounds
have been emerging in the latest years as a serious environmental concern, as many of
these pollutants have a proven ecotoxicity and may even be a threat to human health.
Associated to the fact that many such substances are not efficiently removed from
wastewaters by conventional wastewater treatment processes (which has resulted in many
reports of the detection of organic xenobiotics presence in treated wastewaters, natural
waters and even drinking waters) urges for the development and implementation of
alternative or complementary water and wastewater treatment technologies, of which
adsorption-based processes have been recognized as one of the most economic
possibilities (depending on the cost of the adsorbent materials). The aim of this work is to
present a review on the extensive amount of studies on the adsorption of organic
compounds to several clay-based materials. The discussion is focused on the
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environmental applications, specifically for the decontamination of water and wastewater
polluted with organic xenobiotics, and with the aim of highlighting the possibilities
presented by this type of generally cheap materials, and to provide resources for the
screening of prospective adsorbents with potential to be used as efficient and economic
water and wastewater treatment alternatives.

1. INTRODUCTION

The enormous and rapid development of chemical and agrochemical industries during the
last century has resulted in the release of a large number of chemical compounds into the
environment. In fact, a lot of different organic substances are currently used in the daily life
of human beings or result from human activities and many of these are frequently being
detected in numerous environmental monitoring studies (Bourg et al., 1992; Jones and de
Voogt, 1999; Gavrilescu, 2005; Doble and Kumar, 2005; Fent et al., 2006; Pal et al., 2010; El
Shahawi et al., 2010; Bell et al., 2011; Haarstad et al., 2011; Kosjek et al., 2012; Lapworth et
al., 2012; Verlicchi et al., 2012; Ratola et al., 2012; Rivera-Utrilla et al., 2013; Michael et al.,
2013; Luo et al., 2014). Pollution of soils and surface or ground waters, both from point and
diffuse sources, occurs as a result of the improper use and disposal or accidental release of
chemicals into the environment.

Aquatic ecosystems are especially vulnerable because water bodies are frequently used,
directly or indirectly, as recipients of potentially toxic liquids and solids from domestic,
agricultural and industrial wastes and wastewaters (Safe, 1994; Jones and de Voogt, 1999;
Gavrilescu, 2005; Doble and Kumar, 2005; Fent et al., 2006; Demirezen et al., 2007; Peng et
al., 2008; Aga, 2008; Kummerer, 2009; Pal et al., 2010; Michael et al., 2013). Some of the
primary classes of pollutants which may accumulate in surface waters, ground water, soil and
sediments are nutrients, organic contaminants (in particular xenobiotic compounds) and
metals and metalloids.

Over the last decades, increasing attention is being turned to a set of harmful organic
chemicals mostly composed of xenobiotics (Tyler et al., 1998; Jones and de Voogt, 1999;
Gavrilescu, 2005; Fent et al., 2006; Barceld and Petrovic, 2008; El Shahawi et al., 2010; Bell
et al., 2011; Lapworth et al., 2012; Luo et al., 2014). Most of these pollutants persist in the
environment, can bioaccumulate throughout the food chain, and may be toxic to biotic
communities, thus posing a risk to human health and the environment (Safe, 1994; Jones and
de Voogt, 1999; Gavrilescu, 2005; Fent et al., 2006; Crane et al., 2006; Barcel6 and Petrovic,
2008; Pal et al., 2010; EI Shahawi et al., 2010; Bell et al., 2011; Escher et al., 2011; Verlicchi
et al., 2012; Michael et al., 2013). Many of these substances can be transported over long
distances, can be distributed into different compartments of the environment, and also
undergo a variety of reactions and transformations (EI Shahawi et al., 2010). Because of the
many competing interactions, the fate of such pollutants is not easy to predict and in many
cases their ecotoxicological effects are difficult to assess (EI Shahawi et al., 2010).
Nevertheless, possible synergistic effects that may potentiate their toxicity and the established
possibility of long-range transport of these substances to regions where they have never been
used or produced, with all the consequent threats they may pose to the environment of the
whole globe, has motivated the international community to call, at several occasions, for
urgent global actions to be taken with the aim of reducing the release of these chemicals.
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Optimizations of the conventional water and wastewater treatment processes have been
attempted but in many cases the increases in efficiency that have been achieved were not
considered satisfactory (Tauxe-Wuersch et al., 2005; Fent et al., 2006; Maurer et al., 2007;
Aga, 2008; Miege et al., 2009; Verlicchi et al., 2012; Rivera-Utrilla et al., 2013; Luo et al.,
2014).

In recent years, numerous strategies and technologies have been developed for water and
wastewater treatment that are targeted specifically for the removal of organic xenobiotics.
Some of the water and wastewater treatment technologies that have been evaluated for the
removal of organic xenobiotics include advanced oxidative processes, membrane processes,
ozonization, irradiation and membrane bioreactors (UNEP, 1998; Fent et al., 2006; Crini,
2006; Radjenovic et al., 2007; Kim et al., 2007; Esplugas et al., 2007; Snyder et al., 2007;
Aga, 2008; Benner et al., 2008; Gupta and Suhas, 2009; Wang and Xu, 2011; UNEP, 2013;
Nidheesh et al., 2013). Despite the sometimes high removal efficiencies attained, most of
these processes are not, however, widely used mainly for the high costs involved in its
implementation and maintenance (Zodrow, 1999; Susarla et al., 2002; Doble and Kumar,
2005; Fent et al., 2006; Aga, 2008; Benner et al., 2008; Gan et al., 2009). Consequently, there
is a growing need for alternative or complementary treatment processes for removing organic
xenobiotics from waters and wastewaters that have higher efficiencies at reasonable costs of
operation/maintenance.

Adsorption processes have been found to be relatively effective for the removal of
organic compounds from water and wastewater. These processes are in general superior to
other technologies for water decontamination in terms of the flexibility and simplicity of
design, ease of operation and insensitivity to toxic pollutants. Treatment by adsorption also
does not result in the formation of harmful substances. Its cost of implementation, however, is
primarily related with the cost of the adsorbents used and of their regeneration. Therefore,
much attention has been given in recent years to the research of low cost and easily available
natural materials such as clays or zeolites, certain agricultural wastes such as almond shell,
pine bark, rice husk and cork, and other industrial wastes and by-products such as fly ash, red
mud and sludges (see Dordio and Carvalho (2013b) for a general review).

In particular clay materials have been studied extensively due to their wide availability
worldwide and their interesting properties such as high cation-exchange capacities, surface
areas, pore volumes and porosities (associated in many cases with swelling phenomena)
which are responsible for generally large adsorption capacities.

2. ORGANIC XENOBIOTIC POLLUTANTS

One of the challenges of dealing with organic pollutants is their great diversity. The
number of organic molecules generated by different industries increases every day. The list of
such organic xenobiotics includes polycyclic aromatic hydrocarbons, petroleum
hydrocarbons, clorinated solvents, explosives, dyes, pesticides, pharmaceuticals, etc.

Many of these substances have been released in increasing amounts in the environment
since decades, and, due to the low degradation rate of many of these compounds, a significant
increase of their background concentrations has been observed in the different environmental
compartments (Bourg et al., 1992; Tyler et al., 1998; Jones and de Voogt, 1999; Skakkebaeck
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et al., 2000; Gavrilescu, 2005; Doble and Kumar, 2005; Barcel6 and Petrovic, 2008; Aga,
2008; Pal et al., 2010; EI Shahawi et al., 2010; Bell et al., 2011; Lapworth et al., 2012; UNEP,
2013; Luo et al., 2014). A growing environmental concern has been emerging in recent years
because of the high toxicity and high persistence of most of these substances in the
environment and in biological systems. Even though they occur only at very low
concentrations in the environment, and their threats to aquatic life and public health are still
not completely understood, nevertheless, sub-lethal effects of these compounds over long-
term exposure may cause significant damage to aquatic life, particularly considering that
some of these compounds potentially cause significant endocrine disruption, impair
reproduction functions of animals or even be carcinogenic, mutagenic or teratogenic (Safe,
1994; Wu, 1999; Mason, 2002; Fent et al., 2006; Crane et al., 2006; Pal et al., 2010; El
Shahawi et al., 2010; Escher et al., 2011). Furthermore, the high lipophilicity of many of
these xenobiotics greatly enhances their biomagnification, thereby posing potential health
hazards on predators at higher trophic levels (including human beings).

The major ecological concern of xenobiotics is their ability to impair reproductive
functions and subsequently threaten survival of the species. In fact, there is growing evidence
from laboratory and field studies showing that exposure to trace amounts (ug L™ — ng L™
level) of certain xenobiotic organic compounds (e.g., halogenated hydrocarbons, PCBs, DDT,
TBT) may cause reduced gonad development, disruption of normal metabolism of sex
hormones (including gonadotropins), arrest of sperm maturation and block a variety of
“oestrogen-like” effects on female reproductive systems in fish, birds, reptiles and mammals
(Safe, 1994; Jones and de Voogt, 1999; Wu, 1999; Barcelé and Petrovic, 2008; Pal et al.,
2010; El Shahawi et al., 2010). This in turn, may lead to reproductive dysfunction such as
delayed sex maturity, reduced fertility and hatch rate, depression in secondary sexual
characteristics, alternation of sex behavior and viability of offspring (Wu, 1999).

Due to long environmental and biological half-lives, recovery from the effects of many
xenobiotic compounds is expected to be slow.

The presence of organic xenobiotics in the environment may be attributed to several
sources. A number of organic xenobiotic classes (chlorinated solvents, pesticides,
pharmaceuticals, dyes, phenolic compounds, etc.) are ubiquitous pollutants as they are
industrial products used worldwide in a variety of applications. One of the main sources of
these xenobiotics contamination are the effluents of wastewater treatment plants, which
frequently contain significant amounts of various recalcitrant organics that are not efficiently
removed by the conventional wastewater treatment processes (Neumann et al., 2002; Fent et
al., 2006; Maurer et al., 2007; Barceld and Petrovic, 2008; Miege et al., 2009; Pal et al., 2010;
Verlicchi et al., 2012; Ratola et al., 2012; Michael et al., 2013; Luo et al., 2014). Other kinds
of compounds (dioxins and PAHSs) are not commercial products, but are formed as by-
products of industrial and combustion processes and ultimately are transported from
atmosphere to soil and water bodies by the atmospheric runoff or deposited on the soil during
the dry period and then go through the water cycle by land runoff (Birkett and Lester, 2003).

A brief description of the main classes of typical organic xenobiotic pollutants follows.
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a.) Polycyclic Aromatic Hydrocarbons

Polycyclic aromatic hydrocarbons (PAHSs) consist of a large group of several hundred
organic compounds characterized by containing two or more fused aromatic rings. These
compounds are important pollutants because of their ubiquitous presence in the environment
and the fact that some of them are considered as dangerous substances due to their toxic and
mutagenic or carcinogenic potential (Kadlec and Wallace, 2009; Haritash and Kaushik, 2009;
Perelo, 2010). For this reason, several of these which are considered especially harmful are
included in the European Union’s and United States Environmental Protection Agency’s
(EPA) priority pollutants list (Parrish et al., 2004; Gan et al., 2009; Perelo, 2010).

Both natural and anthropogenic sources contribute PAHs to the environment. Those
compounds are formed during the incomplete combustion of almost any organic material
(combustion of fossil fuels, forest fires, volcanic activities, automobile exhausts, etc.) but
other sources are their synthesis by microorganisms, fungi, plants, and animals. Crude oil and
other petroleum based products also contribute significant amounts of PAHs to the
environment (Gan et al., 2009; Haritash and Kaushik, 2009).

b.) Petroleum Hydrocarbons

Crude oil is a lipophilic mixture that consists of more than 17000 organic compounds and
is regarded as the most complex, naturally occurring mixture of organic substances. It mainly
consists of alkanes, cycloalkanes, and PAHs. Contamination of the environment by total
petroleum hydrocarbons (TPHSs) arises from natural as well as anthropogenic sources and is
potentiated by the widespread use of so many petroleum-based products in the modern
society. Human-mediated sources of TPHs include offshore oil production, marine
transportation, atmospheric or aerial depositions from combustion of coal and gas flaring,
direct ocean dumping, coastal, municipal and industrial wastes, and runoff (Knight et al.,
1999; Doble and Kumar, 2005).

Only a relatively small number of TPHSs is well characterized for toxicity. The health
effects of some fractions can be well characterized based on their components or
representative compounds, for example the fraction of light aromatics and, in particular, the
BTEX (benzene, toluene, ethylbenzene, and xylenes) fraction. These monoaromatic
hydrocarbons, which are typical constituents of TPHs wastewaters, are commonly found in
some petroleum-based fuels. Of all of the BTEX compounds, benzene is of most concern,
because it is the most toxic one and a well-known human carcinogen. The benzene ring is a
chemical structure that is very common in nature, which together with its high
thermodynamic stability, provides for a significant persistence in the environment. Therefore,
many aromatic compounds are major environmental pollutants and benzene contamination in
particular is, thus, a significant problem. This hydrocarbon is very soluble and mobile,
especially in ground and surface waters and it is poorly biodegraded in the absence of oxygen.
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c.) Chlorinated Solvents

The term chlorinated solvents refers to a family of organics containing one or more
chlorine atoms, which include derivatives of methane, ethane, and ethene but also
polychlorinated biphenyls (PCBs). Common uses of chlorinated solvents include dry
cleaning, degreasing operations, polymer manufacturing and as a chemical intermediate
(Susarla et al., 2002; USEPA, 2004; Amon et al., 2007; Perelo, 2010; Aken et al., 2010).

Trichloroethylene (TCE), perchloroethylene (PCE) and polychlorinated biphenyls (PCBs)
are among the most predominant chlorinated solvents which are present in the environment as
contaminants (Bourg et al., 1992; Susarla et al., 2002; USEPA, 2004; Amon et al., 2007;
Perelo, 2010). TCE, mainly used as a metal cleaning agent and in specialty adhesives, is a
probable carcinogen and can affect kidneys, liver, lungs, and heart rate. PCE, which is also
used as a metal cleaning agent and in dry cleaning, on the other hand is not classified as a
carcinogen but has been known to affect the central nervous system and to cause irritation of
the skin, eyes, and upper respiratory system (USEPA, 2004). PCBs are synthetic oils that do
not readily react at room temperature and are primarily used as coolants and/or insulators.
They are classified as probable carcinogens by the EPA and the International Agency for
Research on Cancer. PCB contamination is an ecological concern, because some by-products
from their combustion at low temperatures (e.g., dioxins) are highly toxic and carcinogenic
(USEPA, 2004; Perelo, 2010).

Most chlorinated solvents are only slightly soluble in water and, with the exception of
vinyl chloride, have densities greater than that of water. This combination leads to the
formation of dense non-aqueous phase liquid deposits which act as a slow releasing,
continuous source of chlorinated solvents (Amon et al., 2007). For this reason they tend to
remain in the environment for long periods of time and take a long time to remediate.

d.) Explosives

There are three main classes of explosives: nitroaromatics, nitramines and nitrate esters.
The contamination of the environment by explosives, especially by nitroesters and
nitroaromatics, is a worldwide environmental problem. Contamination of soil and waters with
explosives is largely due to manufacturing, storage, testing and inappropriate waste disposal
of explosive chemicals and, therefore, most contaminated sites are located at ammunition
factories and other places where these compounds are handled (Hannink et al., 2002).

The primary explosives typically found at hazardous waste sites are 2,4,6-trinitrotoluene
(TNT), hexahydro-1,3,5-trinitro-1,3,5-triazine (Royal Demolition eXplosive-RDX) and
octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazine (High Melting eXplosive-HMX). TNT and
RDX are listed as priority pollutants and possible human carcinogens by the U.S.
Environmental Protection Agency (EPA) (Etnier, 1989; Hannink et al., 2002; Aken et al.,
2010). TNT is a nitroaromatic constituent of many explosives. In a refined form, TNT is
stable and can be stored over long periods of time. It is relatively insensitive to blows or
friction. It is readily acted upon by alkalis to form unstable compounds that are very sensitive
to heat and impact. Health effects due to exposure to TNT include anemia, abnormal liver
function, skin irritation, and cataracts (Hannink et al., 2002; USEPA, 2004; Aken et al.,
2010). RDX is a nitramine widely used as an explosive and as a constituent in plastic
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explosives. RDX can cause seizures when large amounts are inhaled or eaten (Etnier, 1989;
Hannink et al., 2002; USEPA, 2004). Long-term health effects on the nervous system due to
low-level exposure to RDX are not known. HMX is a nitramine that explodes violently at
high temperatures. It is used in nuclear devices, plastic explosives and rocket fuels.
Insufficient studies have been performed so far on the effects of HMX to the health of
humans and animals (USEPA, 2004).

e.) Dyes

Dye molecules comprise two key components: the chromophore, which is the part of the
molecule (in particular, the relevant functional groups) responsible for producing colour, and
the auxochrome, which can not only supplement the chromophore's action (i.e. intensify the
color) but also provide water solubility to the dye molecule and/or enhance its affinity (to
attach) toward the fibers (Gupta and Suhas, 2009).

There are an enormous number of commercially available dyes to date and the annual
production ranges the 10°-10°% per year (McMullan et al., 2001; Pearce et al., 2003; Nidheesh
et al., 2013). According to Chakrabarti et al. (1988), nearly 40,000 dyes and pigments were
listed by the end of the 1980°s which consisted of over 7000 different chemical structures. In
regard to the pollution produced by this industry, it is estimated that up to 15% of the total
world production of dyes is lost during the dyeing process and is released in the textile
effluent (Zollinger, 2003).

Most dyes are toxic (many of them contain metals), mutagenic, and/or carcinogenic.
Therefore, there is potentially a grave risk of ecotoxicity for aquatic ecosystems and even
lethal levels for the associated flora and fauna may be easily reached (Gupta et al., 2007).
Moreover, these compounds are unusually resistant to degradation due to their complex
chemical structures (synthetic dyes are purposely designed to resist fading on exposure to
sweat, soap, water, light and oxidizing agents). As a result, wastewaters containing dyes are
difficult to treat by conventional means since dyes are resistant to conventional biological
treatment, particularly by aerobic digestion, and also stable to oxidizing agents, light and heat
(Crini, 2006; Gupta and Suhas, 2009; Nidheesh et al., 2013).

f.) Pesticides

Heavy usage of pesticides over the years has resulted in their ubiquitous dispersal, most
typically in aquatic environments (Chaudhry et al., 2002). The intensive use of pesticides has
been a public concern for decades owing to their potential risk to human health and the
environment.

Pesticides can enter the water bodies via diffuse sources or via point sources. Diffuse
source pesticide inputs result from field applications of pesticides and can arise not only from
agricultural practices but also from some non-agricultural practices as well, affecting both
surface and ground waters. Such type of sources include tile drain overflow, baseflow
seepage, surface and subsurface runoff, erosion, spray drift, deposition after volatilization,
leaching through the soils and infiltration through river banks and beds (Reichenberger et al.,
2007). Major point sources of pesticides and their treatment-resistant metabolites are WWTP
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effluents, farmyard runoff (either directly into streams or into the sewer system) and
accidental spills (Neumann et al., 2002; Gerecke et al., 2002; Bailey et al., 2005;
Reichenberger et al., 2007; Gomez et al., 2007; Kock-Schulmeyer et al., 2013).

g.) Pharmaceutical Compounds

Pharmaceuticals comprise a wide ranging class of bioactive compounds with substantial
variability in chemical structures, functions, behavior and activity. Their development and use
aims specific biological effects and most of them are polar compounds because they are
supposed to be transported within organisms through an aqueous medium.

Despite being consumed worldwide in increasing quantities, there are still not enough
data available on the total use of pharmaceuticals. The consumption and application of human
pharmaceuticals may vary considerably from country to country due to differences in the
prevalence of diseases, treatment habits and options, or simply for market reasons. For
instance, some pharmaceuticals are, in some countries, sold over the counter without
prescription, while in others they are only available by prescription. Pharmaceutically active
substances used in human medicine can be divided in several pharmacological classes such as
analgesics and anti-inflammatory drugs, beta-blockers, lipid regulators, neuroactive
compounds and antibiotics, which reflects the wide variety of compounds comprising this
pollutant class.

Many of these pharmaceuticals, from all classes, are frequently detected in monitoring
studies worldwide (Heberer, 2002; Fent et al., 2006; Hernando et al., 2006; Barcel6 and
Petrovic, 2008; Aga, 2008; Miége et al., 2009; Kiimmerer, 2009; Pal et al., 2010; Lapworth et
al., 2012; Verlicchi et al., 2012; Ratola et al., 2012; Rivera-Utrilla et al., 2013; Luo et al.,
2014), although typically present at trace levels, from low pg L™ to ng L™ Such low
concentration levels, which were attainable by sufficiently sensitive methods of chemical
analysis only in the most recent decades, is the main reason for pharmaceutical contamination
passing without much concern until recently, but these pollutants may have been
contaminating many water bodies for already quite a long time (Garrison et al., 1976; Hignite
and Azarnoff, 1977).

Pharmaceuticals are being continuously introduced in the environment, mainly due to
improper disposal of unused or expired drugs, through metabolic excretion and manufacturing
processes. Some of these residues are discharged directly in the environment without going
through suitable treatment, but even those receiving appropriate disposal in WWTPSs in many
cases are not effectively removed by the conventional wastewater treatment processes
(Halling-Sgrensen et al., 1998; Heberer, 2002; Verlicchi et al., 2012; Ratola et al., 2012;
Rivera-Utrilla et al., 2013; Michael et al., 2013; Luo et al., 2014). Despite the trace level
concentrations of pharmaceutical residues, such low amounts can sometimes be large enough
to induce toxic effects on organisms (Ferrari et al., 2003; Fent et al., 2006; Crane et al., 2006;
Hernando et al., 2006; Pal et al., 2010; Santos et al., 2010; Escher et al., 2011; Verlicchi et al.,
2012; Michael et al., 2013; Tijani et al., 2013). A major problem is caused by the very nature
of pharmaceuticals since these compounds are designed to have very specific modes of action
and biological effects, and many are persistent in the body. Because of their physicochemical
and biological properties, when released into environment, it may be possible that they cause
serious impacts on non-target species, e.g., aquatic and terrestrial organisms. Concern has
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been mostly focused on antibiotics that may cause resistance among bacteria or steroids that
can induce estrogenic effects on aquatic species (Halling-Sgrensen et al., 1998; Fent et al.,
2006; Michael et al., 2013).

Besides toxicity, the element of persistence is of particular importance when considering
the environmental significance of pharmaceuticals. Unlike persistent organic pollutants like
pesticides, many pharmaceuticals are not lipophilic, so they do not bioaccumulate in the
environment. However, some of those are “pseudo persistent pollutants” due to their
continuous introduction in the environment. In fact, while not truly “persistent” in terms of a
“long half-life”, these chemicals are constantly entering the environment, still resulting in
long-term exposure for the aquatic ecosystem. Potential synergetic and chronic effects have
been mostly overlooked in the past, but recent ecotoxicological studies indicate that
pharmaceutical residues pose a major threat especially for the aquatic species due to the
continuous life-long exposure to which they are subjected (Fent et al., 2006; Tijani et al.,
2013). The possible development of antibiotic-resistant bacteria, the genotoxic effects of
some drugs, and endocrine disruption by therapeutically administered synthetic and natural
hormones have all been discussed (Halling-Sgrensen et al., 1998; Tyler et al., 1998; Fent et
al., 2006; Pal et al., 2010; Santos et al., 2010; Verlicchi et al., 2012; Michael et al., 2013), but
very little is known about possible long-term subtle effects on non-target organisms.

3. WATER AND WASTEWATER TREATMENT PROCESSES
FOR ORGANIC XENOBIOTIC POLLUTANTS REMOVAL

Several studies have shown that a wide range of xenobiotic compounds are present in the
effluents from domestic and industrial conventional wastewater treatment plants (Fent et al.,
2006; Kim et al., 2007; Barcel6 and Petrovic, 2008; Aga, 2008; Miége et al., 2009; Pal et al.,
2010; Bell et al., 2011; Verlicchi et al., 2012; Ratola et al., 2012; Clara et al., 2012; Michael
et al.,, 2013; Kock-Schulmeyer et al., 2013; Luo et al., 2014), in natural (surface and
subsurface) water (Gerecke et al., 2002; Heberer, 2002; Kabzinski et al., 2002; Kim et al.,
2007; Zhang et al., 2007; Kasprzyk-Hordern et al., 2008; Bell et al., 2011; Lapworth et al.,
2012; Moliner-Martinez et al., 2013; Menzies et al., 2013) and even in drinking water
(Kabzinski et al., 2002; Kim et al., 2007; Huerta-Fontela et al., 2011; Qiao et al., 2011; Nam
et al., 2014) which indicates that conventional water and wastewater treatment processes are
not efficient to remove most of these pollutants and can not prevent contamination of the
receiving water bodies or guarantee the production of safe drinking water.

In fact, the conventional water and wastewater treatment plants are designed and
optimized to remove bulk substances that arrive regularly in large quantities (suspended
solids, dissolved biodegradable organic matter, pathogens and nutrients). However, organic
xXenobiotics are present in wastewaters as a wide variety of chemical substances, which
exihibit diverse and very particular physical/chemical properties and behaviors and are
typically present at low concentrations, thus comprising a combination of features for which
the conventional treatment processes are not well-suited.

Several attempts have been made to optimize conventional processes for more efficient
xenobiotics removal, but such efforts have not been successful in general. Nevertheless, as
more information has become available in the latest years on the environmental hazards that
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potentially may be caused by many of these organic xenobiotic pollutants, it becomes
increasingly evident that there is an urgent need for alternative/complementary processes
which can achieve substantially larger removal efficiencies of persistent, xenobiotic organics
from domestic, industrial and agricultural wastewater, as well as from drinking water.

Up to now there is already a wide range of physical and chemical processes which have
been studied, such as advanced oxidation processes (Esplugas et al., 2007; Wang and Xu,
2011; Saien et al., 2011; Khulbe et al., 2012; Nidheesh et al., 2013; Tijani et al., 2013; De
Luca et al., 2013; Prieto-Rodriguez et al., 2013), membrane processes (Yoon et al., 2006;
Snyder et al., 2007; Acero et al., 2010; Srivastava et al., 2011; Ellouze et al., 2011; Al Rifai et
al., 2011; Khulbe et al., 2012), ozonation (Esplugas et al., 2007; Naddeo et al., 2009a; Tizaoui
and Grima, 2011; Derco et al., 2013; Derrouiche et al., 2013), irradiation (Naddeo et al.,
2009a; Naddeo et al., 2009b), coagulation/ flocculation (Chafi et al., 2011; Ellouze et al.,
2011; Alexander et al., 2012) and electro chemical methods (Gupta et al., 2007; Balla et al.,
2010; Chafi et al., 2011; Nidheesh and Gandhimathi, 2012; Feng et al., 2013).

Despite the sometimes high removal efficiencies attained, most of these processes are
not, however, widely used mainly for reasons of cost effectiveness, difficulties of large-scale
implementations and, in some, cases additional environmental problems caused by yield of
hazardous by-products (Fent et al., 2006; Crini, 2006; Aga, 2008; Ahmaruzzaman, 2008;
Miege et al., 2009; Gupta and Suhas, 2009; Homem and Santos, 2011; Lofrano et al., 2013).

In regard to biological processes for removal of organic xenobiotics, several types of
reactors have been studied such as membrane reactors, rotating biological contactor, enzyme
membrane reactors, fluidized bed reactor, etc. (Modin et al., 2008; Sipma et al., 2010;
Pakshirajan and Singh, 2010; Abargues et al., 2012; Potvin et al., 2012; Pakshirajan and
Kheria, 2012; Andleeb et al., 2012; Novotny et al., 2012; Maeng et al., 2013; Zhu and Li,
2013; Jafari et al., 2013; Lin et al., 2013). Relatively to the microbial populations, species like
fungi, yeasts, bacterial and fungal-bacterial consortia (Chakrabarti et al., 1988; Haritash and
Kaushik, 2009; Novotny et al., 2012; Lade et al., 2012; Si et al., 2013; Hadibarata et al.,
2013; Sadaf et al., 2013; Chengalroyen and Dabbs, 2013; Khan et al., 2013; Cruz-Morato et
al., 2013; Garcia-Diaz et al., 2013; Usharani and Muthukumar, 2013; Langenhoff et al., 2013)
have been tested and characterized. In comparison with other (physical and chemical)
processes, biological treatment is frequently the most economical alternative and is, in fact,
commonly used in conventional treatment for removal of some bulk pollutants. However,
biological processes are slow and often ineffective in removing some complex organic
molecules with low biodegradability or in cases (e.g., most industrial wastewaters) where
such molecules present toxicity to the organisms used in the processes (Fent et al., 2006;
Crini, 2006; Zaroual et al., 2006; Aga, 2008; Ahmaruzzaman, 2008; Gupta and Suhas, 2009;
Homem and Santos, 2011; Michael et al., 2013; Tijani et al., 2013; Lofrano et al., 2013; Luo
etal., 2014).

Among the alternatives, adsorption has been one of the processes with better acceptance
in result of the generally high efficiencies, simplicity of implementation and maintenance, and
versatility for the removal of a wide variety of organic pollutants from contaminated water
(Crini, 2006; Ahmaruzzaman, 2008; Gupta and Suhas, 2009; Ali et al., 2012; Park et al.,
2013; Tahar et al., 2013; Dordio and Carvalho, 2013b). Activated carbon is one of the most
popular adsorbents and with widest and longest-standing use in various domains
((Ramakrishna and Viraraghavan, 1997; Derbyshire et al., 2001; Babel and Kurniawan, 2003;
Ahmaruzzaman, 2008; Gupta and Suhas, 2009). Its capacity and versatility is mainly due to
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its porous texture which provides it with a large surface area, its controllable pore structure
and its thermo-stability (Chen et al., 2011). Its chemical nature can also be easily modified by
chemical treatment in order to enhance its properties. Activated carbon has been proven to be
an effective adsorbent for the removal of a wide variety of organic pollutants from aqueous
media or gaseous environments (Behera et al., 2012; Hindarso et al., 2001; Mestre et al.,
2007; Beninati et al., 2008; Nabais et al., 2009; Salman and Hameed, 2010; Lu et al., 2011;
Jusoh et al., 2011; Serrano et al., 2013). In fact, the major barrier to the general use of
activated carbon is its cost and the difficulties associated with regeneration (Babel and
Kurniawan, 2003; Ahmaruzzaman, 2008; Gupta and Suhas, 2009; Chen et al., 2011).
Activated carbon is quite expensive and the higher the quality, the greater the cost. The use of
carbons based on relatively expensive starting materials is unjustified for most pollution
control applications (Streat et al., 1995; Gupta and Suhas, 2009). Also, both chemical and
thermal regeneration of spent carbon is expensive, impractical on a large scale, produces
additional effluent and results in considerable loss of the adsorbent.

All these shortcomings have led many researchers to look for more economic adsorbents,
especially for water pollution control, where cost factors play a major role. In recent years,
inexpensive widely available materials have been investigated for the selection of efficient
adsorbents that can make adsorption processes an attractive solution at reasonable costs.
Among some of the adsorbents studied, clay-based materials have received some attention
(Choi and Cho, 1996; Shen et al., 2004; Peng et al., 2009; Dordio et al., 2009a; Kyziol-
Komosinska et al., 2010; Dordio et al., 2010; Park et al., 2011; Nourmoradi et al., 2012; Park
et al., 2013; Dordio and Carvalho, 2013b; Park et al., 2014) due to their interesting properties
such as the high cation exchange capacity, swelling properties and high specific surface areas.

4. APPLICATION OF CLAY-BASED MATERIALS FOR REMOVAL
ORGANIC XENOBIOTIC POLLUTANTS

Clay minerals are one of the most common constituents of soils. Its ubiquity in nature
makes this class of materials unsurprisingly one of the most extensively studied groups of
adsorbents.

Its adsorption properties are related with several characteristics of clays which are rather
relevant for the type of surface interactions established with organic molecules (especially
polar and ionizable ones). One of the most salient features of the structure of these minerals is
the net negative charge due to isomorphous substitutions which is balanced by exchangeable
cations on the surface of the silicate layers and in the interlayer space. These ions can be
easily exchanged with some cations (with appropriate size to fit in the interlayer spaces) from
the liquid media (Bhattacharyya and Sen Gupta, 2008; Rafatullah et al., 2010). In addition,
the amphiprotic character of silanol and aluminol groups in clays surfaces is responsible for a
pH-dependent surface charge in these materials (however, water molecules associated with
exchangeable cations and clay surfaces may obscure these charged adsorption sites; such
effect is dependent on the hydration strength of the exchangeable ions (Boyd et al., 2001;
Johnston et al., 2001; Sheng et al., 2002; Li et al., 2004; Wang et al., 2009; Zhang et al.,
2010)). Electrostatic interactions with the surface and mechanisms such as cation exchange,
cation bridging with the surface, surface complexation, and hydrogen bonding seem to be
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involved in the capture of ionic and polar species from aqueous media (Tolls, 2001; Figueroa
et al., 2004; Pereira et al., 2007; Kyziol-Komosinska et al., 2010; Klika et al., 2011; Pei et al.,
2012). In addition, the interlayer expandability of many of these minerals and the presence of
water molecules associated with exchangeable cations in these interlayers allows the
exchange of these hydrated ions with much larger organic molecules and their intercalation
between the aluminosilicate layers (Klika et al., 2011; Li et al., 2011; Sanchez et al., 2011).

Because of this high potential for ion exchange and surface interactions, in addition to the
extensive sorption capacities resulting from their large surface areas (due to the sheet
structure of these minerals) clays act as natural scavengers of pollutants. For such reasons,
and adding to their wide availability and associated low cost, in recent years there has been an
increasing interest in utilizing natural clays for the removal of organic contaminants from
aqueous solutions (Table 1).

Notwithstanding, due to the hydrophilic characteristics of their surfaces and charges,
naturally occurring clays seem less effective for the adsorption of anionic contaminants and
hydrophobic or non-polar organic pollutants (Park et al., 2011). Therefore, in order to
increase the ability of mineral clays to remove non-polar and anionic water pollutants, clays,
like many other natural materials can also be modified to improve their sorption properties.
This modification commonly consists of a simple ion exchange of the natural inorganic
interlayer cations with certain organic cations such as quaternary ammonium cations of long
hydrocarbon chains. By introducing cationic surfactant molecules into the interlamellar space
through ion exchange, the properties of clay minerals are enhanced to those of organoclays
(Boyd et al., 1988; Zhou et al., 2007; Park et al., 2011). The intercalation of a cationic
surfactant between the clay layers changes the surface properties from highly hydrophilic to
increasingly hydrophobic. At sufficient loading, the surfactant forms a bilayer which results
in a reversal of the charge on the external surface of the clay that is adequate for retention of
anions, while neutral species can partition into the hydrophobic core. In addition,
modification of a swelling clay with a cationic surfactant results in an increase of the basal
spacing of the layer and exposure of new adsorption sites. These organoclays have been
extensively investigated in recent years for a wide variety of environmental applications
(Table 1).

As an alternative to the chemical modification of clay surfaces, some studies have
employed lightweight clay materials that are based on processed natural clays. The typical
form of processing consists of some thermal treatment that has the effect of causing interlayer
hydration water to quickly vaporize (sometimes complemented with an additional effect of
the thermal expansion of injected gases such as CO,) with a consequent expansion of the
sheet structure of the minerals and formation of pores and channels as the gases escape the
softened heated materials. This process yields highly porous materials, with an increased
accessible surface area, which can substantially improve the sorbent capacity. Some of the
most common processed clay materials that have been used are light expanded clay
aggregates (LECA), expanded shale, expanded slate and exfoliated vermiculite (Tablel).

In terms of hydraulic conductivity requirements for applications as filter materials in
water and wastewater treatment, particle sizes of these materials can in general be obtained in
adequate distributions which allow some control of the hydraulic properties of the media.
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Table 1. Studies of organic xenobiotics sorption by several natural, modified and synthetic clay materials

Study type

Removal efficiency/

Material Pollutants (assay type/mixture . : Reference
Sorption capacity
type/solvent)
Bentonite Dyes BSS/MCS/PW 430mg g* (Zhu and Zhu, 2011)
« PAHs BSS/MCS/PW 94% — 95% (Zhu and Zhu, 2011)
«“ Pharmaceuticals BSS/SCS/PW 47mgg* (Putra et al., 2009)
Bentonite modified Pharmaceuticals BSS/SCS/PW 2.69 umol g™ (Rivera-Jimenez et al., 2011)
5.55 umol g™
bentonite (surfactant modified) Phenol BSS/SCS/PW 333mgg* (Senturk et al., 2009)
Organo - bentonite BTEX BSS/SCS/PW Kg=22.1-272Lg" (Shen et al., 2004)
Organo - bentonite Dyes BSS/MCS/PW >99%; (Zhu and Ma, 2008)
868.1 mg g™
“ Surfactants BSS/MCS/PW >99%); (Zhu and Ma, 2008)
980.8 mg g™
Several organo - bentonite PAHs BSS/SCS/PW Kgmax=1.7-36.2Lg" (Changchaivong and
Khaodbhiar, 2009)
Organo - bentonite (surfactant- Phenolic compounds BSS/SCS/PW K,_=0.098-4.68Lg" (Rawajfih and Nsour, 2006)
modified) Ke=0.62-11.88 L g"
llite Explosives BSS/SCS/PW 0.0025-125Lg* (Haderlein et al., 1996)
“ Pesticides BSS/SCS/PW 16Lg* (Haderlein et al., 1996)
Kaolinite Explosives BSS/SCS/PW 0.0003-1.8Lg™" (Haderlein et al., 1996)
«“ Pesticides BSS/SCS/PW 0.0064 —2.7 L g* (Haderlein et al., 1996)
“ Pesticides BSS/MCS/PW Kq=10.039-0.052 L g* (Hengpraprom et al., 2006)
«“ Pesticides BSS/SCS/PW Kg=021Lg" (Peng et al., 2009)
«“ Pesticides BSS/SCS/PW Ky¢=0.009-0.041Lg" (Polati et al., 2006a)
«“ Pharmaceuticals BSS/SCS/PW 3.1mgg-1 (Behera et al., 2012)
“ Pharmaceuticals BSS/MCS/PW Poor fit of the Langmuir model (Figueroa et al., 2004)

Phenolic compounds BSS/SCS/PW

0.11-2.16 mgg-1

(Polati et al., 2006b)
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Table 1. (Continued)

Material

Pollutants

Study type

(assay type/mixture
type/solvent)

Removal efficiency/
Sorption capacity

Reference

Montmorillonite

13

13

Montmorillonite (modified)

Montmorillonite (modified)

13
13

13

Montmorillonite (cation-saturated

and with surfactants)
Montmorillonite

Sepiolite

Sepiolite (raw and calcined)
Sepiolite (raw and activated)
Sepiolite

Activated sepiolite

Sepiolite
Smectite (calcined)

Smectites (saturated with K™ and

Ca2+)

Aromatic compounds BSS/SCS/PW
Aromatic compounds BSS/MCS/PW

Explosives
PAHSs
Pesticides
Pesticides
Pesticides
Pesticides
Pesticides
Pharmaceuticals
Pharmaceuticals
Pharmaceuticals
Pharmaceuticals

Phenolic compounds

Dyes
Dyes

Dyes

Dyes
Dyes
Dyes
Pharmaceuticals
Dyes

BSS/SCS/PW
BSS/SCS/PW
BSS/SCS/PW
BSS/MCS/PW
BSS/SCS/PW
BSS/SCS/PW
BSS/SCS/PW
BSS/SCS/PW
BSS/MCS/PW
BSS/SCS/PW
BSS/SCS/PW

BSS/SCS/PW
BSS/SCS/PW
BSS/SCS/PW

BSS/SCS/PW

BSS/SCS/PW
BSS/SCS/PW
BSS/SCS/PW
BSS/SCS/PW
CS/SCS/PW

Phenolic compounds BSS/SCS/PW

Kg=148-213Lg"
K¢=0.03-4Lg"

0.0042 -215Lg*

~99%

0.064—-37.0Lg"
Ky=67-119Lg"

Kg=0.18Lg"

Kq=0.005-0.014 L g*

90-99%

6.1mgg™

Poor fit of the Langmuir model

0.88 mmol g*

Kq=10.048 -0.073 L g* (K*and Ca*
saturated), K= 0.705 L g (with
surfactant)

0.07-0.62 mg g-1

2.82 - 13.5 pmol g-1

12.1 umol g-1 (raw), 9.8 — 16.2 umol
g-1 (calcined)

0.18 mmol g-1 (raw), 0.41 mmol g-1
(activated)

155.5mg g-1

70.6-1102mg g™

40-65mgg™

36% — 43%

10.36 mg g*

31% — 62% (K*), 12% — 18% (Ca®")

(Johnston et al., 2001)
(Pei et al., 2012)
(Haderlein et al., 1996)
(Rytwo et al., 2007)
(Haderlein et al., 1996)
(Hengpraprom et al., 2006)
(Peng et al., 2009)
(Polati et al., 2006a)
(Zadaka et al., 2009)
(Behera et al., 2012)
(Figueroa et al., 2004)
(Lietal., 2011)
(Zhang et al., 2010)

(Polati et al., 2006b)
(Alkan et al., 2004)
(Alkan et al., 2005)

(Eren and Afsin, 2007)

(Karagozoglu et al., 2007)
(Rodriguez et al., 2010)
(Ugurlu, 2009)

(Dordio et al., 2009a)

(da Silva et al., 2009)
(Pereira et al., 2007)
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Material Pollutants Study type Removal efficiency/ Reference
(assay type/mixture  Sorption capacity
type/solvent)
Vermiculite Dyes BSS/SCS/SWW 72-106 mg g™ (Choi and Cho, 1996)
Expanded vermiculite Pharmaceuticals BSS/SCS/PW 51% — 60% (Dordio et al., 2009a)
Expanded clay Pesticides BSS/SCS/PW 0.0099 — 0.0278 mg g™ (Dordio et al., 2007)
«“ Pesticides CWS/SCS/PW 52.4% — 96.7% (unplanted) (Dordio and Carvalho,
89.3% — 99.1% (planted) 2013a)
«“ Pharmaceuticals BSS/SCS/IPW 0.0045 - 0.0123 mg g™ (Dordio et al., 2007)
«“ Pharmaceuticals BSS/SCS/PW, 58% — 95% (SCS/PW), (Dordio et al., 2009a)
BSS/MCS/PW, 51% — 93% (MCS/WW)
BSS/MCS/WW 0.023 - 0.033 mg g-1 (SCS/PW), 0.014
—0.030 mg g-1(MCS/PW), 0.011-
0.027 mg g-1(MCS/WW)
“ Pharmaceuticals CWS/SCS/WW 82.0% (unplanted) (Dordio et al., 2009b)
92.5% — 94.5% (planted)
“ Pharmaceuticals CWS/MCS/WW 43%— 91% (unplanted, summer) (Dordio et al., 2010)
41% — 87% (unplanted, winter)
75% — 97% (planted, summer)
48% — 88% (planted, winter)
«“ Pharmaceuticals CWS/MCS/WW 89% — 99% (unplanted) (Dordio and Carvalho,
97% — 100% (planted) 2013a)
« Polyphenols CWS/MCS/WW 57.7% — 64.1% (unplanted) (Dordio and Carvalho,
71.2% — 80.3% (planted) 2013a)
Organovermiculite Pesticides BSS/SCS/PW Kd=0.015-0.355L g-1 (Abate and Masini, 2005)
Organoclays (various) Explosives BSS/SCS/PW K=0.30-09Lg" (Upson and Burns, 2006)
Organoclays (various) Pesticides BSS/SCS/PW, 66% — 100% (Baglieri et al., 2009)
CS/SCS/PW

BSS — Batch sorption studies; CS — column studies; CWS — constructed wetlands systems; SCS — single-component solutions; MCS — multi-component
solutions; PW —pure water; WW — wastewater; SWW — synthetic wastewater; NW — natural water
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Some of the most popular types of clay minerals (kaolinite, illite, montmorillonite,
vermiculite, sepiolite, bentonite) have been tested for the removal by adsorption of a variety
of organic pollutants such as dyes (Choi and Cho, 1996; Alkan et al., 2004; Alkan et al.,
2005; Karagozoglu et al., 2007; Eren and Afsin, 2007; Zhu and Ma, 2008; Ugurlu, 2009; da
Silva et al., 2009; Rodriguez et al., 2010; Zhu and Zhu, 2011), pesticides (Abate and Masini,
2005; Hengpraprom et al., 2006; Polati et al., 2006b; Dordio et al., 2007; Peng et al., 2009;
Baglieri et al., 2009; Zadaka et al., 2009; Dordio and Carvalho, 2013a), PAHs (Rytwo et al.,
2007; Changchaivong and Khaodhiar, 2009; Zhu and Zhu, 2011; Pei et al., 2012), explosives
(Haderlein et al., 1996; Upson and Burns, 2006), pharmaceuticals (Behera et al., 2012; Li et
al., 2004; Figueroa et al., 2004; Dordio et al., 2007; Putra et al., 2009; Dordio et al., 2009a;
Dordio et al., 2009b; Zhang et al., 2010; Dordio et al., 2010; Rivera-Jimenez et al., 2011,
Dordio and Carvalho, 2013a), phenolic compounds (Johnston et al., 2001; Polati et al., 2006b;
Pereira et al., 2007; Senturk et al., 2009; Dordio and Carvalho, 2013a) and other aromatics
(Johnston et al., 2001; Polati et al., 2006a; Zhu and Zhu, 2011; Pei et al., 2012).

From the sample of published works presented above, it is clear that a large amount of
research has been produced on the adsorption of organic pollutants by a variety of clay
minerals or clay-based materials over the latest years. However, a shortcoming of many of
these studies is that most of them have been conducted in very ideal conditions. Typically,
many studies have been conducted as batch assays under controlled laboratory conditions,
like controlled temperature, focusing on single-component solutions prepared in pure water
or, at best, using synthetically prepared wastewater.

The difference between batch feed and continuous flow hydraulics is an essential one as
effects such as clogging of the filter medium cannot be properly assessed from a batch assay
and the kinetics of the adsorption process may also substantially differ in the two conditions.

Evaluation of multicomponent adsorption is also very important since wastewaters are
typically very complex in their composition and, in such systems, the adsorbed amounts of a
particular substance will unavoidably depend on the equilibrium resulting from the adsorption
competition of all other substances. In addition, pollutant concentrations in these assays are
frequently well above those typical of real environmental samples. Other far-from-real
conditions include the stirring of the solutions (whereas in realistic systems flow is very slow)
and the very low ratio of adsorbent mass-to-volume of solution in comparison to typical ratios
of real systems.

In many studies a single substance is often used to represent or model the behavior of a
whole family of chemically related substances (or of a big part of it). While in some cases
such akin behavior may be observed and assumed, the validity of this assumption should in
general be assessed as some traditional “family” denomination (e.g., pharmaceuticals) refer in
fact to substances that vary considerably in structure and properties. Even when the chemical
structures of the compounds present some similarity, it does not necessarily imply a similar
behavior in a particular physical or chemical process such as adsorption.

These batch experiments are useful, nevertheless, to highlight the potential applicability
and selectivity of the materials, determine their adsorptive capacities and characterize the
mechanisms. However, once these are established, research work must be conducted at larger
scale under more realistic conditions to verify their viability in fully operational treatment
systems.
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An important aspect to consider when assessing the viability of a filter system is the
lifetime of the adsorbent and the option between disposal or regeneration of the saturated
material.

Sorption studies conducted so far have revealed various options for materials (of very
diverse nature and characteristics) with very similar adsorption capacities for the main groups
of organic pollutants. Within a set of equivalently performing sorbents, it should be recalled
however that the selection of materials is also based on other criteria as well, as has already
been enunciated, including among others the hydraulic properties, ability for
desorption/regeneration and, of course, the cost of the materials.

CONCLUSION

Pollution caused by organic xenobiotics is a matter of considerable concern as many of
these substances have significant ecotoxicity and thus may negatively impact the environment
and even present risks to human health. However, as awareness to the problem has arisen
during the last decades, the realization that the conventional water and wastewater treatment
processes were inefficient to deal with these type of pollutants has led to a search for
alternative or complementary processes and technologies that could adequately reduce the
release of most of these substances to the environment and eliminate these contaminants in
drinking water resources. Some of the more efficient or traditionally used technologies that
have been available have high costs which limit their application in most situations. Among
the alternatives, adsorption processes can be one of the most cost-effective possibilities,
depending on the type of adsorbents used. Clays have been gathering significant attention
among the most accessible and cheap materials due to their interesting qualities as adsorbents
and filtering media, which is evidenced by the large number of publications on the adsorption
studies concerning clays or clay-based materials, either natural, processed or modified. Most
studies have been conducted in batch and column studies at a laboratory scale and only very
few have highlighted results on pilot or full-scale systems. Therefore, this active area of
research does still require work to be carried out on large-scale systems to evaluate scaling-up
effects on the efficiency and the kinetics, the behavior over longer periods of operation, the
kinetics in different flow regimes, identification of problems such as clogging, etc. This type
of study may be one of the most important lines of research to be pursued in the future in this
area. Nevertheless, the laboratory scale experiments reported so far point to a variety of clay
materials as potentially viable options to be used as filter media.
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ABSTRACT

The large quantities of sewage sludge that are currently generated require new
alternatives for its recycling and final destination, beyond already known methods in the
agriculture and cement industry. The use of this sludge as raw material for the production
of structural ceramics, such as clay bricks, may become an interesting alternative, both
from an industrial and environmental point of view.

This chapter is focused on the use of solid wastes, such as for example sewage
sludge or forest residues, to serve as additive raw materials for the production of clay
bricks. It is based on our experience with the Ecobrick® material and our subsequent
research on producing some raw materials from WWTP sludge suitable for the ceramic
industry. The chapter shows some formulations of raw materials in ceramic mixtures,
their physical properties and to analyze their environmental characteristics. The final
purpose is to illustrate the possibility of designing tailor-made ceramics that fulfill
custom-physical properties, which are appropriate for particular construction use.

“ corresponding author: Departament de Projectes d’Enginyeria, Universitat Politécnica de Catalunya, Avda.
Diagonal, 647, 08028 Barcelona (Spain)
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1. INTRODUCTION

During the past 20 years, the production of sludge from WWTPs has grown
exponentially, creating the necessity of finding environmentally acceptable destinations for
this type of waste. It can be used in agriculture as a fertilizer or for soil remediation (Kruse
and Barrett, 1985), used in the cement industry (Tay et al., 2000), used as a comburent
material (Lee and Bae, 2009) and, to a lesser extent, used as a raw material for manufacturing
clay bricks (Alleman and Berman, 1984; Weng et al., 2003; Liew et al., 2004a; Kaosol, 2010;
Montero et al., 2009). These alternatives are at the higher level of the pollution-prevention
hierarchy, from prevention and reduction (the most preferable option), to recycling and reuse,
treatment, and disposal (the least preferable option). In this sense, the transformation of these
wastes into usable materials is a societal challenge to which significant scientific and
technological efforts should be devoted.

The incorporation of waste into ceramic matrices has been studied extensively over the
past twenty years (Berman, 1982; Anderson, 2002). The large amount of sludge produced in
waste water treatment plants (WWTPs) and the high demand of structural ceramics for
construction suggest that the confluence of both productions may be a good solution for the
final waste destination. This new use can be a successful alternative, or at least a complement,
to other more common destinations for sludge, such as the agriculture and cement industry.
Underlying this issue is the fact that sewage sludge cannot be disposed of in a controlled
landfill due to the high organic matter content (Council Directive, 1999).

Since the early work of Alleman and Berman (1984) and Tay (1987), there has been a
considerable amount of literature on the production of clay bricks using binary mixtures
(Wiesbusch et al., 1999; Weng et al. 2003; Jordan et.al., 2005, Liew et al., 2004a; Liew et al.,
2004b; Monteiro et al., 2008) and ternary mixtures (Montero et al., 2009; Chiang et al., 2009).

In most of these studies, the sludge used for the production of clay bricks was originated
in WWTPs. In some cases, however, dehydrated sewage sludge or incinerated sewage sludge
ash were used (Lin and Weng, 2001). Other studies used industrial wastewater sludge from
the paper industry (Demir et al., 2005), the galvanic industry (Magalhaes et al., 2004) or the
olive oil industry (Monteiro and Vieira, 2005). More recently, pelletized dehydrated WWTP
sludge were used to produce bricks (Qi et al., 2010).

Finally, as an alternative to the production of structural ceramics from sludge waste,
some efforts were directed toward its use in the manufacturing of concrete blocks (Kaosol,
2010).

As for ternary mixtures, several possibilities that may be added to the clay and WWTP
sludge include the following: rice husks, agricultural wastes, forest weeding wastes, chips and
sawdust from old furniture, by-products of the marble and stone industry and grogs
(chamottes) from the ceramic industry.

Considering all of the above facts, the main advantages of ternary mixtures of clay,
sewage sludge and forest waste can be summarized in the following points:

i Adding forest waste to sludge provides higher granulometry to the mixture. Crushed

forest residues are impregnated with the sludge, which alone is a flocculated paste,
and the mixture adopts the grain size of the forest waste.
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ii  The extrusion limit of the ceramic green body is highly dependent on the
composition of the mixture. The use of ternary mixtures allows a high content of
sewage sludge of the extrudable mix. For example, a formulation with 0% forest
waste allowed the addition of a maximum of 6% sludge; a ternary mixture with 10%
forest allowed the addition of 10% sludge.

iii If the mixture of sewage sludge with forest waste is carried out in WWTP facilities,
which is strongly encouraged, it becomes easy to handle and helps to reduce and
almost eliminate leaching during storage and transport. The emission of odors is also
minimized.

iv  Sewage sludge and forest wastes from old furniture or vegetable waste with harmful
compounds are simultaneously leading to valorized products.

v The higher heating value (HHV) of the ternary mixture implies an important energy
saving, improving the ceramic process from an energetic point of view.

In view of the facts and the advantages described above, the objective of this chapter is to
show some formulations of raw materials in ceramic mixtures, their physical properties and to
analyze their environmental characteristics. The final purpose is to illustrate the possibility of
designing tailor-made ceramics that fulfill custom-physical properties, which are appropriate
for particular construction use.

This chapter is based on our experience with the Ecobrick® material dated since 1995,
and our subsequent research on producing raw materials from WWTP sludge suitable for the
ceramic industry (Cusidé et al., 2003; Cusid6 and Soriano, 2011; Devant et al., 2011; Cusidé
and Cremades, 2012a,b). First, the Ecobrick® material is presented: composition, technical
properties, and environmental issues, i.e., leachability of the product and gaseous emissions
associated. Second, an alternative to produce raw material from WWTP sludge is proposed,
which process is based on spray drying. The resulting product is a fine powder with
interesting properties for some ceramic applications. Finally, the production of pellets from
WWTP sludge is presented to be used in lightweight clay ceramics.

Figure 1. Picture of some bricks made of Ecobrick® material.
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1. BUILDING CERAMICS FROM WWTP SLUDGE

The Ecobrick® is a trademark for a ceramic material (Figure 1) consisting of a ternary
mixture: clay, WWTP sludge and forest waste. This material is interesting from the technical,
economical and environmental points of view, whose characteristics are described below.

2.1. Selection of Raw Materials

Three sludges were obtained from the biological treatment of three WWTPs: Gava (SG),
Martorell (SM) and Tarragona (ST). All of them are medium-size cities with a strong
industrial base, located at a short distance from Barcelona, Spain. The forest wastes were
sawdust for domestic uses (FW1) and sawdust from shredding of old furniture (FW2). Clay
was supplied from two quarries at El Papiol (CP1, CP2) and one at Alcoletge (CA), both in
Catalonia.

The moisture content of the clays varied between 3% and 9%. The moisture of the forest
wastes varied between 7% and 10%. The water content of the sewage sludge varied between
72% and 85%. Due to the large variation of the water contents, the formulations were retained
to the dried mater (d.m.).

The granulometry analysis of the clays revealed a Gaussian distribution, which made
them suitable for the ceramization process. The approximate composition was 33% sand, 41%
silt and 26% clay minerals. The mineralogical analysis (Philips X-ray diffractometer PW
1710) is shown in Table 1.

Table 1. Qualitative mineral analysis of clays used in this work obtained by X-ray
diffractometry (* indicates minor presence of the compound
and **** indicates major presence)

Mineral group Mineral Clay
CP1 CP2 CAl
Quartz Quartz *khkk *khkk *kkk
Carbonates Calcite *x *x *x
Dolomite * * *
Feldspars Feldspars * * *
Mineral group Mineral Clay
CP1 CP2 CAl
Clays Muscovite ol ol **
Chlorite wx wx wx
Montmorillonite ** ** -
Hematite Hematite * * -
Goethite Goethite - - *

The selection of the sludge for the tests was based on their capacity for the retention of
heavy metals during incineration. Heavy metal content and arsenic and selenium
concentration were analyzed after calcination at 450 °C (Table 2). The experimental analysis
was done by total extraction of the samples with acid, as described in EN 12457-1 (2002).
The three types of sludge used in this work arrived to the laboratory with high water content.
The standard analytical method to measure the concentration of heavy metals and other
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elements required both the elimination of water and organic matter from the samples. For this
reason they had to be calcinated at 450 °C. This fact explains the low concentrations of
volatile metals (Hg, As, Cd) found in the calcinated samples, in comparison with the
concentration of the rest of the elements in Table 2.

Mineral content of the sludge calcinated at 450 °C (Table 3, Figure 2) was similar to that
of the clays CP1, CP2 and CA (Table 1). Pure illite minerals start melting at 1050 °C, but the
presence of chlorite decreases the melting point to 900 °C, whereas the presence of
carbonates (calcite) increases it (Brownell, 1976). These values are important to consider
when choosing the appropriate sintering temperature.

Table 2. Concentration of heavy metals (plus As and Se) in the sludge. (d.m) dried
material; (c.m) material calcined

Element Sludge

SG SM ST
Hg (ppm) 2.310.1 3+2 3.0+0.3
As (ppm) 11+2 6.9+0.2 7+1
Se(ppm) <3.2 <4.2 <3.2
Zn (ppm) 1200+10 97545 1100+100
Pb (ppm) 290425 62.5+0.6 10346
Ni (ppm) 260420 30.0+0.2 30+1
Cu (ppm) 8005+40 1084+4 285425
Cr (ppm) 420+10 46.9+0.1 87+6
Mn (ppm) 130+10 14542 199+3
Cad (ppm) 2.540.2 4.7+0.1 2.8+0.1
Total (% d.m.) 0.31 0.24 0.18
Total (% c.m.) 0.74 0.56 0.55

Table 3. Qualitative mineral analysis obtained by X-ray diffractometry of the sludge
after calcination at 450 °C

Mineral Sludge

SG SM ST
Quartz *k*k *k*k *k*k
Ca|CIte *kkk *kkk *kk*k
Dolomite Fxk * Fxk
Albite * *x -
Microcline * * Fxk
Muscovite * * *
Chlorite * * -
Montmorillonite - * *
Sepiolite - - *
Baryte * - -
Anhydrite - * -

The sludge finally chosen to prepare the samples was that of Tarragona (ST). Because
this particular sludge did not contain chlorite, its capability for adsorption of heavy metal ions
was low, especially for Pb and Cr ions. Among the clays, CP1, with the lowest concentration
of chlorite, was chosen because chlorite increases the amount of the vitreous phase at low
temperatures. Regarding the forest waste, the choice was the sawdust produced from
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shredding of old furniture (FW2) due to its higher pollution as compared to wood sawdust

(FW1). Therefore, all the selections were in agreement with the worst case scenario
hypothesis.
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Figure 2. X-ray diffractogram of sludge ST incinerated at 450 °C. Numbers identify main compounds
found: 1-Quartz, 2-Calcite, 3-Dolomite, 4-Microcline, 5-Montmorillonite, 6-Clinochlore, 7-Muscovite
and 8-Sepiolite.

2.2. Sample Preparation and Sintering

A number of 30 ceramic pieces were made from a mixture of 10 kg. By comparison,
industrial tests would require the use of a minimum of 10,000 kg of material to prepare 30
samples.

A set of 31 mixtures were prepared according to Table 4. The clay content in the
mixtures was between 79% and 83%. Clay contents below 79% were not considered because
the resulting material had insufficient mechanical strength.

The mixtures were extruded and cut into test pieces 5 to 12 cm long for the compression
tests. Cylindrical pieces of 5 cm diameter and 1.5 cm height were used for thermal
conductivity tests. Other ceramic properties, such as retraction, water absorption, density, and
porosity were studied with rectangular pieces of 12 cm.

The pieces were fired in a propane oven (Formagas, model HG-150) at a heating rate of
160 °C h™, from room temperature to 980 °C. They were maintained at this maximum
temperature for 3 h, after which they were removed from the oven and cooled down during 12
h to reach room temperature. The temperature curve was chosen similar to that for industrial
structural ceramic materials, such as clay bricks.
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Table 4. Ternary mixtures samples prepared (under the worst case scenario) to produce
the ternary pseudo diagram, and their corresponding values of green body moisture
(h, 90), extrusion pressure (p, expressed in bars), porosity (por, %), mechanical strength
(6, kp em™) and thermal conductivity (A, W m™ °C™)

Sample Composition (fraction of unity) h p por c A

c X fw (moisture,%) (ext. pres.,  (porosity, %)  (kpcm?) (Wmt°C?)

(clay) (sludge) (forest waste) bar
1 1 0 0 14.0+0.1 16+0.5
2 1 0 0 14.8+0.2 8.5+0.5 419+45
3 1 0 0 15.0+0.5 20.5+0.5 391485
4 1 0 0 16.4+0.2 10+0.5 32+3 420+45  0.69+0.01
5 1 0 0 18.0+0.4 6.5+0.5
6 0.79 0.08 0.13 29.3+0.1 9.5+0.5 64+1 77+14 0.29
7 0.79 0.09 0.12 29.5+0.1 9+0.5 61+2 81+11 0.26
8 0.79 0.10 0.11 24+2 13.5+0.5 59+1 64+8
9 0.79 0.10 0.11 28.4+0.1 11.5+0.5 62+1 7619 0.30
10 0.79 0.10 0.11 29.620.1 9.5+0.5 62+1 90+10
11 0.79 0.11 0.10 29.9+0.1 9+0.5 59+1 88+16 0.30
12 0.79 0.12 0.09 30+0.3 7+0.5 80+22
13 0.79 0.14 0.07 33.2+0.1 5+0.5 9945
14 0.79 0.21 0 28.1+0.2 11+0.5 56+1 88+8 0.19
15 0.833 0 0.167 25.3+0.3 9+0.5 58+2 122+12  0.36+0.01
16 0.833 0 0.167 23.9+0.2 11+0.5
17 0.831 0.033 0.136 30.8+0.1 3505 61+2 90+7 0.26+0.03
18 0.83 0.043 0.127 21.60.1 11+0.5
19 0.83 0.043 0.127 28.4+0.1 6+0.5 58+2 118+19  0.30+0.01
20 0.829 0.054 0.117 24.2+0.2 10+0.5
21 0.829 0.054 0.117 28.9+0.1 45+0.5 58+1 131424  0.30+0.01
22 0.828 0.065 0.107 25.8+0.2 7.5+0.5
23 0.828 0.065 0.107 26.1+0.5 12+0.5 58+2 14621  032+0.02
24 0.827 0.076 0.097 26.2+0.2 9.5+0.5
25 0.827 0.076 0.097 26.3+0.3 8.5+0.5 56+2 122+12  0.28+0.02
26 0.818 0.182 0 2745 0+0.5
27 0.818 0.182 0 29.6+0.2 5+0.5 10532 0.36x0.01
28 0.80 0.15 0.05 28.5+0.1 7.5+0.5
29 0.75 0.126 0.124 34.4+0.1 45+0.5 64+12
30 0.718 0.18 0.102 39.9+0.2 0+0.5 51+9
31 0.677 0.238 0.085 46+0.1 0+0.5 50+3

After sintering, and in agreement with Jordan et al. (2005), the mineral phases were
gehlenite, anorthite, wollastonite, diopside and spinel. The composition was very similar to
that identified in a standard clay brick (Brownell, 1976).

The thermal decomposition of sewage sludge and solid wastes, in general, is the main
problem regarding its use as a raw material in the production of bricks (Lee and Bae, 2009).
The presence of sewage sludge and forest waste leads to emission gases during firing (Cusido
et al., 2003). These gaseous emissions cause the high porosity of the ceramics (Figure 3).
Increasing sintering temperatures increased the pore diameter of the material (Chiang et al.,
2009).

The microscopic porosity in the final product was similar to that of 100% clay bricks.
The porosity due to the decomposition of the organic material and volatile compound was
about 3% of the total porosity of the product.

The inorganic compounds of the sludge were incorporated in the amorphous or vitreous
phase of the product.

Complimentary Contributor Copy



152 Lé&zaro V. Cremades, Joan A. Cusidd, Cecilia Soriano et al.

Figure 3. Optical microscopy photograph at 10x showing the microstructure of a ceramic piece of
ternary mixture (sample #25, 83% clay, 7% sludge, 10% forest waste). Sintering temperature was 980
°C. The open porosity can reach diameters on the order of 1 mm. The presence of the pores provided
lightness and improved the thermal and acoustic insulation properties of the material.

2.3. Characterization and Environmental Analysis of the Ceramic Pieces

2.3.1. Physical Properties

The moisture content of the ceramic pieces was measured using the method of constant
mass at 105 °C (APHA, 1992). The extrusion pressure was measured with an analogical
manometer. The mechanical resistance was measured with an Instron LC8800 system
according to norm UNE-67-026-94. The porosity was calculated using the expression
(Harlbut and Klein, 1992):

por = 100 (1- p; /pa) 1)

where p; is the density measured by pycnometry and p, is the bulk density, measured as the
mass-to-volume ratio of the parallelepiped pieces where the total volume includes particle
volume, interparticle void volume and internal pore volume.

The thermal conductivity of the pieces was measured using a Holometrix ED 200 LT-A
guarded heat-flow meter. A thermal flow was applied at a constant rate through a cylindrical
sample, and thermocouples were placed at both sides of the sample for measurements.
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Table 5. Extraction scheme according to NEN 7345

Extraction Extraction time (days + 10%)
1st 0.25

2nd 1

3rd 2.25

4th 4

5th 9

6th 16

7th 36

8th 64

Table 6. Leaching tests NEN 7345 of sample #28 (80% clay, 15% sludge and 5% forest waste). Concentrations and standard deviation
of 3 parallel samples expressed in mg m™ except for (1) (in pg m?) or (2) (in g m?). (n.d.) under the detection limit of the instrument

Elem. Leaching extraction (leaching concentration expressed in mg m, Cumula-tive  Limit (NEN-
except in @ and @) leaching 7345)
1st 2nd 3rd 4th 5th 6th 7th 8th

As n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 40

Ba n.d. n.d. n.d. n.d. 0.74+0.1 0.54+0.5 n.d. 1.240.1 2.510.6 600

Cd n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 1

Co n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 25

Cr 1.6£0.3 2.5+0.4 4.2+0.4 n.d. n.d. n.d. n.d. 1.840.6 10+1 150

Mo n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 15

Ni n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 50

Pb n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 100

Sh® 30+1@ 23+0.1® 10+10® 21+2W 50+10® 46+5Y 10030 320+90® 3500 3500

Se n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 15

Sn n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 25

\Y% 1543 11+1 5+1 12+1 915 815 7£1 1143 7943 250

zn n.d. n.d. n.d. n.d. n.d. n.d. n.d. nd. n.d. 200

Br n.d. n.d. n.d. n.d. n.d. n.d. n.d. nd. n.d. 25

Cr n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 20000

F n.d. n.d. n.d. n.d. n.d. n.d. 30+30 6560 95+92 1500

s0”®@ 3.8+0.1? 294017 3.4£0.29 3.44¢0.49 3.1+0.7® 1.3x0.8% 1.7¢0.19® 0.02£0.01@ 201@ 25@
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2.3.2. Leaching Tests

The leaching tests were performed according to norm NEN 7345 of the Netherlands Tank
Leaching Test (NEN 7345, 1993), a regulation specifically dedicated to building materials
and widely used in the EU. The EU standard EN 12457-2 — Characterization of Waste
Leaching Compliance Test for Leaching of Granular Waste Materials and Sludges — (EN
12457-1, 2002) was not applicable in this case because it is designated to characterize sludge
per-se.

Leaching tests were performed with 8 cm long samples and consisted of the introduction
of a sample into acidic water, followed by a measure of concentration of inorganic
components during different time intervals.

For each sample, eight extractions were performed. The sample was left in the solution
for a certain number of days, depending on the number of extraction (Table 5). Extractions
were done without stirring the solution, and the extractant agent was replaced after every
extraction.

Leaching tests were conducted on samples corresponding to different compositions of the
ternary mixtures, including sample blanks (Table 6, for sample #28). Refractory metals (such
as Va, Cr) do not react with aluminum-silicates and therefore were not incorporated into their
vitreous matrix (Kingery et al., 1976). Instead, they remain encapsulated (Eddings et al.,
1994), and its weak fixation on the material makes them easy to leach. Other heavy metals are
first volatilized from the surface during cooking, and later they start to react with aluminum
silicates, becoming incorporated into the vitreous matrix making leaching more difficult.

The tests revealed leaching concentration far below the limit defined in NEN 7345 for a
material to be classified for building uses. In most of the cases, the concentrations were below
the detection level of the technique used. Detectable concentration levels were only found for
V, Cr, Sh, Ba and F. The presence of these elements in the leachate was directly related to the
properties of CP2, the main component of the ternary mixture. Adding sludge into the
mixture did not vary the concentration of these elements in the leachate.

2.3.3. Leaching/Extraction Test Related to Building Materials

Development of leaching studies have issued a high scientific controversy about which
should be the right methodology, specially as far as methods of chemical extraction of
leachates are concerned. In this sense, there is a wide international literature and research
(Wiebusch et al., 1998).

In the present study, we have followed the norm NEN 7345 from the Netherlands Tank
Leaching Test (NEN 7345, 1993). This norm is expressely dedicated to building materials
and largely applied in Netherlands and EU, in general.

To carry out the tests, three samples of 8 cm long were prepared to which volume,
surface area and mass were measured, in each case. The samples were put into distilled water
and the concentration of inorganic compounds was measured at several time intervals.
Procedure was as follows.

Preparation of samples

Each piece was introduced into a polyethylene container and covered with distilled water
at pH fitted to 4 by adding nitric acid which was used as extractant agent, according to NEN
7345. In total, there were 12 sample recipients, three of them containing a blank (100% clay
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ceramic piece). Volume of extractant agent in each recipient should had to be 5 times the
volume of the sample, and the sample had to be covered by a layer of not less than 5 cm high.

For each sample, 8 extractions were done. The sample was left a given number of days,
such as indicated in Table 7, without agitation. The extractant agent was changed every
further sampling.

Table 7. Time of eight extractions in the leaching test following the norm NEN 7345

Cumulative time
(days)

0.25
1
2.25
4

9

16
36
64

Extraction no.

CO~NOO OIS WN B

Leachate obtained from each extraction was filtered through a 0.45 mm filter, its pH was
corrected with nitric acid, and chemical elements were analyzed following their appropriate
technique:

— Heavy metals at pH = 2.
—  Fluor at pH = 5-6.
— Cianures and ions: without pH correction.

Measurement and calculation
Elements measured and techniques used were those described in Table 8.
Equation (2) was used to compute leachability of each pollutant at the i-th extraction:

_ (CI _Co)v
' 1000 A @)

where:
Ei: Leachability of a pollutant at the i-th extraction (mg m™)
Ci: Pollutant concentration at the i-th extraction (mg L™)
C,: Pollutant concentration in the blank (mg L™
V: Volume of extractant agent (L)
A: Surface area of the sample (m?)

After 8 extractions, Equation (3) was used to compute the leachability, E, for each
pollutant in the sample:
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Table 8. Experimental techniques used in the leaching test (NEN 7345)

Compounds  Technique used

Cyanides Absorption spectrophotometry, after distillation to calculate total
cyanides
Heavy metals Atomic emission spectrometry by inductively coupled plasma
Fluor Selective electrode
lons lon chromatography
Evaluation

According to the norm NEN 7345, building materials are classified in relation with the
leachability test in two categories: a) materials without any environmental restriction (<U1),
and b) materials having a restricted use (<U2). Materials whose total leachability is
comprised between Ul and U2 values do not have any environmental restriction as far as
their use in building, but the pollutant that exceeds the U1 threshold should be removed at the
end of the product life (dismantling). Finally, materials whose leachability thresholds are
above U2 should have a restricted use in building and dismantling.

2.3.4. Outgassing and Offgassing Tests for Toxicity Evaluation

Outgassing and offgassing tests aim to determine the gases and particles emitted by the
material tested in general (ESA PSS-01-729, 1991; ESA PSS-01-702, 1994). They are
accelerated tests to cover a simulated time equivalent of 10 years to prove the absence of
potential health risks, in our case applied to users of houses built with materials made from
sewage sludge and/or other wastes. These tests are used to allow the presence of such
materials in manned spacecrafts. We have chosen them as the most rigorous testing for our
samples.

The following tests were performed:

— Outgassing test ESA PSS-01-702 (1994). It allows to ascertain the outgassing
properties of materials obtaining data about percentage of weight loss of material
(WLM) as well as volatile condensed matter (VCM). It is performed by creating an
overpressure in the interior of a camera specially equipped for this purpose.

— Offgassing test ESA PSS-01-729 (1991). It determines the amount of carbon
monoxide (CO) and total organic compounds (TOC) emitted by the material, if their
presence is detectable (concentrations above 10 mg g™ of material tested).

Both tests have been approved by the European Space Agency (ESA) and are equivalent
to those used by NASA.

To carry out these tests we used samples of 5 cm in length for different percentages of
sludge in the ceramic matrix (in triplicate). The experimental methodology according to the
norms was as follows:

Complimentary Contributor Copy



Using Solid Wastes As Raw Materials in Clay Bricks 157

a) ESA PSS-01-702.

Samples were cut using a minimum size of 2x2 cm?, according to the capacity of sample
holders. Their geometry was approximately cubic. The minimum weight of each sample had
to be 5 g. Samples were inserted within a special chamber with two collector plates. The
extraction was done by subjecting the sample to a vacuum of 107 Pa, and keeping a
temperature of 125 °C for 24 hours. Gases that emerge from the sample were deposited by
condensing them on a chrome-plated aluminum collector plate constantly maintained at 25
°C.

After 24 hours, the system was vented with dry nitrogen or inert gas to a pressure
between 104 and 208 Pa. As the system cooled to 50 °C, pressure continued to decrease to
reach the ambient air pressure.

Once removed the specimens, they were allowed to dry for 30 minutes and collector
plates for 1 hour. After this process, both were kept in a closet or temperature-and- humidity-
controlled room (20 °C and 65%) for 24 hours.

The plates, after this process, were analyzed by infrared spectroscopy to get the
concentrations of contaminants condensed.

b) ESA PSS-01-729.

Samples were prepared by cutting them into pieces of 1.25 + 0.2 cm thick and an
apparent total area of 50 + 5 cm? per liter of the working chamber.

First, the chamber was purged with dry hydrogen or helium, at 80 °C and vacuum of less
than 1.3 Pa for 24 hours. Then, the samples were introduced into that sealed chamber by
keeping the following working conditions: 50 °C, 1 atm and air with 25% oxygen. These
conditions were maintained for 72 hours. Finally, the chamber was connected to the sampling
equipment.

After, the chamber was allowed to cool to room temperature and samples were taken
from air to be subsequently analyzed.

2.3.5. Gas Sampling and Firing Conditions

Gases produced during the firing step were sampled and analyzed following the U.S.
EPA Reference Methods (EPA, 1994). Gas samples were taken from the oven stack. Stack
diameter is 300 mm. Sampling hole was located at 6.9 diameters from the lower disturbance
and 3.1 diameters from the upper disturbance. Draught is natural with manual control at the
oven exit to allow additional inlet of air.

Sampling instruments used were the following ones:

e Isokinetic probe of 1.5 m long (Lear-Siegler pm-100).

e Gas sampling train with liquid absorbents and pumps of adjustable flow (MCV).
e Continuous monitor of CO (Neotronic CO-101, 0-4000 ppm).

e Continuous monitor of O, (Unigas, 0-21%).

e Continuous monitor of CO, (Unigas, 0-21%).

e  Opacimeter (Brigon).
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e Datalogger (Digitron, model LZ) equipped with temperature interface TKSFH and
K-type temperature probe.

e Digital manometer (Digitron, model P-100, 0-1000 bar).

e Analytical balance (Mettler AE166).

e pH meter (Crison Microph 2002).

e Chloride ion selective electrode.

e Reference electrode (Orion 92-02).

e  Spectrophotometer (UV/vis Beckman, model DBG).

e Plasma induction spectrophotometer (Jobin-Yvon, model JY38-VHR).

VOCs were retained in tubes packed with suitable adsorbents. Sample flow was fixed to
40 ml min™. Each sample was formed by a sequence of 3 steel tubes (6.1 mm OD, 90 mm
length, Perkin-Elmer) connected by Teflon tubing and packed with Carbotrap C, Carbotrap B
and Carbosieve Ill, respectively. These tubes were preconditioned following the
manufacturer’s specifications: 250 °C (30 min), 300 °C (30 min), 325 °C (30 min) and 350 °C
(30 min) and then stored in 40-ml glass vials with Teflon-lined screw-top caps. After
sampling, sorbent tubes were kept at 4 °C in the same containers and processed within 48 h.

Temperature ranges, sampling times and sample volumes are shown in Table 9. Three
samples were obtained during the production of Ecobrick® (15% dry sludge, 80% clay and
5% forest wastes) one for each temperature range, and three more for a conventional ceramics
(100% clay) that will be called “clay-brick”. Emission conditions are summarized in Tables
2a and 2b for the Ecobrick® and clay-brick firing, respectively.

Table 9. Sampling scheme

Ceramics Sample code  Sample tube Temperature ~ Time Volume
codes (°C) (min) (L)
Ecobrick® A Al, A2, A3 80-250 83 3.3
B B1, B2, B3 250-600 141 5.6
C C1,C2,C3 600-940 118 4.7
Clay-brick D D1, D2, D3 80-250 90 3.6
E E1l, E2,E3 250-600 180 7.2
F F1,F2, F3 600-940 155 6.2

2.3.6. Analytical Method

All samples were analyzed using automated thermal desorption coupled to gas
chromatography with mass selective detection.

Desorption and analysis of sample tubes were carried out using a thermal desorber
(Perkin-Elmer ATD 400) connected via a transfer line (200 °C) to a gas chromatograph
(Hewlett-Packard 5890) equipped with a mass selective detector (Hewlett-Packard 5970).
Trapped compounds were desorbed at 290 °C for 10 minutes at a carrier gas (He) pressure of
11.5 psi approximately, with inlet and outlet splits of the thermal desorber set at 0 and 5 ml
min™, respectively. The cold trap (glass tube loaded with 20 mg Carbotrap C) was initially
held at —30 °C and heated afterwards to 290 °C for 3 min. Separation of compounds was
achieved using a capilar column (J&W Scientific, DB-624) and He as the carrier gas at
approximately 0.5 ml min-1 .
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The initial oven temperature of 40 °C was maintained for 1 minute, then increased to
65°C at 20 °C min™ and maintained for 5 minutes, increased again to 115 °C at 4 °C min™ and
finally raised to 250 °C at 30°C min™ (for 12 additional minutes). Detector temperature was
set at 290 °C.

For the quantitative analysis, the method of external standard was adopted. The standard
solution was injected in a tube that was analyzed by following identical conditions to those
for the sample tubes. The standard solution was prepared with organochlorine compounds
(dichloromethane, trichloromethane and trichloroethane), aromatic compounds (benzene,
toluene, ethylbenzene, and m-xylene), a sulphur compound (dimethylsulfide) and a nitrogen
compound (pyridine). Each compound in the samples was quantified as a function of the
response factor of the most similar compound present in the standard solution.

Condensate compounds were analysed by purging with He from 5 ml of the absorbent
solution and trapping VOC in a set of 3 tubes packed with the same adsorbent material as
above. Then, these compounds were thermally desorbed and introduced into a gas
chromatograph/mass spectrometer (Fisons MD-800, EI 250), following the same procedure as
above.

2.3.7. Results and Discussion About Gaseous Emissions

There is no Spanish regulation concerning individual VOCs. Therefore the internationally
accepted TLV-TWA (Threshold Limit Values - Time Weighted Average) (ACGIH, 1995)
emission values will be adopted for comparison purposes. This value for a VOC corresponds
to its time average concentration to which a person can be repeteadly exposed (8 h per day)
during 5 days without noticing adverse effects. Other relevant values are the Odour Detection
(OD) and the Odour Recognition (OR) thresholds which represents the VOC concentration
above which odour is detected and recognized, respectively, by half of population
(Verschueren, 1977).

There are no specific regulations for ceramic emissions, so all the Spanish regulations
that could be applied to Ecobrick® production are presented in Table 10. In a laboratory
bench furnace the emission values for the substances referred in Table 10 have been measured
and compared with those corresponding to the strictest regulations.

Table 10. Spanish regulations for VOC emissions

Activity Regulation VOC (mg Nm?)?
Ceramic Royal Decree 833/1975 ---
Wastewater sludge incineration Royal Decree 833/1975 ---
Diverse activities Royal Decree 833/1975 ---
Incineration of urban solid wastes ®© Royal Decree 1088/199220
Incineration of special wastes © Order 323/1994 20

*Normal cubic meter (Nm®) refers to normal conditions: T = 0 °C and p = 760 torr.
® Values refer to 3 t h™ of incineration (a medium ceramic factory produces about 5 t h™).
¢ Values refer to normal conditions, 11% of O, and dry gas.
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Table 11. VOCs emitted during the firing process®
Ecobrick®Clay-brick TLV-TWA oDP OR®
Family voC Formula  firing  firing (ng m*) (ugm?®)  (ugm?)
emissions emissions
(ngm®) (ugm)
trichlorofluorome-thane  CClsF 0.0 571.9 5620
Chlorinated chloromethane CHsClI 536.5 0.0 20462 20462
hydrocarbons dichloromethane CH.Cl, 1846.7 0.0 174000 550008 790637
trichloromethane CHCl; 179.5 940.5
Mercaptans methylmercaptan CH3SH 16.0 0.0 980 1.1 2.0
carbon disulfide CS, 728.8 1427 31000 1306.3  1306.3
Sulfides dimethyl disulfide S)(CH;), 68.4 0.0 7.7
dimethyl trisulfide S3(CH;), 0.0 0.0 5.2
Thiocianates methyl thiocyanate CH;SCN  169.9 0.0
Aliphatic propanone C3HsO 11424 0.0 147160 308561
ketones 3-methyl-3-buten-2-one  CsHgO 151.8 0.0
2-methyl propanal C4HsO 233.0 0.0
Aliphatic 2-methyl propenal C4HsO 303.5 0.0
aldehydes 3-methyl butanal CsH100 305.6 0.0
hexanal CeH1,0 104.7 0.0
heptanal C7/H1,.0 183.8 0.0
Aromatic furfural CsH40, 2554 0.0 7900 2498.6  2498.6
aldehydes benzoaldehyde C;HsO 594.2 0.0
hydroxybenzal-dehyde ~ C;HgO, 5.3 0.0
Aliphatic acetonitrile C,H3N 1688.5 0.0 67000
nitriles
benzonitrile C;HsN 318.5 0.0
Aliphatic acetic C;H,0; 25338 0.0 25000 181.7
acids 2-methylpropanoic C4Hs0, 32.1 0.0
Aliphatic methyl acetate C;sHsO 238.3 0.0 606000 427238
esters
pyrazine C4H4N; 160.3 0.0
Aromatic pyridine CsHsN 454.2 0.0 16000 2133.7 23924
amines 4-methylpyrazine CsHgN2 226.6 0.0
4-methylpiridine CgH:N 56.6 0.0
Alifatic acetamide C,HsNO  237.2 0.0
amides 3-methylbutanamide C:H;;NO 0.0 0.0
Monoterpenes  a-pinene CioH1s 11.8 24.5 64
n-nonane CoHzo 160.3 0.0 1050000
n-decane CioH2 536.5 37.3
Linear n-undecane C1iHzs 0.0 37.3
aliphatic n-dodecane CioHas 89.8 0.0
hydrocarbons n-tridecane Ci3Has 361.2 0.0
n-tetradecane C1aHzo 0.0 0.0
n-pentadecane CisHz, 0.0 0.0
n-hexadecane CiHazs 245.8 0.0
2,2-dimethylpentane C7Hi6 5686.4 10693.3
Branched nonanes CoHyo 0.0 0.0
aliphatic decanes CioHa2 0.0 0.0
hydrocarbons undecanes CiiHo4 0.0 0.0
Polycyclic decahydronaphthalene Ci;Hig 0.0 0.0
hydrocarbons methyl- CisHp 0.0 0.0
decahydronaphthalene
benzene CeHs 961.8 92.7 32000 194712
Monocyclic toluene C7Hs 582.4 182.1 188000 6023.9 41414
aromatic ethylbenzene CgHio 56.6 0.0 434000 2602.7 2602.7
hydrocarbons m+p —xylene CgHio 190.2 224 434000 86757.2
styrene CsHio 166.7 0.0 434000 85120.3

& Units are referred to standard conditions: T = 25 °C and p = 760 torr.
® Odour Detection Threshold.
¢ Odour Recognition Threshold.
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Table 11 shows the VOC emissions measured during the firing of test Ecobrick® and
clay-brick pieces. Concentrations shown are normalized to standard conditions. As expected,
VOC emissions from the Ecobrick® material are in general higher than those from
conventional ceramics. However, no VOC exceeds the threshold limit values with time
weighted average (TLV-TWA). Only a few compounds (methyl mercaptane, dimethyl
disulfide, acetic acid) have concentrations that exceed their OD. In the case of the clay-brick
firing, no VOC concentration higher than its OD or OR has been detected, and obviously the
values obtained are due to the propane gas used during furnace process. Some differences can
be observed related to those obtained by direct sewage sludge burned at one fluidized-bed
incinerator, especially in more complex compounds as benzene, toluene, ethylbenzene,
acrylonitrile and acetonitrile (Tirey et al., 1991).

As to the inorganic compound emissions, Table 12 shows the mean values of emission
concentration obtained for the major compounds during the firing of both ceramics. For
comparison purposes, their maximum limit values allowed by the most severe present
legislation in Catalonia (solid waste incineration) are also indicated (DOGC, 1994).

Table 12. Mean emission levels of selected major inorganic compounds during the firing
process and maximum limits allowed in special wastes incinerators in Catalonia®

Pollutant Units Ecobrick® Clay brick  Limit
allowed”

Particles mg Nm” 48.3 11.4 20

SO, mg Nm 43 8.4 200

co mg Nm 83 26 125

NO, mg Nm*NO, 811 805 616

HCI mg Nm™ 112 0.7 60

HF mg Nm™ 1.2 1.6 4

Cd+Tl mg Nm™ 0.007 n.d.c 0.1

Sh+As+Pb+Cr+Co+ mg Nm™ 0.44 0.02 1

+Cu+Mn+Ni+V+Sn
& Units are referred to normal conditions: T =0 °C, p = 760 torr, 11% O, and dry gas.
® Decree 323/1994 of the Generalitat de Catalunya that regulates the facilities for waste incineration and
determines their atmospheric emission limits. Values correspond to the strictest limits, i.e., those
applicable to special waste incinerators (DOGC, 1994).
¢ “not detected”.

Inorganic emissions from the Ecobrick® material are again higher than those from the
clay-brick firing, except for the hydrogen fluoride (HF), which is therefore more due to the
clay than to the wastes introduced in the Ecobrick®.

Only three pollutants exceed the maximum levels (Table 12):

e NO,: similar and close to the maximum level values were found for both ceramics. It
is well known that NO, emissions are extremely sensible to the flame temperature
and to the atmosphere in the oven (Patrick, 1994; Niessen, 1995). These variables
were controlled by hand in the laboratory. However, since NO, emissions can be
better controlled in an industrial oven, it is expected to find their values lower than
the maximum limit allowed.
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e Suspended particles: their concentration depends on the oven type (recirculations,
internal streams, etc.), in such a way that it is difficult to extrapolate it for testing on
a different scale. In any case, the concentration of suspended particles during the
Ecobrick® firing is four times higher than that for conventional ceramics and
exceeds more than 50% the legal limit.

e HCI: its concentration in the emissions of the Ecobrick® material is twice the
maximum limit. Its value is directly proportional to the percentage of sludge in
Ecobrick®. This problem also arises in the direct incineration of sludges (Wherther
and Ogada, 1999). This is mainly due to the use of chlorinated products as a
correcting factor in the waste water treatment plants, but this practice is expected to
be gradually reduced in the future.

Although the emission of heavy metals is below the maximum limit allowed of 1 mg Nm’
% its value is 20 times greater than the one for firing conventional clay ceramics. In the firing
of pure ceramics, the most worrying pollutants are lead and fluorine, whereas Hg is negligible
(Timellini et al., 1993). So, if Hg was appearing in gaseous emissions from the Ecobrick®
process, it should be as a direct relation to its presence in the sludges. In the chemical
analyses carried out to the sludges as raw material, Hg was not detected (Cusidé et al., 1996),
therefore it should not be found in the exhaust gases.

The analysis of the particulate material in exhaust gases, especially dioxines and furanes,
is left for future works. The possible effects of chemical recombination between the propane
gas of the oven and the gases emitted during the firing process have not either been studied.
However, results between the combustion with and without sludges using the same firing
conditions have been compared, so that the possible role of propane gas to produce (or
remove) VOCs is counterbalanced.

In conclusion, some environmental problems appear in relation to the gaseous emissions,
although they can be corrected by means of technologies of gas purification, post-combustion
and/or by improving the treatment of urban waste water which would allow the obtaining of
sludge with a lower chlorinated compounds content. Finally, this research is to be continued
with measurements at industrial scale, as some differences may arise on scale-up the emission
values obtained in this work.

3. ATOMIZED SLUDGES VIA SPRAY-DRYING

The idea of applying the technology of spray-drying to sludges is not unknown. Sludge
drying in general (flocculation, electro-osmotic dewatering and then thermal drying, etc.), and
spray-drying of sludges in particular, are issues still under investigation, as evidenced by
several works (Amos, 1998; Novak, 2006; Arlabosse and Chitu, 2007; Woo et al., 2007).

We propose a new process based on spray drying raw sludges (90-95% water) coming
from the classical primary treatment in WWTP. As previous preliminary step, these raw
sludges have to be filtered through wire mesh to separate particles that could obstruct the inlet
hole of the spray-dryer wheel. In contrast with the classical treatment of raw sludge, there is
no need for sludge floculation. But, gases exiting the spray dryer —basically steam, with
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traces of volatile organic compounds (VOC) and some particles of sludges (see afterwards)—
have to be cleaned before they are released.

The main equipment of this process is the spray dryer. Some experiments have been
carried out at laboratory scale by using the spray dryer NIRO Mobile Minor. Relevant data
about the raw sludges tested in this work are listed in Table 13. The laboratory-scale
procedure followed is described next.

Table 13. Main characteristics of raw sludges from WWTP
(physico-chemical treatments) used in this study

Origin WWTP from Sabadell (Spain)
Color Black

Odor Yes

Lower heating value 14,080 kJ kg™

COD (dry basis) 219,866 mg O, kg™

BODS (dry basis) 38,104 mg O, kg*

pH 8.3

Moisture 94%

Clay content (dry basis) 6.5%

Inorganic matter (dry basis) 25.3%

3.1. Preparation of Slurry

WWTP raw sludge tested contained 94% water. The solid part consisted of inorganic and
organic particles, and molecules in colloidal suspension. For the formation of raw sludge,
coagulants such as trivalent iron salts and polyelectrolytes flocculants were added. First, the
slurry must have a basic pH (= 8) and, if necessary, its rheology must be corrected by adding
some deflocculants (sodium polyphosphate), which had not been necessary in this work, in
order to reach a viscosity of around 300-400 cP. Finally, the slurry was sieved through a 1.25
mm mesh. Heating the slurry slightly improves the performance of the operation.

3.2. Spray Drying

The spray-drying process involves the removal of the liquid phase of a slurry on one
continuous operation to get the solid phase as dry as possible. The slurry tested contained
94% of liquid phase. The spray drier worked under the following conditions: hot air inlet
temperature: 350 °C; centrifugation speed: 30,000 rpm; inlet flow of slurry: 68 cm® min™;
inlet temperature of slurry: 90 °C; outlet temperature of dry sludge: 120 °C.

Inlet and outlet temperatures were chosen especially low given the high content of
organic matter that could be decomposed and produce dangerous atmospheres inside the
spray drier. A scheme of the estimated spray-drying process is shown in Figure 4, related to
the formation of atomized particles.
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Figure 4. Schematic view of different drying stages of raw sludge for the proposed treatment: a) raw
sludge with 80% water content; b) raw sludge after centrifugation, >50% water; c) aggregates of
particles with interstitial water after spray-drying; d) final dried spherical atomized sludge, <5% water.

3.3. Resulting Product

The product has low density (270 kg m™). Size analysis was done by using a
conventional mechanical sizer Filtra 76-13. Sizes of detected particles ranged from 100 to 400
um (Figure 5). A summary of the main characteristics of the product is presented in Table 14.
Volatile suspended solids (VSS) emitted during the spray-drying process are estimated as
11.6%, which is equal to the difference between organic matter content in raw sludge (74.7%)
and in atomized sludge (62.9%).

Although it is noted that the sprayed sludge does not smell, it should be mentioned that,
because of its granulometry, atmospheres formed from the product in contact with moisture
from the pituitary can result in a pungent odor of hydrogen sulfide. The final product is
stabilized and seems to be pathogen-free because no change in color, texture, moisture, and/or
leachates with time has been observed in 6-year-old samples.

Finally, its chemical composition corresponds to the presence of aluminium, calcium, and
phosphorus, as well as non-halogenated solvents. X-ray diffraction (Figure 6) indicates the
presence of mineral species such as a-quartz, calcite and dolomite mostly, although more than
60% is organic matter (amorphous phase), is similar in composition to the conventional
secondary wet sludge.
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Figure 5. Size analysis of the atomized sludges obtained. In case of full scale, the diameter of particles
is slightly larger.

Table 14. Main characteristics of spray-dried sludge from WWTP
(physico-chemical treatments) obtained

Origin WWTP from Sabadell (Spain)
Color Dark grey (concrete)
Odor No
Density 270 kg m*
Weight loss at 500 °C 62.9 %
Moisture 5.0 %
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Figure 6. X-ray diffractometry of the atomized sludges. An organic amorphous phase and inorganic o.-
quartz, calcite and dolomite are detected as majority components.
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3.4. An Alternative Plant Proposed

Once the feasibility of spraying WWTP raw sludge has been verified experimentally, the
possibility of building a plant capable of full-scale operation is proposed. This plant would
operate as follows:

e Step 1: Primary treatment based on conventional screening, sand removal, and
degreasing. Its aim is to equalize the sludge prior to a phase of sedimentation.

e Step 2: High-speed centrifugation of raw sludges. Clarified water is sent to a tertiary
treatment for reuse. The resulting sludge would be sieved and prepared as sprayable
slurry.

e Step 3: Spray-drying of sludges. VVapors would be biofiltered to eliminate odors and
to condense them for further tertiary treatment and reuse. The solid fraction from the
atomizer and cyclone would be collected into appropriate hoppers to prevent dust
from escaping into the atmosphere. Finest particles would be removed by an
electrostatic filter at exhaust gases.

e Step 4: Adequate packaging of the solid fraction as a product for shipment or
destination. It should take care of minimizing air handling in order to prevent
fire/explosion hazard. The resulting water would be discharged into the river basin or
reused once the residual pollutants are removed (if any, in a tertiary treatment plant).

A plant of this kind would not need any secondary treatment and would reduce by over
50% the area of land occupied. A scheme of the proposed sludge treatment plant is shown in
Figure 7.

@ o
— (10)

Figure 7. Schematic view of different steps for the proposed plant treatment based on spray drying
sewage primary or colloidal sludges: 1) settler, 2) high velocity centrifugation, 3) sieve and additives, if
any, 4) spray drier, 5) cyclone, 6) gas cleaning (biofilter), 7) clear water, 8) condenser, 9) dried sludge,
and 10) tertiary treatment, if necessary.

Complimentary Contributor Copy



Using Solid Wastes As Raw Materials in Clay Bricks 167

3.5. Environmental Considerations

The procedure proposed for the spray-drying process would require an environmental
analysis of both the spray drying operation, and the product obtained. In this section we
analyze only the first one of these stages.

First, in relation to the reception of WWTP primary or colloidal sludges and their storage,
environmental impact is negligible, since they consist of a liquid waste that can be easily
transported through ducts and stored in ponds like those that are used in the treatment lines of
conventional sludges. Also, the processes of sieving sludges do not require preventive
measures beyond those in a conventional WWTP, being an automated process that does not
require manipulation. Removal of such wastes gives off intense smells that are easily treatable
through suitable ventilation systems and recommended use of masks and hermetic glasses.

The outlet stream from the spray drier goes into a cyclone system to recover the fraction
of settled particles which otherwise could leave to the atmosphere with acceptable efficiency.
Outlet gases include CO, and NH3, mostly, but also some n-heptane, CH,4, and volatile fatty
acids, as well as other trace gases.

Spray drying is done at low temperature (<120 °C). Because of the relatively low
temperature, organic compound gases that are evacuated along with hot air and water vapor
through the chimney come off on a low odor level in the surroundings of the WWTP.
Probably, a post-combustion of gases or a biofilter would totally remove the remains of VOC.
In any case, although this stage is not considered as essential in the proposed process, it could
be easily adopted given its low cost of implementation.

Concerning the storage and transportation of the final product, it is important to remark
that this product is dry and dusty, with small granulometry (0.1 to 0.4 mm). Left to stand, it
does not release any odor, but when breeze stirs up dust and it enters the nostrils, in contact
with the pituitary (which is moist), an extremely unpleasant odor results. Therefore, hermetic
systems of packing or closed tanks for its storage are required.

Concentrations of methane, hydrocarbons and other volatile organic compounds must be
monitored and controlled through safety detectors throughout the entire treatment plant
because a localized deflagration can spread to the rest of the plant. The internal atmosphere of
the spray chamber should receive a special attention. In this work, in order to prevent this
problem, tests were carried out, starting with a very dilute slurry and then increasing the
concentration of the slurry up to the working concentration (82% moisture).

Other considerations relevant to human manipulation call for the use of masks as well as
natural and/or forced controlled ventilation of storage hoppers. Oxygen concentration in the
entire building should be controlled as proposed in the operational circular applied in the UK
(HSEOC, 2005).

There are no specific regulations for emissions from spray-drying processes; however,
gaseous and particulate matter emissions in general should not exceed their legal limit values,
being below 50-75 mg Nm™, depending on the pollutant (Enrique et al., 2000). Otherwise,
these levels are easy to achieve by cleaning organic vapors emitted from the cyclone outlet.

It should be noted that spray-drying allows the use of cogeneration systems which would
reduce energy costs considerably. Besides, there is a saving in the cost of implementation of
secondary treatment and its corresponding line for sludge treatment in a WWTP. Then,
economical differences in the global cycle of each of the systems are reduced drastically,
making the alternative system feasible. This alternative provides, moreover, the following
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advantages: a) reduction of area occupied by the plant; b) integrated and simplified system; c)
line of purified, sterile and better quality water; d) reduction of 60% or more of the final solid
waste; e) more opportunities for adding value from solid waste, and f) reduced sanitary risks.

The resulting product can be a raw material for the manufacture of clay bricks in a
percentage of 10-20%.

4. VVALORISATION OF PELLETS FROM WWTP

The thermokinetic drying technique for dehydration (reducing water content from 60% to
5% moisture) was developed as a way to reduce the volume of the generated sewage sludge.
The introduction of this sludge into rotary dryers results in the production of granulated
agglomerates, called pellets, with a diameter of a few millimeters, for which specific methods
of valorization should be found.

Because there have been few reports in the literature to date on the use and valorization
of this material, the transformation of this sludge into a ceramic pelletized product similar to
expanded clays, called Pellexpended®, was proposed in this study. The scheme of the
production sequence for this new material is shown in Figure 8.

In brief, the WWTP sludge was thermokinetically dried in a rotary drying kiln at a low
temperature to obtain pelletized dehydrated sludge during the valorization process.

WWTP SLUDGE VALORIZATION INTO CERAMIC MATERIAL

WWTP

Sewage Sludge Ceramization
treatment _),|\ pelletization _)/.\ process > \\_waste waters
i i
l Thermal treatment
under controlled
atmosphere

Figure 8. Valorization process of WWTP sewage sludge to obtain lightweight clay ceramics.

Next, it was introduced into a furnace for ceramization at controlled conditions up to
1050 °C, resulting in a perfectly ceramized granulate suitable for uses similar to those of
expanded clays.

To validate this valorization process, the physical and environmental properties of the
production process and the final product form of the proposed material were studied.

From the economic viewpoint, it should be noted that the current commercial price of
expanded clays (around 60 € m™) makes the Pellexpended® a valuable market product that
supports the economic viability of this proposal. Some ceramic applications of this material
could be: expanded clays for lightweight frameworks, gardening, and technical fillers.
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4.1. Literature Review

Qi et al. (2010) reported the production of a material similar to Pellexpended® that was
obtained from a mixture of pelletized sludge and clay by a two-step process (drying followed
by firing). Sintering took place in an electric oven, which suggests that important differences
can be expected from the Pellexpended® in gaseous emissions and in the final product.
Nevertheless, the existing differences between the product of the two methods (namely the
Pellexpended® obtained from the pelletized sludge in this work and that obtained by Qi et al.
where clay was added to the process) did not affect the organic burn-out temperature, which
took place in our case around 550 °C, and was in agreement with the value of 564 °C reported
by Qi et al. (2010).

Xu et al. (2008) described structural improvements (in terms of compressing strength) in
the ceramic product obtained with Al203-enriched sludge before pelletization, and how the
compressing strength decreased with increasing SiO2 percentage. This is a logical result and
could be applied to refine the final product in our case, if necessary.

In Chiou et al. (2006), sewage sludge was mixed with pelletized sludge to produce a
ceramic product comparable to expanded clays. In their work, a more complex process, but
unnecessary from our point of view, was used to obtain results similar to those described
here.

Others have reported investigations on the development of lightweight ceramic
aggregates from incinerated sludge ash (Tay et al., 2000; Cheeseman and Virdi, 2005; Bhatly,
1989). Although materials similar to this work were obtained, the energy costs in those cases
were much higher because of the double thermal process (first to obtain the ash and later to
put the ash through the ceramization process) and made the process less economically
favorable than the Pellexpended® process.

In summary, comparable literature references listed above sufficiently demonstrate the
interest and viability of the Pellexpended® process and product proposed in this chapter,
suggesting that the construction of a pilot plant on a larger scale would be advisable to
confirm the results found in the laboratory.

4.2. Raw Material and Experimental Methods

4.2.1. Sludge Pellets Analysis

Raw material (pelletized sludge) was supplied by the Barcelona-Besés WWTP. As
received, it retained a low residual moisture (5-7 %) and was dark gray in color. It arrived in
the form of spheres 1 to 4 mm in diameter with a fibrous texture and little compactivity. It
emitted a strong unpleasant odor but much lower than that of the conventional sewage sludge.
For conservation, it was kept permanently refrigerated at 4°C. Over time, it became slightly
white on the surface due to the growth of fungi (as with conventional sludge).

The inorganic chemical composition of the pelletized sludge was studied with an
inductively coupled plasma atomic emission spectrometer (Jobin-Yvon JY-38-VHR) and an
atomic absorption spectrometer (Philips PU9200).

The mineral species present in the pelletized sludge were determined by X-ray
diffractometry (X-ray diffractometer Philips PW 1710).
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Results of these measurements and the remaining tests described in this section are
shown and discussed afterwards.

4.2.2. Ceramization Process of the Sludge Pellets

For the production of the proposed ceramic material, 5 kg of pellets were placed inside a
propane gas furnace (Formagas®, model HG). The maximum temperature was set to 1050
°C, the typical temperature employed in the manufacture of clay bricks. It was reached by
following a heating curve with a controlled and constant slope over eight hours (Figure 9).

It should be noted that self-incineration of waste occurred starting at 450 °C, a process
that must be carefully controlled for the transformation of the pellets into ceramic material.
Between 450 °C and 550 °C, the interior of the furnace was maintained as a reducing
atmosphere, which was accomplished by closing the exit vent of the oven almost completely
and closing all air inlets aside from the inputs to the furnace flame.

Any internal flame from the combustion of the pellets must be extinguished as quickly as
possible to maintain the reducing atmosphere; otherwise, the process will lead to the
formation of a black core in the final ceramic product. The manual regulation of the input
airflow during this part of the process was critical for a successful final product with optimum
ceramization. The quality of the product thus depended on this procedure and could easily be
evaluated by the color of the final pellets, which was red for the optimum final product or
gray otherwise (Figure 10).

1200

constant 1000°C temperature

/ during 1 hour

1000

final heating

800 \

N

constant 500°C temperature
in reducing atmosphere
during 30 min

600 f \ib
400 — / \
Initial warm-up \

inertial cooling

TEMPERATURE (°C)

200

TIME (hours)

Figure 9. Thermal-treatment curve applied to the pelletized sludge for its ceramization.
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Figure 10. Picture of the ceramized product Pellexpended®. At the top of the picture, there is a piece of
light concrete produced with this material.

During the thermal process, the residual water content of the pellets (5%) was removed
along with the residual organic matter content (65%). The lower heating value (LHV) was
evaluated from Equation (4), where A is the concentration of inert matter in the dry residue
(varying between 23% and 29%), C is the content of carbon (C = 55-62%), H is the contents
of hydrogen (H = 7.9-8.7%), O is the content of oxygen (O = 26.5-29%) and N is the content
of nitrogen (N = 3.5-6.8%):

LHV = [339.6 C + 1193.9 H — 177.4 O + 94.2 N] (100 — A) (kJ kg™ (@)

Neglecting the residual moisture of the pellets and considering the variability in sludge
composition, the LHV values obtained were in the range of 18,000 to 19,600 kJ kg™ (Velo,
1998). This suggested that the pellets contributed significantly to the energy input necessary
for the ceramization process, which significantly reduced the energy cost of sintering and
therefore the total cost of the process. Regulating the atmosphere and the temperature curve
inside the furnace were required to achieve this cost reduction.

The combustion process of the pelletized sludge was quite complex and took place in
several stages. First, dehydration and devolatilization took place at the same time and
occurred from the surface to the interior of the pellet. Next, steam and volatiles produced in
the process flowed from the interior to the surface, passing through the hot surface layers and
reacting with the char produced from devolatilization. Finally, volatiles and syngas burned
around the pellet surface, increasing its surface temperature and improving ceramization.
Examination of the inner furnace conditions revealed that the pellet surface could be affected
by heat transfer from the burning of the volatiles released from the interior of the pellet (Cui
etal., 2006).

The main differences between using pellets as a combustible material and the
ceramization process can be summarized in the following two points:
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e The temperature regime of the furnace was located near 1050 °C in the ceramization
process (higher than the temperature of incineration, around 800 °C).

e The duration of the entire ceramization process and its associated thermal curve were
always longer than 12 hours and continued long after the incinerable or volatile
compounds of the pellets were consumed. In the case of simple incineration, the
residence time of the pelletized sludge was on the order of minutes.

The advantage in this case was that the proposed process produced no incineration ash as
a final waste but rather a valorized product having a composition similar to other ceramic
materials (such as quartz, calcite, albite, phyllosilicates or feldspars). Therefore, no residual
fluxes resulted from the production process (with the exception of gaseous emissions, as will
be discussed afterwards).

It should be mentioned that a rotary kiln was not necessary in this study at the laboratory
scale. However, it would be advisable to use one for industrial and largescale productions to
achieve uniform ceramization and to avoid black-core ceramics or the agglomeration of
pellets.

4.2.3. Ceramic Product Testing Methods

Physical characterization of the resulting product began with measuring the bulk density
of the material as the mass-to-volume ratio (where the total volume included particle volume,
interparticle void volume and internal pore volume). Next, the actual density of the product,
excluding the gaps between the granules, was determined by immersing a certain mass of the
product in water and measuring the volume of the displaced liquid.

Water absorption (over 24 h) was calculated from Equation (5):

Mass of 1 h saturated wet pellets — mass of dry pellets
Water absorption = (5)
Mass of dry pellets

Mechanical resistance was measured with an Instron LC8800 system when
Pellexpended® was added to concrete. Granulometry measurements were performed using
Filtra brand vibrating screens.

Finally, the thermal conductivity of the product was measured using a Holometrix ED
200 LT-A guarded heat-flow meter. In this method, a thermal flow was applied at a constant
rate through a cylindrical sample approximately 5 cm in diameter and 1.5 cm thick, and
thermocouples were placed at both sides of the sample for measurements.

4.2.4. Environmental Analysis

Leaching and toxicity tests

When a new material or product is obtained from hazardous wastes, it must undergo strict
testing to ensure its safety for end users and to assess any possible health risks.

The first test performed in this study was a leaching test. The extraction method chosen
was DIN 30 414 S4 according to the material type (DIN 38 414-S4, 1984). The liquid phase
of the material was separated using a centrifuge (Heraeus Labofuge 200), the pH adjustment
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was done with a pH meter (Crison Micro pH 2001) and agitation was conducted with a paddle
agitator (Raypa AG-2).

For comparison purposes, leaching tests were conducted both for the pelletized sludge
and for the ceramized product Pellexpended®. The concentrations of metals (copper,
chromium, nickel, lead, selenium, thallium, tellurium, vanadium and zinc) and the pH of the
leachate were determined for both materials.

After studying the leaching behavior of the material, its toxic potential during use was
assessed. The aim was to determine the possibility that this material could release gases or
particulate phases during its use that could present a health risk to end users. Two tests were
carried out to reproduce, in an accelerated manner, what would happen to the material over a
ten-year span. The standard norms used were ESA PSS-01-702 (1994) and ESA PSS-01-729
(1991) of the European Space Agency (in accordance with equivalent NASA regulations).

For the first test, the piece was introduced into a vacuum chamber at 10° Pa and a
temperature of 125 °C, where it remained for 24 hours. After that time, weight loss mass
(WLM) during degassing and volatile condensed matter (VCM) condensed on a chrome plate
were measured. In the second test, carbon monoxide (CO) and total organic carbon (TOC)
emissions were measured for a sample kept for three days in a chamber held at 1 atm and 50
°C.

Gaseous emissions tests

Of particular importance in the environmental analysis of a product is the study of
gaseous emissions during the ceramization process, when most of the emissions are expected.
The study of inorganic emissions was conducted following a sequence of measurements
during the firing of ceramic pieces made with clays from El Papiol

(Barcelona). The emissions study of inorganic ceramic samples of pure clay allowed us to
determine any increase in measurable emissions during the ceramization of the pelletized
sludge.

The complete experimental procedure applied has been described in detail in Cusido et al.
(2003). For the determination of pollutants, it was necessary to determine the so-called
emission parameters along the firing curve. Similarly, emission parameters were determined
for the firing of the pellets to produce Pellexpended®.

Finally, the concentrations of volatile organic compounds (VOCSs) in the samples were
obtained by thermal desorption and were found by identifying the peaks in the chromatogram
and the peak intensities while accounting for the contributions of each sampling tube.

4.3. Results and Discussion

4.3.1. Sludge Pellets Characterization

The inorganic chemical composition of the pelletized sludge is shown in Table 15. The
high contents found for iron (10,200 mg kg™) and aluminum (34,800 mg kg™), both
hydrophilic components, were due in part to the reagents added during wastewater
processing. The presence of potassium, magnesium and calcium was likely caused by
sediments and material dredged from the urban sewage system as the water circulated
through. The pellets were characterized by a lipid-rich composition and were thus classified
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as hydrophilic organics. Because organic substances were thermally destroyed during the
treatment and did not participate in the ceramic process, they were of no interest in this study.

Table 15. Chemical composition of the pelletized sludge

Chemical species Concentration (mg kg ™)
Fe 10200
Al 34800
Na 1690
Mg 4130
Ca 37900
K 1220
N (total organic) 14000
P (total) 25500
Halogenated solvents 0.5
Non-halogenated solvents 12.6
TOC (leached) 20600
Heavy metals Concentration (ppm)
Hg 2.3
As 11.0
Se <3.2
Zn 1210
Pb 292
Ni 261
Cu 811
Cr 413
Va 66.1
Mn 122
Cd 2.5

The mineral species present in the pelletized sludge consisted mainly of a-quartz (SiO,),
calcite (CaCOg) and others (see detailed constituents in Table 16) with 25.3% dry matter.

Table 16. Qualitative mineral analysis of the pelletized sludge

Mineral group ~ Mineral Chemical formula Abundance
(qualitative)

Quartz Quartz SiO, il

Carbonates Calcite CaCO, Fkkx
Dolomite CaMg(COs), **

Feldspars Albite NaAlSi;Oq4 *
Microcline KAISi;Oq4 *

Clays Muscovite K(AISiz)O10Aly(OH,F), *
Chlorite (Si,Al4010Al(Mg,Fe)s(OH)g  **
Sepiolite Mg,SigO15(0OH),-6H,0 -

Salt Halite NaCl *

Gypsum Anhydrite CaSO, -

* indicates minor presence of the compound and **** indicates major presence. Note the absence of
sepiolite and anhydrite, compounds usually present in common clay ceramics.
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The rest of the material consisted of organic compounds and residual or interstitial
moisture. The inorganic fraction of the pellets consisted of materials similar to those found in
the silty fractions of clays, and they were therefore deemed suitable for direct ceramization.

4.3.2. Ceramic Product Characterization

The resulting ceramic product was very similar to that obtained with expanded clays (i.e.,
Montmorillonite type), as can be seen in Figure 11. Table 17 presents a summary of the
properties of the Pellexpended® material obtained from the different tests.

The bulk density of the material was found to be 583.2 kg m™, a value corresponding to a
semi-light expanded aggregate material. Alternative technologies and operating parameters in
the thermokinetic drying process should easily allow the producer to vary the density of the
final pelletized product to density values typical of lightweight expanded aggregates (300 kg
m™). The actual density of the product was 2050 kg m, a typical value for structural ceramic
materials.

Figure 11. Comparison between two types of commercial expanded clays and the product obtained with
Pellexpended® pelletized sludge.

Table 17. Main macroscopic properties of the Pellexpended® ceramized sludge pellets

Color Red ceramic
Odor No

Bulk density 583.2 kg m™
Actual density 2000 kg m*
Water absorption 62 % (d.m.)
Thermal conductivity 0.09 W m'K?
Resistance of the concrete-added material 40 kg dm™

The water absorption value was approximately 62%, much higher than that of structural
ceramics, which are generally around 13%. A high water-absorption capacity is desirable in
expanded clays.

As mentioned in the experimental methods section, mechanical resistance was measured
when Pellexpended® was added to concrete because of the granulated nature of the material.
Therefore, the final value of this property was highly dependent on the percentage of pellets
added to concrete. For pellet fractions above 20%, mechanical resistance values were higher
than 40 kp dm™.
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The Pellexpended® granulometry results remained virtually identical to those of the
pellets before heat treatment. It is believed that the spherical shape of the product was
maintained due to the expansive force generated by gas emission during the combustion of
organic matter. Most of the agglomerates found in the samples had diameters in the range of
1.25 to 3.15 mm, as seen in Figure 12.
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Figure 12. Granulometry of the ceramized sludge pellets.

The dimensions of the granulated material obtained depended on the original size of the
precursor pellets. Grain size could be altered by modifying the operating parameters of the
thermokinetic drying process (pelletization). Grain decomposition was avoided in this study
because a larger grain size or higher moisture content would affect the ceramization process
and in some cases result in grain decomposition (Lee and Bage, 2009).

The average conductivity value for the ceramized product was 0.09 W m™ K™. This
conductivity value classifies the material as a thermal insulator. The thermal conductivity
value for Pellexpended® was one order of magnitude lower than that of conventional red
ceramics (in the range of 0.9 to 1.2 W m™ K™). The high porosity of the material is believed
to be the reason for the low thermal conductivity. One of the reasons for the extended use of
expanded clays, in addition to their lightness, is their suitability as thermal and acoustic
insulators.

The high value of water absorption (62%) correlated with the open porosity of this
granulated material, as can be observed in Figure 13. The material was characterized by a
homogeneous bulk open porosity distribution, with an average pore diameter of 50 pwm that
resulted in the high water absorption value. In addition to its higher porosity, the
microstructure of the material was similar to that of clay bricks, with the typical red color of
structural ceramics due to the significant presence of iron salts in the vitreous phase of the
product.
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Figure 13. Internal microstructure of a ceramized pellet, where the important porosity of the product
(62%) can be observed.

In the sintering of sewage-sludge ashes, it has been observed that the pores in the
resulting material decreased with increasing firing temperature (Lin et al., 2006). This
suggests that higher vitrification, where virtually all the porosity of the final material is
eliminated, could be achieved by increasing the maximum firing temperature to 1200 °C. This
is because at high temperatures, the liquid phase of glass would contribute to closing the
pores in the resulting material. However, more experiments should be conducted to confirm
this fact.

The diffractometric analysis did not reveal significant differences between
Pellexpended® and red clays; a-quartz, albite and phyllosilicates were the major components
in both cases. It should be noted that during the thermal-destruction stage (350-550 °C), the
expansion of the pyrolytic combustion gases helped to maintain the spherical shape of the
original pellets. The formation of a dusty or agglomerated material with a gray color was
thereby avoided due to the black core phenomenon.

In the case of the leachate from the sludge pellets, the only element detected was nickel
(Ni). The concentration of Ni in the first leaching test was 539 mg Ni kg™ d.m. This
corresponded to 0.14 mg Ni L™ of leachate and was far below the 1 mg Ni L™ limit set in the
Decree 34/1996 (Decret 34, 1996) of the Catalan Catalogue of Wastes. This result means that
the sludge pellets can be considered an inert waste with respect to their leaching behavior. In
this case, however, the high concentration of lipid material classifies the pelletized sludge as a
special waste (toxic and dangerous).

As expected, metal levels in the leachate from Pellexpended® were also found to be
below the detection levels of the instrumentation except vanadium. The vanadium
concentration was 635 mg V kg™ d.m., which corresponded to 0.16 mg V L™ of leachate. The
concentration might be the result of some mineralogical transformation occurring during the
process. However, this element is not included in the list of metals described in the legislation
regulating lixiviates from wastes (Decret 34, 1996). These results would classify
Pellexpended® as an inert waste in the absence of organic matter according to the Decree
34/1996.
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CONCLUSION

In this chapter we have shown some alternatives of using sewage sludge from urban
wastewater for inclusion in ceramic matrices devoted to building. Their main advantages are
the savings in raw material (clays) and water constituting a direct saving in energy costs. But,
their main concern lies in the disposal of such wastes considered toxic and hazardous to the
environment.

It should be mentioned that there are also many other possibilities of using solid wastes
equally valid to be incorporated as raw materials into ceramic materials for construction.
Some examples are: ashes from incineration, sludge from paper industry, wastes from
galvanizing processes, wastes from dyeing processes in textile industry, and in general many
industrial processes whose treatment and final disposal is also problematic. The percentage to
be incorporated in the composition of the mixture of these residues usually can not exceed 10
% to obtain a marketable final product (i.e. to meet the technical requirements for use as
building material). In general, the use of such a product would be as ceramic pieces for indoor
as masonry, boards, etc. It would not be recommended for external use in construction
(outdoor or front view bricks) nor to develop load-bearing walls.

Finally, while the number of products of this kind is still in an early stage of production
an important increase in production is expected in the near future. To this, it is essential to
have the support of public administration and the development of specific environmental
regulations to differentiate these processes of waste recycling from those that are mere waste
incineration treatments.
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Chapter 6

THE WORKABILITY OF NATURAL CLAYS AND CLAYS
IN THE CERAMICS INDUSTRY

Graham Barnes
Graham Barnes Consultancy, UK

ABSTRACT

The property of workability is important in the ceramics industry, particularly in
association with extrusion processes, in the construction industry where natural and
stabilised clay soils are required to be worked, moulded and compacted and in the
agricultural industry where the conditions for good tillage and ploughing are related to a
friable or brittle condition close to the plastic limit. The work required to carry out the
processes of extrusion and compaction of clays in the plastic state can be related to their
toughness which in turn depends on the clay mineralogy, water content, particle size
distribution and soil fabric. Toughness has previously only been studied in an indirect and
qualitative manner. The results of tests conducted with an apparatus developed by the
author to produce rolling of a soil thread comparable to the procedure in the Atterberg
plastic limit test are discussed. A well-defined ductile-brittle transition in relation to
water content is achieved resulting in a much more accurate determination of the plastic
limit compared to the poor reproducibility of the standard test. The toughness of a ductile
clay can be determined as a measure of work/unit volume from a stress-strain curve over
a range of water contents. Unique toughness-water content relationships are obtained for
a wide variety of natural clays, ball clays and brick clays. The range of water contents
between the liquid and plastic limit, conventionally referred to as the plasticity index, can
be distinguished into three regions, described as adhesive-plastic, soft-plastic and stiff-
plastic regions and these are defined by the water content at zero toughness, the
toughness limit, the water content at the stiffness transition between the soft-plastic and
stiff-plastic regions and the plastic limit. The effects of coarse-grained particles, silts and
sands, on toughness is small at low contents but at high contents is affected by the
requirements not only to mould the clay component but to displace the coarse particles.
Mixing different clays together is found to produce non-linear variations in their
properties, depending on the total clay content and the content of a dominant clay
mineral.
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THE DUCTILE-BRITTLE TRANSITION

The ductile-brittle transition has been recognised as a fundamental phenomenon in
respect of changing temperature on stress-strain behaviour for a range of materials, such as
metals, rocks, glass and wax. However, for soils with respect to water content this transition
has not received the attention it deserves. The term ductility is used to denote the ability of a
cohesive soil to hold together when rolled out into thin sheets or threads. On the ductile side
of the transition a cohesive soil contains sufficient water to allow it to display plasticity, in
that it can be deformed considerably and can retain a deformed shape. In rolling out a thread
of soil the term toughness is introduced to define the amount of work per unit volume
required to remould and deform the soil.

On the brittle side of the transition a soil thread can no longer be rolled out, as
demonstrated in a standard plastic limit test (BS1377:1990; ISO/TS 17892-12:2004; ASTM
D4318-10). The plastic limit is then the water content at the ductile-brittle transition. The
behaviour of a brittle soil can be explained by the generation of internal tensile stresses during
rolling of the thread. These stresses seek out and develop defects in the soil structure such as
microcracks, air voids or fractures producing crack propagation until the soil collapses.

PLASTICITY, WORKABILITY AND TOUGHNESS

Many researchers have had difficulty in defining plasticity, never mind finding a method
to measure it, for example, Worrall (1982), Dinsdale (1986) and Ryan and Radford (1987).
Most recently this difficulty has been summarized by Reeves et al. (2006) as “The definition
of a parameter which provides a useful indication of the plasticity of clays used in the
production of pottery has presented a challenge yet to be satisfactorily resolved.” In relation
to a stress-strain curve plasticity can be seen as the ability of a substance to be deformed
(stressed beyond its yield point) considerably without rupture (with large, mostly plastic
strains) and on ceasing the deformation (removal of stresses) the (plastic) strains are not
recovered and the substance retains its deformed shape.

In the ceramics industries the term workability is more commonly used, applied to clays
with water contents mainly above their plastic limits and below the sticky limit giving a
workable range of water contents. In the agricultural industries a soil is generally deemed
workable for tillage when its water content lies below the plastic limit and for deeper working
such as ploughing in the stiff-plastic region, see later.

Several novel, empirical tests have been applied over the years in the ceramics industry to
assess workability for brick making, pressing, extrusion etc. based on either a deformability
or extrusion property but none of these could give a measure of the work required to deform
the material when in its plastic state, instead they provide parameters with tenuous
associations with workability.

In rolling out a thread of soil the term toughness is introduced to define the amount of
work per unit volume required to remould and deform the soil. Casagrande (1932) recognised
the importance of the toughness property of a soil at water contents near to the plastic limit
and even suggested that clays could be classified according to their toughness. Later,
Casagrande (1947) stated that the toughness near the plastic limit increases as the plastic limit
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decreases. He gave a classification of toughness by referring to the ‘cohesiveness at the
plastic limit” with terms in the order: very weak, weak, firm, medium tough, tough, very
tough. However, few researchers have since pursued the study of this property.

CLASSIFICATIONS OF PLASTICITY AND TOUGHNESS

Atterberg (1911) considered that the degree of plasticity of a soil could be represented by
his plasticity number, now called the plasticity index, I,, the liquid limit minus the plastic
limit. Classifications for the degree of plasticity based on the ease of rolling and the smallest
diameter to which a thread of soil can be rolled have been suggested by Burmister (1970) and
Karlsson and Hansbo (1981) with very thin threads denoting high plasticity. Soils that can not
be rolled out are described as non-plastic.

To assess the viability of using various clays in extrusion processes the diagram produced
by Bain and Highley (1979) is often referred to. In relation to the Casagrande plasticity chart
this diagram shows that clays mainly in the intermediate plasticity region (w_ = 35 — 50%
according to BS5930:1999) and above the A-line give optimal extrusion qualities. Clays with
plasticity index I, < 10% are not appropriate for building related products and clays with I, >
34 % would be tougher and difficult to extrude. This diagram, however, does not recognise
that extrudability would also be a function of the water content of the clay.

Based on the Casagrande plasticity chart, zones of toughness at the plastic limit are given
for the USCS system in a NAVFAC (1986) document, using the terms slight, medium and
high although these are not defined. This classification recognises the difference in toughness
for soils above and below the A-line.

BS5930:1999 gives a classification for plasticity based on the liquid limit alone, from low
to extremely high. This classification is independent of the plastic limit with no
acknowledgement that M soils which lie below the A-line on the Casagrande plasticity chart
and C soils that lie above have different toughnesses. This Standard describes toughness of a
fine soil as the ‘character’ of a moist thread when rolled out and moulded together, with
inorganic clays of high plasticity being fairly stiff and tough and those of low plasticity are
softer and more crumbly.

Plasticity is defined in BS EN 1SO 14688-1:2002 as the property of a cohesive soil that
permits its consistency limits (liquid and plastic limits) to be determined and to change its
mechanical behaviour with change of moisture content. Two classes are described, high and
low plasticity. Soils of high plasticity can be rolled into thin threads, they are ductile and
would have water contents above the plastic limit; soils of low plasticity have cohesion but
cannot be rolled to thin threads (about 3mm diameter) so they would have water contents
below the plastic limit. BS EN 1SO 14688-2:2004 states that the degree of plasticity should be
based on the results of laboratory tests, the liquid and plastic limits, with a classification using
the terms non-plastic, low, intermediate and high plasticity but this standard gives no
guidance on the liquid limit or plastic limit values to assign to each term.
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FIELD TESTS FOR CLASSIFICATION OF TOUGHNESS

In the US Department of Agriculture Soil Survey Manual (Anon, 1993) toughness classes
of low, medium or high are given based on the force in Newtons required to form with the
fingers a soil thread 3 mm diameter at a water content near the plastic limit. These criteria are
more related to work/unit volume, which provides a better definition of toughness.

In the New South Wales USCS field method (Anon, no date) toughness is described as
the consistency at the plastic limit and this document explains that the tougher the soil thread
the more potent is the colloidal clay fraction. This property is distinguished by means of the
ribbon strength, dry strength, toughness and stickiness of the soil.

ASTM D 2488-09A describes toughness on the basis of a subjective assessment of the
pressure (low, medium or high) required to roll a soil thread at a water content just above the
plastic limit and the stiffness of a lump of the soil formed from the crumbled threads when the
water content is just below the plastic limit. According to this Standard a soil with medium
toughness and low plasticity (CL) is identified as a lean clay and one with high toughness and
high plasticity (CH) is described as a fat clay.

PREVIOUS TESTS TO MEASURE WORKABILITY

Many tests have been devised to provide a measure of workability, both simple and
intricate and some now disused, with different ways of representing this property.

To distinguish workable plasticity and to eliminate the ‘potter’s feel” for the condition of
clay McDowell (1928) devised a simple compression device comprising a 8kg mass placed
on top of a 2 inch cube of the clay for 30 seconds and measuring the resultant height of the
specimen. Compared with the performance of the clay in the works, limits for the height
reduction could be set within which a clay was deemed workable and this approach was
found to be more reproducible than the potters’ judgements.

Heindl and Pendergast (1947) investigated a test originally designed to apply a set
number of twenty impacts from a fixed weight and height of drop onto loose soil clods inside
a steel cylinder. They found that twenty impacts was insufficient to fully compact some soils,
those of high toughness, and considered that it would be preferable to base the workability of
a soil on the number of blows required to remould the clods and reach full compaction or the
maximum bulk density. They had identified that the purpose of the test was to determine the
amount of work required for remoulding. A similar test to determine the ‘workability index’
of fireclays and refractory clays is covered in ASTM C181-11.

The above test is very similar in function and outcome to the moisture condition
apparatus (MCA) and test (Parsons and Boden, 1979) which was devised to determine the
suitability of mainly cohesive soils for use in the construction of embankments and other
earthworks. 1.5kg of moist soil reduced to 20 mm maximum size clods is placed in a steel
cylinder and compacted by the impacts of a 7 kg rammer falling 250 mm onto the soil. The
moisture condition value (MCV) is measured as the log number of blows to fully compact the
soil. The MCV is a measure of toughness with tougher soils, and with lower water contents,
giving higher MCVs because more compaction energy is required to remould the lumps of
clay. The trafficability of heavy earthmoving machinery has been assessed in relation to the

Complimentary Contributor Copy



The Workability of Natural Clays and Clays in the Ceramics Industry 187

MCYV of the soils traversed (Parsons and Darley, 1082). A discussion on the efficiency of
earthmoving is given in Barnes (2010a).

The Pfefferkorn method (Andrade et al., 2011) comprises an impact device that deforms
a cylindrical specimen of clay from the impact of a free falling mass. Tests are conducted on
clays with varying water contents with the ratio of the initial height to the deformed height
increasing as the water content increases. To compare different clays the Pfefferkorn value is
taken as the water content at 30% contraction of the specimen.

An indentation method proposed by De Oliveira Modesto and Bernardin (2007)
comprises a determination of plasticity by means of the measurement of force applied to a
spherical indenter. Assorted penetrometer devices are described by Gohlert and Uebel (2009)
comprising small diameter plungers pressed into the clay with resistance measured as a force
or pressure.

The Brabender plastograph described by Marshall (1955) and West and Lawrence (1959)
is a torque rheometer comprising an electrically driven mixing chamber with measurement of
torque on the mixing blades as water is added to the air-dried, ground clay. This is a rather
crude device but a useful result was that montmorillonite was found to require higher torques
and over a wider range of water contents than kaolinite.

Carty and Lee (1996) recognised that in the ceramics industry the property of plasticity
lies between suspension rheology for which viable tests were available and soil mechanics for
which remoulding tests were not available. Using a high pressure shear rheometer and from a
plot of torsional shear stress vs. applied pressure they determined the cohesion, or yield shear
stress as the intercept of the plot, and the pressure dependence, the gradient of the plot. A
kaolinite clay was found to have the highest pressure dependence.

Extrusion tests conducted by Fitzjohn and Worral (1980) on several brick clays,
measuring extrusion rates vs. applied pressure showed that their ‘index of plasticity’ was
reasonably well correlated with the clay content. The ‘index of plasticity’ was defined as the
ratio of the yield stress (the applied pressure required to commence extrusion) and the
‘bottom bend’ (the additional amount of pressure required to promote steady extrusion). A
high clay content would be expected to provide the greatest resistance to extrusion.

The Martin Flow Instrument was designed by CERAM Research (Kessel, 1998) to
extrude a sample of clay through a die, measuring the flow rate and the applied pressure. As
the rate of extrusion is determined by the toughness of the clay the most significant
controlling factor was found to be the water content.

Astbury et al. (1966) carried out cyclic torsion tests on clays used in the ceramics
industry and defined the area of the hysteresis loop of stress vs. strain as the amount of energy
absorbed by the specimen during one cycle. They found that this amount of energy was
significantly dependent on the water content. Their plot of energy per hysteresis cycle vs.
water content is very similar to the relationships obtained for work/unit volume vs. water
content using the Barnes plastometer, see below.

Compression, impact, extrusion, indentation and penetrometer devices test the clay by
mobilising its shear strength or yield strength. In relation to a stress-strain curve a clay only
behaves plastically when it is stressed beyond its yield strength when the clay deforms
extensively with large plastic strains. Only tests that take measurements of stress and strain in
the plastic region can be said to provide true plasticity determinations.

The workability of clays can be obtained from a measure of the yield stress multiplied by
the maximum deformation from a shearing test, e.g., Norton (1938); Schwartz (1952). Norton
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(1938) carried out tests on clays using a torque machine and from plots of torque versus angle
of rotation found an increasing measure of toughness (product of the yield point of torque and
the maximum deformation) as the water content decreased. He stated that a plastic body for
ceramics purposes would need a high value of the yield point and a high extensibility. If it has
a low vyield point, or low strength, it would slump after working and if it has a low
extensibility it will be ‘short’* and difficult to form, by developing brittleness.

Two plastometers, a compression device and a torsion device, were described by Moore
(1963). With the former device, the specimen was compressed by more than 60% and the
stress at 50% compression was used as a plasticity parameter. From the torsion test a
hysteresis loop was obtained by cycling the stress and measuring the angular rotation with the
area of this loop used as a measure of the energy required to deform a specimen, as suggested
by Astbury et al. (1966). The compression test did not allow for the significant change in
shape of the specimen and in the torsion test the separation of elastic from plastic strains
would be difficult.

Baran et al. (2001) defined a workability parameter for clays as op.&* which, at first
sight, would appear to be the area beneath part of a stress(o)-strain(g) curve to give a measure
of work/unit volume. However, the op, value was obtained from compression tests on
cylinders of clay as the stress at a fixed strain of 0.2 and &> was determined as the plastic
tensile strain obtained from a set of ‘upset tests’ measured at zero compression strain. With
the stress and strain values derived from two very different tests on different specimens with
different water contents, there would be difficulties in obtaining a compatible value of
work/unit volume.

MICROSTRUCTURAL VIEW OF TOUGHNESS AND PLASTIC LIMIT
OF CLAY

The early concepts of microstructure of clay held that the single clay platelet dominated
the framework with a double layer theory controlling the attractive and repulsive forces
between the particles (Mitchell, 1956). From scanning electron microscope studies of natural
clays and silts Collins and McGown (1974) found that the single clay platelet arrangements
were rare and that face to face groups of clay platelets were dominant. They identified a
number of particle assemblages including discrete aggregations of clay particles, clay-coated
silt and sand grains, clay connectors or bridges between silt/sand particles, semi-continuous,
interweaving bunches or strands of clay particles connected together and in soils with high
clay contents general particle matrix assemblages. Cetin et al. (2007) also described the clay
structure at water contents above the compaction optimum water content to be characterised
by long strings of differently oriented particle groups in the form of curved trajectories. The
toughness of a clay soil can be seen as resistance to deformation from these clay particle
structures, particularly the interweaving strands.

Within the clay strands a simple representation of toughness has been developed (Barnes,
2013a) for the interaction between individual clay particles assuming an adsorbed water layer

! A term also used in pastry making.
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on the surfaces that determines the forces acting between them. The work required to produce
displacement of the particles, referred to as the toughness T, is shown to increase with

1) increasing surface area of the clay particles,

2) increasing attraction between the clay particles assuming the attraction to be
inversely proportional to the separating distance,

3) increasing friction between the clay particles which would be related to the angle of
friction and

4) decreasing water content.

Delage et al. (1996) postulated that the plastic limit could be the limit between a uniform
matrix structure and a structure of aggregated clay particles. As the water content approaches
the plastic limit it is feasible that the clay/water matrix not only forms into aggregates but
these aggregates coalesce between silt and sand grains to form clay bridges. Associated with
changes in the soil structure there will be changes in the pore size distribution.

Bimodal pore size distributions have been found in samples of compacted kaolin/silt
mixtures (Garcia-Bengochea et al., 1979 and Sivakumar et al., 2006) at water contents above
and below the compaction optimum water content with groups of small and large pore sizes.
The smaller pore sizes probably exist within the aggregates (intra-aggregate) while the larger
ones are inter-aggregate or inter-silt pores.

Diamond (1970) showed that the clay mineral type had a marked effect on the pore size
distribution with the smallest pore sizes obtained in a montmorillonite sample (typically 0.01
—0.05 um), larger pore sizes in kaolinite (0.1 — 0.2 um) and much larger pore sizes in natural
soils (1 — 5 pum). According to Tanaka et al. (2003) the mean pore size also increases with
increasing silt and sand content probably due to the presence of clay connectors or bridges
between the coarser grains.

The effect of reducing water content towards the plastic limit can be seen to be one of
changing from a structure that holds together, can be rolled out and displays cohesiveness and
ductility to one that breaks into distinct units and crumbles under deformation.

As the water content reduces towards the plastic limit larger void sizes develop probably
as a result of coalescence of finer voids. Some of the larger voids would also be likely to
contain air. Cafaro (2002) showed that the suction at the plastic limit was close to the air entry
value, i.e. the onset of desaturation. The air-filled pore spaces will provide defects in the soil
structure that will be preferentially exercised by the cyclic stressing in the rolling plastic limit
test promoting crack propagation and leading to the brittle failure of the soil thread.

THE BARNES PLASTOMETER

Casagrande (1932) devised a mechanical means of conducting the liquid limit test as first
proposed by Atterberg, the cup method, but did not attempt to mechanize the plastic limit test.
The apparatus of Bobrowski and Griekspoor (1992) provides a rolling device to make a soil
thread reduce to the diameter of 3.2 mm as required in the ASTM D4318-10 method but no
measurements of the behaviour of the soil during the rolling process are recorded.
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The author has devised and developed an apparatus (Barnes, 2009, 2010b, 2013a, 2013b)
for measuring the stress-strain behaviour of a thread of cohesive soil as it is rolled in a
manner that replicates Atterberg’s rolling technique for the determination of the plastic limit.
Since the apparatus enables measurement of the plasticity properties of a cohesive soil it is
referred to herein as the Barnes plastometer.

The apparatus comprises a top glass plate and a bottom steel plate with the outer faces of
the plates inclined outwards at a shallow angle of 1 in 40 so that when a thread of soil is
rolled between the plates the thread extrudes longitudinally as it reduces in diameter. The top
plate is kept stationary and the bottom plate is moved forward and back above a sliding
mechanism to mimic the hand rolling method so that the soil thread rolls forward 50 mm and
then back 50 mm, referred to as one traverse. The outer strips of the plates are lightly smeared
with petroleum jelly to provide a form of lubricated platens to ensure a consistent smooth
surface in these areas and to permit freer extrusion of the thread during rolling.

The top plate is attached to a loading bar with a force applied to the soil thread during
each traverse and adjusted by means of a moveable mass on top of the loading bar. The force
is varied according to the strength of the soil and to produce adequate deformation on each
traverse. The operation is force-controlled with the force increments chosen to maintain
suitable changes in diameter. The diameter of the thread is measured for each traverse by
means of a dial gauge positioned on the loading bar. From the applied force F and the
measured mean diameter D, values of the nominal stress on the thread are determined for
each traverse from the split cylinder formula as

Chom = = (1)

where L is the length of the soil thread between the plates, 50 mm. The diametral strain for
each traverse of the soil thread is determined from

1 )

where 6D; is the change in diameter and D; is the diameter at the start of the i" traverse. The
cumulative strain is determined by summation for the traverses.

The formula for stress given in the split cylinder or Brazilian test described in ASTM
D3967-08 is considered to be appropriate to the application of force in the plastic limit test
(Wood, 1990). The nominal stress derived from equation 1 is considered to act as a ‘quasi-all-
round pressure’ that causes the ductile thread to undergo longitudinal extrusion and reduction
of the diameter in a triaxial extension mode of shearing.

The effect of a high proportion of large particles in a small diameter thread is found to be
significant so it is necessary to remove all particles greater than 425 um from the soil,
preferably by wet sieving, before preparing a soil thread. This is the maximum particle size
permitted for the determination of the liquid and plastic limits in the Standards. The soil
thread is prepared by static compaction in a specially made thread maker at a diameter of
about 8 mm and with a precise circular cross section to ensure that the thread rolls smoothly
between the plates.
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Tests are conducted over a range of water contents starting from a high water content
where the soil is very soft but not sticky, otherwise the surface of the thread sticks to the
plates. The ductile threads are rolled until the diameter reduces to 3 mm or less. With
decreasing water content the soil becomes stiffer or tougher and higher forces are required to
produce the required changes in diameter.

With a thread diameter starting at about 8 mm increasing loads and continual traverses
take the soil thread to a yield condition beyond which the thread undergoes fairly steady
plastic straining as the thread is continually rolled, Figure 1. The product of nominal stress
and diametral strain for each traverse provides a measure of the work per unit volume for that
traverse. The number of stress reversals applied to the soil thread increases for each traverse
as the thread reduces in diameter. The work/unit volume per traverse is normalised to a
constant number of 100 reversals.

From a nominal stress-diametral strain plot the work per unit volume W, as the area
beneath the curve, is calculated for each traverse

W = oom X &p (©)]

The cumulative work/unit volume for all of the traverses required to reduce the thread
from a diameter of 6 mm to a diameter of 4 mm, within the range of plastic straining, is
determined as the toughness T with units of kd/m®.

Tests are conducted until the soil is at a water content when it becomes brittle and a
thread will no longer reduce in diameter and extrude but fails in a brittle manner. The effect
of the stress cycling within the soil thread from compression to tension and vice versa
probably increases, with the tensile stresses in the thread, in particular, impacting on the more
aggregated soil structure and promoting opening of microcracks and small air voids that are
developing with reduced water content. The plastic limit is the water content at the ductile-
brittle transition.

A typical plot of nominal stress vs. diameter is presented in Figure 1, for a sample of Lias
clay from Charmouth, Dorset, UK. The plots show the ductile behaviour of the soil threads
over a range of water contents with yielding observed followed by continuous diametral
plastic deformation, also involving longitudinal extrusion. For each of these tests the
toughness T is determined from the area beneath each curve between the diameters of 6 and 4
mm and plotted against the water content in Figure 2.

The initial state of a clay affects the toughness-water content plot, with air-dried samples
giving a stiffer initial response, yielding at higher stresses and higher toughnesses at the same
water content compared to oven-dried samples. It is considered that oven-drying of a clay soil
causes some aggregation of the clay particles and leaves the soil with a smaller proportion of
continuous matrix. For natural clay soils it is preferable to conduct the test on samples
commencing from their natural water content providing the requirement to remove all
particles larger than 425 um is achieved.

The relationships between toughness and water content have been found to be typical of
all of the soils tested with the following properties identified.

Complimentary Contributor Copy



Figure 1.

kPa

Nominal stress yom

24

22

20

18

16 |

14

12

10

brittle jf’

|
75 7 6.5 6 55 5 45 4 35 3

Diameter D mm

Complimentary Contributor Copy

25



Figure 2.

Toughness T kJ/m3

32

30 1

28

26

24

22

20

18

16

14

12

-

Tmax

T= 138.33 - 3.86w
r2=0.986

T =54.52 - 1.26w
r2=0.9701

+ = = = = = = = Ductile-brittle transition- = = = = = = = = = = = =

o

28 29 30 31 32 33 34 35 36 37

Water content w %

Complimentary Contributor Copy

38

39



35

el
=
g \
e e eee oo o= Wmpwr pinbr - = - 4
L
3
=y
o
=
[%]
[
=
el
<
|||||||||||||||||||||||||| Imywr] sseuybnoy - - 3
\\\
\\
\\
\\
4
o Ny AYoRS ------- - a\
g ®
7/
2 8
8 8
4
\\o
4
\\
Q\
\\
|||||||||||||||||||| —_ > — -SM UONISUBL SSBUMIS - —
g B
3 Nl
= o8
£ .7
7] \D\\\
R o = e e e T dmpwrionseld - - - 8
2
@
o [Te] o 1o} o w o
[sp] N N ~ -~
cWw/py 1 ssauynboy

60

55

50

45

40

35

30

25

Water content w %

Figure 3.

Complimentary Contributor Copy



The Workability of Natural Clays and Clays in the Ceramics Industry 195

PROPERTIES DETERMINED FROM THE TOUGHNESS VS. WATER
CONTENT RELATIONSHIP

The plot of toughness vs. water content in Figure 2 has been re-plotted in Figure 3 to
include the water contents up to the liquid limit to illustrate several properties associated with
this relationship.

1) Plasticity Regions

The range between the liquid limit and the plastic limit, referred to as the plasticity index,
can now be subdivided into three regions, an adhesive-plastic (or sticky-plastic) region, a
soft-plastic and a stiff-plastic region defined between the liquid limit, the toughness limit, the
stiffness transition and the plastic limit. The zone below the plastic limit is referred to as
brittle. Above the liquid limit soils can still be described as adhesive because they would stick
to a steel spatula and below the toughness limit soils are found to retain some stickiness so the
toughness limit does not correspond with the sticky limit as proposed by Atterberg (1911).

The plasticity regions and the toughness property can be used to distinguish clays that
will provide greater resistance to deformation while still remaining plastic. In the ceramics
industry control of toughness and water content would be important to the forming processes
of manufactured clay products. In the construction industry toughness would be relevant for
the assessment of the flexible behaviour of clay components in earthworks such as where clay
membranes are required in landfill and canal construction and in the cores of earth dams.
Conversely tougher soils require more effort in placing and compaction affecting the choice
of machinery and the efficiency and costs of earthworks construction.

2) Toughness Limit, wt

The toughness limit is the water content at zero toughness obtained by extrapolation from
the reasonably correlated straight line above the stiffness transition to zero toughness. Due to
the stickiness of soil at the higher water contents in the soft-plastic region it is not possible to
extend the tests to zero toughness values. From experience, the sticky limit as suggested by
Atterberg (1911) lies at a water content below the toughness limit. This limit defines an
adhesive (or sticky)-plastic region which has no toughness and is virtually non-workable and
a workable or tough-plastic region.

Although in the same range of water contents the toughness limit is considered to be
unrelated to the sticky limit as the latter applies to a different phenomenon, associated with
surface tension of a soil in contact with a metal or other hard surface. Nevertheless the
toughness limit could be used to denote the upper limit of the toughness or workability of a
soil.
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3) Maximum Toughness, Tmax

In the stiff-plastic region the toughness and water content values plot on a reasonably
correlated line that can be extrapolated to give the maximum toughness at the plastic limit,
Tmax With units of k/m>. This property can be used to compare the toughnesses of different
clays.

4) Stiffness Transition, ws and T,

It has been found that many clays display an additional but more subtle transition on the
toughness vs. water content plot in the tough-plastic region, referred to as the stiffness
transition. This is often observed to correspond to a noticeable change in the nominal stress-
strain behaviour of the clay. The water content at this transition is referred to as ws and Ts is
the toughness. For some soils such as clayey silts and some ball clays it is difficult to
distinguish a stiffness transition. For these soils strain-hardening occurs at all water contents
so there is little distinction between the shapes of the stress-strain curves.

In the ceramics industry water content adjustment and control are essential to regulate the
plasticity properties of the clay bodies. Allowing the water content to reduce below the
stiffness transition would increase the toughness disproportionately and could significantly
reduce the efficiency of the operating machinery.

5) Toughness Coefficients, Tc
The gradients of the straight lines each side of the stiffness transition are assigned the

term, toughness coefficient, Tc. These values represent the sensitivity of toughness of a clay
to changes in water content and demonstrate the significance of the stiffness transition.

6) Toughness Index, I+

This is defined as the difference between the toughness limit and the plastic limit and
gives the full range of water contents over which the soil would be plastic and workable.

I+ = Wt — Wp. (4)

7) Workability Index, Iy

In a similar form to the liquidity index, the workability index identifies the water content,
w, of a soil in relation to the toughness index.

w —wp

Iy=— %
w P (5)

Complimentary Contributor Copy



The Workability of Natural Clays and Clays in the Ceramics Industry 197

The workability index could be used, in preference to the liquidity index, in the
specification of processed clays and earthworks control to denote the degree of workability
since with water contents above the toughness limit a clay would be deemed non-workable.

EFFECTS OF SILT AND SAND PARTICLES

The results of tests on mixtures of clay and silt and clay and sand are discussed in Barnes
(2013a). It has been found that the plastic limit and the maximum toughness decrease with
decreasing clay content and that for clay contents above about 15% the maximum toughness
increases almost linearly with clay content. However, the relationship between plastic limit
and clay content follows the linear law of mixtures only for clay contents above about 50%.
Neither of the relationships between water content and plastic limit and maximum toughness
passes through the origin because it would be expected that a soil with zero clay content could
not display toughness nor be rolled out to give a plastic limit. With a clay content of about
10% or less the toughness was found to be negligible and the soil would be described as non-
plastic.

For mixtures containing the same granular content (silt or sand) there will be more
particles present in the mixtures with the smaller particle sizes. It has been found that for
mixtures of clay and silt and clay and sand those containing finer granular particles (silt)
require more water to produce the same toughness.

With a larger number of, albeit smaller, granular particles the spacing between them
decreases and the clay matrix surrounding them becomes less continuous. Also the larger
number of particles provides a greater surface area and a larger number of grain:matrix
interfaces. There are more opportunities for dislocation of the clay matrix and between the
clay matrix and the surface of the granular particles. Cycling compressive and tensile stresses
in the rolling plastic limit test will seek out these weaknesses preferentially in the soils with
the smaller granular particles, causing the soil to become brittle at higher water contents and
lower maximum toughnesses.

TESTS ON CERAMIC CLAYS

In the ceramics industry the manufacturers of products ranging from tiles to tableware
refer to the use of clay ‘bodies’. Mixing two or more different clays together is a common
practice with other ingredients such as quartz, grog? and other fluxing agents added to provide
adequate green strength®, low shrinkage and good firing properties. The clay types and
proportions are usually chosen for their firing properties, finished colour and texture.
However when these bodies are in the plastic form for moulding and shaping their toughness
properties related to the water content will be important and will be determined by the clay
types and proportions. To optimise energy efficiency in the manufacturing processes
improved control of the mixing water contents that could be obtained from the toughness vs.
water content relationships would be beneficial.

2 Grog is ground up previously fired clay.
% Strength of the unfired, formed product.
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The effects on toughness and the plastic limit of mixing two different clay types used in
the ceramics industry are described in Barnes (2013a). For mixtures of known proportions by
mass of two processed clays, a fireclay and a ball clay the toughness vs. water content
relationships do not coincide with a linear interpolation between the relationships for the two
clays on their own. Both clays have distinct soft-plastic and stiff-plastic regions with well-
defined stiffness transitions. The toughness of the ball clay in the soft-plastic region (10 — 17
kJ/m®) was much greater than for the fireclay (6 — 10 kJ/m°) but when mixed together ball
clay contents up to about 10% appear to have little effect on the toughness properties of the
fireclay.

The proportion of the clay minerals from the ball clay in the total clay content of a
mixture was found to be a useful property in assessing the test results.

The plastic limits of the mixtures also did not coincide with a linear interpolation between
the two clays on their own. The presence of the ball clay in a mixture results in the toughness
vs. water content relationship extending above the location where the maximum toughness
would be expected to occur, giving lower plastic limits. With ball clay in the mixtures it is
envisaged that interactions between the clay minerals can maintain a continuous strand
arrangement and will subdue dislocations that would otherwise occur in the coarser fireclay to
provide a higher maximum toughness at a lower plastic limit.

WORKABILITY IN THE CONSTRUCTION INDUSTRY

Prior to the introduction of the moisture condition apparatus (MCA) in the UK (Parsons
and Boden, 1978) the main criterion used for the suitability of a clay fill material for use in
earthworks construction was that the water content of the clay w must be less than the plastic
limit multiplied by a factor (Barnes, 2010a)

w < wp x factor (6)

With water contents greater than this value the clay fill would be deemed to be
unacceptable for use. A factor of 1.2 in equation 6 was commonly adopted for most clay types
to provide a clay fill with sufficient strength to maintain the trafficability of earthmoving
scrapers (Arrowsmith, 1978). For the tests described in Barnes (2013a) adopting this factor
would ensure toughnesses and strengths mostly in the stiff-plastic region. A factor of 1.3,
considered to give a feasible maximum water content, has been adopted as the limit for ‘wet’
clay fill (Barnes, 2010a). It was found that the toughnesses and strengths then extend further
into the soft-plastic region and this would require the use of lighter earthmoving plant.

For wide tracked, low pressure vehicles to move satisfactorily over a clay fill a limiting
factor of 1.4 has been suggested (Farrar and Darley, 1975), although this factor would take
the clay fill to the limits of acceptable workability. The ‘factor’ approach to the suitability of
clay fills is seen to be feasible but was discontinued in the 1970s because of the poor accuracy
of the plastic limit determination from the standard test.
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WORKABILITY IN THE AGRICULTURAL CONTEXT

In the agricultural industry the water content of the surface soil in relation to its plastic
limit, whether ductile or brittle and the toughness at water contents in the ductile state are
paramount factors in determining the ability of agricultural equipment to carry out efficient
operations. Unlike in the ceramics industry, where the ductile condition is required and water
contents above the plastic limit are relevant, for agricultural purposes the soils are required to
display friability and brittleness with water contents on the ‘dry’ side of the plastic limit.

Mueller et al. (2003) found that the optimum water content for tillage purposes was at 0.9
X Wp. Above this water content the soil would be too ‘wet’ because the soil is in a cohesive or
mouldable state, air can easily be excluded and the soil would compact under the equipment,
damaging the soil structure and texture. Other values such as the standard Proctor compaction
test optimum water content w, and a consistency index I of 1.15 were also found to be
appropriate values for optimum tillage, particularly for shallow tillage.

For deeper working, such as ploughing Mueller et al. (2003) also found the workability
limit coincided with an arbitrary ‘stickiness’ limit at a consistency index of 0.75, or a liquidity
index of 1.25 when operation of equipment was significantly affected by smearing and
adhesion from the soil.

Utomo and Dexter (1981) found that for two sandy loams the friability of the soils was
greatest at water contents approximately equal to their plastic limits. Hoogmoed et al. ( 2003)
described a ‘wet workability limit’ to identify suitable working conditions. Although they
used sophisticated tests to determine properties such as the air permeability and the suction-
water content relationship they found that the wet workability limit for a loam and a clay soil
lay very close to the plastic limits of these soils. Thus, in agriculture if the water content lies
above the plastic limit damaging compaction is likely.

Concerning the behaviour of soils under the action of a plough Campbell et al. (1980)
measured the draft force on a tine pushed through a clay soil to represent the ploughing
mechanism and found that the draft force was highest at the plastic limit when the clay was at
its toughest, with a plastic failure mechanism. The draft force was lower at water contents
above the plastic limit when the clay would have lower toughness and at water contents
below the plastic limit when brittle failure occurred.

REFERENCES

Ahmed, S., Lovell, C. W. & Diamond, S. (1974). Pore sizes and strength of compacted clay.
ASCE, Journal of the Geotechnical Engineering Division, 100(GT4), April, 407-425.
Andrade, F. A., Al-Qureshi, H. A. & Hotza, D. (2011). Measuring the plasticity of clays: A
review. Applied Clay Science, 51, 1 -7.

Anon. (n.d.). Unified Soil Classification System: field method. Department of Sustainable
Natural Resources, New South Wales, Australia.

Anon. (1993). Soil Survey Manual Chapter 3 Examination and description of soils. Soil
Conservation Service, US Dept. of Agriculture. Natural Resources Conservation Service,
Handbook 18, Soil Survey Division Staff.

Complimentary Contributor Copy



200 Graham Barnes

Arrowsmith, E. J. (1978). Roadwork fills — a material engineer’s viewpoint. Proceedings
Clay Fills Conference, ICE, London, 25-36.

Astbury, N. F., Moore, F. & Lockett, J. A. (1966). A cyclic torsion test for study of plasticity.
Transactions British Ceramic Society, 65, 435-461.

ASTM C181-11 Standard test method for workability index of fireclay and high-alumina
refractory plastics. ASTM International, West Conshohocken, PA, USA DOI:
10.1520/C0181-11.

ASTM D2488 - 09a. (2009). Standard Practice for Description and Identification of Soils
(Visual-Manual Procedure). ASTM International, West Conshohocken, PA, USA DOI
10.1520/D2488-09A.

ASTM Standard ASTM D3967-08 Standard Test Method for Splitting Tensile Strength of
Intact Rock Core Specimens. ASTM International, West Conshohocken, PA, USA
DOI:10.1520/D3967-08.

ASTM (2010) D4318-10: Standard Test Methods for Liquid Limit, Plastic Limit, and
Plasticity Index of Soils. ASTM International, West Conshohocken, PA, USA.
doi:10.1520/D4318-10.

Atterberg, A. (1911). Uber die physikalische Bodenuntersuchung und uber die Plastizitat der
tone. (On the physical testing of soil and the plasticity of clays). Internationale
Mitteilungen fur Bodenkunde, 1(1), 10-43.

Bain, J. A. & Highley, D. E. (1979). regional appraisal of clay resources — A challenge to the
clay mineralogist. International Clay Conference, Developments in Sedimentology, 27,
437 — 448.

Baran, B., Erturk, T., Sarikaya, Y. & Alemdaroglu, T. (2001). Workability test method for
metals applied to examine a workability measure (plastic limit) for clays. Applied Clay
Science, 20(1-2), Sept, 53-63.

Barnes, G. E. (2009). An apparatus for the plastic limit and workability of soils. Proc.
Institution of Civil Engineers, 162(3), 175-185.

Barnes, G. E. (2010a). Soil Mechanics, Principles and Practice, Palgrave Macmillan,
Basingstoke, UK.

Barnes, G. E. (2010b). Apparatus and method for measuring plastic properties. Patent No
GB2443537.

Barnes G.E. (2013a). The plastic limit and workability of soils. PhD thesis, University of
Manchester.

Barnes G. E. (2013b). An apparatus for the determination of the workability and plastic limit
of clays. Applied Clay Science, 80-81, 281-290. doi.org/ 10.1016/j.clay.2013.04.014.

Bobrowski, L. J. Jr. & Griekspoor, D. M. (1992). Determination of the plastic limit of a soil
by means of a rolling device. Geotechnical Testing Journal, 15(3), Sept., 284-287.

BS1377:1990 Methods of test for soils for civil engineering purposes, Part 2: Classification
tests. BSI, London, UK.

BS 5930:1999 Code of practice for site investigations, BSI, London, UK.

BS EN 14688-1:2002 Geotechnical investigation and testing. Identification and classification
of soil. Identification and description. BSI, London, UK.

BS EN 14688-2:2004 Geotechnical investigation and testing. ldentification and classification
of soil. Principles for a classification. BSI, London, UK.

Burmister, D. M. (1970). Suggested methods of test for identification of soils. ASTM,
STP479, ASTM International, West Conshohocken, PA, USA.

Complimentary Contributor Copy



The Workability of Natural Clays and Clays in the Ceramics Industry 201

Cafaro, F. (2002). Metastable states of silty clays during drying. Canadian Geotechnical
Journal, 39, 992-999.

Carty, W. M. & Lee, C. (1996). The characterization of plasticity. Science of Whitewares.
The American Ceramic Society, Columbus, OH, 89-101.

Casagrande, A. (1932). Research on the Atterberg limits of soils. Public Roads 13(8), 121-
130, 136.

Casagrande, A. (1947). Classification and identification of soils. Proceedings American
Society Civil Engineers, 73(6), 783-810.

Cetin, H., Fener, M., Sollemez, M. & Gunaydin, O. (2007) Soil structure changes during
compaction of a cohesive soil. Engineering Geology, 92, 38 — 48.

Collins, K. & McGown, A. (1974). The form and function of microfabric features in a variety
of natural soils. Geotechnique, 24(2), 223-254.

De Oliveira Modesto, C. & Bernardin, A. M. (2007). Determination of clay plasticity:
Indentation method versus Pfefferkorn method. Applied Clay Science, doi:2007.06.007.

Delage, P., Audiguier, M., Cui, Y-J. & Howat, M. D. (1996). Microstructure of a compacted
silt. Canadian Geotechnical Journal, 33, 150-158.

Diamond, S. (1970). Pore size distribution in clays. Clays and Clay Minerals, 18, 7-23.

Dinsdale, A. (1986). Pottery Science Materials, Process, and Products. Ellis Horwood
Limited Chichester.

Farrar, D. M. & Darley, P. (1975). The operation of earthmoving plant on wet fill. RRL
Report LR688, Crowthorne, Berkshire.

Fitzjohn, W. H. & Worrall. W. E. (1980). Physical properties of raw brick clays. Transactions
and Journal of the British Ceramic Society, 79(3), 74-81.

Garcia-Bengochea, 1., Lovell, C. W. & Altschaeffl, G. (1979). Pore distribution and
permeability of silty clays. ASCE, Journal of Geotechnical Engineering, 105(GT7), 839-
856.

Gohlert, K. & Uebel, M. (2009). Test methods for plasticity and extrusion behaviour. Chapter
21, in Handle, ed., Extrusion in Ceramics. Springer-Verlag Berlin Heidelberg.

Heindl, R. A. & Pendergast, W. L. (1947). Reliability of “workability index” of fire-clay
plastic refractories. Journal of the American Ceramic Society, 30(11), 329-334.

ISO. (2004). CEN ISO/TS 17892-12:2004 Geotechnical investigation and testing -
Laboratory testing of soil - Part 12: Determination of Atterberg limits. International
Organization for Standardization, Geneva, Switzerland.

Karlsson, R. & Hansbo, S. (1981). Soil classification and identification. Swedish
Geotechnical Society, Stockholm, Sweden.

Kessel, S. (1998). Ceramic rheology tester gets the thumbs up. Material World, 16(8), 474-
475.

Marshall, C. L. (1955). A new concept of clay plasticity. Ceramics Bulletin, 34, 54-56.

McDowell, S. J. (1928). Notes on a method for determination of workability of plastic clays.
Journal of the American Ceramic Society, 1(2), 99-102.

Mitchell, J. K. (1956). The fabric of natural clays and its relation to engineering properties.
Proc. Highways Research Board, 35, 693-713.

Moore, F. (1963). Two instruments for studying the plasticity of clays. Journal of Scientific
Instruments, 40, 228-231.

Complimentary Contributor Copy



202 Graham Barnes

Mdeller, L. Schindler, U. Fausey, N. R. & Lal, R. (2003). Comparison of methods for
estimating maximum soil water content for optimum workability. Soil and Tillage
Research, 72(1), July, 9-20.

NAVFAC. (1986). Soil Mechanics Design Manual 7.01. Naval Facilities Engineering
Command, Alexandria, Virginia, USA.

Norton, F. H. (1938). An instrument for measuring the workability of clays. Journal
American Ceramic Society, 21, 33-36.

Parsons, A. W. & Boden, J. B. (1979). The moisture condition test and its potential
applications in earthworks. TRRL Supplementary Report 522. TRRL, Crowthorne,
Berkshire.

Parsons, A. W. & Darley, P. (1982). The effect of soil conditions on the operation of
earthmoving plant. TRRL Report LR 1034, Department of Transport, Crowthorne, Berks.

Reeves, G. M., Sims, . & Cripps, J. C. (eds). (2006). Clay Materials Used in Construction.
Geological Society, London, Engineering Geology Special Publication, 21.

Ryan, W. & Radford, C. (1987). Whitewares Production, Testing and Quality Control. The
Institute of Ceramics. Pergamon Press, Oxford.

Schwartz, B. (1952). Fundamental study of clay: XII, A note on the effect of the surface
tension of water on the plasticity of clay. Journal American Ceramic Society, 35(2), 41-
43.

Sivakumar, V., Tan, W. C., Murray, E. J. & McKinley, J. D. (2006). Wetting, drying and
compression characteristics of compacted clay. Geotechnique, 56(1), 57-62.

Tanaka, H., Shiwakoti, D. R., Omukai, N., Rito, F., Locat, J. & Tanaka, M. (2003). Pore size
distribution of clayey soils measured by mercury intrusion porosimetry and its relation to
hydraulic conductivity. Soils and Foundations, 43(6), 63-73.

West, R. R. & Lawrence, W. G. (1959). The plastic behavior of some ceramic clays.
Ceramics Bulletin, 38(4), 135-138.

Wood, D. M. (1990). Soil behaviour and critical state soil mechanics. Cambridge University
Press, Cambridge. England.

Worrall, W. E. (1982). Ceramics Raw Materials. Second Revised Edition. Institute of
Ceramics Textbook Series, Pergamon Press, Oxford.

Complimentary Contributor Copy



In: Clays and Clay Minerals ISBN: 978-1-63117-779-8
Editor: Liam R. Wesley © 2014 Nova Science Publishers, Inc.

Chapter 7

INFLUENCE OF TEMPERATURE, PH AND IONIC
STRENGTH IN THE ABILITY TO REMOVE
THE DYE REACTIVE NAVY BLUE USING

BENTONITE CLAY/CHARCOAL COMPOSITE
BY FACTORIAL DESIGN

Neucineia Vieira Chagas , Jeferson Meira Santos,
Maria Lurdes Felsner, Marcos Roberto da Rosa

and Karin Cristiane Justi
Department of Chemistry, Campus Cedeteg,
Universidade Estadual do Centro-Oeste, Guarapuava, Brazil

ABSTRACT

In the last decades, our planet has been systematically harmed by contamination
processes, mainly by the industrial activity. Within such context, the textile industry is
responsible by the generation of great amount of highly colored effluents, composed of
dyes which are harmful both for men and the environment. Amongst the several methods
of dyes removal, adsorption has been increasingly applied, due to low cost and simplicity
of this this technique. Therefore, the development and study of low cost adsorbent
materials with good adsorption capability have been carried out. Nowadays, hybrid
materials present great appeal, as they have unique features, which are not seen in the
precursors when isolated. Clays are amongst the most used materials, as they are low cost
material and have lamellar structure which might serve as a support to other substances
interlayer in the preparation of mixed materials. In this study, a composite material
obtained from the mixture of bentonite clay and pinus activated charcoal, which
presented very interesting properties regarding reactive dye adsorption, was used. In
order to evaluate the composite adsorption potential to remove dyes in aqueous solution,
a reactive navy blue dye was used and some parameters which influence the process,
such as pH, ionic strength and temperature were evaluated by factorial design. Results

“ Corresponding author, e-mail: neucineia@uol.com.br.
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revealed that all variables under study influenced the reactive navy blue dye adsorption
process, as well as the interaction between pH and temperature, ionic strength and
temperature and also amongst the three variables. Thus, the results of experimental
design showed that the variables pH, ionic strength and temperature cannot be studied
separately. Besides this, it enabled reduction in the number of experiments carried out.

INTRODUTION

Due to the textile industry widespread, a significant increase in the production of
effluents containing dyes has been noticed. Such dyes employed in the textile industry
represent the main source of pollution through coloring compounds, once about 15 % of this
element is released into the effluent during the dying process [1]. Textile industries consume
high amounts of water and chemical products, mainly in the coloring and finishing processes.
The chemical reagents used by the textile industry vary in their chemical composition,
ranging from inorganic to polymeric compounds. The contamination through these
compounds is harmful to the aquatic life, causing serious environmental problems [2].
Besides that, studies have shown that some dye classes, mainly azocolorants, and their
byproducts, might be carcinogenic and/or mutagenic [3].

It is estimated that 10.000 dyes are produced annually such as reactive, acid, basic and
disperse dyes, and all them present as a common property the light absorption in the visible
region, due to the chromophore groups such as nitro, nitrous, azo and carbonyl. The reactive
dyes present an electrophilic group able to form covalent bonds with the hydroxyl groups in
cellulosic fibers, with amino, hydroxyl and thiol groups of the protein fibers, as well as with
the polyamide amino groups [1,4,5].

The azo reactive dyes are characterized by the presence of one or more groups —N=N-
bonded to aromatic groupings; these are largely used, representing around 30% of the dye
market. The Remazol line is composed of reactive dyes that have in their structure a sulphate-
ethylsulfonic group (SO,CH,CH,-OSO3H), which forms a strong covalent bond with the
substituent groups present in the textile fiber [6,7,8].

Due to the solubility of most dyes in water, the stability to photo-degradation,
biodegradation and the action of oxidant agents, increasing investigation has been carried out
on physical or chemical methods to remove the color or colored effluents. Among these
methods, the adsorption has outstood for its action to decolorize textile effluents, and also for
being a low cost and easy technique [2].

The adsorption is a physico-chemical process in which certain components of a fluid
phase (gas or liquid) are transferred (adsorbed) to the surface of a solid (adsorbent). The
concept of adsorbent is usually applied to a solid that keeps the solute on the surface through
the action of physical forces, and the substance absorbed is called adsorbate. Several factors
affect the adsorption process such as temperature, pH and ionic strength [9].

In the last 50 years the interest in clays as well as their composites and carbon materials
to be used in the treatment of industrial effluents has increased [10]. Composites are materials
formed from the combination of two or more constituents, present synergic properties, which
differ from those of the individual components. According to this principle of combined
action, these materials present unique properties, which are difficult to be obtained from the
individual components when isolated [11].
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Studies using factorial design has been useful to reducing the number of experiments.
The reported study in the literature was conducted the assessment of the best conditions for
adsorption of contaminants on activated charcoal powder obtained from a palm typical
Malaysian using 2% factorial design. This study was evaluated the response of activated
charcoal on adsorption of phenol by varying of the temperature, contact time and activation
gas flow [12].

The objective of this study was to prepare a composite from clay and activated charcoal
and apply it to the adsorption of the navy blue reactive dye. A 2° factorial design was
employed to evaluate the variables which are relevant to the adsorption process.

MATERIALS AND REAGENTS

The sodic bentonite Clay used in the study was the Argel T (Argelyo), commercialized
by the Buntech Tecnologia de Insumos Ltda (Brazil). According to the supplier, this clay
presents thixotropic and anti-settling properties. Its composition is 63 % (m/m) SiO,, 18 %
(m/m) Al,O3, 4 % (m/m) Fe,03, 3 % (m/m) MgO, 2 % (m/m) CaO, 2,5 % (m/m) Na,0O, <1 %
(m/m) TiO,. The pulverized Pinus activated charcoal (Charcoalioy) was obtained from the
supplier Alphacarbo Industrial Ltda (Guarapuava, Brazil). In the adsorption study, the navy
blue Remazol reactive dye was employed supplied by Dystar Indlstria e Comércio de
Produtos Quimicos Ltda.

The textural properties of the precursors Charcoal,oy and Argelig obtained by the BET
tecnique indicate specific area (Sget), external surface area (Sey), Micropore surface area
(Smic), micropore volume (Vic), pore diameter (D,) which are shown in Table 1.

All chemical reagents used were of analytical grade and the solutions were prepared with
ultra-pure water, resistivity equal 18,2 MOhm (HUMANO90®).

Table 1. Textural properties of precursors Charcoalyo and clay Argelyg

Properties Charcoalygg Argelyg
Sger (M* g™) 632.24 51.53
Sext (M? g%) 2275 36.53
Smic (M? g™) 404.66 14.99
Vimic (cm* g™) 0.188 0.0067
D, (A) 41.36 92.31

COMPOSITE PREPARATION

The composite were prepared from samples of activated charcoal and clay Argel T,
without prior chemical treatment. They were initially dried at 110 °C for 24 hours. Then
mixtures of clay and charcoal were prepared, resulting in composition of 50 mass % of
charcoal and 50 mass % of dry clay. Next, an aqueous dispersion of the mixtures was
prepared under constant agitation for 15 minutes at ambient temperature. Subsequently, the
dispersion was allowed to stand for 24 hours and then dried in an oven at 110 °C for 24 hours.
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The sample was then calcined for 30 minutes, in a muffle furnace at 500 °C, being
temperatures at which the clay does not lose its thixotropic properties. The composite samples
obtained were pulverized and standardized using a sieve number 70-400 mesh (ABNT —
Brazilian Association for Standards and Techniques).

ADSORPTION TESTS

The adsorption tests were performed using a stock solution of dye with 200 mg L™
concentration, pH 5, with controlled temperature at 25 °C and constant agitation of 150 rpm
for 3 hours and mass of adsorvent of 300 mg. Measurements used a UV/Vis
spectrophotometer SP 2000 UV — Spectrum, with 616 nm wavelength which corresponds to
the maximum of the dye adsorption.

Then samples were filtered at once for simple quantitative filter paper with black belt
filter, and in the supernatant were determined and the absorbance signals and final pH of the
solution. The adsorbed amount (g, mg g™) dye was obtained from the difference between the
initial concentration (C;) (mg L™) and the end concentration (C;) of the dye solution, the mass
of adsorbent (g) used and by the volume (L) of the solution according to the equation [13,14]:

q=(Ci-Cp) (V/m)

FACTORIAL DESIGN STUDY

The influence of variables such as pH, temperature and ionic strength in the adsorption of
navy blue reactive dye by composite was investigated by the 2 factorial design, each factor
being assessed at two levels. The dye absorbance readings adsorbed by the composite were
carried out randomly for all combinations of the levels of factors presented in Table 2.

Table 2. Factors and levels of the 23 factorial design study

Factor Level (-) Level (+)
pH (1) 2.0 uncontrolled
Temperature (°C) (2) 30 50

lonic Strength (3) 0 0.10

The effects of factorial design were calculated through: g - (r )-(r) Where (Rr.) and (

R_) are the averages at the (+) and (-) levels of the factors involved.

The factor effects on adsorption of the dye by the composite were tested for the statistical
significance by Pareto plot 95 % confidence level. All the statistical analyses were carried out
using the software “Minitab for Windows 16”.
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RESULTS AND DISCUSSION

Several studies have been carried out on the adsorption of dyes by clay and activated
charcoal [12;15]. Hence, the current work includes investigations to evaluate the potential of
the composite prepared from these materials for adsorption of a reactive dye. In preliminary
study, the composite presented better performance than charcoal and clay in the removal of
the navy blue reactive dye, with 70 % of removal. The charcoal showed removal efficiency of
56 % while the bentonite clay Argel T did not presente adsorption for this reactive dye.

In any adsorption processes, the main parameters to be considered are the dye
concentration, pH, particle size, contact time, temperature, agitation speed and salt addition.
For the navy blue reactive dye, the relations between adsorption efficiency and the variables
temperature, pH, and ionic strength (through the addition of a 0.10 mol L™ potassium chloride
solution) were investigated.

Table 3 shows the results obtained from the replicate of the 2° factorial design to remove
the navy blue reactive dye by the adsorbent.

The analysis of data presented in Table 3 revealed that except for the tests two and four,
all the others presented removal efficiency higher than 90 %. The composite is shown to be
promising once its performance in removing the navy blue reactive dye in most tests was
satisfactory. Therefore, the material becomes interesting once it aggregates value to the clay
which is an abounding natural resource. In a previous work, the adsorption efficiency for
methylene blue dye (not reactive) for the composite material using bentonite clay Volclay
trated at 500 °C exhibited an efficiency of 84 % [14]

Table 3. Result obtained from the 22 factorial design matrix to remove the navy blue
reactive dye by composite. Conditions: dye concentration 200 mg L™, 300 mg adsorbent,
150 rpm, 25+1 °C, 50.00 mL, 3 hours

Tests pH” Temperature lonic q+SD”
(°C) Strength (mg g™
1 (-)2.0 (-) 30 (-)0.0 30.32 £0.13
2 (+)uncontrolled (-) 30 (-) 0.0 11.07 £0.07
3 (-)2.0 (+) 50 (-)0.0 31.19 +0.07
4 (+)uncontrolled (+) 50 (-) 0.0 19.80 £0.02
5 (-)2.0 (-) 30 (+)0.10 32.08 £0.35
6 (+)uncontrolled (-) 30 (+) 0.10 31.01 £0.04
7 (-)2.0 (+) 50 (+)0.10 32.69 +£0.16
8 (+)uncontrolled (+) 50 (+)0.10 32.31 +£0.03

*(+)uncontrolled pH = 5.0.
**SD: standard deviation.
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Figure 1. Pareto plot at 95 % confidence level of the effects of 2° factorial design.

In the study carried out to evaluate the adsorption process using the green coconut
mesocarp to remove reactive gray dye presented in the literature [15], the 2° factorial design
was used to assess the influence of the variables adsorbent mass, agitation ratio and adsorbent
granulometry and thus obtain the best working conditions. As a result of the factorial design,
it was observed that the highest q value was 18.7 mg g when the adsorbent mass used was
100 mg, granulometry <0.419 mm and 30 rmp agitation. These conditions were employed in
the kinetic and chemical equilibrium study. In this study, a 2° factorial design was used to
evaluate the influence of factors temperature, pH, ionic strength, temperature and the
interaction between them in the removal of navy blue reactive dye by composite prepared.
The results are shown in the Pareto plot (Figure 1).
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Figure 2. Main effects plot of 2° factorial design.
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The Pareto plot shows that all variables under study are significant in the navy blue
reactive dye adsorption as well as the interactions: pH and temperature, temperature and ionic
strength and that there is interaction among the three variables. Thus, it was seen that the
variables cannot be analyzed separately. Figure 2 shows that there is increase in the
adsorption capability when the pH is equal 2.0, which is an interesting result regarding its
application to the removal of dyes from residual water. This can be justified, because at acid
pH the material surface is positively charged, thereby attracting -SO3 groups present in the
dye structure (Figure 3) promoting higher adsorption capability, Al-Degs et. al. (2000.2008)
observed in their studies using activated charcoal as adsorbent of Yellow remazol, Black
reamzol and Red remazol reactive dyes that at pH below 7.5 the surface of the adsorbent
material would be positively charged, favoring in this case the adsorption of anionic dyes. It
is also observed that adding salt concentration of 0.10 mol L™, and increasing the temperature
from 30 °C to 50 °C the g values become higher, indicating an improvement in adsorption
capability of the material adsorbent.

H3LD

Hah 0OH
[|!H2EH2$I]2 @ — N ==\ HN=——=M —QSDHEH:];DSHEM

0S0gHa Nal3s 303Na OCHg

Figure 3. Molecular structure of reactive dye Navy [Tetrasodium-4-amino-6-[2,5-dimethoxy-4-(2-
sulfoxyethylsulfonyl)phenylazol]-5-hidroxy-3-(4-(2-(sulfoxye thylsulfonyl)phenylazo)naphtalelene-
2,7-disulfonate] (C,gH,9N504,S6.4Na)[16].
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Figure 4. Interation effect plot between temperature and ionic strength of 2° factorial design.
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Figure 5. Interation effect plot between pH and ionic strength of 2° factorial design.

Results in Figure 4 presented the effect interaction between the variables temperature and
ionic strength, where it is seen that with and without salt addition, there is an increase in the
adsorption capability of the navy reactive dye with increased temperatures of 30 °C for 50 °C.
However, without the addition of KCI and in the temperature of 50 °C there seems to be
higher dye adsorption by the adsorbent compared to studies with salt added.

It was also observed that the ionic strength promoted by the addition of potassium
chloride led to a significant contribution to the dye adsorption by the composite. This effect
suggests that the presence of salt, in the form of KCI, favors the electrostatic interaction of the
anionic dye by the adsorbent surface positively charged, thus increasing the capability of
adsorbent for adsorption by the navy blue reactive dye.

In this study, the significant effect of the interaction between the variables pH and ionic
strength was observed, that is, these variables cannot be assessed separately. The effect of
interaction between pH and ionic strength (Figure 4), revealed that, without the pH control,
there was increase in the adsorption capability for the ionic strength of 0.10 mol L™ This
result can be interesting for industrial application, where the pH is close to 5, because there is
no need to change the pH of the solution for effective adsorption of navy blue dye. Again,
these results indicate that the addition of salt, or by changing the ionic strength of the solution
to 0.1 mol L™ is improved electrostatic interaction between the dye and the surface of the
composite, increasing the adsorption capability in nearly 2 times. Regarding pH 2.0, there
was no significant increase in the q value with the addition of salt and may be seen that occurs
a slight improvement in the adsorption capability. In this case, since the adsorbent surface is
positively charged, due to the acidic pH of the solution, therefore the effect of the salt
addition was not as significant.

It can be seen in Figure 6 the results for the interaction between the three variables: pH,
temperature and ionic strength. It is observed that the adsorption of the navy blue reactive dye
by the composite presented better results without control of the pH, ionic strength of 0.1 mol
L™ and temperature of 50 °C. However, it can be seen that the experiments that presented
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better q values (32.310 and 31.010 mg g™) are observed for both temperatures studied, which
suggests that the temperature in these test conditions did not influence significantly the
present process of adsorption and could be 30 °C or 50 °C.

Gz (3565 ]
19,80
50
Temperature|
/£
1 ;EI?

30
uncontrolled

Figure 6. Interaction effect plot between pH, temperature and ionic strength of 2 factorial design.

CONCLUSION

The factorial design results revealed that the temperature, pH and ionic strength variables
influenced the dye adsorption process by the composite under study, and that a significant
interaction effect was observed between the three variables studied, suggesting that these
cannot be optimised independently. These results might be advantageous for specific
industrial use.
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ABSTRACT

Since ancient times that the fired clay bricks have been used as building materials. In
general, the common clays are the most widely used raw materials for clay bricks. It is
known fact that the clay brick bodies are empirically formulated with clays of different
technical characteristics. This empirical approach makes the economically unviable
industrial experiments, since the costs and execution time are high. On the other hand, the
technological properties of clay bricks are influenced primarily by the combination of the
raw materials and processing conditions. When the processing conditions are kept
constant, the experimental design technique with mixture could be used to optimize the
clay body formulation. In this context, the present chapter focuses on the use of
experimental design in simplex lattice to optimize a clay brick formulation using two
distinct sedimentary clays from south-eastern Brazil. Emphasis special is given on the
effect of the clayey formulation on the technical properties of clay bricks.

Keywords: Clay bricks, formulation, experimental design, simplex-lattice

1. INTRODUCTION

It is well-known that since ancient times the clay bricks are used as ceramic building
materials. The majority of the nations already have used the clay bricks for buildings [1, 2].
The main reasons for the large use of clay bricks as ceramic building materials are: 1)
technical properties; ii) beauty; iii) little maintenance; and low cost. In particular, the
technical properties more important of the clay bricks are [1, 3-5]: mechanical strength, water
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absorption (open porosity), density, fire resistance, durability, good thermal insulation, non-
combustible, and poor conductor.

The industrial processing of clay bricks is basically compound by three main steps [1, 3,
6]: preparation of the clayey bodies, conformation (extrusion, pressing or manual), and
thermal treatment (drying and firing). The clay bricks are produced in a wide firing
temperature range (~ 600 — 1100 °C) using a slow-firing cycle (~ 1 °C/min).

The raw materials for clay bricks are mainly common clays with varied colors after
firing, which are very abundant worldwide [1, 3]. Clayey soils, soft slate, and shale can also
be used. The common clays used in clay bricks are complex mixtures of clay minerals
(kaolinite, illite/mica, montmorilonite, chlorite, etc) and nonclay minerals (quartz, gibbsite,
goethite, calcite, dolomite, feldspar, phosphates, etc). In addition, organic matter and other
crude impurities (stone, gravel, wood, etc) can also to be present. The common clays show a
very broad range of chemical and mineralogical compositions (Table 1). One of the most
important properties of the common clays is the development of plasticity when mixed with
water, which gives favorable conditions for ceramic processing [3].

A key issue in the production of clay bricks is the clayey body formulation, which is
included in the step of preparation of the clayey bodies. In general, the clay brick industry
uses two or more common clays with different characteristics in the clay body formulation
[11, 12]. These clays present different compositions of the clay fraction (clay minerals) and
non clay fraction (non clay minerals), which influence strongly the technological properties
and sintered microstructure of the clay bricks. However, the clay brick industry uses in the
most of the countries an empirical approach in the clayey body formulation. This empirical
approach makes the economically unviable industrial experiments, since the costs and
execution time are high.

Table 1. Chemical composition of several common clays used by the clay brick industry
(Wt-%0) [12-15]

Oxide Common Clays

Brazil Spanish Italy Morocco
SiO, 40.31 66.68 45.20 50.80
Al,O; 32.15 19.28 11.90 19.20
Fe,05 10.83 3.81 571 94
TiO, 1.49 1.03 0.70 0.80
MnO 0.01 0.10 0.05
MgO 0.78 0.37 2.90 4.30
CaO 0.32 0.34 14.90 0.30
K,O0 2.37 1.93 2.30 4.30
Na,0 0.62 0.34 0.80 1.60
P,05 0.09 0.10
LOl * 11.03 5.94 16.30 8.30

* LOI: Loss on ignition.

On the other hand, the technological properties of clay bricks are influenced primarily by
the clayey body formulation and processing conditions. This chapter focuses on the use of
experimental design in Simplex lattice to optimize a clay brick formulation using two distinct
sedimentary clays from south-eastern Brazil. The experimental design approach has been
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used successfully in distinct fields [13, 14]. This approach is highly useful for measuring the
effects (or influence) of one or more variables on the response of a process.

2. EXPERIMENTAL DETAILS
2.1. Common Clays

Two sedimentary clays used by a clay brick maker from south-eastern Brazil (Campos
dos Goytacazes-RJ) were selected to clay brick body formulation. These common clays with
distinct technical characteristics are named as: i) “weak clay”; and ii) “strong clay”. The
chemical composition of the clay samples was determined using X-ray fluorescence. The
particle size distribution was determined by a combination of sieving and sedimentation
procedures according to NBR 7181. The plasticity of the sedimentary clays was determined
by the Atterberg method according to the NBR 6459 and NBR 7180 standardized procedures.
The real density was determined by the picnometry method according to the NBR 6508
standard.

2.2. Clay Brick Processing

Clay brick compositions were prepared (Table 2) using mixtures with the “weak” clay
and “strong” clay. The “weak” clay was partially replaced with 0, 10, 20, 30, 40, and 50 wt.%
“strong” clay. The clayey bodies were dry mixed, homogenized using a cylindrical mixer
during 30 min, and then sieved until the fraction passing in a 60 mesh (250 pm ASTM). The
moisture content of the clayey formulations was adjusted to 7 % (moisture mass/dry mass).

The clay bricks were prepared by uniaxial pressing in a rectangular die (11.50 x 2.54
cm?) under a load of 25 MPa. The resulting bricks were dried at 110 °C for 24 h, fired at 800
°C for 3 h, and then cooled to room temperature (24 h cold to cold). Heating and cooling rates
have been controlled to simulate the actual firing process used in the clay brick industry.

2.3. Technological Properties

The following technological properties of the clay bricks were determined:
Linear Shrinkage (LS)
LS = Ig— It/ I x 100 @)

in which Iy is the length of the clay brick dried at 110 °C and I is the length of the clay brick
fired at 800 °C.
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Table 2. Compositions of the clay brick formulations (wt.%b)

Samples “Weak” Clay “Strong” Clay
wcC 100 0

WC10SC 90 10

WC20SC 80 20

WC30SC 70 30

WC40SC 60 40

WC50SC 50 50

SC 0 100

Water Absorption (WA)
WA = Wu —Wd / Wd x100 )

in which Wu is the weight of the water saturated brick (immersed in boiling water for 2h) and
Wd is the weight of the clay brick dried at 110 °C.

Flexural Strength (FS)
FS = 3PL / 2bd? (3)

in which P is the rupture load, L is the length between the supports, b is the wide of the fired
brick, and d is the thickness of the fired brick.

2.4. Experimental Design

In this chapter the methodology of Simplex —lattice design [13, 15, 16] was used for clay
brick body formulation using two distinct sedimentary clays. The proportions of the
sedimentary clays for the tests were calculated mathematically. After the numerical model has
been found for the response of interest, the experimental confirmation of the efficiency of the
model generated by analysis of variance (ANOVA) has been obtained [17].

In the experiments of mixtures any variation that occurs in the components, it is expected
a proportional variation in the response. That is, if the amounts of all components of the
mixture are duplicated, the mixture will also be duplicated. The proportions of the various
components of a mixture are not independent and obey the expression:

ixi =1,0 (4)

i=1

in which the letter g represents the number of mixture components (or factors). The graphical
representation of the expression (4) for two components (q = 2) is shown in Figure 1.

To evaluate the influence of the processing variables (“weak” clay content and “strong”
clay content) on the technological properties (linear shrinkage, water absorption, flexural
strength) of the clay bricks a two component Simplex-lattice design was proposed.
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Figure 1. Representation of the Simplex-lattice to two components (response surface).

The response surfaces for each technological property were carried out with the software
Statistica.

3. CLAY BRICK BODY FORMULATION

3.1. Characteristics of the Sedimentary Clays

The X-ray diffraction analysis of the “weak” clay sample is shown in Figure 2. The
sample exhibited peaks that are characteristics of quartz (SiO;), kaolinite
(Al,03.25i0,.2H,0), gibbsite (Al,03.3H,0), goethite (Fe;O3.H,0), and illite/mica. It can be
observed that the “weak™ clay is rich in quartz. In contrast, the “strong” clay from Campos
dos Goytacazes-RJ are rich in kaolinite [18].

The chemical composition and loss on ignition of the clay samples are given in Table 3.
Si0,, Al,O3, and Fe,O3 are the major components, which correspond to about 82.73 %
(“weak” clay) and 82.40 % (“strong” clay). However, the “weak” clay presented higher silica
(SiO,) content and lower loss on ignition.

Particle size distribution and real density of the clay samples are given in Table 4. As
expected, the “strong” clay presented higher content of the clay fraction (< 2 pm). This
indicates that the “strong” clay is rich in clay minerals, particularly of kaolinite particles. The
“strong” clay also has higher real density.
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Figure 2. X-ray diffraction pattern of the “weak” clay.

Table 3. Chemical compositions of the sedimentary clays (wt.%6)

Compounds “Weak” Clay “Strong” Clay
SiO, 46.70 40.24
Al,03 28.63 34.29
Fe,0, 7.40 8.21
TiO, 221 1.34
MgO - 0.62
CaO 0.98 0.12
K,O0 3.80 0.97
Na,O - 0.35
MnO 0.07 0.02
LOI 7.80 13.83

LOI = loss on ignition.

Table 4. Particle size distribution and real density of the clay samples

Samples <2pm [2<x<63pum [63<x<600um [Real density (g/cm®)
“Weak” Clay |21 49 30 2.61
“Strong” Clay |40 42 18 2.65

Table 5. Atterberg consistency limits of the clay samples

Samples UPL (%) LPL (%) P1 (%)
“Weak” Clay 46 27 19
“Strong” Clay 59 31 28

The Atterberg consistency limits of the clay samples are given in Table 5. UPL and LPL
are respectively the upper and lower plastic limits and PI is the plastic index, given by the
difference between UPL and LPL. It can be seen that the “strong” clay presented higher
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plastic index, proving to be more plastic than the “weak” clay. This is directly related to the
higher content of the clay fraction. In fact, the greater the clay mineral content, the greater the
plasticity of the clays [3].

3.2. Technological Properties of the Fired Bricks

The measured values of the technological properties (linear shrinkage, water absorption,
and flexural strength) of the fired test specimens as a function of the clay body formulation
are given in Table 6. It can be observed that the linear shrinkage for “strong” clay is higher
than that of “weak” clay. This is related to a higher content of clay minerals, mainly kaolinite
particles. Between 0 and 10 % “strong” clay a small reduction in linear shrinkage occurred.
For additions above 10 wt.% “strong” clay, as a ruler, the values of linear shrinkage tends to
increase. It should be emphasized that all the linear shrinkage values (0.39 — 0.70 %) are
within the suitable range for clay bricks industrial production.

Table 6. Technological properties of the test specimens fired at 800 °C

Property Clay Body Formulation

wcC WC10SC |[WC20SC |WC30SC |[WC40SC |WC50Sc |SC
Linear shrinkage, % |0.52 0.39 0.49 0.54 0.51 0.53 0.70
Water absorption, % |24.19 23.84 23.53 23.66 23.73 23.50 23.35
Flexural strength,
MPa 2.23 2.49 2.92 4.31 411 3.26 2.69

WC — weak clay; SC — strong clay.

It is found in Table 6 that the “strong” clay has lower water absorption. For additions up
to 30 wt.% “strong” clay, a reduction in water absorption of the clay bricks occurred. Above
30 wt.% “strong” clay, however, the addition of “strong” clay tends to promote higher water
absorption of the fired pieces. The WC30SC sample presented the lowest water absorption
(21.06 %).

The results of the Table 6 also showed that the “strong” clay has higher flexural strength
than “weak” clay. The WC30SC sample presented the highest value of mechanical strength
4.31 MPa). This is in accordance with the water absorption (open porosity).

3.3. Clay Brick Body Formulation Using Simplex Lattice Design

Tables 7 — 9 present the comparisons between the observed and predict values by the
Simplex-lattice model for each technological property.
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Table 7. Comparisons between the observed and predict values
by the Simplex-lattice model for linear shrinkage

Experimental points Responses Error
Weak Clay Strong Clay Observed Model

1.0 0.0 0.52 0.51 0.01
0.9 0.1 0.39 0.50 0.11
0.8 0.2 0.49 0.50 0.01
0.7 0.3 0.54 0.51 0.03
0.6 0.4 0.51 0.51 0.00
0.5 0.5 0.53 0.53 0.00
0.0 0.0 0.70 0.70 0.00
Coefficient of determination (R?) = 0.9149

Table 8. Comparisons between the observed and predict values
by the Simplex-lattice model for water absorption

Experimental points Responses Error
Weak Clay Strong Clay Observed Model

1.0 0.0 24.19 24.19 0.00
0.9 0.1 23.84 24.01 0.17
0.8 0.2 23.53 23.85 0.32
0.7 0.3 23.66 23.71 0.05
0.6 0.4 23.73 23.60 0.13
0.5 0.5 23.50 23.50 0.00
0.0 0.0 23.35 23.35 0.00
Coefficient of determination (R?) = 0.9601

Table 9. Comparisons between the observed and predict values by the Simplex-lattice
model for flexural strength

Experimental points Responses Error
Weak Clay Strong Clay Observed Model

1.0 0.0 2.23 2.23 0.00
0.9 0.1 2.49 2.56 0.07
0.8 0.2 2.92 2.83 0.09
0.7 0.3 431 3.04 1.27
0.6 0.4 4.11 3.18 0.93
0.5 0.5 3.26 3.26 0.00
0.0 0.0 2.69 2.69 0.00

Coefficient of determination (R?) = 0.8064

These Tables also give the results of the analysis of variance (ANOVA) of the obtained
regression equations. It can be observed that the coefficient of determination (R%) are within
the 0.8064 — 0.9601 range. The closer the unit is the value of R?, the better the model fit to the
observed data.

Pareto diagrams for the regression model of each technological property are presented in
Figures 3-5. This diagram shows in a fast and efficient way the effects that are statically
significant. Thus, the effects that are on the right of the dividing line (p = 0.5) should be
considered in the mathematical model. Thus, the evolution of the technological properties
(linear shrinkage — LS, water absorption — WA, and flexural strength — FS) against the
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processing parameters (“weak” clay content and “strong” clay content) according with the
methodology of Simplex-lattice design, obeys the following expressions:

LS = 0.213 — 0.052*x + 1.139*y + 0.352*x*x — 0.603*x*y — 0.655*y*y (5)
WA = 24.747 + 1.05*X - 2.814*y — 1.603*x*Xx — 1.273*x*y + 1.417*y*y (6)
FS =1.974 — 1.448*X + 3.862*y + 2.167*x*X + 1.771*x*y — 3.609*y*y (7

The calculated response surfaces for each technological property (LS, WA, and FS) of
the test specimens of the clay bricks fired at 800 °C are presented in Figures 6 — 8. The
response surfaces allowed the simultaneous assessment of both processing variables (“weak”
clay content and “strong” clay content), and also the determination of the regions with best
performance of the technological properties.

p=,05
(B)FORTE 39,03531
(A)FRACA 28,76286
AB -3,43122
-5 0 5 10 15 20 25 30 35 40 45

Efeito estimado (valor absoluto)

Figure 3. Pareto diagram for the linear shrinkage.

p=,05
(A)FRACA 530,2851
(B)FORTE 511,8004
AB -4,86188
-100 0 100 200 300 400 500 600

Efeito estimado (valor absoluto)

Figure 4. Pareto diagram for the water absorption.
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Figure 5. Pareto diagram for the flexural strength.
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Figure 6. Response surface for the linear shrinkage.
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Figure 7. Response surface for the water absorption.

12

Efeito estimado (Valor absoluto)

0.6

06

16

08

08

18 20 22 24

LINEAR
SHRINKAGE
%)
I 0483
I 0,505
N 0528
[ 0.55
[ 0573
[J 0595
[ 0,618
I 064
I 0663
I 0,685
1,0 [ above

WATER
ABSORPTION
)
I 23,309
I 23418
I 23527
[ 23,636
[ 23,745
[ 23,855
[ 23,964
B 24,073
I 24,182
I 24,291
1,0 [ above

Complimentary Contributor Copy



Using Simplex Lattice Experimental Design ... 223

FLEXURAL
STRENGTH
(MPa)
. 1,982
I 2164
B 2345
B 2527
1 2,709
[ 2,891
[ 3.073
. 3.255
I 3436

Il 3618
0.0 02 04 06 08 1,0 [ above

STRONG CLAY

WEAK CLAY

Figure 8. Response surface for the flexural strength.

It can be seen in Figs 6-8 that the partial substitution of “weak” clay with “strong” clay
tends to influence the technological properties of the clay bricks. Thus, the results generated
by the response surfaces for each technological property indicated that the most appropriate
region for the clay brick body formulation using both sedimentary clays corresponds to
“weak” clay with 30 — 50 wt.% of “strong” clay.

CONCLUSION

In this chapter the Simplex-lattice experimental design was used to optimize clay brick
body formulation with two sedimentary clays from south-eastern Brazil. It has established
that the “weak” clay is rich in quartz (lower plasticity), while the “strong” clay is rich in
kaolinite (higher plasticity). In addition, the “strong” clay has higher linear shrinkage, higher
mechanical strength, and lower water absorption. The use of Simplex-lattice experimental
design proved to be a viable tool for clay brick body formulation using distinct sedimentary
clays. According to the response surfaces, the “strong” clay influences the behavior of the
“weak” clay and the technological properties of the clay bricks. The results also indicated that
the most appropriate clay brick formulation with the sedimentary clays used is one compound
of “weak” clay with 30 — 50 wt.% “‘strong” clay.
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