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Abstract—Secondary surface layers form by replacement of almandine garnet during chemical
weathering. This study tested the hypothesis that the kinetic role of almandine’s weathering products,
and the consequent relationships of primary-mineral surface texture and specific assemblages of secondary
minerals, both vary with the solid-solution-controlled variations in Fe and Al contents of the specific
almandine experiencing weathering.
Surface layers are protective (PSL) when the volume of the products formed by replacement is greater

than or equal to the volume of the reactants replaced. Under such circumstances, reaction kinetics at the
interface between the garnet and the replacing mineral are transport controlled and either transport of
solvents or other reactants to, or products from, the dissolving mineral is rate limiting. Beneath PSLs,
almandine garnet surfaces are smooth, rounded, and featureless. Surface layers are unprotective (USL)
when the volume of the products formed by replacement is less than the volume of the reactants replaced.
Under such circumstances, reaction kinetics at the interface between the garnet and the replacing mineral
are interface controlled and the detachment of ions or molecules from the mineral surface is rate limiting.
Almandine garnet surfaces beneath USLs exhibit crystallographically oriented etch pits. However,
contrary to expectations, etch pits occur on almandine garnet grains beneath some layers consisting of
mineral assemblages consistent with PSLs.
Based on the Pilling-Bedworth criterion, surface layers are more likely to be protective over a broad

range of reactant-mineral compositions when they contain goethite, kaolinite, and pyrolusite. However,
this combination requires specific ranges of Fe and Al content of the natural reacting almandine garnet. To
form a PSL of goethite and kaolinite, an almandine garnet must have a minimum Al stoichiometric
coefficient of ~3.75 a.p.f.u., and a minimum Fe stoichiometric coefficient of ~2.7 a.p.f.u.
Product minerals also influence the mobility of the least-mobile major rock-forming elements. A PSL

consisting of goethite, gibbsite, and kaolinite yields excess Al for export during almandine garnet
weathering. As the quantity of kaolinite present in the PSL decreases, the amounts of Al available for
export increases.

Key Words—Almandine Garnet, Chemical Weathering, Coweeta Hydrologic Laboratory, Gibbsite,
Goethite, Hematite, Kaolinite, Protective Surface Layers, Saprolite, Unprotective Surface Layers.

INTRODUCTION

Weathering products are widely believed to exert an

influence on the rates and mechanisms of primary-

mineral weathering (Berner, 1978, 1981; Velbel, 1984a,

1993). However, specific examples of relationships

between individual product minerals and distinctive

alteration textures indicative of particular weathering

mechanisms are not common. This is especially true

when different weathering products are associated with

different alteration textures. For example, denticulated

(sawtooth, hacksaw, or ‘cockscomb’) terminations on

naturally weathered pyroxenes and amphiboles appear

identical regardless of whether the weathering product

being formed is a 2:1 clay or an assemblage of

hydroxides (e.g. Velbel, 1989, 2007; Velbel and

Barker, 2008; Velbel et al., 2009). These same textures

also occur regardless of whether the environment of

alteration is pedogenic or burial diagenetic (e.g. Berner

et al., 1980; Velbel, 2007).

Previous workers have reported almandine garnet

weathering to various products, including gibbsite,

goethite, and hematite (Embrechts and Stoops, 1982;

Parisot et al., 1983; Velbel, 1984a; Graham et al.,

1989a,b; Robertson and Butt, 1997). Additional studies

have reported a great variety of garnet surface textures

on both naturally weathered (Embrechts and Stoops,

1982; Parisot et al., 1983; Velbel, 1984a, Ghabru et al.,

1989; Robertson and Butt, 1997) and diagenetically

altered (Hansley, 1987; Salvino and Velbel, 1989)

grains.
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Velbel (1993) hypothesized that during subaerial

weathering, the formation of surface layers composed of

gibbsite and goethite should have different kinetic

consequences and produce different dissolution and

replacement textures than surface layers composed of

gibbsite and hematite. A surface layer composed of

gibbsite and goethite formed by replacement of alman-

dine garnet is predicted to have a volume greater than

the volume of the parent almandine garnet replaced

(Velbel, 1993). In such a scenario the surface layer has

negligible porosity. Negligible porosity requires that

transport of soluble species to or from the almandine’s

surface is restricted to grain-boundary diffusion between

product-mineral crystals or volume diffusion through the

product-mineral crystal structures. Such a layer thereby

inhibits continued garnet dissolution. Reaction kinetics

in which the rate-determining process is diffusion of

mobile reactant or product species through the medium

surrounding the primary mineral are referred to as

transport-controlled or transport-limited kinetics, and

primary-mineral surfaces affected by transport-limited

kinetics are smooth and rounded (Berner, 1978). Solid

material through which diffusion is rate limiting is

referred to as a protective surface layer (Velbel, 1993;

abbreviated herein as PSL). Following previous work

using the Pilling-Bedworth criterion, Velbel (1993)

defined a surface layer as being protective when the

volume of the product(s) formed by replacement of a

primary mineral is greater than or equal to the volume of

the reactant mineral replaced (Vp/Vr 5 1). In contrast, a

surface layer composed of gibbsite and hematite formed

by replacement of almandine garnet will have a volume

significantly less than the volume of the parent

almandine garnet replaced (Velbel, 1993) (Vp/Vr < 1).

In such a scenario the resulting high porosity in, and/or

cracks and other voids through, the surface layer allow

movement of solvent and solutes to and from the

reacting almandine garnet surface. The surface layer

has no restricting effect of solvent on solute transport,

and does not protect the primary-mineral surface from

access by mobile species. Reaction kinetics in which the

rate-determining process is reaction at the interface

(slower than diffusion of mobile reactant or product

species through the medium surrounding the primary

mineral) are referred to as surface-controlled or inter-

face-limited kinetics. Primary-mineral surfaces affected

by surface-controlled kinetics exhibit crystallographi-

cally controlled etch pits (Berner, 1978). A layer of

products with these characteristics is referred to here as

an unprotective surface layer (USL).

Four tests exist for distinguishing transport-limited

from interface-limited kinetics (Berner, 1978) but three

apply only to laboratory experiments. Examination of

primary-mineral surfaces for smooth or pitted surfaces is

the only one of the four tests that can be applied to

naturally weathered mineral grains as well as experi-

mental kinetic data (Velbel, 2004). Velbel (1993) tested

the hypothesis that different combinations of secondary

Fe- and Al-bearing minerals have different consequences

for mineral�water reaction kinetics and primary-mineral

surface textures. He found broad agreement between the

product-reactant volume ratios (Vp/Vr) and textural

observations. Specifically, of the major rock-forming

silicates, only almandine garnet exhibited both kinetic

mechanisms. The product-reactant volume ratios indi-

cated that gibbsite-goethite layers which had been

reported by previous workers (e.g. Velbel, 1984b, and

references therein) formed PSLs over smooth almandine

surfaces in saprolites beneath soils. In contrast, products

were absent from etched surfaces in soils. Both

phenomena had been reported by previous workers;

e.g. Velbel, 1984b, and references therein. The amount

(volume) of product that can be formed upon replace-

ment of a primary mineral by its secondary weathering

products depends on the abundances of product-forming

elements in the primary mineral. Therefore, the product

volume varies with compositional variations in the

primary mineral due to elemental substitution in solid-

solution. To date Velbel’s (1993) hypothesis has not

been extended beyond end-member compositions of

natural almandine garnets.

The purpose of this study was to test the hypothesis

that the kinetic role of almandine garnet’s weathering

products varies with the composition of the specific

almandine experiencing weathering. This hypothesis is

tested by calculating the product-reactant volume ratios

for natural almandine garnets from Coweeta Hydrologic

Laboratory (CHL) in western North Carolina, USA,

using the Pilling-Bedworth criterion (Velbel, 1993). In

support of this, the formation and nature of surface

layers on naturally occurring almandine garnets, includ-

ing observations of underlying garnet surface textures,

are initially characterized. Second, the possible temporal

changes in surface layer mineralogy are considered

based on the surface textures of naturally weathered

almandine garnets in the observational portion of the

study. Finally, the possibility of exporting Al derived

during almandine garnet surface layer formation, as a

function of the different secondary minerals in the

surface layer, is presented following work by Velbel et

al. (2009). Aluminum budgets for the system are

determined from the stoichiometric coefficients of Al

and Fe in the parent almandine garnet and secondary

PSL minerals. Production of PSLs and, subsequently,

possible excess Al available for export is a function of

the primary almandine garnet’s Al and Fe stoichiometric

coefficients, molar mass, and specific gravity.

BACKGROUND

Previous work

The rate-determining step of the hydrolysis of silicate

minerals during chemical weathering may occur by one

of three mechanisms: (1) transport control in which
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either transport of solvents and/or other reactants to, or

products from, the dissolving mineral is rate limiting;

(2) reaction-, surface-, or interface-control whereby the

detachment of ions or molecules from the mineral

surface is rate limiting; or (3) a combination of

transport- and interface-control (Berner, 1978, 1981;

Blum and Lasaga, 1987; Schott and Petit, 1987; Velbel,

2004). In pure transport-controlled dissolution, ions are

detached so rapidly from the surface of a crystal that

they become concentrated in the solution adjacent to the

mineral surface (Berner, 1978, 1981). As a result,

dissolution is regulated by transport of these ions via

advection or diffusion away from the mineral surface.

Transport-controlled kinetics includes reactions whose

rates are limited by diffusion through a ‘leached’ layer.

The surfaces of minerals dissolving by transport control

are smooth, rounded, and featureless (Berner, 1978,

1981; Velbel, 2004). In contrast, during pure interface-

controlled dissolution, ion detachment from the mineral

surface is so slow that the relatively rapid transport of

solutes away from the mineral prevents an increase in

ion concentration adjacent to the crystal surface (Berner,

1978, 1981; Schott and Petit, 1987). Under such

circumstances, increased advection or diffusion away

from the mineral surface has no effect on the dissolution

rate (Berner, 1978, 1981). Interface-limited mechanisms

result in etch pit formation on mineral surfaces,

reflecting the site-selective nature of the interfacial

reaction (Wilson, 1975; Berner and Holdren, 1977;

1979; Berner, 1978, 1981; Berner et al., 1980; Berner

and Schott, 1982; Brantley et al. 1986; Lasaga and

Blum, 1986; Blum and Lasaga, 1987). Interface-limited

kinetics are now widely accepted for most major rock-

forming silicates, including feldspars, pyroxenes, amphi-

boles, and olivine (Velbel, 1993; Blum and Stillings,

1995; Brantley and Chen, 1995; Brantley, 2005, 2008;

Lüttge and Arvidson, 2008).

Velbel (1984a, 1993) described almandine garnet

replacement textures and the formation of PSLs devel-

oped during chemical weathering. Velbel (1993) deter-

mined that protective surface layers can only form if: (1)

the immobile elements (e.g. Al and Fe) behave

conservatively at the scale of the garnet-grain surface;

and (2) the volume of product(s) formed during weath-

ering are equal to or greater than the volume of the

reacting garnet replaced. Velbel (1984a, 1993) suggested

that an almandine with a PSL composed of goethite and

gibbsite would experience diffusion-limited dissolution.

That is, the rate-determining step during weathering

reflects transported-controlled kinetics in the form of

diffusion of ions through the PSL, with diffusion being

the slowest form of transport (Berner, 1978, 1981). The

almandine garnet grains that develop PSLs weather more

slowly than the grains which do not (Embrechts and

Stoops, 1982; Velbel, 1984a). Almandine garnet surfaces

beneath the PSL are smooth and featureless, with

rounding of grain corners, reflecting uniform attack on

the surface (Berner, 1978, 1981). In contrast, if the

surface layer is significantly permeable and unprotective

(USL), then diffusion through the open pore network is

not sufficiently slow to affect garnet dissolution. Under

such circumstances, interface-controlled kinetics is

favored with the rate-determining step being processes

occurring at the mineral�solution interface, and etch

pits form (Berner, 1978, 1981).

Velbel’s (1984a, 1993) work on almandine garnet

weathering reflects observations for the regolith of the

Appalachian Southern Blue Ridge Physiographic

Province, USA. In addition to goethite and gibbsite

weathering products identified by Velbel (1984a, 1993),

hematite has also been observed (Graham et al., 1989a,

1989b, 1990a, 1990b). To date, hematite, goethite, and

gibbsite are the only weathering products for almandine

garnet reported for the Southern Blue Ridge (Graham et

al., 1989a, 1989b, 1990a, 1990b; Velbel 1984a, 1984b,

1993). Despite the release of Si and Al during almandine

dissolution, no studies to date have identified kaolinite

as a weathering product.

The formation of USLs on hornblende in the Southern

Appalachian Blue Ridge Mountains of northeastern

Georgia, USA, was investigated by Velbel et al.

(2009). From hornblende-product molar volume calcula-

tions, these authors found that Al must be imported to

the hornblende-surface layer system during early-stage

weathering. Although Al is typically considered negli-

gibly mobile during weathering, some previous work

identified instances of substantial Al mobilization (e.g.

Gardner, 1992). Velbel et al. (2009) suggested that the

source of the imported Al in the weathering products of

hornblende they studied is from garnet weathering

known to occur in the same rock unit. For the textbook

end-member almandine garnet composition, Velbel

(1993) showed that a PSL may form while up to 15%

of the Al and Fe produced during almandine garnet

dissolution may be exported from the almandine garnet-

PSL microenvironment.

Study area

The study area is the U.S. Forest Service Coweeta

Hydrologic Laboratory (CHL) located in the south-

eastern Blue Ridge Physiographic Province of western

North Carolina (Figure 1). The Coweeta Basin is

underlain by amphibolite-facies metamorphosed sedi-

ments of the Coweeta Group (mid-Ordovician; Miller et

al., 2000) and the Otto Formation (Upper Precambrian;

Hatcher 1980, 1988). The Coweeta Group is subdivided

into three lithostratigraphic units. The basal Persimmon

Creek Gneiss is predominantly a massive quartz diorite

orthogneiss with interlayers of metasandstone, quartz-

feldspar gneiss, and pelitic schist (Hatcher, 1980). The

overlying Coleman River Formation is characterized by

metasandstone and quartz-feldspar gneiss with lesser

pelitic schist and calc-silicate quartzite. The Coleman

River Formation is overlain by the Ridgepole Mountain
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Formation; a mineralogically more mature coarse

biotite-garnet schist, pelitic schist, metaorthoquartzite,

garnetiferous metasandstone, and muscovite-chlorite

quartzite (Hatcher, 1980). In contrast to the maturity of

the Coweeta Group protolith sediments (e.g. arkoses and

quartz arenites), the Otto Formation is derived from

sedimentary protoliths of low compositional maturity

(e.g. greywackes) and is feldspar- and biotite-rich

(Hatcher, 1980, 1988).

The average weathering profile (saprolite and soil) at

Coweeta is ~6 m thick (Berry, 1976; Yeakley et al.,

1998). The saprolite at Coweeta is not an ancient, relict,

deep weathering profile, as shown by its great thickness

(up to 18 m; Berry, 1976; Ciampone, 1995) despite

residing on very steep slopes (average slope of ~45%/

23º; Velbel, 1985). On such steep slopes, ancient

weathering profiles would probably have succumbed to

mass wasting and not have survived to the present.

Coweeta soils are mostly Ultisols and Inceptisols

(Velbel, 1988). Coweeta soils are typically limited in

thickness to the uppermost 30 cm of the profile and

differ from the underlying saprolite in that they are

friable and the residual parent rock structure and fabric

have been destroyed by soil forming processes, includ-

ing transformation or neoformation of soil minerals,

mass-wasting, slope creep, root throw, and bioturbation

(Velbel, 1985). Soil textures range from fine/coarse

loamy, micaceous to fine/coarse loamy, mixed

(Browning and Thomas, 1985) and most Coweeta soils

are wel l to extremely wel l drained. Umbric

Dystrochrepts occur at high elevations on steep, rocky

north- and south-facing slopes, Typic Dystrochrepts

occur on south-facing slopes underlain by the Otto

Formation, and Typic Haplumbrepts (Inceptisols) occur

on colluvium in hollows and coves. Ultisols have formed

in residuum of weathered schists and gneisses and

include Typic Hapludults and Humic Hapludults. Typic

Hapludults are the most prevalent soil type at Coweeta

and are found on sloping ridges and side slopes. Humic

Hapludults are found on cooler, steep, north-facing

slopes (Swank and Crossley, 1988).

METHODS

Application of the Pilling-Bedworth Rule

The Pilling-Bedworth method was established by

metallurgists to explain and predict oxidation products

on metals (e.g. Kubaschewski and Hopkins, 1962;

Hauffe, 1965). Velbel (1993) and Velbel et al. (2009)

adapted the criterion for application to the chemical

weathering of silicate minerals and their possible

secondary products, including garnets. The Pilling-

Bedworth rule may be important for reaction products

in which diffusion of matter is from the outer surface of

the product toward the metal�product interface

(Kubaschewski and Hopkins, 1962; Fromhold, 1976).

Figure 1. Map of Coweeta Hydrologic Laboratory showing the locations of control watersheds.
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This geometry is analogous to observed centripetal

garnet replacement textures characterized by Velbel

(1984a, 1993).

The Pilling-Bedworth criterion applied to the weath-

ering of rock-forming minerals involves calculation of the

ratio of the volume of the secondary weathering products

(Vp) replacing a primary weathering mineral to the volume

of primary mineral replaced (Vr). When Vp/Vr 5 1, the

surface layer of secondary minerals will occupy at least

the same volume as the portion of the reactant mineral

replaced. Such a surface layer is pore free and thus a PSL

(Kubaschewski and Hopkins, 1962; Hauffe, 1965; Velbel,

1993). Diffusion through a PSL (by grain-boundary

diffusion between product-mineral crystals or volume

diffusion through the product-mineral crystal structures) is

rate determining for the chemical weathering of the

reactant mineral. With a PSL the kinetics of the weath-

ering primary mineral are transport- (diffusion)-limited,

the mineral grains exhibit sharp, smooth contact with the

PSL, and primary grain edges and corners become

rounded (Velbel, 1984a, 1993). When Vp/Vr < 1, the

surface layer of secondary minerals is of insufficient

volume to be continuous and uninterrupted, and is,

therefore, an USL. An USL yields a primary mineral

surface that is vulnerable to direct attack by reacting

fluids. Also, with an USL the kinetics of the weathering

primary mineral are interface limited, and the mineral

grains exhibit etched surfaces (Velbel, 1984a, 1993).

Following the Pilling-Bedworth criterion, as pre-

sented by Velbel (1993), the total number of moles of a

given element (e) in any arbitrary volume of reactant or

product mineral is given by

me;i ¼
ne;iVi

Vo
i

ð1Þ

where,

me,i = total number of moles of element e in mineral i

ne,i = stoichiometric coefficient of element e in

mineral i

Vi = volume of mineral i

Vi
o = molar volume of mineral i

Writing equations for i = reactant mineral, r, and for

i = product mineral, p, setting me,r = me,p (that is,

conserving element e such that all of element e present

in the reactant mineral is incorporated into the product

mineral), and combining the equations for reactant and

product minerals, and rearranging, yields:

Vp=Vr ¼
ne;rVo

p

ne;pVo
r

ð2Þ

where,

Vp/Vr = the volume of product mineral produced per

unit volume of reactant mineral if element e is

conserved.

By analogy with the Pilling-Bedworth rule, for a

primary rock-forming silicate mineral to form a PSL by

replacement, conservation of the least mobile elements

such as Fe, Al, and Mn must be assumed (Velbel, 1993).

Molar volumes for reactant garnets (Vr
o) were

calculated by dividing the molar mass of a mineral by

its specific gravity. In the absence of analytically

determined primary-mineral chemistries, molar volumes

are available from Smyth and Bish (1988). However,

using calculated molar volumes determined from site-

specific analyzed mineral chemistries yield more mean-

ingful results for the system being investigated. Molar

volumes for secondary products (Vp
o) included in this

study (Table 1) are from Smyth and Bish (1988),

reported by Velbel (1993, table 1). Secondary products

investigated in this study are hematite, goethite, gibbsite,

kaolinite, and pyrolusite. These minerals are ubiquitous

in the CHL regolith (e.g. Velbel, 1984a, 1984b; Price,

2003; Price et al., 2005), and some of these have been

reported to be associated with garnet weathering in the

southern Appalachian Blue Ridge Physiographic

Province (e.g. Graham et al., 1989a, 1989b, 1990a,

1990b; Velbel, 1984a, 1984b, 1993) and elsewhere (e.g.

Embrechts and Stoops, 1982; Parisot et al., 1983;

Robertson and Butt, 1997).

Published data for natural almandine garnets

Chemical data from Deer et al. (1997) were used to

establish a conceptual framework for surface layer

formation on natural almandine garnets. These data are

ideally suited as Deer et al. (1997) not only provide

analyses spanning a wide range of natural almandine

Table 1. Stoichiometric coefficients and molar volumes for secondary weathering products characteristic of well leached
oxidizing conditions.

Mineral Formula Element conserved (e) ne Vo Vo/ne

Hematite Fe2O3 Fe 2 30.388 15.194
Goethite FeOOH Fe 1 20.693 20.693
Gibbsite Al(OH)3 Al 1 32.222 32.222
Kaolinite Al2Si2(OH)5O4 Al 2 99.236 49.618
Pyrolusite MnO2 Mn 1 16.708 16.708

Data from Smyth and Bish (1988) and reported by Velbel (1993; his table 1).
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garnet compositions, but also include the garnets’

specific gravities with many of their chemical analyses.

A total of 18 garnet analyses and associated specific

gravities (Table 2) were used in the present study.

All surface-layer calculations in this study assumed

conservation of Fe in hematite or goethite, and

conservation of Al in gibbsite and/or kaolinite (Velbel,

1993; Table 1). For a PSL composed solely of goethite

and kaolinite when Vp/Vr = 1 the following equation

applies:

Vr = Vp = FeGrtVGt
o + 0.5AlKlnVKln

o (3)

where,

FeGrt = Fe stoichiometric coefficient of the garnet;

assume that all Fe conserved in PSL goethite

VGt
o = molar volume of goethite

AlKln = moles of Al in kaolinite of PSL

VKln
o = molar volume of kaolinite

All subscripts are the standard mineral symbols of

Kretz (1983). Rearranging equation 3 yields

AlKln = (Vr� FeGrtVGt
o )/0.5VKln

o (4)

In order to determine the quantity of Al needed to

form a PSL of goethite, gibbsite, and kaolinite when Vp/

Vr = 1, a gibbsite term must be added to equation 3 as

follows:

Vr = Vp = FeGtVGt
o + 0.5AlKlnVKln

o + AlGbsVGbs
o (5)

where,

AlGbs = moles of Al in gibbsite of PSL

Rearranging equation 5 yields

AlKln = (Vr � FeGtVGt
o � AlGbsVGbs

o )/0.5VKln
o (6)

The excess Al available for export is the difference

between the number of moles of Al needed to produce a

PSL of goethite, gibbsite, and kaolinite when Vp/Vr = 1,

and the Al stoichiometric coefficient of the parent

garnet.

Almandine garnets from Coweeta Hydrologic

Laboratory

Three different almandine garnet compositions have

been collected from CHL (Figure 1) (Velbel, 1984a,

1984b; Price, 2003; Price et al., 2005), all of which form

PSLs during weathering (Velbel, 1984a, 1984b; Bryan,

1994; Price, 2003; Price et al., 2005). Evaluation of these

grains permits further exploration of the conceptual

framework for surface-layer formation, direct observa-

tions of garnet-surface textures, and production of excess

Al associated with almandine garnet weathering.

Pilling-Bedworth criterion. The specific gravity of CHL

almandine garnets could not be measured so the average

of those reported by Deer et al. (1997) of 4.05 was used.

Calculations were also made using a specific gravity

from Klein and Hurlbut (1999) of 4.32. However, the

exact specific gravity value used does not appreciably

influence the results, and has no influence on the

conclusions of this study.

Field sampling and petrography. Almandine garnet

samples examined were collected and described by

Velbel (1984a, 1984b), Bryan (1994), Price (2003), and

Price et al. (2005). Parent rock was collected from

outcrops, and regolith samples were collected from

roadcuts and hand-augered cores. Samples were collected

from saprolite (>60 cm below surface grade (b.s.g.)),

Table 2. Almandine garnet analyses from Deer et al. (1997) utilized in the present study (n = 18).

Sample Si Al Al Fe3+ Ti Mg Fe2+ Mn Ca O Specific
gravity

Molar
mass

Vr

3 5.974 0.026 3.879 0.1 0.014 0.917 4.86 0.116 0.07 24 4.235 966 228
11 5.879 0.121 3.872 0.057 0.062 0.951 4.506 0.247 0.277 24 4.09 962 235
12 6.052 0 3.891 0.083 0.081 0.621 4.29 0.295 0.507 24 4.1 959 234
15 5.789 0.211 3.628 0.227 0.143 0.277 4.414 0.399 0.882 24 4.03 980 243
20 5.984 0.016 3.944 0.082 0.002 0.299 4.1 0.297 1.211 24 4.13 965 234
23 5.984 0.016 3.914 0.061 0.012 1.827 3.929 0.049 0.153 24 3.967 935 236
24 5.937 0.063 3.994 0.103 0 1.51 3.808 0.208 0.301 24 4.08 939 230
25 5.901 0.099 3.837 0.13 0.012 0.44 3.943 0.169 1.465 24 4.067 963 237
26 6 0 3.795 0.217 0.007 0.573 3.698 0.597 1.03 24 4.1 962 235
28 5.923 0.077 3.783 0.232 0.004 1.827 3.664 0.084 0.376 24 3.99 936 235
30 5.871 0.129 3.955 0.056 0.024 2.1 3.541 0.154 0.143 24 4.04 926 229
32 5.948 0.052 3.771 0.19 0.044 0.731 3.4 0.078 1.729 24 3.99 948 238
36 5.942 0.058 3.782 0.208 0.011 0.992 3.172 0.044 1.76 24 3.97 941 237
38 5.843 0.157 3.766 0.206 0.015 0.216 3.16 1.571 1.086 24 4.06 978 241
42 5.937 0.063 3.933 0.036 0 1.065 2.751 0.563 1.6 24 3.99 935 234
43 6.017 0 3.866 0.12 0.018 1.782 2.664 0.085 1.361 24 3.93 916 233
44 5.911 0.089 3.686 0.274 0.03 0.513 2.658 2.331 0.485 24 4.14 977 236
48 5.992 0.008 3.614 0.32 0.017 0.539 1.942 1.487 2.048 24 3.971 954 240
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middle soil horizons (17�60 cm b.s.g.), and upper soil

horizons (0�10 cm b.s.g.). Samples were thin sectioned

and examined with polarized-light microscopy with

weathering textures being photographed with a 35 mm

film camera mounted on a petrographic microscope.

Weathered almandine garnets were hand-picked from

the >1 mm fraction of the saprolite and soil samples.

Samples were washed with deionized water through a

1 mm sieve and the >1 mm fraction dried at 60ºC for

24 h. Almandine garnet grains from the >1 mm regolith

fraction and from rock outcrops were hand picked under

a binocular microscope.

X-ray diffractometry (XRD). Separation into the <2 mm

size fraction was performed by gravity settling, with the

<2 mm size fraction being separated with a pipette, and

the aliquots being filtered onto a 0.45 mm Millipore2

filter following rapid-suction mounting techniques

(production of oriented mounts; also termed the

Millipore2 Filter Transfer Method of Drever (1973);

this method was described thoroughly by Moore and

Reynolds (1997)). Almandine garnet samples and clay

minerals in the <2 mm size fraction were initially

analyzed by XRD at Michigan State University utilizing

a Philips APD (Automated Powder Diffraction) 3720

X-ray diffractometer equipped with an APD 3521

goniometer, a Philips goniometer with CuKa radiation

(35 kV, 20 mA), a 1º divergence slit, a 0.2 mm receiving

slit, a 1º anti-scatter slit, and a graphite monochromator

on the diffracted beam. Almandine garnet samples were

step-scanned for various intervals at 0.05º2y steps using

a counting time of 2 s per step.

Additional scans were completed at Franklin and

Marshall College, Lancaster, Pennsylvania, using a fully

computer-controlled PANalytical X’Pert Pro XRD.

Radiation was CuKa (45 kV, 40 mA), with an automated

preprogrammed divergence slit that allowed for a

constant sample irradiation length of 10 mm, and a 2º

anti-scatter slit. Six detectors operated throughout the

scan and the sample was rotated continuously during

measurement.

Electron microscopy. Hand-picked almandine garnet

grains from one or two intermediate points in each

profile were mounted to scanning electron microscopy

(SEM) stubs with press-on adhesive tabs designed for

SEM work. Whole and fractured (by gentle crushing)

garnet grains were prepared in the same manner. Grains

prepared in this manner were examined by scanning

electron microscopy (SEM) in secondary electron

imaging (SEI) mode. Polished thin sections of Coweeta

bedrock and regolith were imaged using SEM in

backscattered-electron imaging (BEI) mode, and

energy-dispersive X-ray spectroscopy (EDS). The SEM

stubs were gold-coated, and thin sections were either

carbon- or gold-coated. Gold-coating of thin sections

was often necessary because carbon-coating did not

always provide adequate conductivity to prevent sample

charging. Imaging and analyses were performed at

Michigan State University’s Center for Advanced

Microscopy (CAM) using a JEOL JSM-35CF SEM.

More than 200 micrographs were taken of garnet

weathering textures, with the most informative images

included herein. Additional photomicrographs may be

found in Bryan (1994).

Electron microprobe phase analyses (EMPA). Electron

microprobe analyses of Otto Formation, Coleman River

Formation, and Ridgepole Mountain Formation garnets

in thin section were completed at the University of

Michigan’s Electron Microbeam Analysis Laboratory

(EMAL), using a wavelength dispersive Cameca SX 100

electron microprobe analyzer. The accelerating voltage

and beam current were 15 keV and 10 nA, respectively,

and a beam diameter of 2 mm was used. Calibration

standards for Si, Al, Mg, Fe, Mn, Ti, and Ca were

tanzanite (natural), andalusite (natural), enstatite (syn-

thetic), ferrosilite (synthetic), rhodonite (natural Broken

Hill), geikielite (natural), and tanzanite (natural),

respectively. All garnet formulae reported in this study

were reported on an anion basis of O24.

RESULTS

Application of Pilling-Bedworth rule to naturally

occurring almandine garnet compositions

None of the 18 almandine garnet samples reported by

Deer et al. (1997) would produce a PSL of hematite and

gibbsite (Table 3). Hematite has a relatively low molar

volume per mole of Fe, with Vo/ne = 30.388/2 = 15.194

(Table 1). Because goethite has Vo/ne = 20.693, having

goethite as the Fe host is more likely to yield a PSL than

one in which hematite is the Fe host. Similarly, kaolinite

has a greater Vo/ne value (49.618) than does gibbsite

(32.222) (Table 1). Thus, a surface layer in which

kaolinite is the Al host is more likely to be protective

than one in which gibbsite is the Al host. The importance

of the presence of kaolinite in a surface layer is reflected

in the fact that 89% of the almandine garnets (Table 3)

could form a PSL composed of hematite and kaolinite,

despite hematite being the Fe host. To weather to a PSL of

hematite and kaolinite, almandine garnet would have to

possess minimum Fe and Al stoichiometric coefficients of

~2.8 a.p.f.u. and ~3.78 a.p.f.u., respectively (anion basis

of O24) (Figure 2a). Most of the almandine garnets

investigated satisfied this criterion (Table 2). In contrast,

only one of the 18 almandine garnet samples (6%)

reported by Deer et al. (1997) (sample 3) had an

appropriate chemistry to produce a PSL of solely goethite

and gibbsite (Table 3; Figure 2b). Sample 3 producing a

PSL of goethite and gibbsite did so because of the

garnet’s relatively high Fe stoichiometric coefficient

(Table 2). This Fe stoichiometric coefficient is above an

approximate minimum of ~4.7 (anion basis of O24)
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required for PSL formation (Figure 2b). This is consistent

with the Vp/Vr calculations of Velbel (1993) for end-

member almandine garnet. Of the remaining samples, all

but one (sample 48) would produce a PSL of goethite and

kaolinite (Table 3; Figure 2c). This illustrates that

formation of PSLs on most naturally occurring almandine

garnets requires more complicated combinations of actual

primary-mineral compositions and product assemblages

than the end-member almandine garnet invoked by Velbel

(1993). To form a PSL of goethite and kaolinite an

almandine garnet would have to possess a minimum Fe

stoichiometric coefficient of ~2.7 a.p.f.u. and a minimum

Al stoichiometric coefficient of ~3.75 a.p.f.u. (anion basis

of O24) (Figure 2c). These stoichiometric coefficients are

only slightly lower than those reported for a PSL

composed of hematite and kaolinite (Figure 2a). Adding

pyrolusite to the surface layer only increases Vp/Vr to 51

for one sample (44) when the other product minerals are

hematite and kaolinite, and one additional sample (48)

when the other product minerals are goethite and kaolinite

(Table 3). Therefore, including the volume of pyrolusite

formed if Mn behaves conservatively in a surface layer

will only modify it from a USL to a PSL for a relatively

small number of almandine garnets which host substantial

quantities of Mn. However, the only product mineralogy

that allows for formation of a PSL on all of the almandine

garnets (Table 3) is goethite, kaolinite, and pyrolusite.

The influence of the Mn stoichiometric coefficient on

formation of PSL is probably far more significant for

spessartine garnets which are not evaluated in this study.

All but two of the Vp/Vr values for a surface layer of

hematite and kaolinite are >1, and all but one of Vp/Vr

values for a surface layer of goethite and kaolinite are >1

(Table 3; Figure 2). Vp/Vr values >1 imply that typically

not all of the Fe and/or Al released during garnet

weathering is required to be incorporated in the PSL. To

address the production of excess Al during almandine

garnet weathering (Velbel et al., 2009) and PSL

formation, focus was placed on surface layers in which

all of the Fe was conserved in the PSL, and the Fe-host

was goethite, as this combination had the largest Vp/Vr

values (Table 3). Sample 48 had Vp/Vr < 1 for a surface

layer that included either gibbsite or kaolinite as the Al-

host (Table 3) and, thus, has not been included in the

evaluation that follows. Using equation 4 above, the

minimum number of moles of Al needed to produce a

PSL of goethite and kaolinite has been calculated

(second to the last column on the right of Table 3).

The difference between this value and the Al stoichio-

metric coefficient of the parent almandine garnet yields

the number of moles of Al available for export away

from the almandine garnet while the PSL is still

preserved (far right column of Table 3). In all 17

samples investigated, the maximum number of moles

Figure 2. Results of almandine garnet surface-layer calculations for surface layers composed of (a) hematite and kaolinite,

(b) goethite and gibbsite, and (c) goethite and kaolinite. ‘PSL’ indicates that the surface layer is protective, with Vp/Vr 5 1.

Minimum Fe and Al stoichiometric coefficients needed to produce a PSL are provided.
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of Al in excess of that required for PSL formation with

Vp/Vr = 1 was substantial, ranging from 0.22 to 1.38.

The moles of Al released by almandine garnet

weathering in excess of that needed to form a PSL

using equation 4 was based on a PSL consisting of

goethite and kaolinite (Table 3). However, XRD ana-

lyses of almandine garnet PSLs reported by Velbel

(1984a, 1993) from western North Carolina indicated

that gibbsite was ubiquitous in the PSL. Equation 6 was

used to explore the relative proportions of gibbsite and

kaolinite in a PSL at Vp/Vr = 1 in which all of the Fe was

conserved in goethite. This relationship was investigated

using four Deer et al. (1997) samples which represented

the following parent garnet scenarios: (1) high Al and

high Fe stoichiometric coefficients; (2) low Al and high

Fe stoichiometric coefficients; (3) low Fe and high Al

stoichiometric coefficients; and (4) low Al and low Fe

stoichiometric coefficients. The samples used were 11

(high Al and high Fe stoichiometric coefficients), 15

(low Al and high Fe stoichiometric coefficients), 42 (low

Fe and high Al stoichiometric coefficients), and 48 (low

Al and low Fe stoichiometric coefficients) (Figures 2b, 3).

The almandine garnet Fe stoichiometric coefficient

exerted a strong influence on the formation of PSLs

(Figure 3, Tables 3, 4). A relatively high almandine

garnet Fe stoichiometric coefficient is capable of

counteracting a relatively low Al stoichiometric coeffi-

cient by creating a PSL relatively rich in goethite and/or

hematite. Specifically, sample 15 had a relatively high

Vp/Vr value despite having a relatively low Al stoichio-

metric coefficient.

Using equation 6, the relative proportions of Al

hosted by gibbsite and kaolinite were included in the

PSL for samples 11, 42, and 15 (Table 4, Figure 4).

Sample 48 was not included because it does not form a

PSL even when kaolinite is substituted for gibbsite in the

PSL (Table 3). As the proportion of gibbsite in a PSL

increases relative to kaolinite, the quantity of excess Al

available for export decreases (Table 4, Figure 4). For

sample 11 with a PSL at Vp/Vr = 1, when ~0.70 moles of

Al were consumed by kaolinite, and 3.30 moles of Al

were consumed by gibbsite, the quantity of excess Al

available for export was approximately zero (Table 4,

Figure 4). Almandine garnets with relatively high Fe and

low Al stoichiometric coefficients (e.g. sample 15) were

capable of yielding more excess Al than an almandine

garnet with relatively high Al and low Fe stoichiometric

coefficients (e.g. sample 42) (Table 4, Figures 2 and 4).

Garnets from Coweeta Hydrologic Laboratory

Mineralogy. Composition data on almandine garnets

from the Upper Precambrian Otto Formation and the

Mid-Ordovician Coleman River and Ridgepole

Mountain Formations are provided in Table 5. X-ray

diffractograms of weathered Coweeta almandine garnets

displayed peaks indicative of quartz and gibbsite (all

samples), hematite (in samples from the warmer, lower

elevation Watershed 2), and goethite (in samples from

Watersheds 18, 34, and 36) (Bryan, 1994). With the

exception of hematite, these results compare favorably

with those reported by Velbel (1984a, 1985, 1993).

X-ray diffractograms generated as part of this study also

yielded peaks for the aforementioned minerals, but also

displayed peaks for kaolinite and pyrolusite (Figure 5).

Consistent with Bryan (1994), hematite peaks for the

Watershed 2 sample (Otto Formation) were taller,

sharper, and generally more evident than those for the

Watershed 27 sample (Coleman River Formation)

(Figures 1 and 5). The same trend was observed for

kaolinite.

Pilling-Bedworth Calculations. The methods and

Pilling-Bedworth-based concepts outlined above may

be applied to almandine garnets found at CHL (Table 5).

The results for the CHL garnets are very comparable to

Figure 3. Matrix displaying the relationship of Vp/Vr, PSL

formation, and excess Al available for export as a function of

parent almandine garnet relative to Al and Fe stoichiometric

coefficients.

Figure 4. Relationship between Al stoichiometric coefficient of

PSL kaolinite and the quantity of excess Al available for export

from the almandine garnet-PSL microenvironment. Calcula-

tions (Table 4) based on almandine garnet data from Deer et al.

(1997) (Table 2).
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those of Deer et al. (1997) in that the formation of a PSL

is very uncommon when the surface layer is composed

solely of hematite and gibbsite, or solely of goethite and

gibbsite (Table 6). However, a PSL did form in two of

three garnets when composed of hematite and kaolinite,

and all of the CHL garnets formed a PSL composed of

goethite and kaolinite. When Vp/Vr values were above

unity, excess Al was available for export. With the

exception of the Ridgepole Mountain Formation, adding

pyrolusite to a surface layer composed of hematite and

kaolinite was insufficient to increase product volume to

render an otherwise unprotective layer protective

(Table 6). Calculations may also be made when Fe is

conserved in goethite and Vp/Vr values are thereby

highest, and Al is distributed between gibbsite and

kaolinite in a PSL when Vp/Vr = 1. The results of these

calculations demonstrate that the CHL garnets can

possess a PSL of goethite, gibbsite, and kaolinite, and

still have significant Al available for export (Table 7,

Figure 6). For the Otto Formation garnet, no excess Al

will be present when approximately equal molar

quantities of Al (~2.0) are distributed between gibbsite

and kaolinite (Table 7). Garnet of the Coleman River

Formation would have more of the Al hosted by gibbsite

than kaolinite when excess Al is zero. The Otto

Formation and Coleman River Formation have identical

Al stoichiometric coefficients, nearly identical molar

masses, and the same specific gravity is used for garnets

from both bedrock units. The higher excess Al for the

Coleman River Formation reflects its higher Fe stoichio-

metric coefficients relative to that of the Otto Formation

(Table 5). This again illustrates the strong influence of

Fe stoichiometry on PSL formation and excess Al when

all of the Fe is conserved in a weathering product. The

Ridgepole Mountain Formation garnet has the lowest

stoichiometric coefficients of both Al and Fe, and would

require a PSL relatively rich in kaolinite to yield any

excess Al (Table 7).

Table 4. Calculations of excess Al available for export for almandine garnet samples, taken from Deer et al. (1997).

– 11 (High Al and high Fe) – – 42 (High Al and low Fe) – – 15 (High Fe and low Al) –
AlGbs AlKln Excess Al

when
Vp/Vr = 1

AlGbs AlKln Excess Al
when

Vp/Vr = 1

AlGbs AlKln Excess Al
when

Vp/Vr = 1

0.00 2.84 1.15 0.00 3.56 0.43 0.00 2.97 0.87
0.10 2.77 1.12 0.10 3.50 0.40 0.10 2.90 0.84
0.20 2.71 1.08 0.20 3.43 0.36 0.20 2.84 0.80
0.30 2.64 1.05 0.30 3.37 0.33 0.30 2.77 0.77
0.40 2.58 1.013 0.40 3.30 0.29 0.40 2.71 0.73
0.50 2.51 0.978 0.50 3.24 0.26 0.50 2.64 0.70
0.60 2.45 0.943 0.60 3.17 0.22 0.60 2.58 0.66
0.70 2.38 0.908 0.70 3.11 0.19 0.70 2.51 0.63
0.80 2.32 0.873 0.80 3.04 0.15 0.80 2.45 0.59
0.90 2.25 0.838 0.90 2.98 0.12 0.90 2.38 0.56
1.00 2.19 0.803 1.00 2.91 0.08 1.00 2.32 0.52
1.10 2.13 0.768 1.10 2.85 0.05 1.10 2.25 0.49
1.20 2.06 0.733 1.20 2.78 0.01 1.20 2.19 0.45
1.30 2.00 0.698 1.30 2.72 �0.02 1.30 2.12 0.42
1.40 1.93 0.663 1.40 2.06 0.38
1.50 1.87 0.628 1.50 1.99 0.35
1.60 1.80 0.593 1.60 1.93 0.31
1.70 1.74 0.558 1.70 1.86 0.28
1.80 1.67 0.522 1.80 1.80 0.24
1.90 1.61 0.487 1.90 1.73 0.21
2.00 1.54 0.452 2.00 1.67 0.17
2.10 1.48 0.417 2.10 1.60 0.14
2.20 1.41 0.382 2.20 1.54 0.10
2.30 1.35 0.347 2.30 1.47 0.07
2.40 1.28 0.312 2.40 1.41 0.03
2.50 1.22 0.277 2.50 1.34 0.00
2.60 1.15 0.242
2.70 1.09 0.207
2.80 1.02 0.172
2.90 0.96 0.137
3.00 0.89 0.102
3.10 0.83 0.067
3.20 0.76 0.032
3.30 0.70 �0.003
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Energy-dispersive X-ray spectra for CHL almandine

garnet from the Otto Formation (Figures 7 and 8)

revealed that Si is present in all PSL EDS spectra,

probably reflecting the presence of kaolinite identified

by XRD (Figure 5). The relative abundance of Si varies

depending on the sample and location of the analysis,

but variation in brightness of the PSL in a backscattered-

electron image indicated that the PSL was not miner-

alogically homogeneous (Figure 8).

The influence of pyrolusite (Figure 5) on the

protectiveness of a surface layer was demonstrated for

Coweeta garnets (Table 8). The presence of pyrolusite in

the PSL reduces the percentage of Al needing to be

hosted by kaolinite by up to 46% (for the Otto

Formation; Table 8). Therefore, while pyrolusite in a

surface layer may not greatly increase the likelihood of

the layer being protective, the presence of pyrolusite

does significantly decrease the quantity of kaolinite

needed to make a surface layer protective.

Micromorphology of garnets and their surface layers.

Garnet grains from CHL exhibited a variety of textures

and shapes in thin section. Most garnet grains were

Figure 5. XRD patterns for hand-picked weathered garnet grains from Coweeta regolith. The unlabeled larger peaks include micas

(10 Å) and their weathering products and quartz, all of which may be intergrown with garnet grains. Otto Formation samples W2-10,

and Coleman River Formation sample W27-7.

Figure 6. Relationship between Al stoichiometric coefficient of

PSL kaolinite and the quantity of excess Al available for export

from the almandine garnet-PSL microenvironment for alman-

dine garnets at the Coweeta Hydrologic Laboratory (Table 7).
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embayed or euhedral, and highly fractured. Large

crystals were inclusion rich (poikiloblastic), containing

(in order of decreasing abundance) quartz, magnetite,

biotite, muscovite, chlorite, and epidote. Many internal

fractures originated near inclusions (Embrechts and

Stoops, 1982) and radial fractures (Wendt et al., 1993)

occurred near some quartz inclusions. Other fractures

occurred across embayments in rocks with strong

preferred orientation and compositional banding. The

fractures were perpendicular to foliation and are parallel

to each other.

Ferruginous surface layers formed on most weathered

almandine garnet grains. Continuous surface layers were

more prevalent on euhedral, inclusion-poor grains and

on grains that were extremely weathered. Discontinuous

surface layers were more prevalent on embayed,

inclusion-rich grains and on grains which border iron-

rich phyllosilicates (chlorite or biotite). In these

instances, weathering products were ‘‘co-mingled’’ with
those from the surrounding chlorite or biotite minerals.

Orange, red, and yellow-brown ferruginous deposits

formed surface layers and boxworks along internal

Table 7. Calculations of excess Al (a.p.f.u.) available for export for almandine garnet samples collected at Coweeta
Hydrologic Laboratory.

—— Otto Formation —— – Coleman River Formation – Ridgepole Mountain Formation
AlGbs AlKln Excess Al when

Vp/Vr = 1
AlGbs AlKln Excess Al when

Vp/Vr = 1
AlGbs AlKln Excess Al when

Vp/Vr = 1

0.00 3.32 0.68 0.00 3.04 0.96 0.00 3.54 0.18
0.10 3.26 0.64 0.10 2.98 0.92 0.10 3.47 0.15
0.20 3.19 0.61 0.20 2.91 0.89 0.20 3.41 0.11
0.30 3.13 0.57 0.30 2.85 0.85 0.30 3.34 0.08
0.40 3.06 0.54 0.40 2.78 0.82 0.40 3.28 0.04
0.50 3.00 0.50 0.50 2.72 0.78 0.50 3.21 0.01
0.60 2.93 0.47 0.60 2.65 0.75 0.60 3.15 �0.03
0.70 2.87 0.43 0.70 2.59 0.71
0.80 2.80 0.40 0.80 2.52 0.68
0.90 2.74 0.36 0.90 2.46 0.64
1.00 2.67 0.33 1.00 2.39 0.61
1.10 2.61 0.29 1.10 2.33 0.57
1.20 2.54 0.26 1.20 2.26 0.54
1.30 2.48 0.22 1.30 2.20 0.50
1.40 2.41 0.19 1.40 2.13 0.47
1.50 2.35 0.15 1.50 2.07 0.43
1.60 2.28 0.12 1.60 2.00 0.40
1.70 2.22 0.08 1.70 1.94 0.36
1.80 2.15 0.05 1.80 1.87 0.33
1.90 2.09 0.01 1.90 1.81 0.29
2.00 2.02 �0.02 2.00 1.74 0.26

2.10 1.68 0.22
2.20 1.61 0.19
2.30 1.55 0.15
2.40 1.48 0.12
2.50 1.42 0.08
2.60 1.35 0.05
2.70 1.29 0.01
2.80 1.22 �0.02

Table 8. Calculations illustrating the influence of pyrolusite on Al distribution in PSLs (Vp/Vr = 1) for almandine garnet
samples collected at Coweeta Hydrologic Laboratory.

Rock Unit

% Al in kaolinite for
PSL of goethite +
gibbsite + kaolinite

% Al in kaolinite for PSL of
goethite + gibbsite +
kaolinite + pyrolusite

% Difference

Otto Formation 52 28 46
Coleman River Formation 32 21 34
Ridgepole Mountain Formation 86 63 27
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Figure 7. SEM-SEI image and EDS spectra of an Otto Formation garnet with surface layer hand picked from the regolith. Note the

presence of Si in all spectra. Sample W34-6.
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Figure 8. SEM-BEI image and EDS spectra of an Otto Formation garnet with surface layer. Points #1 and #2 are from the PSL and

Point #3 is the unweathered garnet. Note the presence of Si in both PSL spectra. Sample W2-5.
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fractures. In some thin sections, ferruginous deposits

originating from a garnet occurred in rock fractures and

stain surrounding unweathered minerals, suggesting that

some garnet weathering products were being transported

away from garnet grain boundaries.

Weathered almandine garnets from Coweeta exhib-

ited both PSLs and USLs depending on sample locality

and depth. Protective surface layers were the most

common, exhibited minimal porosity, and were thickest

in the saprolite and decreased in thickness higher in the

soil profile. Protective surface layers were continuous

over the entire grain surface and had no microporosity

perpendicular to grain surfaces, no microporosity

parallel to grain surfaces in outcrop samples, and

minor (0.8–>5.0 mm in width) microporosity parallel

to grain surfaces in profile samples. A PSL may become

discontinuous and/or separated from the garnet’s sur-

face, probably due to dissolution and abrasion and have

an ‘onion skin-like’ appearance in which successive

layers are deposited in contact with previous layers

(Figure 9).

Despite being protective as determined from Vp/Vr

ratios, some occurrences of surface layers were found

covering euhedral (dodecahedral) etch pits on subjacent

garnets. Some etch pits were directly observable

(Figures 10 and 11), others were preserved as casts on

the undersides of the product layers (Figure 12).

Unprotective surface layers only occurred in the warmer,

dryer Watershed 2 (Figure 1), were more porous, and

may have contained relatively high concentrations of

hematite (Figure 5). An USL was continuous over the

entire grain surface and had microporosity perpendicular

to grain surfaces (pores of 8.0–10.0 mm in diameter) and

little or no microporosity parallel to the grain surface.

Unprotective surface layers were thickest in the upper

Figure 9. SEM-SEI image of ‘onion skin-like’ appearance of

PSL on almandine garnet. Scale bar is 10 mm.

Figure 10. SEM-SEI image of dodecahedral etch pits on

almandine garnet. Scale bar is 10 mm.

Figure 11. SEM-SEI image of dodecahedral etch pits on

almandine garnet preserved in negative relief directly beneath

a PSL. Scale bar is 100 mm.

Figure 12. SEM-SEI image of casts of euhedral etch pits

preserved in positive relief on the base of PSL separated from an

almandine garnet�PSL interface by sample preparation. Scale

bar is 10 mm.
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horizons and decreased in thickness lower in the soil

profile.

DISCUSSION

Application of Pilling-Bedworth rule to natural

almandine garnet compositions

The results above indicate that very few natural

almandine garnets have compositions sufficiently close

to end-member almandine to allow the formation of PSL

consisting of only goethite and gibbsite as suggested by

Velbel (1984a, 1993). Based on the findings of the

present study, in nearly all naturally occurring alman-

dine garnets, some kaolinite likely must be present in a

surface layer to make it protective. The addition of

pyrolusite to the surface layer is capable of dramatically

lowering the fraction of kaolinite required to make a PSL

(Table 8). However, the addition of pyrolusite does not

appear to be capable of completely eliminating the need

for kaolinite within a PSL.

Micromorphology of CHL garnets and their surface

layers

Ferruginous weathering products on naturally weath-

ered saprolite almandine garnets exhibiting rounded and

featureless surfaces and having calculated Vp/Vr 5 1

have been interpreted as being a PSL. In contrast, etch

pits on naturally weathered soil almandines have been

interpreted to indicate interface-limited reaction pro-

cesses (Velbel, 1984a, 1993; Velbel et al., 2007). Garnet

etch pits (e.g. Figure 10) formed in the absence of PSLs

occur in a variety of soil types, apparently where

pedogenic complexing agents mobilize Al and/or Fe,

and thereby prevent the formation of PSLs (Velbel,

1984a; Ghabru et al., 1989; Velbel et al., 2007). The

occurrence of etch pits (Figure 11) and etch-pit casts

(Figure 12) in association with surface layers reported

here for the first time requires reexamination of the

relationship between specific secondary minerals and the

rate-determining processes associated with those miner-

als. Two possible explanations for the presence of PSL-

associated etch pits and etch-pit casts are offered:

(1) almandine garnet weathers first to a USL followed

by mineralogical changes yielding a PSL (e.g. hematite

hydrating to goethite; Schwertmann, 1971; Campbell

and Schwertmann, 1984); or (2) almandine weathers to a

surface layer in a mixed-kinetic regime. Each of these

possible scenarios is explored below.

Conversion of a USL to a PSL. The presence of a PSL

covering etch pits (Figures 11, 12) implies that the

surface layer was not diffusion limiting at the time of

etch-pit formation, but rather almandine garnet weath-

ering was interface limited. These observations, com-

bined with the Pilling-Bedworth calculations permit the

hypothesis that secondary hematite formed at the onset

of garnet weathering, forming a USL that allowed rapid

solute transport. In the cooler, wetter localities found at

the higher elevations of CHL, the early-formed hematite

subsequently hydrated to form (tertiary) goethite in a

PSL. In virtually all CHL sample sites, almandine garnet

is weathering to predominantly goethite (e.g. Figure 5).

Goethite has also been identified as a predominant

weathering product of almandine garnet at other sites

(Embrechts and Stoops, 1982; Parisot et al., 1983;

Velbel, 1984a; Graham et al. 1989a; Robertson and Butt,

1997). The molar volume per Fe is greater for goethite

than for hematite (Table 1), and the hydration of Fe

products caused a volume increase. This volume

increase allowed the hydrated products to occupy

formerly vacant space, reducing porosity and thereby

filling etch pits and forming casts (Figure 12). The

increase in product volume as the goethitic surface layer

became protective caused by the hydration process

would fill or cover pre-existing etch pits and would

prevent additional etch pits from forming.

Based on the discussion above, drawing mechanistic

inferences from product mineralogy alone (without

information on textural relationships, e.g. centripetal

replacement textures) is hazardous. For instance, hema-

tite is believed to form from almandine garnet in at least

some Southern Blue Ridge weathering profiles (Graham

et al., 1989a, 1989b, 1990a, 1990b), and has been

identified in the Coweeta PSLs (Figure 5). If almandine

garnet weathered directly to secondary hematite,

Velbel’s (1993) calculations and those as part of this

study (Table 6) would suggest that the hematite-bearing

product is far less likely to yield a PSL, especially in

combination with gibbsite as the sole Al-bearing

product. In the present study, etch-pit casts occur only

with a PSL containing goethite as the dominant

ferruginous product. While no direct evidence of a

hematite precursor for these specific goethites was

observed, such transformations between hydrous and

anhydrous iron oxides are common in weathering

environments (e.g. Schwertmann, 1971; Campbell and

Schwertmann, 1984), and hematite has formed during

the weathering history of CHL saprolites (e.g. Figure 5).

Textural evidence such as etch-pit casts preserve

remnant reactant garnet surface textures and suggest,

in such instances, both the pathway of goethite forma-

tion and the change over time in the rate-determining

role of the product. Thus, in the absence of information

from replacement textures, the present mineralogy alone

of a product assemblage with Vp/Vr < 1 is not a sufficient

criterion for dismissing the protective surface layer

hypothesis, or for confirming that the product itself was

not rate determining.

Temporal changes in surface layer mineralogy and

kinetic regime are not limited to the Fe-bearing phases

hematite and goethite. The Pilling-Bedworth calcula-

tions indicate that a PSL is unlikely to form in the

absence of kaolinite when gibbsite is the sole aluminous

phase. Gibbsite has also been identified as a weathering
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product of garnet by previous workers (Velbel, 1984a;

Graham et al., 1989a, 1989b, 1990b). However, to

transition from interface-controlled to diffusion-con-

trolled kinetics would require the silication of a 0:1

clay (i.e. gibbsite). Typically, with progressive weath-

ering, kaolinite will desilicate to gibbsite. Following this

premise, kaolinite would probably form at the beginning

of garnet weathering, although some desilication could

occur afterwards as long as adequate kaolinite remained

to maintain the PSL. Excess Si associated with garnet

weathering to a PSL (discussed in the next section)

would be available for silication of gibbsite. However,

conservation of Si in the almandine garnet-surface layer

system would probably only occur with a PSL already

present, i.e. when Si loss was inhibited by diffusion

through the PSL. Based on this reasoning, a conversion

from a USL to a PSL, and associated change from

interface-controlled to transport-controlled kinetics,

would be the more likely result of hematite hydrating

to goethite with some kaolinite already present in the

surface layer.

Mixed-kinetic control. Weathering regimes which form

both etch pits and protective surface layers might be

intermediate between transport- and interface-limited

kinetic regimes (the mixed-kinetics regime of Berner,

1978, 1981). Where a PSL is slightly discontinuous

(Figure 9), interface-limited weathering reactions oper-

ate and etch pits form (Figure 11).

Unprotective surface layers increase in thickness

higher in the weathering profile. This observation

indicates that garnets with USLs weather by centripetal

replacement. Almandine garnet grains with USLs appear

to have no dissolution features (e.g. etch pits) on their

surfaces, although the etch pits may be covered by the

oxides which form a USL. As reported by Velbel

(1984a) and Embrechts and Stoops (1982), regardless

of type of surface layer that may form by weathering in

the saprolite prior to pedogenesis, almandine garnet

weathering in soil horizons proceeds with the formation

of a USL which is commonly removed completely with

continued pedogenesis in soil horizons (Velbel, 1984a;

Ghabru et al., 1989; Velbel et al., 2007).

The two aforementioned explanations of the occur-

rence of etch pits under a PSL offer plausible explana-

tions for the previously unreported and unexpected

weathering texture of etch pits covered by a subsequent

layer of secondary (or tertiary) products (Figure 11). The

almandine garnet grain was removed directly from rock

outcrop. The almandine garnet surface layer is discon-

tinuous and may be so because of mechanical separation

from the surrounding matrix or because the surface layer

is still forming. The surface layer did form well below

the rooting zone and is not discontinuous due to

biochemical dissolution. Also, because the almandine

garnet was removed from outcrop, the etch pits were not

covered by products as a result of direct introduction

into the rooting zone followed by reburial. The most

probable explanations are that the etch pits formed

during preliminary dissolution of the almandine garnet

surface and were later filled by the products of the

replacement process, or formed while the almandine

garnet surface was covered by a porous, hematitic

surface layer and were later filled by goethite as the

hematite hydrated. The morphological consequences of

the last part of this proposed sequence of phenomena

may be expressed and preserved at the inner margin of a

PSL where it is in direct contact with, and forms a cast

of, the etched almandine surface (Figure 12).

Elemental imports and exports for the CHL almandine

garnet-PSL system

A surface layer composed of goethite, gibbsite, and

kaolinite would probably be protective. Furthermore, an

excess of Al is feasible and thus available for export.

Velbel (1993) determined that up to 15% of the Al and

Fe produced during almandine garnet weathering could

be exported from the garnet-PSL microenvironment. For

the almandine garnet compositions from Deer et al.

(1997) used in the present study, up to 35% of the Al

produced during almandine garnet weathering may be

exported. Such a large value is only possible if all of the

Fe is conserved and substantial quantities of kaolinite

are present in the PSL. However, petrographic observa-

tions reveal that occasionally ferruginous material will

extend from a garnet grain into fractures and around

adjacent minerals. Migration of Fe from a garnet grain

indicates that the assumption of conservation of all

almandine garnet-derived Fe in the surface layer may not

be valid for some grains. If the quantity of Fe available

for surface layer is reduced, then the proportion of

kaolinite in a PSL would have to increase relative to

gibbsite. This relative increase in PSL kaolinite would

also reduce the quantity of Al available for export from

the almandine garnet-surface layer microenvironment.

Velbel et al. (2009) investigated the formation of

USL on hornblende sampled from regolith of the

southern Appalachian Blue Ridge of northeastern

Georgia, USA. Using similar molar volume calculations

as this study, these authors determined that Al must be

imported into early-stage weathering products of the

hornblende. During the early stages for weathering,

considerable mobilization of Al occurred while Si was

immobile, despite Al typically being considered mini-

mally mobile during weathering. Velbel et al. (2009)

suggested that Al is mobilized from shallow depths to

greater depths in the weathering profile where incipient

weathering is occurring. Further, Velbel et al. (2009)

proposed that the source of the imported Al is from

almandine garnet weathering known to occur in their

rock unit of study, although no unweathered almandine

garnet was observed in their specific sample. Velbel et

al. (2009) showed how the proposed Al mobility is

consistent with the results of Gardner (1992), White et
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al. (1998), and Schroeder et al. (2000) based on bulk-

sample-scale and profile-scale mineralogical data, solid-

phase bulk-chemical analyses of saprolitic weathering

profiles, and solute-phase chemical data from soil

solutions, groundwater, and modern surface water

associated with deeply weathered landscapes.

The possibility of import of element(s) into the

almandine garnet-PSL system also warrants investiga-

tion. For Coweeta almandine garnets, the balanced

weathering reactions for a PSL of goethite and kaolinite,

thereby reflecting the maximum production of excess Al

(Tables 3 and 7), are as follows:

Otto Formation.

Ca0.82Mg0.72Mn1.0Fe3.52Al4Si6O24 +

7.88 H2O + 5.12 H+ + 1.41 O2 ?
3.52 FeOOH + 1.66 Al2Si2O5(OH)4 + 2.68 H4SiO4 +

1.0 MnO2 + 0.82 Ca2+ + 0.72 Mg2+ + 0.68 Al3+ (7)

Coleman River Formation.

Ca0.60Mg0.88Mn0.44Fe4.26Al4Si6O24 +

8.17 H2O + 5.84 H+ + 1.38 O2 ?
4.26 FeOOH + 1.52 Al2Si2O5(OH)4 + 2.96 H4SiO4 +

0.44 MnO2 + 0.60 Ca2+ + 0.88 Mg2+ + 0.96 Al3+ (8)

Ridgepole Mountain Formation.

Ca1.74Mg0.74Mn0.90Fe2.82Al3.72Si6O24 +

7.12 H2O + 5.50 H+ + 1.05 O2 ?
2.82 FeOOH + 1.77 Al2Si2O5(OH)4 + 2.46 H4SiO4 +

0.90 MnO2 + 1.74 Ca2+ + 0.74 Mg2+ + 0.18 Al3+ (9)

These balanced reactions for the formation of a

goethite and kaolinite PSL demonstrate that no other

major elements need be imported into the PSL-garnet

system at Coweeta. However, significantly more Si than

Al is released, providing the elements needed to form

kaolinite. For the Al to be exported rather than

consumed as either kaolinite and/or gibbsite precipitate,

the pore solutions must be undersaturated with respect to

these phases.

Evaluation of the hypothesis and unresolved issues

The hypothesis for this study was that the role of the

kinetics of almandine garnet’s weathering products varies

with the composition of the specific almandine experien-

cing weathering. The results of the Pilling-Bedworth

calculations and microtextural observations of naturally

weathered garnet surfaces from all levels in the CHL

weathering profile are consistent with this hypothesis.

The findings of this study yield numerous additional

unresolved issues regarding the formation of surface

layers on garnets during chemical weathering. The

temporal changes in surface-layer mineralogy that may

result in etch pits occurring beneath PSLs requires

additional investigation. This includes the hypothesized

conversion of early-formed hematite to goethite, and the

potential role of Si in conversions between gibbsite and

kaolinite. Such mineralogical changes should be related

directly to the surface microtextures of the dissolving

garnet and Pilling-Bedworth calculations. The genera-

tion and mobility of Al during incipient garnet weath-

ering, and the potential uptake of that Al by the

weathering products of other primary minerals, also

warrant further investigation. All of the methods and

unresolved questions outlined in this study for alman-

dine garnets may also be applied to garnets representing

a wider range of compositions (e.g. other garnet solid-

solution series) and environmental settings.

SUMMARY AND CONCLUSIONS

The mineralogy of surface layers exerts a major

influence on the chemical weathering kinetics of

almandine garnet; different product minerals occupy

different proportions of the replacement volume and

thereby influence the solute-transport properties of the

product. During chemical weathering, almandine garnet

grains can develop either protective or unprotective

surface layers depending on the almandine garnet’s Al

and Fe stoichiometric coefficients, molar mass, specific

gravity, mineralogy of secondary products, and environ-

mental conditions. The results of this study are

consistent with the hypothesis that the role of the

kinetics of almandine garnet’s weathering products

varies with the composition of the specific almandine

garnet experiencing weathering. Most natural almandine

garnets lack adequate Fe and Al to form PSLs composed

only of goethite and gibbsite. Having kaolinite in a

surface layer dramatically increases the probability of a

surface layer being protective. At CHL for almandine

garnets from the three units studied, in order to form a

PSL, kaolinite must be a weathering product. The lack of

kaolinite being reported in the literature may be due to

inadequacy of XRD. Energy-dispersive X-ray spectra

and XRD analyses as part of this study support the

presence of kaolinite in Coweeta almandine garnet PSLs.

The greatest likelihood that a surface layer will be

protective is when it contains goethite, kaolinite, and

pyrolusite. With adequate Mn in the parent garnet and if

pyrolusite precipitates in the PSL, the Vp/Vr value will

increase. However, pyrolusite in a surface layer may not

increase greatly the likelihood of the layer being

protective; the presence of pyrolusite does significantly

decrease the quantity of kaolinite needed to make a

surface layer protective.

Based on an almandine garnet anion basis of O24, to

form a PSL composed of hematite and kaolinite, an

almandine garnet must have a minimum Al stoichio-

metric coefficient of ~3.78 a.p.f.u. and a minimum Fe

stoichiometric coefficient of ~2.8 a.p.f.u. To form a PSL

of goethite and kaolinite, an almandine garnet must have

a minimum Al s to ich iometr ic coef f ic ien t of
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~3.75 a.p.f.u. and a minimum Fe stoichiometric coeffi-

cient of ~2.7 a.p.f.u. A relatively large parent garnet Fe

stoichiometric coefficient is more important in PSL

formation and determination of excess Al than is the

parent almandine garnet Al stoichiometric coefficient.

Almandine garnet and ferruginous product(s) in thin

section form three distinct textures: (1) grains in which

ferruginous product is in contact with the garnet

remnant; (2) grains in which ferruginous product is not

in contact with the almandine garnet remnant (formation

of a peripheral void around remnant); and (3) grains in

which ferruginous product has formed a porous pseudo-

morph after garnet. Almandine garnet grains in environ-

ments dominated by biochemical processes and

advective flow undergo interface-limited reactions.

Almandine garnet grains in environments not dominated

by these processes experience supersaturation with

respect to iron and aluminum products near the grain

surface. When the requirements for nucleation are met,

the products reprecipitate to form a PSL.

Etch pits occur on almandine garnet grains beneath

some PSLs. This association of etch pits (which indicate

interface-limited kinetics) and PSLs (which should

inhibit transport of mobile species to and/or from the

almandine’s surface, result in reaction kinetics limited

by transport through the product, and thereby prevent the

formation of etch pits) is unexpected based on the

original formulation of the hypothesis. The Pilling-

Bedworth calculations of this study suggest a modifica-

tion of the hypothesis. Several combinations of changes

of secondary minerals into tertiary minerals could result

in the newly reported association between etch pits

(formed in the kinetic regime influenced by the

secondary minerals) and PSLs (consisting of tertiary

minerals modified from the secondary minerals after the

etch pits formed). Early-formed (secondary) product

minerals formed USLs and allowed interface-limited

attack upon, and etching of, the underlying almandine

garnet’s surface. This was followed by modification of

the secondary product minerals to tertiary product

minerals with increased volume that rendered the surface

layers protective of the underlying surface after the etch

pits had formed.

Several secondary-tertiary product-mineral parage-

netic sequences are consistent with this time-variant

extension of the original hypothesis. Filled etch pits

under PSLs may be the result of hematitic surface layers

hydrating to goethitic surface layers or the result of

dissolution-reprecipiation processes. The initial forma-

tion of hematite in an USL, followed by hydration of

hemati te to form goethi te , reduces porosi ty .

Consequently, the product’s transport properties are

reduced such that the previously USL of product

becomes a PSL only after the etch pits had formed.

Similarly, the silication of gibbsite to kaolinite after

initial formation of an USL in which Al was hosted by

gibbsite would increase product volume, reduce poros-

ity, and change the rate-determining process only after

the etch pits had formed. Alternatively, almandine garnet

dissolution processes which form PSLs and etch pits

may be intermediate between transport- and interface-

limited kinetic regimes (Berner, 1978; 1981).

Discontinuous surface layers permit the formation of

etch pits.

With a PSL of goethite, gibbsite, and kaolinite,

excess Al may reasonably be assumed to be available for

export. A reduction in the quantity of kaolinite in a PSL

resulting from the presence of pyrolusite increases the

quantity of Al available for export from the garnet-PSL

system. For CHL garnets with PSL and excess Al, no

other element need be imported into the garnet-PSL

system to produce the observed weathering-product

mineral assemblages.
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Abstract—In the present study, the gradual layer-charge reduction of two Li-saturated smectites, SAz-1
from Arizona, USA, and FEO-G from Troodos, Cyprus, with octahedral charge of 0.54 electrons per half
unit cell (e/huc) and 0.39 e/huc, respectively, was monitored by X-ray diffraction of K-saturated, ethylene
glycol-solvated samples, by thermogravimetry-differential thermogravimetry, and by mid- and near-
Fourier transform infrared spectroscopy after heating at 80�300ºC. With increasing heating temperature,
the layer charge and cation exchange capacity (CEC) of both smectites decreased gradually due to Li
fixation. At temperatures >200ºC, ~25% residual CEC was observed, suggesting incomplete Li fixation
due to kinetic constraints. Dehydration of the original Li-smectites occurred in two steps, one peaking at
~100ºC and another at 175�180ºC. The latter decreased upon progressive Li fixation and vanished from
smectites treated above ~125ºC. Dehydroxylation occurred at 635�640ºC in both smectites and was not
affected by Li fixation. The second derivative analysis of the infrared spectra showed that Li fixation was
manifested in both smectites by the growth of two new sharp OH-stretching fundamentals at ~3640 and
3670 cm�1 and their overtones at ~7115 and 7170 cm�1. The new bands constitute pairs of fixed energy
and relative intensity which grow simultaneously at the expense of the broad OH-stretching and overtone
features of the original smectites. Based on this result, Li fixation is suggested to be accompanied by the
simultaneous formation of two distinct trioctahedral-like structural OH species, which is compatible with
Li+ occupying trans-octahedral vacancies in both smectites.

Key Words—Attenuated Total Reflectance Spectroscopy, Hofmann-Klemen Effect, Layer Charge, Li
Fixation, Near Infrared Spectroscopy, Residual Cation Exchange Capacity, Smectite, Trans-vacant.

INTRODUCTION

Smectites are clay minerals with important physical

and chemical properties, stemming from their crystal-

chemical characteristics, their very small particle size,

and the correspondingly large specific surface area.

Properties of smectite valued by industry include CEC,

swelling and rheological properties, hydration and

dehydration, high plasticity, bonding capacity, and the

ability to interact with inorganic and organic reagents

(Odom, 1984). A key determinant of these properties is

the layer charge which is due to substitutions in the

tetrahedral and/or the octahedral sheet, or to the

existence of vacancies in the octahedral sheet. The

layer charge is associated with CEC and ion-exchange

selectivity (Maes and Cremers, 1977, 1978; Shainberg et

al., 1987; Güven, 1992; Laird, 1999). Layer charge has

been shown to be related also to the colloidal properties

of smectites such as swelling (Slade et al., 1991; Laird,

2006; Christidis et al., 2006), especially if heterogeneity

in charge magnitude and localization is also considered

(Christidis and Eberl, 2003). Moreover, the magnitude of

the layer charge is related to the adsorption of organic

compounds on the smectite surface (Laird et al., 1992).

Reduced-charge smectites result from the thermal

treatment of Li-saturated dioctahedral smectites with

octahedral charge. The process, known as the Hofmann-

Klemen effect (Hofmann and Klemen, 1950), leads to

the reduction of the layer charge and is manifested by

the decrease in the CEC and the loss of the expandable

character of the smectites. Apparently, heating induces

the dehydration of Li cations and their migration into the

layer structure of the mineral, where they become fixed,

i.e. resistant to cation exchange. Suggested positions of

Li+ ions in the structure include the vacant octahedral

sites (Hofmann and Klemen, 1950; Green-Kelly, 1953;

Sposito et al., 1983; Srasra et al., 1994; Muller et al.,

1997; Stackhouse and Coveney, 2002; Madejová et al.,

2006), the ditrigonal cavities of the tetrahedral sheet

(Tettenhorst, 1962; Luca et al., 1989; Alvero et al.,

1994; Theng et al., 1997), or both (Brindley and Ertem,

1971; Calvet and Prost, 1971; Madejová et al., 1996;

Karakassides et al., 1999). The Hofmann-Klemen effect

is specific to smectites with octahedral charge and was

initially proposed as a method to distinguish mont-

morillonite from beidellite, a 2:1 phyllosilicate with

tetrahedral layer charge (Green-Kelly, 1953).
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The aforementioned structural interpretations all stem

from a remarkably uniform phenomenology of the

Hofmann-Klemen effect. The amount of fixed Li+

increases with temperature (Calvet and Prost, 1971)

and reaches a plateau at ~220ºC (Brindley and Ertem,

1971; Komadel et al., 1996). This result is common to

many different smectites with variable composition and

layer charge (Komadel et al., 1996; Gates et al., 2000;

Madejová et al., 2000a, 2000b; Bujdák et al., 2001). In

all these studies the reduction of layer charge with Li

fixation was monitored indirectly by measuring the CEC

of the smectites. Interestingly, Li+-exchanged mont-

morillonite samples heated to complete fixation display

CEC values that are greater than those expected from the

complete reduction of their octahedral charge (Brindley

and Ertem, 1971; Lim and Jackson, 1986; Jaynes and

Bigham, 1987; Komadel, 2003). For example, a Li+-

exchanged Otay montmorillonite (SCa-2) with ~95%

octahedral charge was reported to undergo a reduction of

CEC by only 81% as a result of heating at 300ºC

(Hrobáriková et al., 2001; Komadel, 2003). The

observed discrepancy has been attributed to the exis-

tence of mechanisms of Li fixation which do not lead to

charge reduction (e.g. fixation in the interlayer and/or

replacement of the structural OH groups by O-Li+,

Jaynes and Bigham, 1987) or to the incomplete

replacement of exchangeable cations during the initial

Li-exchange process (Hrobáriková et al., 2001).

Since the early work of Calvet and Prost (1971),

infrared (IR) spectroscopy has been by far the most

widely used technique for the structural characterization

of reduced-charge smectites. Mid- and near-IR studies

on Li-exchanged and heated (>120ºC) montmorillonite

samples have linked the Hofmann-Klemen effect to the

appearance of new sharp absorption bands corresponding

to the stretching, bending, combination, and overtone

modes of structural OH groups (Sposito et al., 1983;

Madejová et al., 1996; 2000a, 2000b; Hrobáriková et al.,

2001; Gates, 2005; Madejová, 2005; Madejová and

Komadel, 2005). By analogy to trioctahedral smectites

which also exhibit sharp OH bands at similar positions

(Russell and Fraser, 1994), the IR spectra of reduced-

charge montmorillonites have been interpreted as

suggesting the formation of local trioctahedral domains

of the AlMgLiOH or AlAlLiOH types (Calvet and Prost,

1971; Srasra et al., 1994; Madejová et al., 2000a,

2000b). Alternatively, based on an earlier study on micas

(Besson and Drits, 1997a, 1997b), Zviagina et al. (2004)

assigned the new OH bands to pyrophyllite-like frag-

ments in the dioctahedral 2:1 phyllosilicates.

The present study revisits the structural aspects of

layer-charge reduction of two nearly ideal montmorillo-

nites (i.e. with negligible tetrahedral charge) which

differ in terms of octahedral charge. In addition to

determining the CEC of the samples with progressively

reduced charge, Li fixation was monitored by systematic

measurements of the layer charge by X-ray diffraction

(XRD) after K-saturation (Christidis and Eberl, 2003). In

principle, the use of layer charge as a proxy to monitor

Li fixation is more appropriate than CEC, as it records

directly the outcome of the Hofmann-Klemen effect. The

monitoring of Li fixation with layer-charge measure-

ments was reported by Maes et al. (1979). However, the

alkylammonium method employed by these latter

authors has been suggested to underestimate layer

charge by up to 40% (Laird and Fleming, 2008).

In addition to layer-charge measurements, the same

samples were evaluated by attenuated total reflectance in

the mid-IR (ATR-FTIR) range and diffuse reflectance

(DRIFT) in the near-IR range. Besides allowing

comparisons with previous literature, the aim of this

vibrational investigation was to bring forward a more

detailed study of the sharp features which develop upon

fixation by taking advantage of second derivative

analysis (Gionis et al., 2006, 2007). Finally, the study

is complemented by thermogravimetric analysis (TGA)

to allow for the quantitative assessment of dehydration

and dehydroxylation in reduced-charge montmorillonites

as a function of heating temperature and to build on

early results by Alba et al. (1998).

MATERIALS AND METHODS

Preparation of reduced-charge samples

Reduced-charge montmorillonite (RCM) preparations

were based on two samples with minimum tetrahedral and

different octahedral charge: SAz-1 (The Clay Minerals

Society Source Clays Repository) is a typical high-charge

montmorillonite and FEO-G (Christidis, 2006) is a low-

charge montmorillonite from the Polycanthos area,

Cyprus. Both samples have a small Fe content. Their

chemical compositions (microprobe analysis, <0.2 mm
fraction) and structural formulae are compared in Table 1.

According to these analyses, the layer charge of neat

SAz-1 and FEO-G are 0.54 and 0.39 e/huc, respectively

(Gates, 2005; Christidis, 2006). The RCMs were prepared

from the <2 mm fraction of SAz-1 and from a hand-

crushed sample of FEO-G, due to the limited availability

of the latter stock material. The SAz-1-based RCMs

contain minor quartz and feldspar (2.5% in total) and

clinoptilolite (1%) and the FEO-G-based RCMs contain

minor quartz (4%), kaolinite (~3%), opal-CT, and illite

(1�2%) (Christidis, 2006). The two clays were saturated

with Li+ at ambient temperature (for 2612 h in 1 M LiCl

solution, at a 1:100 clay/LiCl solution ratio), washed with

ethanol until free of excess salts (AgNO3 test), dried at

60ºC, and crushed with pestle and mortar. This standard

experimental approach was assumed to lead to complete

Li saturation (Bain and Smith, 1987). Portions (~500 mg)

of these Li-saturated samples were heated for 24 h to a

temperature in the range 60�300�5ºC. These samples are

referred to as LiSAz-1_xxx or LiFEO-G_xxx, where xxx

indicates the heating temperature. Due to sample shortage,

Li-FEO-G was heated only at 60, 120, 200, and 300ºC.
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Determination of layer charge and CEC

Layer charge was determined according to the

method described by Christidis and Eberl (2003). The

original samples and RCM preparations were K-satu-

rated with 1 M KCl solutions, washed free of excess salts

(AgNO3 test), transferred to glass slides to make

oriented clay mounts, left to dry at ambient temperature,

and finally exposed to ethylene-glycol vapor at 60ºC

overnight. The ethylene glycol-solvated samples were

examined by XRD (Bruker AXS D8 Advance diffract-

ometer) in the range 2�35º2y, using CuKa radiation,

with a step size of 0.02º2y and 0.3 s counting time per

step. The layer charge was determined on the basis of the

XRD data using the LayerCharge computer code

(Christidis and Eberl, 2003). A conservative estimate

of the error associated with this determination of the

layer charge is �0.02 e/huc. The method has a lower

threshold for determination of layer charge of

0.39 e/huc, which precluded the study of FEO-G-based

RCMs.

The CEC of all samples was determined with a

homebuilt Kjeldahl microsteam apparatus, after saturation

with 1 M ammonium acetate at pH 7. Approximately

300 mg of each sample was saturated twice overnight

with 10 mL of 1 M ammonium acetate, washed free of

excess salts, and heated together with excess NaOH

(~30 mL, 5 N) in the Kjeldahl reactor. The product of the

distillation (ammonia) was collected in a conical flask

containing 25 mL of boric acid (1 N) and methyl red and

bromocresol green indicators, followed by titration with

0.05 N sulfuric acid. The error associated with this

titration is of the order of �2 cmol/kg, but the error of the

overall determination is larger for samples with very low

CEC, due to difficulties associated with their expansion

and NH4
+ exchange. The CEC data are expressed per 100 g

of clay dried at 260ºC, using the weight-loss results

obtained from TGA (see below). Before CEC determina-

tion, the samples had been dried at 60ºC. Drying at 105ºC

was avoided because Li migration was observed to take

place at this temperature.

TGA and IR spectroscopy

Small portions of each sample (~50 mg) were

analyzed with an automated TGA system (TGA-6,

Perkin Elmer). Both TG and DTG curves were obtained.

The samples were heated gradually from 40 to 900ºC at a

heating rate of 10ºC/min under a flow of dry N2 gas. The

sample weight was measured at intervals of 1.5ºC. The

dehydroxylation temperatures were obtained from the

DTG curves.

All IR spectra were measured on neat powder

samples equilibrated to ambient temperature (25ºC,

30�35% RH). Mid-IR spectra (525�4000 cm�1) were

measured on a Fourier-transform instrument (Equinox 55

by Bruker Optics) equipped with a single-reflection

diamond ATR accessory (DuraSamplIR II by SensIR

Technologies). Contact between the powder samples and

the diamond element was ensured by a suitable press,

applying a pressure of ~100 MPa. Each spectrum

represents the average of 300 scans recorded at an

optical resolution of 2 cm�1 (digital resolution 1 cm�1).

The spectra are shown in the absorption mode after

correction for the wavelength dependence of the

p e n e t r a t i o n d e p t h . T h e N I R s p e c t r a

(3600�12000 cm�1) were measured on a Fourier-trans-

form spectrometer (Vector 22/N by Bruker Optics)

equipped with an integrating sphere accessory. All

spectra were measured against a gold reference and

shown in the absorption mode. Each spectrum is the

average of 200 scans at an optical resolution of 4 cm�1

and digital resolution of 2 cm�1. The 2nd derivatives of

the mid- or near-IR absorption spectra were calculated

using the Savitzky-Golay algorithm (Opus software,

Bruker) to allow for the identification of weak sharp

features overlapping with broad bands. Typically, a

13-point smoothing window was employed, unless

otherwise indicated.

Table 1. Chemical analysis and structural formulae of the
SAz-1 montmorillonite (Gates, 2005) and the FEO-G
montmorillonite (Christidis, 2006). The chemical composition
of FEO-G was obtained from microprobe analysis. The
chemical analysis of SAz-1 was reported on a LOI-free basis.

FEO-G SAz-1

SiO2 60.67 67.59
Al2O3 21.05 19.85
Fe2O3 0.87 1.71
MgO 3.81 6.508
CaO 0.5 3.919
Na2O 2.24 0.118
TiO2 N/A 0.28
MnO N/A 0.035
K2O 0 0.074

Total 89.13 100.08

Structural formulae based on O10(OH)2
Tetrahedral cations
Si 3.97 3.99
AlIV 0.03 0.01

Octahedral cations
AlVI 1.60 1.38
Fe3+ 0.04 0.07
Mg 0.36 0.56

Interlayer cations
Ca 0.04 0.25
Mg 0.01
Na 0.29 0.03
K 0 0

Layer charge 0.39 0.54
Interlayer charge 0.39 0.53
Tetrahedral charge (%) 7.7 2
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RESULTS AND DISCUSSION

Layer charge and CEC of the reduced-charge smectites

Application of the Greene-Kelly test to SAz-1 at

different temperatures resulted in systematic variations

of the XRD traces of K-saturated, ethylene glycol-

solvated samples (Figure 1). These XRD traces are

comparable to those of natural samples and suggest a

progressive change from high-charge to low-charge

smectite. The first-order reflection peak of the

K-saturated LiSAz-1_060 occurred at 6.42º2y (d001 =

13.7 Å), and shifted gradually upon heating at 135ºC to

5.14º2y (d001 = 17.1 Å). The XRD traces of samples

LiSAz-1_060-100 exhibited d001 spacings of <15 Å and

d003 spacings at ~4.70 Å. These traces are, therefore,

typical of high-charge smectites (layer charge

>0.475 e/huc) according to Christidis et al. (2006).

RCMs heated between 105 and 115ºC exhibited d001 at

16.5�15.5 Å and irrational d spacings of higher-order

basal reflections which are typical of smectites with

intermediate layer charge (0.46�0.44 e/huc). Heating at

120�135ºC decreased the layer charge further, as in low

layer-charge smectites (0.42�0.39 e/huc) which are

characterized by a >16.6 Å 001 diffraction maximum

and rational, higher-order basal reflections (Christidis et

al., 2006). Above 130ºC, the first-order reflection

decreased quickly in intensity while remaining fixed in

position (Figure 1). Indeed, the layer charge of

Figure 1. Room-temperature XRD patterns of K-saturated and ethylene glycol-solvated LiSAz-1 samples previously subjected to

heating in the 60�135ºC range for 24 h. Note the shift of d001 from ~13.7 Å (60ºC) to 17.1 Å (135ºC). Charges (e/huc) calculated

according to Christidis and Eberl (2003) are shown in parentheses. The inset shows the patterns of the corresponding samples heated

at higher temperatures and up to 300ºC. Note the appearance of a new peak ~9.5 Å which is indicative of collapsed montmorillonite

layers.
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LiSAz-1_130 and LiSAz-1_135 was found to be 0.39 e/

huc (Table 2) and was probably overestimated because

this value coincides with the detection limit of the

Christidis and Eberl (2003) method. For the same reason,

the layer charges of LiFEO-G-based RCMs cannot be

estimated correctly. Samples LiSAz-1_140�180 dis-

played broad diffraction maxima between 4 and 5º2y
and another diffraction maximum at ~9.8º2y (9.1 Å),

indicating the existence of a superstructure due to

ordered interstratification of totally collapsed and

expandable smectite layers. The progressive appearance

of a new diffraction maximum with d = 9.5 Å in samples

LiSAz-1_180�300 indicated the presence of completely

collapsed montmorillonite layers (Sato et al., 1992). The

lack of a diffraction maximum at 5º2y in these samples

was compatible with the negligible tetrahedral charge of

SAz-1. This is because montmorillonites with a sig-

nificant proportion of tetrahedral charge display diffrac-

tion maxima both at 5º2y and at 9.3º2y, after the

completion of the Greene-Kelly test, due to the existence

of discrete phases or to mixed-layer montmorillonite-

beidellite (Lim and Jackson, 1986; Guisseau et al.,

2007). Application of the Greene-Kelly test to FEO-G at

120, 200, and 300ºC yielded identical results to SAz-1

(data not shown). In summary, the position of the 001

diffraction maximum was not affected after heating at

120ºC, but shifted to ~9.3º2y (9.5 Å) after heating at 200

and 300ºC.

The CEC values of LiSAz-1 sample series (Table 2)

displayed a sigmoidal dependence on the heating

temperature from ~130 to ~40 cmol/kg with a mid-

point at ~120ºC (Figure 2). The overall trend is similar

to that reported by Madejová et al. (2000a, 2000b) and

Bujdák et al. (2001), the main difference being the

smaller final CEC value reported by the latter authors.

Fewer data points exist for the LiFEO-G system, but the

observed % reduction of the CEC with heating

temperature was comparable to that of LiSAz-1,

suggesting that the two montmorillonites respond to Li

fixation in a very similar manner despite differences in

their initial layer charge.

Measured layer charges follow well the trend of the

CEC data up to 120�125ºC, and then level off toward

0.39 e/huc (Figure 2, inset). This value is the lower

detection limit of the layer-charge determination method

employed, because it corresponds to a material consist-

ing solely of low-charge smectitic layers (Christidis and

Eberl, 2003). Interestingly, a similar leveling off was

observed in the data of Maes et al. (1979) who used the

alkylammonium method to measure the layer charges of

RCMs based on montmorillonite from Camp Berteau

(Morocco).

The CEC of the Li samples heated at temperatures

>200ºC was greater than that expected from complete

charge reduction and the residual CEC did not depend on

the layer charge of the original samples (Figure 2). The

compensation of deprotonated hydroxyl groups (Jaynes

and Bigham, 1987) and the incomplete replacement of

exchangeable cations during Li-exchange (Hrobarikova

et al., 2001) might explain the observed trends.

However, the former option, while significant in the

case of Fe-rich smectites including nontronites (Russell,

1979; Jaynes and Bigham, 1987), is less important in the

case of Al-Mg, Fe-poor montmorillonites, especially

Table 2. CEC, layer charge, weight % loss in the 40�260ºC, and dehydroxylation regions of the reduced-charge LiSAz-1 and
LiFEO-G samples. Weight loss % data are expressed with reference to the weight of the samples at 260ºC.

Sample CEC
(cmol/kg)

% of CEC060 Layer charge
(e/huc)

Weight loss, %
(40�260ºC)

Weight loss, %
(260�900ºC)

LiSAz-1_060 131.6 100.00 0.54 16.45 4.58
LiSAz-1_080 131.6 100.00 0.53 16.45 4.58
LiSAz-1_100 126.7 96.25 0.50 15.87 4.53
LiSAz-1_105 119.9 91.12 0.46 15.29 4.48
LiSAz-1_110 113.8 86.49 0.44 15.26 4.58
LiSAz-1_115 107.7 81.86 0.44 14.61 4.50
LiSAz-1_120 96.1 73.05 0.42 12.21 4.78
LiSAz-1_125 89.8 68.21 0.40 9.81 5.07
LiSAz-1_130 75.6 57.42 0.39 9.15 5.18
LiSAz-1_135 62.2 47.29 (0.39) 6.94 5.77
LiSAz-1_140 57.7 43.84 � 5.41 5.27
LiSAz-1_160 53.2 40.39 � 3.88 4.92
LiSAz-1_180 46.5 35.37 � 3.01 5.23
LiSAz-1_200 34.8 26.45 � 2.33 5.70
LiSAz-1_250 36.7 27.89 � 1.95 4.83
LiSAz-1_300 39.5 30.04 � 2.11 5.03
LiFEO-G_060 89.2 100.00 0.39 9.09 5.89
LiFEO-G_120 67.7 75.93 � 5.92 5.78
LiFEO-G_200 29.0 32.52 � 2.33 5.37
LiFEO-G_300 24.3 27.25 � 2.15 5.05
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those with low layer charge (Jaynes and Bigham, 1987),

such as the FEO-G examined here. Also, incomplete Li

exchange is not considered significant because the two

smectites studied displayed similar behavior, although

they had different layer charge. Indeed, had this been the

case, the fraction of the residual CEC would have been

smaller in the low-charge FEO-G smectite (e.g. Maes

and Cremers, 1978).

The possible influence of variable charge on the

residual CEC was also examined. The CEC calculated

from the structural formulae for the layer charges of the

original and the RCMs (Table 1) was compared to the

CEC from ammonium acetate. The difference between

the two values varied from +7.1 to �7.7% with respect

to the ammonium acetate CEC, the average difference

being ~+1% of the CEC. The CEC of the original FeO-G

determined by ammonium acetate is almost identical to

the CEC derived from Table 1, assuming 5% structural

H2O, i.e. 99.1 cmol/kg (104.5 cmol/kg on an anhydrous

basis). The <2 mm fraction of FeO-G contains ~8�9%
impurities (3% kaolinite, 4% quartz, the rest being opal-

CT and illite). The CEC of pure smectite determined by

ammonium acetate was, therefore, 97�98 cmol/kg

(102�103 cmol/kg on an anhydrous basis) i.e. almost

identical to the value calculated. Similarly, the CEC of

SAz-1 calculated from Table 1 was 136.1 cmol/kg

(143.3 cmol/kg on an anhydrous basis). The sample

contained ~2.5% quartz and feldspar and ~1% clinopti-

lolite. Clinoptilolite increased the CEC determined by

ammonium acetate by ~0.6 cmol/kg. Hence the actual

CEC of the SAz-1 smectite as determined by ammonium

acetate is 134.4 cmol/kg (141.5 cmol/kg on an anhydrous

basis). Therefore, the variable charges in the present

case cannot explain the residual CEC. This is expected,

as the CEC measurements were performed at pH 7, i.e.

close to the iep of the edges of smectite (e.g. Tombacz

and Szekeres, 2004).

An alternative explanation is to consider that the

Green-Kelly test does not lead to complete reduction of

the octahedral layer charge. By definition, smectites

have layer charges of 0.2�0.6 e/huc and swell under

addition of glycerol and/or ethylene glycol vapors

(Brigatti et al., 2006). Hence, 2:1 phyllosilicates with

layer charges of <0.2 e/huc are not expected to swell.

Figure 2. Dependence of CEC on the heating temperature of LiSAz-1 and LiFEO-G. The sigmoidal line is a guide to the eye through

the LiSAz-1 dataset. The inset compares the layer charge and CEC data of the same samples (Table 2).
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Interstratification between collapsed layers and swelling

layers was observed in samples heated at 140ºC but was

absent from samples heated at higher temperatures

(Figure 1). Hence, in samples heated above 200ºC the

possible remaining empty octahedral sites next to Mg-

bearing octahedral sites are not clustered in swelling

domains but are randomly dispersed. Such an arrange-

ment of octahedra which were not occupied by Li for the

SAz-1 montmorillonite (Figure 3) would not cause

swelling of the smectite layers. Indeed, if 25% of the

available octahedra remained vacant, they would

account for residual layer charge of 0.145 e/huc or a

CEC of 35 cmol/kg, observed in the present study.

TGA analysis

The DTGA thermograms of the RCMs based on

LiSAz-1 exhibited a systematic dependence on the

temperature of Li fixation (Figure 4). This dependence

was mainly manifested by drastic changes of the low-

temperature thermogravimetric envelope (<260ºC) in

terms of both complexity and integrated intensity.

Events in this range are attributed to dehydration

processes. The first event, peaking at ~100ºC in

LiSAz-1_060, corresponds to the loss of adsorbed water.

A second event, centered at 175�180ºC, was observed as

a shoulder in samples subjected to low fixation tempera-

tures. Its amplitude decreased abruptly at temperatures

exceeding 115ºC and vanished at ~130ºC, i.e. a range

which coincides with the appearance of interstratified

structures between collapsed and swelling smectite layers

(Figure 4). A similar high-temperature dehydration event

has typically been observed in smectites saturated with

Ca2+, Mg2+, or Li+ and attributed to H2O in the

coordination sphere of these high field strength interlayer

cations (Alba et al., 1998). An alternative explanation to

H2O interacting with localized tetrahedral charge (Koster

van Groos and Guggenheim, 1987) should be ruled out in

the case of SAz-1 and FEO-G.

The total weight % loss in the 40�260ºC range is

expressed against the weight measured at 260ºC and is

included in Table 2. This quantity exhibits a sigmoidal

dependence on the fixation temperature which is similar

to that of CEC (Figure 2) and, therefore, weight % loss

and CEC are linearly related (R2 = 0.97, s = 1 wt.%,

graph not shown). Finally, the high-temperature event in

the DTGA data corresponds to the dehydroxylation of the

smectite. It was observed (Figure 4) as nearly independent

of the Li-fixation temperature in both position

(635�640ºC) and integrated intensity (4.9�0.4 wt.%,

Table 2). The dehydroxylation temperature of the RCMs

based on LiSAz-1 is very similar to that of neat SAz-1

montmorillonite (633�639ºC, Guggenheim and Koster

van Groos, 2001) and the corresponding weight % loss

was identical to that predicted theoretically (4.8 wt.%).

The four RCM samples based on LiFEO-G exhibited very

similar phenomenology (Table 2). The greater weight loss

observed was compatible with the presence of minor

kaolinite.

IR spectroscopy

The ATR and NIR spectra of several RCMs based on

LiSAZ-1 and spanning the whole range of fixation

temperatures (60�300ºC) are shown in Figure 5. Besides

trivial details due to differences in the optical setups

employed, these spectra are identical to those published

by Madejová et al. (2000a, 2000b) for the same system.

In agreement with the TGA data, both spectral series are

characterized by the very pronounced intensity reduction

of H2O bands upon increasing fixation temperature.

These bands dominate the spectra at 1635 cm�1,

3 0 0 0�3 9 0 0 cm �1 , 4 9 0 0�5 4 0 0 cm �1 , a n d

6500�7300 cm�1, and correspond to the bending (d),
stretching (n01), combination (n01+d), and 1st overtone

stretching (n02) envelopes, respectively (Bishop et al.,

1994). Subtler but important changes were also observed

in all other frequency ranges, including those of the

structural OH-bending vibrations (950�675 cm�1),

Si�O stretching vibrat ions (1175�950 cm�1),

OH-stretching vibrations (3500�3700 cm�1), combina-

tion modes (4300�4600 cm�1), and overtone modes

(7000�7200 cm�1). Overall, Li fixation appeared to

Figure 3. Schematic diagram showing the process of incomplete

charge reduction in SAz-1 Li-montmorillonite heated at

temperatures >200ºC. (a) Representation of the octahedral sheet

of SAz-1 montmorillonite. (b) Representation of the octahedral

sheet after charge reduction. 25% of the vacant octahedra were

not filled by Li during the Green-Kelly test. The octahedra with

black squares are vacant, whereas those shaded are filled with

Li.
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involve the emergence of new sharp features. Therefore,

their detailed study was based on comparing the 2nd

derivative spectra, which offered enhanced sensitivity,

especially at low fixation temperatures where these

bands are weak and overlapping with the strong and

broad envelopes of H2O modes (Figure 6).

In agreement with previous literature (Sposito et al.,

1983; Madejová et al., 1996; Karakassides et al., 1997;

Gates, 2005; Madejová and Komadel, 2005), the

envelope of Si�O stretching modes shifted to higher

temperatures upon increasing fixation temperature. The

trend was best monitored via the emergence of a sharp

feature at 1123 cm�1 (similar to a pyrophyllite band at

~1120 cm�1, Russell and Fraser, 1994) at the expense of

a mode at ~1110 cm�1 (Figure 5) which corresponds to

an in-plane Si�O stretching mode (Johnston and

Premachandra, 2001).

In the range of OH-bending modes (Farmer, 1974),

LiSAz-1_060 exhibited well defined bands at 911, 836,

and 787 cm�1 which are commonly assigned to AlAlOH,

AlMgOH, and possibly FeMgOH species, respectively

(Madejová and Komadel, 2005; Gates, 2005). The

assignment of the 787 cm�1 band may be questionable

in the case of LiSAz-1 because of the low Fe content of

this clay (Gates, 2005). Instead, this band should be

attributed to silicate impurities. Montmorillonite exhi-

bits a variable position of the main AlAlOH stretch

fundamental in the range 3615�3630 cm�1 (Madejová et

al. 1994; Bishop et al. 2002; Zviagina et al. 2004)

whereas the first stretching overtone is found at

~7055�7090 cm�1 (Clark et al., 1990; Bishop et al.,

2002), both overlapping with H2O modes. Within these

ranges, LiSAz-1_060 occupies an end-member position

with low-energy positions of the AlAlOH fundamental

and overtone modes at 3615 cm�1 and 7056 cm�1,

respectively (determined from the 2nd derivative spec-

tra). High-wavenumber shoulders to these bands were

observed at ~3650 cm�1, as well as at 7125 and

7160 cm�1 (Figure 6). Whether these shoulders are due

to AlMgOH species (e.g. Madejová et al. 1994) or to

Figure 4. DTGA diagrams of the reduced-charge LiSAz-1 samples series as a function of heating in the 60�300ºC range. The data

have been normalized to the weight of the samples at 260ºC and are shown offset for clarity.
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pyrophyllite-type domains (Zviagina et al., 2004) is not

clear. Finally, the AlAlOH stretching-bending combina-

tion mode of dioctahedral aluminous smectites is

typically observed in the 4520�4550 cm�1 range

depending on composition (Post and Noble, 1993;

Gates, 2005). LiSAz-1_060 exhibited this mode at

4518 cm�1 as a combination of the 911 and 3615 cm�1

fundamentals. A lower-wavenumber contribution at

~4445 cm�1 (Figure 6) is attributed to the corresponding

AlMgOH combination mode (Gates, 2005).

Increasing Li fixation induces significant changes to

the 2nd derivative spectra (Figure 6). A doublet of new

OH-stretching fundamentals at 3641 and 3669 cm�1 (D =

28 cm�1) grew progressively with increasing fixation

temperature, accompanied by the corresponding over-

tones at 7116 and 7172 cm�1 (D = 56 cm�1). In the range

of the OH-bending fundamentals, new bands appeared at

797, 844, 896, and 927 cm�1. Stretching-bending

combinations were dominated by a sharp doublet at

4465 and 4538 cm�1 (D = 73 cm�1), a higher-energy

component below ~4570 cm�1, and a number of low-

wavenumber features below 4300 cm�1. These spectral

changes were resolved already upon heating at 100ºC

and then evolved in parallel suggesting that their

Figure 5. ATR (upper) and NIR (lower) absorption spectra of selected-reduced charge LiSAz-1 montmorillonites prepared by

heating at various temperatures and fully equilibrated to ambient temperature. The spectra are offset for clarity and baseline

corrected in the 6000�8000 cm�1 range.
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ensemble constituted the unique vibrational signature of

Li fixation in SAz-1.

This description above of the spectral changes

accompanying Li fixation is very similar to that reported

by several authors on the basis of absorption spectra

(Calvet and Prost, 1971; Madejová et al., 2000a, 2000b;

Petit et al., 2004), with one subtle but important

difference. These authors described the evolution in

the OH-stretching (or overtone) range as the convolution

of two processes: the progressive shift of the main n01
(n02) OH mode of unheated montmorillonite towards

3641 cm�1 (7116 cm�1) and the emergence of a new

peak at 3669 cm�1 (7172 cm�1). On the contrary, the 2nd

derivative analysis demonstrates that the 3641 and

3669 cm�1 bands and their overtones at 7116 and

7172 cm�1 constitute pairs of fixed relative intensity

which grow simultaneously at the expense of the broader

3615 (7056) cm�1 modes of unheated SAz-1. Moreover,

the position and relative intensity of the component

bands of the pair in the LiFEO-G system were identical

to that of LiSAz-1, despite the large difference in

octahedral layer charge of the two clay minerals

(Figure 7). Stretching fundamental and overtone-OH

modes at nearly identical positions were reported by

Petit et al. (2002) for charge-reduced Fe-rich mont-

morillonite from Ölberg, Germany. Furthermore, the

published IR absorption spectra of several reduced-

charge montmorillonites with different octahedral

charges suggest a very similar phenomenology. Prior

to any heat treatment, the posit ions of their

OH-stretching and overtone bands were quite variable,

but when Li fixation was complete these converged to

~3640, 3670 cm�1 or 7110, 7170 cm�1, respectively

(Hrobáriková et al. 2001; Madejová et al., 2000a, 2000b;

Madejová, 2005).

Clearly, a unique self-consistent set of assignments is

needed to describe the common vibrational signature of

the Li-induced octahedral charge-reduction mechanism

in montmorillonite.

Local structure of RCMs

A good starting point in deciphering the structure of

RCMs is the assignment of the two n01 bands at ~3640

and 3670 cm�1 and their n02 counterparts at ~7115,

7170 cm�1. These bands are attributed to structural OH

species of the reduced-charge clay. However, their

characteristic wavenumbers are intermediate to those

typically encountered in dioctahedral and trioctahedral

smectites (Farmer, 1974; Clark et al. 1990; Russell and

Fraser, 1994) and could be assigned to either type of

octahedral sheet. Even in the simplest case of neutral

aluminous dioctahedral 2:1 clay minerals, the position of

the AlAlOH stretching fundamental mode is highly

variable. For example, in hydrated palygorskite, this

Figure 6. Second derivative absorption spectra of the RCM’s based on LiSAz-1 over four ATR and NIR wavenumber ranges. The

spectra corresponding to the lowest and highest fixation temperatures (60 and 300ºC) are shown using thick and thin lines (blue and

red in the online version), respectively.
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mode is observed at 3615 cm�1, shifting to 3624 cm�1

upon drying and to ~3645 cm�1 upon folding

(VanScoyoc et al., 1979; Gionis et al., 2006). In

pyrophyllite, it is observed at ~3675 cm�1, i.e. in a

position nearly identical to the Mg3OH mode of talc

(Russell and Fraser, 1994).

Insight into the nature of the new OH species can also

be based on the anharmonicity values, X = (2n01�n02)/2,
which can be obtained with high precision from the 2nd

derivative spectra. Thus, the data in Figure 6 indicate

that both fundamental modes at ~3640 and 3670 cm�1

exhibit identical anharmonicity, X = 83�84 cm�1, which

is smaller than the value of X = 87 cm�1 of untreated

montmorillonite SAz-1. The AlAlOH stretching of

pyrophyllite with n01 = 3675 cm�1 and n02 =

7177 cm�1 (Russell and Fraser, 1994; Clark et al.,

1990; Kloprogge et al. 2000; Wang et al., 2002) also

yields X = 87 cm�1. Values of anharmonicity in the

range 87�88 cm�1 have also been reported for the

AlAlOH, AlFeOH, and FeFeOH modes of (dioctahedral)

palygorskite in both hydrated and dry states (Gionis et

al., 2006). These data indicate that the OH-stretching

modes of dioctahedral 2:1 clay minerals exhibit rather

uniform values of X, despite the aforementioned large

energy variation of their fundamentals. In comparison,

neutral trioctahedral 2:1 minerals such as talc or

sepiolite have Mg3OH stretching modes with lower

anharmonicity values, X = 84�85 cm�1 (Petit et al.,

2004; Gionis et al., 2007), closer to those observed in

reduced-charge Li-montmorillonite. Based on the ana-

lysis above, the position of the OH-stretching modes

alone is not useful in determining the exact nature of the

absorbing species in RCMs, whereas the corresponding

anharmonicity values point towards trioctahedral

arrangements. The latter is in accordance with early

reports for the pleochroism of these modes, which

suggested that the OH bonds are perpendicular to the

ab plane, as in trioctahedral minerals (Calvet and Prost,

1971). Then, the main question in interpreting the

spectra is about a mechanism of charge reduction

which could create simultaneously two OH-stretching

modes (and their corresponding overtones) with fixed

position and relative intensities.

That each type of OH species present yields a single

OH-stretching (bending, etc.) vibrational mode is

commonly accepted. Conversely, the number and

Figure 7. Comparison of the OH-stretching combination and overtone 2nd derivative spectra of LiFEO-G (thick line, red in online

version) and LiSAz-1 (thin line, blue in online version) subjected to Li fixation at 300ºC. The spectrum of LiFEO-G is shown

multiplied by a factor of 5. Peak positions correspond to LiFEO-G. Bands marked with asterisks are from a kaolinite ancillary phase.
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relative intensity of OH bands are used to identify the

various types of OH present in smectites and estimate

their relative abundance (Farmer 1974; Madejová et al.,

1994; Besson and Drits, 1997a, 1997b; Gates et al.,

2002; Zviagina et al., 2004; Petit, 2005; Gates, 2005;

Gionis et al., 2007; Chryssikos et al., 2009). Assuming

that this rule of thumb applies also in the case of RCMs,

two possible explanations for the emergence of two n01
OH-stretching modes (and their n02 counterparts) can be

proposed. Either fixed Li+ modifies two pre-existing (but

poorly distinguishable) populations of OH species and

produces an equal number of sharp bands, or Li+

interacts with a single type of OH group in a manner

that removes their degeneracy and produces two new

distinct populations.

The first scenario is usually linked to the presence of

octahedral substitution by homovalent cations, e.g. Fe3+

for Al3+ in dioctahedral phyllosilicates. For example, the

3641 cm�1 peak (Figures 5�6) could represent the

AlFeOH counterpart of an AlAlOH pyrophyllite-type

mode at 3669 cm�1 (cf. Russell and Fraser, 1994; Besson

and Drits, 1997b; Lantenois et al., 2007). Alternatively,

the two bands could correspond to AlMgLiOH and

FeMgLiOH species. In either case, the relative intensity

of the 3641 vs. 3669 cm�1 peaks should scale with x/

(1�x), where x is the fraction of Fe3+ in the octahedral

sites. Obviously, this scaling is not supported by the fact

that these peaks are identified in both low-Fe (SAz-1,

FEO-G, this study) and high-Fe montmorillonites (Petit

et al., 2002).

The second scenario should involve the perturbation

of AlMgOH in montmorillonite by Li+. Two possibilities

should be considered depending on whether the octahe-

dral sheet is cis- or trans-vacant (cv, tv). In both cases,

each Mg2+ cation substituting for Al3+ creates two

crystallographically identical and energetically degen-

erate AlMgOH groups. Clearly, mechanisms of fixation

capable of removing this degeneracy are required. One

possibility would be to fit Li+ inside a di-trigonal cavity

of the tetrahedral sheet as suggested by some

(Tettenhorst, 1962; Luca et al., 1989; Alvero et al.,

1994; Theng et al., 1997). In this manner, Li+ would

modify only one of the two AlMgOH groups. This type

of mechanism would involve the coulombic interaction

of Li+ with the oxygen atom of the AlMgOH group and

would lock the O-H dipole to a more tilted position with

respect to the principal symmetry axis of the di-trigonal

cavity. As such, this scenario is incompatible with the

experimental finding that the OH groups of RCMs are

perpendicular to the plane of the di-trigonal cavity

(Calvet and Prost, 1971).

An alternative mechanism, which has been widely

proposed to account for the spectra of RCMs and can

remove the degeneracy of the OH groups, is the fixation

of Li+ inside octahedral vacancies (Figure 8). The

presence of Li+ would create local bonding rearrange-

ments which would depend critically on the type of

vacancy present. In the case of cv montmorillonite, one

Li+ cation occupying the M2a vacancy creates two

equivalent AlMgLiOH groups (Figure 8, left), whereas

the occupation of the M2b vacancy results in the

formation of equivalent AlAlLiOH groups (not shown).

In contrast, charge reduction involving the occupation of

the M1a trans-vacancies by Li+ is the only mechanism

enabling the degeneracy removal of the pre-existing

AlMgOH and AlAlOH units by creating AlMgLiOH and

AlAlLiOH species in a 1:1 ratio (Figure 8, right).

Clearly, this last scenario is compatible with the

synchronous appearance of two sharp trioctahedral-like

OH stretching (and overtone) modes with fixed position

and relative intensity upon charge reduction. If the above

argument is correct, the unique vibrational signature of

RCMs (Figure 7) would be linked to the presence of tv

domains in both montmorillonites, and these are more

abundant in SAz-1 than in LiFEO-G.

According to Tsipurski and Drits (1984), mont-

morillonite can range from 100% cv (represented by a

Wyoming low charge montmorillonite) to 100% tv,

whereas illite, beidellite, and nontronite are considered

to be primarily trans-vacant. However, a clear correla-

tion between the composition or the charge of mont-

morillonite and the type of octahedral vacancy has not

been established experimentally (Drits and Zviagina,

2009). The previous published IR studies have not

suggested a distinction between the two types of

octahedral domains in montmorillonite. As a result, the

only practical estimation of the prevailing type of

vacancy is based on the proposal by Drits et al.

(1995), who related the type of vacancy in aluminous

dioctahedral smectites indirectly to their temperature of

dehydroxylation: cv smectites dehydroxylate at tempera-

tures ~150�200ºC higher than their tv counterparts (cf.

Wolters and Emmerich, 2007). A dehydration threshold

between the two types (~600ºC) is commonly accepted,

according to which SAz-1 and FEO-G (~635ºC) are on

the low-end of the cv range. Theoretical modeling of cv

and tv illites and smectites (Sainz-Diaz at al., 2001) have

suggested that tv configurations are slightly favored over

their cv analogs upon increasing octahedral Mg content

and layer charge. These studies would classify SAz-1

and FEO-G as tv smectites.

Clearly, the systematics of the octahedral vacancies

in montmorillonite remain poorly understood. The

present analysis suggests that Li+ fixation followed by

2nd derivative mid- or near-IR spectroscopy may

enhance the ‘structural contrast’ between cis- and

trans-vacancies, and therefore become a convenient

tool for estimating their relative abundance.

CONCLUSIONS

The gradual reduction of the layer charge of two

montmorillonites with different layer charge, due to the

Hoffmann-Klemen effect, was studied by Li saturation
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and heating at 80�300ºC. The migration of Li in vacant

octahedral sites was accompanied by a decrease in layer

charge, CEC, and the amount of adsorbed water, whereas

the dehydroxylation temperature remained unaffected. In

both smectites, a residual CEC was observed at the end

of the experiments, which is attributed to residual vacant

octahedral sites due to kinetic constraints. Upon Li

migration to vacant octahedral sites, two new sharp

OH-stretching fundamentals at ~3640 and 3670 cm�1

and their overtones at ~7115, 7170 cm�1 were observed

in the FTIR spectra of both smectites. Various models of

Li fixation capable of removing the degeneracy of the

original AlMgOH species were examined. On this basis,

the changes observed in the FTIR spectra after Li

fixation were compatible with Li+ occupying trans

octahedral vacancies in both smectites. The results of

the present study will shed light on the cis/trans

configuration of smectites and on their behavior at the

low charge limit (0.2 e/huc).
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Abstract—Several detailed studies have been done on the characterization of organoclays and the type of
structures developed when they interact with alkylammonium molecules. Few published contributions
exist, however, on the distribution of surfactant within the organoclays and the mechanism by which they
are intercalated. Also, although X-ray photoelectron spectroscopy (XPS) is a suitable technique for the
study of the surface characteristics of organoclays, very few such XPS studies have been carried out. With
the aim of contributing to a better understanding of the intercalation process, a series of organoclays was
synthesized using a montmorillonite and the cationic surfactant hexadecyltrimethylammonium bromide
(HDTMABr), with an increasing surfactant load of between 0.2 and 4.0 times the cation exchange capacity
of the starting clay. By means of XPS, zeta potential, and thermal analysis techniques, distinguishing the
strongly interacting fraction from the weakly interacting fraction of the adsorbed surfactant molecules was
possible. Adsorption isotherms of each of these processes were constructed and then adjusted using the
Langmuir and Dubinin-Radusquevich adsorption models. Three types of interaction between the surfactant
and the clay were identified and described qualitatively and quantitatively. Two of these interactions,
strong and weak, involved the hexadecyltrimethylammonium cation (HDTMA+). The third was a weak
interaction involving the ion pair HDTMA+Br�. The results of this study may be useful for the
comprehensive design of organoclays with specific physicochemical properties according to the
application for which they are destined.

Key Words—Alkylammonium molecules, Cationic Surfactant HDTMA-Br, Montmorillonite.

INTRODUCTION

Smectites are layered aluminosilicates generally

arranged in groups of different numbers of layers. The

layers have an excess negative charge in their structure.

Cations which compensate these charges are located in

the interlayer space, are referred to as ‘interlaminar

cations’, and can be exchanged either for organic or

inorganic cations.

Organically modified clays, also known as organo-

clays or nanoclays, can be used in a number of ways, e.g.

in catalytic processes, as rheological control agents in

paintings and lubricants, to reinforce the matrix of

polymers and plastics, as adsorbents for effluent

treatments, in oil spills, and as a slow-release active

matrix, etc. (Azejjel et al., 2009; Carrado, 2000; de

Paiva et al., 2008).

The use of thermal analysis techniques for the study

of montmoril lonitic clays is well established.

Thermoanalytical studies of organo-modified clays

have demonstrated the applicability of differential

thermal analysis-thermogravimetry (DTA-TG) and dif-

ferential scanning calorimetry (DSC) for differentiating

between adsorbed and free organic matter, and also

between ionic and molecular adsorption (Xi et al., 2005;

He et al., 2005, 2006; Yariv et al., 2012).

X-ray photoelectron spectroscopy is a powerful

technique for studying the surface characteristics of

various materials, including clay minerals and related

products. Unfortunately, to date, very few XPS studies

of organoclays have been published, even though XPS

provides valuable information about the distribution of

surfactants within organoclays (He et al., 2007).

Some of the studies published have described more

than one type of interaction between the surfactants and

the surface. When dealing with cationic surfactants,

cationic exchange is reported as the most important

mechanism of adsorption (Bilgiç, 2005). This type of

adsorption is related to an average energy of adsorption

of between 9 and 16 kJ/mol (Donat et al., 2005). Another

reported mechanism of adsorption is interaction through

Van der Waals forces. This interaction is weaker than

cation exchange adsorption, presenting average adsorp-

tion energies in the range 1�8 kJ/mol. Surfactant

molecules can be adsorbed by the latter mechanism
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either as cations or as ion pairs with the respective

counterion (Tahani et al., 1999).

To the authors’ knowledge no work has been reported

that quantifies the fractions of surfactant adsorbed by the

different types of interaction.

The aim of the present study was to assess,

qualitatively and quantitatively, different mechanisms

of interaction between a HDTMA-Br type cationic

surfactant and the surface of a montmorillonite-type

clay mineral, and to propose the mechanisms involved in

these processes.

MATERIALS AND METHODS

Materials

Natural Castiglione clay, which consists mainly of

montmorillonite and has a cation exchange capacity

(CEC) of 83.7 mmol/100 g, together with hexadecyl-

trimethylammonium bromide (HDTMA-Br), provided

by Merck, were used as starting materials. All solutions

were prepared using deionized water (DI-H2O)

Preparation of organoclays

Organoclays with surfactant loading (SL) of between

0.2 and 4.0 times the CEC were synthesized. The

synthesis was carried out in batch, putting 50 mL of a

suspension of ~5% w/v of the starting clay in contact with

different volumes of 5610�3 M solution of HDTMA-Br,

in a final volume of 500 mL. This suspension was kept

under shaking for 2 h at room temperature. The solid

fraction (organoclay) was separated by centrifugation and

washed with DI-H2O until the total elimination of Br�.

Organoclays were dried at 60ºC, milled in an agate mortar

and stored in a desiccator for further characterization,

designating each of them as Bent followed by the SL

(Bent-0.4, Bent-0.8, etc.).

Characterization of the samples

The intercalation process was analyzed by measuring

the concentration of the Br� remaining in the solution

after the intercalation, which was achieved by precipita-

tion titration with a standard solution of 0.01 M AgNO3

and 5% w/v K2CrO4 solution as indicator. At the same

time, the amount of Na+ exchanged in the solution was

quantified by atomic absorption spectrometry (AAS)

with flame ionization.

Thermogravimetric analyses were performed using a

Rigaku TAS 1100 instrument at temperatures ranging

from room temperature to 1200ºC, at a heating rate of

20ºC/min using 20 mg of sample, in a static air

atmosphere.

The starting clay mineral, solid surfactant, and

organoclays with SL of 0.4, 0.8, 2.0, and 4.0 were

analyzed by XPS, using an ESCA 5700 instrument from

‘Physical Electronic’ (University of Málaga, Spain),

with MgKa and AlKa radiation (hn = 1253.6 and 1486.6

eV, respectively), using a hemispheric electron analyzer.

Binding energies (BE) were determined with an accu-

racy of �0.1 eV. Charge referencing was measured

against adventitious carbon (C1s = 284.8 eV). The

residual pressure in the analysis chamber was main-

tained below 10�7 Pa during all measurements.

Zeta potential (z) measurements of the starting clay

and the organoclay Bent-0.8 were performed in a

Z-Meter 3.0 instrument from ZETA-METER, Inc.

(National University of Salta, Argentina), using suspen-

sions of samples of 0.005% w/v in 0.01 M NaNO3.

Adsorption isotherms were adjusted using the

Langmuir equation.

qe = qmaxKLCe/(1+KLCe) (1)

where qe is the amount of solute adsorbed per unit of

solid mass (mol/g) for an equilibrium concentration

Ce (mol/L); qmax is the maximum amount adsorbed in

the surface (mol/g), and KL is the Langmuir constant

(L/mol). From the Langmuir constant, a parameter, r,

referred to as a ‘‘dimensionless equilibrium parameter’’
can be calculated (Mahramanlioglu et al., 2002). A value

of r < 1 indicates favorable adsorption, while r > 1

indicates an unfavorable adsorption. This parameter was

calculated as follows:

r = 1/(1+KLC0) (2)

where C0 is the value of the initial concentration of one

of the isotherm points.

These data were also adjusted using the Dubinin-

Raduskevich equation:

qe = qmaxexp(�be2) (3)

where e is the Polanyi potential:

e = RT ln(1�1/Ce) (4)

qe, qmax, and Ce have the same meanings as in the

previous equation and b (mol2/J2) is a constant related to

the average adsorption free energy (E, J/mol):

E = � (2b)(�1/2) (5)

This last isotherm is more general than the Langmuir

isotherm because it assumes neither homogeneity of

surface adsorption sites nor constancy of adsorption

potential (Ackay et al., 2006). The magnitude of

adsorption energy can give an indication of the type of

adsorption which occurred.

RESULTS AND DISCUSSION

Previous results showed that surfactant is adsorbed by

the Bent clay in at least two kinds of different sites

indicated by the different thermal stabilities of surfactant

molecules.

From characterization results and molecular model-

ing calculations, a mechanism of adsorption was

proposed. Surfactant molecules were initially adsorbed

in sites located in the interlayer space of the clay through
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cation exchange. In these kinds of sites, the adsorption

was carried out until the interlayer space was saturated.

Depending on the surfactant loading anchored in the

intercalation process, different kinds of organization of

the interlayer were obtained, varying from monolayer in

Bent-0.4 to bilayer/pseudo-trilayer in Bent-3.0.

Further adsorption of surfactant occurred in the

mesopores generated by tactoids ordered in a ‘house-

of-cards’ type structure. This process left surfactant

molecules relatively free, outside the interlayer space.

Quantification of Br� and Na+ in supernatant solution

of adsorption isotherms

The Br� anion is present during the adsorption

process as a counterion of the cationic surfactant.

Chemical analysis, performed after alkylammonium

adsorption, showed that in the case of organoclays

with SL up to ~1.0 CEC, all the initial Br� stayed in the

solution. For SL values >1.0 CEC, a fraction of Br� was

adsorbed in the solid.

The sorption isotherm of Br� (Figure 1) coincided

with the S-type isotherm described by Giles et al.

(1974), indicating that it is a system with low affinity of

adsorbate for adsorbent. This is concurrent with the

existing electrostatic repulsion between the structural

negative charges of the layer and the bromide anion.

When the SL is >1.0 CEC (Figure 1), the negative charge

is compensated by an excess of cationic surfactant, and

the process of Br� sorption begins. A similar phenom-

enon was observed by Su et al. (2012) for NO3
�

adsorption in reversed-charge smectites.

The amount of Na+ released from the clay, as a result

of cationic exchange with the surfactant, was also

determined. Results show that the amount of Na+

released increased with SL up to 1.0 CEC, and remained

constant for higher SL values.

Thermogravimetric analysis

Up to ~120ºC, the starting clay experienced a mass

loss corresponding to the elimination of physisorbed

water, and then a second mass loss corresponding to the

dehydroxylation of layers between 500 and 700ºC

(Figure 2a). Both thermal events are associated with

several endothermic peaks detected in the DTA thermo-

gram (Figure 2b). In organoclay thermograms, a mass

loss related to the elimination of physisorbed water was

observed between room temperature and ~120ºC

(Figure 2a). Another mass loss, associated with a series

of exothermic events, was observed between 180 and

700ºC, corresponding both to surfactant combustion

phenomena and to the dehydroxylation of layers.

The total percentage of organic compound adsorbed

by the clay as function of the SL was determined from

thermograms. According to previous results, distinguish-

ing the amount of surfactant adsorbed through each of

the two mechanisms, based on the adsorption energies, is

possible. The fraction with lower sorption energy

Figure 1. Sorption isotherms of bromide in montmorillonite.

Figure 2. TG (a) and ATD (b) thermograms of Bent (black) and Bent-2.0 (gray).
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(mechanism 1) is removed between 180 and 350ºC, and

the fraction with greater sorption energy (mechanism 2),

between 350 and 800ºC (Figure 3).

For mechanism 1, the adsorption isotherm slope

decreased as the equilibrium concentration of the

surfactant increased. It was a C-type isotherm in the

Giles classification, indicating that the affinity between

the solute and the solid was weak, consistent with the

low temperatures at which this fraction of surfactant was

eliminated (between 180 and 350ºC). For mechanism 2,

the isotherm slope increased vertically up to ~0.7 mmol

surfactant/g clay and then remained almost constant.

This was an H-type isotherm in the Giles classification,

with high affinity between the solute and the adsorbent

and with high adsorption energy, consistent with the

higher temperature of elimination of this fraction of

surfactant (between 350 and 800ºC). The total adsorp-

tion isotherm is produced from the addition of these two

isotherms.

Adjustment of adsorption isotherms

Data from adsorption isotherms of the surfactant

adsorbed by each mechanism type and the total adsorbed

were adjusted using the Langmuir and Dubinin-

Raduskevich equations (Figure 3). The results obtained

are summarized in Table 1.

Langmuir adsorption model. From the Langmuir adsorp-

tion model, values of qmax for the total adsorbed amount

(qmax, Total) and for the amount adsorbed in weak sites

through mechanism 1 (qmax, 1) were calculated. For

strong sites, a poor adjustment of the Langmuir equation

was obtained (R2 = 0.4930). This is related to the kind of

adsorption process developed for the interactions with

strong sites. Therefore, the value of qmax for mechanism

2 (qmax, 2) was obtained from the difference: qmax, 2 =

qmax, Total � qmax, 1. A dimensionless equilibrium para-

meter was calculated using the concentration value of

the first point of the adsorption isotherm (1.6610�4 M).

A value of r < 1 was found in each case, indicating that

both adsorption mechanisms were favored.

Dubinin-Raduskevich adsorption model. From the

Dubinin-Raduskevich adsorption model, the values of

average adsorption energy for the total adsorption of

surfactant (ETotal = 12.8 kJ/mol), the surfactant adsorbed

through mechanism 1 (weak adsorption, E1 =

9.3 kJ/mol), and the surfactant adsorbed through

mechanism 2 (strong adsorption, E2 = 19.3 kJ/mol)

were obtained.

An average adsorption energy of between 1 and

8 kJ/mol indicated physisorption, and between 9 and

16 kJ/mol, chemical adsorption (Donat et al., 2005). In

the present study, the adsorption on strong sites was a

process involving a slightly higher adsorption energy

than is generally the case in processes of cationic

exchange, so it may be a specific adsorption type,

probably resulting in the formation of an inner sphere

complex between the surfactant molecule and the clay

mineral layer. Besides, the adsorption on weak sites

practically coincided with the physisorption energy,

meaning that mechanism 1 is the result of the adsorption,

through Van der Waals forces (VdW), of surfactant

molecules previously adsorbed in the clay by the strong

mechanism.

XPS

Sodium and bromine. The results obtained showed the

presence of Na in the starting clay, as characterized by

the band at 1072.9 eV. In organoclays, the intensity of

Figure 3. Adsorption isotherms of surfactant in clay by

mechanism 1 (*), mechanism 2 (&), and total adsorption

(~). Experimental data were adjusted by Langmuir (solid line)

and Dubinin-Raduskevich (dash line) models.

Table 1. Langmuir and Dubinin-Raduskevich parameters for mechanism 1, mechanism 2, and the total adsorption.

Dubinin-Raduskevich isotherm ——————— Langmuir isotherm ———————
Mechanism Eads

(kJ/mol)
R2 N qm

(mmol/g)
KL

(l/mol)
R2 r N

2 (strong) 19.3 0.8765 7 0.67* – – – –
1 (weak) 9.3 0.9642 7 1.13 4.39E+03 0.9970 0.59 7

Total 12.8 0.9744 7 1.80 1.10E+04 0.8695 0.36 7

* Value obtained by difference between qmax, Total and qmax, 1.
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the band corresponding to Na decreased as SL increased.

For a SL of 0.8 CEC, only traces of Na were detected,

and Na was absent from organoclays with greater SL

values as well as for pure surfactant (Figure 4).

The band corresponding to bromine in the XPS spectrum

of HDTMA-Br was found at 67.0 eV. Its presence was

detected in organoclays with SL values of 2.0 and 4.0 CEC,

at 67.7 eV and 67.5 eV, respectively, but was absent from

organoclays with lower SL values (Figure 5).

For a given element, binding energy (BE) increases

when oxidation occurs, and decreases with reduction.

The bromide anion adsorption starts when HDTMA+

adsorption exceeds the CEC. In this situation, Br�

anions were surrounded by an excess of cations, which

removed electron density. This decrease of electron

density in the anion bromide is equivalent to ‘oxidation,’

coinciding with the observed increase in BE.

Nitrogen. Most nitrogen functions in which nitrogen is

bound to carbon, like amine, amide, nitrile, urea, and

nitrogen in aromatic rings, show N1s binding energies in

the range 399�400 eV. Quaternary nitrogen shows

greater binding energies in the range 401.5�402.5 eV,

as expected from the localized positive charge (Briggs,

1998; Liu et al., 2010).

HDTMA-Br presented a band corresponding to N1s

at 402.1 eV, referred to as B1 in the present study. In

organoclays, B1 shifted to values between 402.2 and

Figure 4. XPS spectra for the samples Bent and Bent-0.4 in the range 1060�1085 eV.

Figure 5. XPS spectra for the samples Bent-2.0, Bent-4.0, and for the pure surfactant in the range 55�85 eV.
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402.5 eV. The XPS spectra of organoclays showed

another band, referred to as ‘B2’ here, at values of

between 399.6 and 399.7 eV (Figure 6).

The position of the B1 band coincides with the BE

range of the quaternary nitrogen N1s band, so it was

assigned to nitrogen atoms of the surfactant molecules

adsorbed in the surface with low energy through Van der

Waals forces, as was described for mechanism 1. On

other hand, the position of the B2 band was assigned to

nitrogen atoms adsorbed with high energy, and corre-

sponds to surfactant molecules adsorbed through

mechanism 2 (strong adsorption). The B2 band was not

detected in the organoclay with the greatest SL value.

The decrease in binding energy of the B2 band

indicated an increase of electron density in the nitrogen.

This phenomenon occurs due to a charge transfer from

the clay layers to the surfactant molecule (Seki and

Yurdakoç, 2005).

In order to facilitate the study of these results and to

analyze them together with data provided by thermo-

gavimetric analysis, the following ratios were defined:

Ri, (B1/(B1+B2)) = ai, B1/(ai, B1 + ai, B2)

Ri, (CE/(CE+VdW)) = qi, VdW/(qi, (CE/(CE+VdW)) + qi, VdW)

where ai is the area of the nitrogen XPS band (B1 or B2,

as indicated) of the organoclay with SL = i and qi is the

amount of surfactant adsorbed per mass unit, as

determined by TG, corresponding to adsorption by

cationic exchange (CE) or by Van der Waals (VdW)

interactions of the organoclay with SL = i.

Both ratios increased with SL (Figure 7). This

indicates that the relative amount of molecules adsorbed

through Van der Waals forces increased with SL. For

small SL values, the TG results indicated that 20% of the

molecules were adsorbed by Van der Waals interactions,

whereas XPS results indicated that this percentage is

50%. For large SL values, the percentage of molecules

adsorbed by weak forces increased to 60%, according to

TG, whereas, according to XPS, 100% of the molecules

were observed to be adsorbed by Van der Waals

interactions, i.e. molecules adsorbed through CE were

not detected. The TG provided data about all of the

sample, whereas XPS analyzes the surface only up to a

determined depth (~4 nm in this case). So, the fact that

molecules adsorbed through CE were not detected by

XPS analyses in organoclays with SL = 4.0 CEC

confirms that weak adsorption is produced at the

external surface of the layers. The presence of molecules

fixed in the interlayer space through strong adsorption

could not be detected from XPS spectra because of the

Figure 6. XPS spectra for the samples indicated in the range 390�410 eV.

Figure 7. Percentage of surfactant adsorption by a weak

mechanism with respect to total adsorption: data obtained from

TG (&) and XPS (*) are compared.
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limited depth of analysis in the conditions in which these

studies were carried out.

Zeta potential

The zeta potential (z) of organoclay Bent-0.8 was less

negative than the z of the starting clay throughout the pH

range studied (Figure 8). In order to produce a variation

in this potential, the adsorption of an ion with a charge

opposite to that of the layer (in this case, a cation) must

occur at a distance smaller than the thickness of the

Stern layer (Jouniaux and Ishido, 2012). Inorganic

cations are hydrophilic, adsorbed with their hydration

spheres forming outer-sphere complexes outside of the

Stern layer. Moreover, surfactant molecules are hydro-

phobic and are adsorbed in a specific way, forming inner

sphere complexes with the negative charges of the

layers, which produce an increase in the z.

Adsorption model

The processes that are possible as the SL value

increases were deduced by analysing the data shown in

Figure 9 and the scheme illustrated in Figure 10. Note

that Figure 9 is not an adsorption isotherm, as the

horizontal axis does not represent surfactant concentra-

tion at equilibrium. Figure 9 shows the variations of the

quantity of surfactant and bromide adsorbed by the

different mechanisms with respect to the amount of

surfactant added initially.

When the SL value was small (Figure 10b), surfactant

adsorption occurred with the release of Na+ to super-

natant solution, as was verified by chemical analysis and

XPS results. The large adsorption energies determined

from the adjustment of adsorption isotherms and the

variations in bending energy indicate that the process

carried out in this stage was not simply an exchange of

cations. The zeta potential results suggest that it was a

specific adsorption, involving the formation of an inner-

sphere complex and the transfer of charge between the

surfactant and the clay mineral. This process (strong

adsorption) continued until it reached a value of SL = 1.

Surfactant molecules adsorbed through this mechanism

are referred to as ‘HDTMA+(CE).’

Another adsorption mechanism may be proposed

based on TG results, the adjustment of data given by

the Dubinin-Raduskevich adsorption model, and the

binding energy bands corresponding to nitrogen atoms in

XPS studies, in which the surfactant in the solution

interacts, through Van der Waals forces, with alkyl tails

of previously adsorbed surfactant cations. This process

(weak adsorption) was observed throughout the SL range

studied. Surfactant molecules adsorbed through this

mechanism were referred to as ‘HDTMAtotal(VdW)’.

From the total amount of surfactant molecules

adsorbed through Van der Waals forces, a fraction was

present as cations, and another fraction formed ion pairs

with bromide anions. For an SL value < the CEC

(Figure 10a), the organoclay carried a net negative

charge, keeping Br� anions from getting close to it.

Weak adsorption of ionic pairs, quantified by the

decrease of bromide in supernatant solutions and

corroborated by the presence of the peak corresponding

to bromine in XPS spectra, started when SL > 1 and

increased with SL in the studied range (Figure 10d).

Surfactant molecules adsorbed through this mechanism

were referred to as ‘HDTMA+Br�(VdW)’.

The interaction mechanisms between the surfactant

and the clay are summarized in Table 2. The difference

between HDTMAtotal(VdW) and HDTMA+Br�(VdW)

was the amount of surfactant adsorbed by VdW forces

that did not form ion pairs. This type of adsorption was

observed throughout the SL range studied, with a

maximum at an intermediate value (SL & 1.7 CEC)

(Figure 9). Surfactant molecules adsorbed through this

mechanism were referred to as ‘HDTMA+(VdW)’.

Figure 8. Zeta potential vs. pH. Comparison of the starting clay

(&) with the organoclay Bent-0.4 (*).

Figure 9. Different forms of surfactant adsorpt ion:

H D TMA + ( C E ) (* ) , H D TMA T o t a l ( V dW ) (& ) ,

HDTMA+Br�(VdW) (~), and HDTMA+(VdW) (^): Amounts

adsorbed per mass of clay in relation to the amount of surfactant

added initially.
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CONCLUSIONS

Organoclays containing different amounts of organic

compounds were synthesized using HDTMA+Br� as the

surfactant. Two different mechanisms of surfactant

adsorption were observed and the fractions adsorbed

by each mechanism were quantified, using different

characterization techniques.

Maximum adsorbed amounts and the adsorption

energies involved in each mechanism were determined

applying Langmuir and Dubinin-Raduskevich adsorption

models to the data.

The present study verified that surfactant adsorption

in the interlayer space of the clay mineral is produced by

a ‘strong’ adsorption mechanism, in which the surfactant

forms an inner-sphere and/or charge-transfer complex

with clay layers, as corroborated by z potential and XPS

measurements. The study also confirmed the existence

of a ‘weak’ adsorption mechanism, by Van der Waals-

type interactions between carbon tails of the surfactant

molecules in solution and the molecules previously

adsorbed by the ‘strong’ mechanism.

Based on these results, the proposed interaction

mechanism between the organic surfactant and the clay

mineral is characterized qualitatively and, for the first

time, quantitatively.
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Abstract—Bentonite-bonded molding sand is one of the most common mold materials used in metal
casting. The high casting temperatures cause dehydration and alteration of the molding sand, thereby
degrading its reusability. Neutron radiography and neutron diffraction were applied to study these
processes by using pure bentonite-quartz-water mixtures in simulation casting experiments. The aim of the
experiments was to compare the dehydration behavior of raw and recycled mold material in order to assess
possible causes of the limited reusability of molding sands in industrial application. Neutron radiography
provided quantitative data for the local water concentrations within the mold material as a function of time
and temperature. Dehydration zones, condensation zones, and areas of pristine hydrated molding sand
could be established clearly. The kinematics of the zones was quantified. Within four cycles of de- and
rehydration, no significant differences in water kinematics were detected. The data, therefore, suggest that
the industrial handling (molding-sand additives and the presence of metal melt) may have greater effects on
molding-sand reusability than the intrinsic properties of the pure bentonite–quartz–water system.

Key Words—Bentonite, Dehydration Process, Metal Casting, Molding Sand, Neutron Powder
Diffraction, Neutron Radiography, Smectite.

INTRODUCTION

Large quantities of casted metal parts are produced

with bentonite-bonded molding sands. Smectite, as the

main component of bentonite, provides the required

binding properties. Binding is partially related to the

negative layer charge of the smectites. In the interlayer

space, cations compensate for the layer charge. These

interlayer cations can hydrate reversibly, resulting in a

swelling of the interlayer space. X-ray powder diffrac-

tometry (XRD) revealed the dependence of the d001
value on the interlayer hydration states (e.g. Bradley et

al., 1937; Ferrage et al., 2005a, 2005b; Moore and

Reynolds, 1997; Norrish, 1954). The uptake and release

of water is influenced by various factors such as size,

valence, hydration energy of the interlayer cation, and

the charge, as well as the charge distribution of the

layers (Collins et al., 1992; Ferrage et al., 2005b, 2007c;

Jasmund and Lagaly, 1993; Koster van Groos and

Guggenheim, 1984). Furthermore, hydration takes

place discontinuously and different hydration states can

coexist within an interlayer (Aldushin et al., 2007; Ben

Brahim et al., 1984; Bérend et al., 1995; Cases et al.,

1997; Collins et al., 1992; Sánchez-Pastor et al., 2010;

Wilson et al., 2004). Analogously, dehydration occurs

discontinuously. Investigations by XRD (Ferrage et al.,

2007a, 2007b) showed that Ca-montmorillonite evolves

during drying from one hydration state to another via

mixed-layer structures. Thermogravimetric analysis

(Bray and Redfern, 1999; El-Barawy et al., 1986;

Guggenheim and Koster van Groos, 2001; Koster van

Groos and Guggenheim, 1984; Zabat and Van Damme,

2000) showed that dehydration takes place in the range

50�350ºC depending on the experimental conditions.

Bray and Redfern (1999) reported a two-step dehydra-

tion where adsorbed water was released before interlayer

water. Guggenheim and Koster van Groos (1992, 2001)

demonstrated that water fugacity influences the dehy-

dration of smectites to a great extent. According to these

authors, water adsorbed at surfaces plays a major role in

dehydration below 100ºC. Compaction of the sample, in

contrast, gained importance above 100ºC.

Although smectites have been investigated inten-

sively, the dehydration and rehydration kinetics on an

industrial scale of both pure smectite and of mold

materials are not understood sufficiently. While iso-

thermal uptake and release of interlayer water is

generally considered to be a reversible process, the

occurrence of sorption-desorption-hysteresis clearly

indicates complex kinetics (e.g. Cases et al., 1992;

Komadel et al., 2002). Furthermore, any alterations of

the chemical state of the layers (e.g. Wu et al., 1989) or

elevated temperatures (e.g. Ferrage et al., 2007a) can

cause irreversible modifications of de- and rehydration

behavior.
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Industrially processed mold material loses its cap-

ability to reabsorb water (Grefhorst et al., 2005; Tilch,

2004). This limits considerably the reusability of the

material. As a consequence, only 93�98 wt.% of the

mold material is recycled after casting. Environmental

aspects as well as the demands of increasing production

efficiency, however, require an increased reusability rate

for molding sand. A detailed understanding of the uptake

and release of water in mold material is, therefore,

essential.

The aim of the present study was to better understand

the limitations of the reusability of molding sands in

industrial applications. In order to accomplish this goal,

multi-cycle experiments were performed which simu-

lated the recurring thermal impact of industrial-scale

casting on a pure quartz-bentonite-water system. The

application of the pure system enabled discrimination

between potential effects originating from intrinsic

mineral properties (e.g. reversible vs. irreversible

dehydration of smectites) and actual industrial handling

(e.g. alterations of the mold material by the metal melt

or additives such as reducing agents). Information on the

spatial and temporal distribution of water within the

mold material during thermal impacts was obtained by

applying neutron radiography (cf. Fijal-Kirejczyk et al.,

2011; Luo, 2007) and neutron powder diffractometry.

SAMPLES AND METHODS

Samples

Additive-free molding sand with a compactibility of

45�50% was obtained from S&B Industrial Minerals

GmbH (Marl, Germany). The composition of the molding

sand was 84 wt.% quartz sand (average grain size

0.24 mm; Frechen, Germany), 12 wt.% sodium bentonite

(Wyoming, USA), and 3�4 wt.% water. The composition

of the bentonite was calculated from XRD data using the

software package BGMN (Ufer et al., 2008): 87 wt.%

montmorillonite, 4 wt.% quartz, 4 wt.% albite, 2 wt.%

muscovite, 2 wt.% calcite, 1 wt.% brookite.

Casting simulation experiment

A container (approx. size 140 mm667 mm660 mm)

was filled with molding sand and equipped with

thermocouples located at heights of ~0, 10, 20, 30, 40,

and 50 mm (Figure 1a). The container was mounted in an

experimental stand at the neutron imaging facility

ANTARES (FRM II, Germany; Schillinger et al.,

2006) and dropped onto a preheated hotplate (~650ºC;

Figure 1b) while taking neutron radiographs

(204862048 pixel CCD camera, 262 binning mode,

spatial sample resolution ~0.15 mm). The temperature of

the hotplate was chosen in order to avoid massive

dehydroxylation of smectites progressing far into the

bulk molding sand. In order to facilitate constant thermal

conditions in the beam direction, low heat flow from the

copper-baseplate to the front and rear aluminum walls of

the container was desirable. The front and rear walls,

therefore, were mounted at a distance of 3 mm from the

baseplate of the container. Thus, the container had a

3 mm wide slit at the bottom edges between the

baseplate and the front and rear walls. The radiograph

acquisition frequency was ~0.21 Hz which determined

the temporal resolution of the experiments. The neutron

radiography observations lasted for ~24 min. A detailed

description of the experimental set-up can be found in

Schillinger et al. (2011).

The water lost by the dehydration experiments was

determined gravimetrically. De-ionized water was then

added to the dehydrated sand. Due to the limited accuracy

of the gravimetric determination (~0.1% of the total mass

of sand and container), the mass of added water varied in

multi-cyclic experiments by up to ~10%. The re-

moistened molding sand was homogenized with a blender

for ~5 min. The sand was then left undisturbed in a plastic

bag for 3 days (the possibility of water loss during this

period cannot be excluded completely). In all experi-

ments, loading of the container and compaction of the

sand were conducted in a standardized way to ensure

maximum homogeneity and the best possible

reproducibility.

Neutron radiography contrast

Attenuation of the neutron beam by transmission

through the mold container from its initial intensity, I0,

to intensity I can be described by:

I=I0 ¼ exp �
X

i

dixi

8
>>>:

9
>>>; ð1Þ

where di is the attenuation coefficient of the phase i, and

xi is the partial path length of the neutron beam passing

through phase i with xi = ai x (where ai is the partial

length coefficient and x is the beam-path length of the

entire mold container).

Because neutron attenuation depends on the amount

of hydrogen in the beam path, the hydration state of the

molding sand can be correlated directly to the neutron

intensity detected by the CCD camera. The sum in

equation 1, therefore, can be split into one term for the

mold container filled with dehydrated molding sand (s)

and a second term accounting for water (w). The

logarithm of equation 1 then yields:

ln(I/I0) = �dsxs � dwxw (2)

Converting the radiography detector signal into

linearly normalized grayscales (GSn) between unity for

the open beam without any sample (I = I0; GSn open beam

= 1 = I/I0) and zero for the beam shut off (I = I/I0 = 0;

GSn dark image = 0), equation 2 yields:

ln(GSn) = �dsxs � dwxw (3)

For the normalized grayscales in a dehydrated

reference radiograph (GSn dehydr), the last term vanishes:
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ln(GSn dehydr) = �dsxs (4)

Combining equations 3 and 4 yields:

xw ¼
lnðGSn dehydrÞ � lnðGSnÞ

dw
ð5Þ

Taking into account a neutron attenuation coefficient

for water dw = 5.415 cm�1 (www.ncnr.nist.gov with l =

4 Å) and the bulk density of the molding material

(obtained from the weight and fill level of the container),

equation 5 permits determination of the wt.% of water of

the molding material displayed in the radiographs within

the above-mentioned limits of spatial and temporal

resolution.

Note, however, that the incident neutron beam is not

mono-energetic but has a spectrum mostly ranging from

1.8 to 6 Å, centered around 3.5�4 Å. In addition, the

tabulated attenuation coefficient treats scattering like

absorption (i.e. scattered neutrons do not reach the

detector) and does not account for forward-scattered

neutrons that hit the large detector area under small

angles, leading to a diffuse background. The additional

absolute error may well be up to ~15%, but cannot be

quantified without extensive numerical simulations.

However, comparing the conditions of this study (xw
< 3 mm for the fully hydrated molding sand; sample–

detector distance >5 cm) with the scattering profiles

obtained by Hassanein (2006), no significant contribu-

tion of scattered neutrons in the radiographs was

expected. Furthermore, at a neutron transmission below

~15%, multiple scattering may affect the accuracy of the

quantification of absolute water contents to some extent.

The accuracy of equation 5, therefore, decreases with

increasing mold-container thickness and increasing

water content. The molding sand used in the experiments

yielded transmissions ranging from ~8% (fully hydrated)

to ~30% (dehydrated). The experiments below, however,

Figure 1. Neutron radiographs of a casting simulation experiment. Image grayscales are a measure of the neutron scattering

intensity. Changes in the intensity essentially correlate with changes in the local concentration of water. (a) Radiograph shows the

molding-sand container (equipped with thermocouples) ~45 mm above the hotplate. (b) The container has been in contact with the

hotplate for 189 s. The molding sand in the lowest region of the container is dehydrated. (c) A further 189 s later the vertical extent of

the dehydrated zone has grown significantly. (d) Same radiograph as in part c with adjusted brightness and contrast settings. The

modified settings allow the identification of a condensation zone located in the lower range of the hydrated zone.
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compare relative measurements under very similar

conditions.

Neutron powder diffraction

In order to identify different hydration states of

smectite by an evaluation of the position and intensity of

the 001 peak, neutron powder diffraction was conducted

using the thermal high-resolution neutron powder

diffractometer SPODI (FRM II, Germany; Hoelzel et

al., 2012). The molding sand (mass ~5 g) was analyzed

in its original state, after dehydration in the casting

simulation experiment, and after rehydration. All neu-

tron diffraction measurements were performed at room

temperature and wavelengths l = 2.396 Å or 2.536 Å

using a germanium (331) monochromator at take-off

angles of 135º or 155º, respectively. A possible l/3
contribution was avoided by a graphite filter. The

positions of the 001 peaks in the diffraction patterns

have been verified by applying the Rietveld refinement

program BGMN which uses a fundamental parameter

approach to model the peak profiles (Ufer et al., 2004).

For the instrumental resolution function of SPODI, a

width formula for a single squared Lorentzian was used.

RESULTS

Casting simulations

Neutron radiography recorded the temporal and

spatial intensity variations of the neutron beam passing

through the mold-sand container during the experimental

casting simulation. Because hydrogen fluxes are con-

trolling these intensity variations almost exclusively,

dehydration processes and water fluxes could be

accessed directly and quantitatively.

Neutron radiographs were taken from the mold-sand

container in contact with a hotplate underneath

(Figure 1b). A 3 mm zone of significant dehydration

(recognizable by lighter grayscales) initiated at the

bottom of the container (asterisk in Figure 1b). This

zone was caused by rapid venting of water vapor

through the 3 mm slits between the front and rear

walls and the baseplate of the container (see above).

With increasing residence time of the container on the

hotplate (Figure 1c), dehydration of the molding sand

continued upwards. Dehydrated molding sand in the

lower region and hydrated sand on top were easily

distinguished visually. Modified brightness and contrast

settings of the detector data (cf. Figure 1c,d) also

revealed an increased amount of water in the lower

range of the hydrated sand region.

The normalized detector data (GSn) were taken along

vertical profiles of the mold container (profile data point

= mean value from a horizontal 16330 pixel strip). The

profile data were converted into water-concentration

profiles by applying equation 5 and using the density of

the mold material in the container. The mean grayscale

of the most dehydrated parts of the sand in the last three

images of the radiograph sequence was used as a

reference value for GSn dehydr. Thermocouples placed

in this area indicated a temperature range of 200�250ºC.
The radiographs did not give any indication of a

dehydroxylation reaction in these areas. Water concen-

tration profiles (Figure 2a) were obtained from radio-

graphs of dehydrating raw molding sand (first

dehydration) and of molding sand that has been de-

and rehydrated four times before (Figure 2b).

The hydration states at the locations of two different

thermocouples (2 and 3 cm above the container base-

plate) were plotted vs. the corresponding temperature

readings of the thermocouples for the two different

molding sands (Figure 3). Assuming that water was the

only mobile component in the system, the plots can be

perceived as local thermo-gravimetric measurements

within larger sample systems. Note that these local

measurements also revealed reallocations of water

within a sample, whereas standard thermo-gravimetric

analyses integrated over the entire sample volume and

measured only the net escape of water from a system.

Furthermore, due to the non-linearity of the local heating

rate, the temperature scales of such plots (Figure 3) did

not correspond to a linear time scale. The water contents

vs. temperature plots (Figure 3) revealed the general

behavior of an initial increase in water concentration,

followed by a decrease above ~100ºC. Time-synchroni-

zation errors of radiography and temperature data

logging limited the precision of the determination of

the transition point between hydration and dehydration.

Neutron diffractometry

Neutron powder diffractometry of raw molding sand

revealed smectite d001 values of ~19 Å (Figure 4). After

dehydration in the experimental casting simulation

stand, the molding sand was measured again. A smectite

d001 value of 9.7 Å was observed. Subsequently, the

molding sand was rehydrated by adding the gravime-

trically determined amount of lost water and a resting

period of 3 days. The sand revealed smectite d001 values

of ~19 Å again.

A second set of diffractometry experiments focused

on rehydration kinetics. After dehydration of the

molding sand, the lost water was determined gravime-

trically and re-added. The sand was then homogenized

and left undisturbed for ~30 min. Subsequently, diffrac-

tion patterns were taken every 90 min over a period of

8.5 h. The water uptake of smectite interlayers was

monitored by the position of the 001 reflection of

smectite. The d001 value expanded to ~19 Å within 2.5 h

and remained constant thereafter (Figure 5).

DISCUSSION

Different hydration states of smectite interlayers

result in different d001 values (e.g. Couture, 1985;

Ferrage et al., 2005a, 2005b; Jasmund and Lagaly,
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1993; Wilson et al., 2004). Non-hydrated Na- and Ca-

smectites have d001 values of 9.6�10.1 Å. Mono- and bi-

hydrated smectites show 12.3�12.7 Å and 15.1�15.8 Å,

respectively. The uptake of three water layers leads to

d001 values of 19�20 Å. Identification of the hydration

states of smectite in molding sand was made possible by

neutron powder diffraction in spite of the small amount,

12 wt.%. Smectites in raw molding sand showed d001
values of ~19 Å (Figures 4 and 5) which correspond to

smectite interlayers with three water layers (Wilson et

al., 2004). This indicates that the smectite interlayers in

the raw molding sand used for casting simulation were

fully hydrated.

After the heat treatment, the molding sand was

extracted from the casting simulation apparatus and

analyzed by neutron diffractometry. The d001 values

decreased to ~9.7 Å, which indicates complete dehydra-

tion. This result was confirmed by Ferrage et al. (2007a)

who observed a transition from mono- to dehydrated Ca-

montmorillonite at temperatures >90ºC. The authors

further report that the relative abundance of dehydrated

interlayers was ~70% after 950 s at 125ºC. Complete

dehydration was predicted to occur at ~170ºC.

After the dehydration experiments, the amount of

water lost was determined gravimetrically and was re-

added to the dehydrated molding sand. Neutron dif-

fractometry (Figures 4 and 5) showed that the smectite

d001 values increased to ~19 Å (corresponding to three

water layers) within 2.5 h. Therefore, the smectites of

recycled molding sand used in subsequent dehydration

experiments (Figure 2b) had had the same hydration

state as pristine molding sand. Note, however, that due

to small differences in the shape of the d001 peak,

hydration heterogeneities within the smectites cannot be

discounted completely.

The formation of three water layers within 2.5 h

contradicts the statement of Dieng (2005) who reported

rehydration of pores within ~1 h and of interlayers

within a day or more. Although the compositions of the

samples used by Dieng (2005) were not fully defined,

the smectite contents (25�97%) were substantially

greater than the 12 wt.% used here. A possible

dependence of the hydration state of the smectites on

the porosity (and, therefore, of the water transport

capacity of the samples) cannot be excluded.

Comparing the neutron radiographs of raw and

recycled molding sand (cf. Figure 2), the general process

of dehydration was identical. Within the limits of

temporal resolution of radiography, the release of water

started instantaneously upon contact of container and

hotplate. Initially, water vapor migrated in two directions:

it rose and re-condensed in the still colder zone above and

it vented through the slits between baseplate and container

walls. The larger the dehydrated zone grew, the less water

vented through the base slits. After ~300 s, the amount of

water venting through the slits was negligible and upward

transport to the condensation zone took place exclusively.

After ~700 s, water concentration profiles were consider-

ably influenced by the fill level of molding sand in the

container.

The maximum local water concentration correlated

with a temperature of ~100ºC (Figure 3). With increas-

Figure 2. Evolution of the water concentration profiles in a raw molding sand (a) and a recycled molding sand (b) during the casting

simulation experiment. The water concentrations were converted from the grayscales taken over the entire vertical extent of the

molding-sand container obtained at given times in the respective radiograph.
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ing temperature, the water concentration reduced

rapidly. Subsequently, the dehydration rate decreased

continuously until dehydration ceased in the temperature

range 170�220ºC. Above 100ºC, neither the vertical

profiles (Figure 2) nor the plots of local water

concentrations vs. temperature (Figure 3) revealed any

sign of an onset of a new process associated with a

noticeable release of hydrogen. Within the period of

radiographic observation, no indication of a dehydrox-

ylation of the octahedral sheets of smectite was, there-

fore, observed. However, the possibility that thermal

treatment caused a chemical alteration of some smectites

which may have led to a modified re-hydration behavior

of these minerals cannot be ruled out. Irreversible

dehydration taking place at temperatures above 90ºC

was reported by Ferrage et al. (2007a).

Irrespective of any possible alteration of the smec-

tites, all water lost from the molding sand by the casting

simulation was re-added within the accuracy of the

gravimetric measurement. A potential deficit of water

within the interlayers would result in a surplus of pore

water. Therefore, the observed differences in the initial

water concentrations of the raw and recycled molding

sand (Figure 3) cannot be associated with a reduced

capacity of smectites to reabsorb water but rather with

the limited accuracy of the water-loss measurement.

Figure 3. Plots of water concentrations obtained from the

radiographs during an entire casting simulation experiment at

the position of a thermocouple vs. the related temperature

reading. For better comparison, the plots of raw (Raw) and

recycled (Rec) molding sands were grouped for the thermo-

couples located 20 mm (a) and 30 mm (b) above the base plate.

Figure 4. 001 reflection of smectites in neutron powder

diffraction patterns (l = 2.396 Å) of molding sands. The raw

and rehydrated molding sands have similar d001 values of ~19 Å.

The diffractogram of dehydrated molding sand shows a peak

with very weak intensity at ~14.2º2y yielding a d value of

~9.7 Å. The intensities were normalized to the incident neutron

counts.

Figure 5. Neutron powder diffraction data of rehydrating

molding sand. The d001 values of smectite were plotted vs. the

rehydration time. The d values were verified using the Rietveld

program code BGMN.
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An important point of the casting simulation experi-

ment is that, prior to any dehydration, molding sand first

and foremost is subject to a hydration process within the

condensation zone at temperatures up to 100ºC. Whether

these hot-hydrous conditions lead to a rapid hydration of

a few still dehydrated interlayers (which may be present

in some smectites) or whether the hot-hydrous condi-

tions (rather than the subsequent hot-dry conditions) are

more likely to alter the chemical state of smectites and to

reduce their de- and rehydration capacity is unknown. In

bentonite samples at least, steam has been identified to

efficiently reduce the swelling capacity (Couture, 1985).

Irrespective of the effects of the condensation zone,

neutron diffractometry showed that the smectite inter-

layers in all casting simulation experiments were

hydrated and that the concentration of chemically

modified smectites, if present at all, was below the

detection limit. The only obvious difference between the

raw and recycled molding sand directly prior to the onset

of dehydration at ~100ºC, therefore, is pore-water

concentrat ion. For temperatures above 100ºC,

Guggenheim and Koster van Groos (2001) suggested

that dehydration kinetics of surface-adsorbed water may

be controlled by sand compaction rather than binding

affinity. This may also hold for pore water. A correlation

between molding-sand compaction and dehydration

kinetics can be expected and may explain the observed

similar dehydration behavior of raw and recycled

molding sand.

CONCLUSIONS

The kinetics of dehydration of the pure quartz-

bentonite-water system in the casting simulation experi-

ments performed here was probably controlled by the

compaction of the material. Due to similar compaction

of the molding sand used here, the dehydration kinetics

of both raw and recycled molding sand revealed no

significant difference. Further experiments should,

therefore, focus on small-scale variations of water

contents and its distribution kinetics within a porous

system, where diffusional transport might be much more

important relative to mechanical mixing.

If the casting simulation experiments caused irrever-

sible alterations of smectites, the effects of these

alterations on the dehydration kinetics were insignificant

within the number of cycles performed. The occurrence

of fast and significant reduction of molding-sand binding

properties by industrial handling, therefore, seems more

likely to be a consequence of the industrial handling

(e.g. alterations by the metal melt or additives) rather

than originating from naturally intrinsic mineral proper-

ties (e.g. irreversibility of smectite dehydration). The

application of neutron radiography, e.g. to additive-

containing moldings sands, could help to identify the

main cause of the loss of quality of the molding sand.
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d’empilement des feuillets et des sites occupés par l’eau.
Journal of Applied Crystallography, 17, 179�188.
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MAPPING KAOLINITE AND DICKITE IN SANDSTONE THIN SECTIONS USING

INFRARED MICROSPECTROSCOPY

VALENTIN ROBIN*, SABINE PETIT, DANIEL BEAUFORT, AND DIMITRI PRÊT

Université de Poitiers, CNRS UMR 7285 IC2MP, HydrASA Bât. B35, rue Michel Brunet, F-86022 Poitiers Cedex, France

Abstract—A method to characterize and map both kaolinite and dickite polytypes in sandstone thin
sections using infrared microspectroscopy (IRMS) was developed. Minerals identification using IRMS can
be performed using the hydroxyl-stretching band of most clay minerals (3500�4000 cm�1) in spite of
infrared (IR) interferences caused by the embedding resin and glass substratum. Emphasis was placed on
determining the optimum analytical conditions for IR data acquisition. The best data-acquisition
parameters for Fourier-transform infrared (FTIR) measurements (i.e. spectra quality as a function of beam
size and the number of scans) were obtained from a series of single spectra. Then, spatial resolution was
explored as a function of the IR beam size (from 50 mm650 mm to 15 mm615 mm) and the step-scan
interval (i.e. the distance between two successive analysis points). The IRMS measurements were
performed on thin sections of materials characterized previously using scanning electron microscopy
(SEM) and chemical analysis. Using IRMS, locations on the thin sections containing nearly pure dickite or
kaolinite polytypes were identified and mapped. Most spectra collected using IRMS represented kaolin
mineral aggregates rather than individual crystals, however, and mixing of kaolin polytypes was common
at the spatial resolution of the IR beam size used. The spatial resolution of the IRMS was comparable to
optical petrography and made possible the identification of areas on the thin section for further ‘in situ’
investigation using other methods (e.g. microprobe, Laser Ablation Inductively Coupled Plasma Mass
Spectrometry � LA-ICP-MS, etc.). Also, the use of blocky crystal morphology to identify dickite was
questioned, as kaolinite with blocky habit was identified. Mineral mapping using IRMS seems particularly
suited for investigating petrographic relationships between kaolinite and dickite in sandstone diagenesis,
but could also be used for clay minerals in other rock types or soils.

Key Words—Dickite, IR Microspectroscopy, Kaolinite, Mineral Mapping, Sandstone.

INTRODUCTION

Over the last decade, most of the advances in

quantitative petrology involved the extensive use of

modern image-processing techniques providing quantita-

tive measurements of the spatial heterogeneities of rocks

(mineralogy, texture, porosity...). Such mapping methods

are the primary means for determining the exact relation-

ships between mineral species and pores for researchers

attempting to model the dissolution-crystallization pro-

cesses experienced by rocks over geological time periods

and their resulting petrophysical properties. Several

methods based on chemical element mapping (acquired

using various techniques) have been proposed to build

mineral mapping in clay-rich natural rocks or engineered

materials (De Andrade et al., 2006; Munoz et al., 2006;

Prêt et al., 2010a, 2010b). These methods are limited by

the fact that they do not identify and are not able to

visualize the polytypes of clay minerals. Furthermore, any

methods which allow the visualization of the petrographic

relationships between dickite and kaolinite in thin sections

of sedimentary rocks would be of major interest to those

investigating the kaolinite-to-dickite transition, which is a

marker of the thermal history of sandstones during

silicoclastic diagenesis (Beaufort et al., 1998; Ehrenberg

et al., 1993; Lanson et al., 1996, 2002). Classical methods

for identification of clay minerals from powders (X-ray

diffraction, XRD, or FTIR spectroscopy on KBr pellets)

do not allow for localization of kaolin polytypes within

the rocks being examined. Using the morphology of the

crystals observed using a scanning electron microscope,

i.e. vermiform habit for kaolinite vs. blocky habit for

dickite (McAulay et al., 1994; Osborne et al., 1994),

remains a rather subjective approach which can be

contradicted by transmission electron microscopy (TEM)

investigations (Kameda et al., 2008). Moreover, building

maps from localized characterizations of kaolin polytypes

obtained by the use of electron back-scattering diffraction

(EBSD) on individual crystals (Kogure et al., 2005) or

TEM through a focused ion beam (Kogure et al., 2005) is

difficult.

IRMS of thin sections is classically used for the

petrographic study of rocks. However, few works

dealing with IRMS for in situ characterization of clays

are available in the literature. A polarizing infrared

microspectrometer was used for the study of OH

configuration on single crystals of kaolinite and dickite

(Johnston et al., 1990) and of muscovite (Tokiwai and

Nakashima, 2010). Kaolinite was characterized by
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reflection-mode IRMS (Rintoul and Fredericks, 1995)

but only one study has dealt with the use of IRMS to

characterize kaolinite in petrographic thin sections

(Beauvais and Bertaux, 2002).

In the present study, the mapping of clay minerals by

IRMS from thin sections of rocks was accomplished for

the first time. Kaolin polytypes in thin sections of

sandstones were identified and mapped using IRMS.

Efforts to determine the best analytical conditions

(single spectrum and mapping parameters) to optimize

data acquisition were emphasized. The effects of

acquisition parameters on spectrum statistics (beam

size and number of scans) were evaluated from a

single-point analysis prior to optimization of map

parameters (step scan as a function of beam size).

EXPERIMENTAL

Materials

The specimen analyzed in the present study was a

thin section obtained from a core sample collected

within the oil-bearing Middle Jurassic Brent Group

sediments of the Froy hydrocarbon reservoir (Norwegian

continental shelf, North Sea). The specimen consists of a

fine- to medium-grained arkosic sandstone lithified

during burial to a depth of 3200 m. This specimen

(referred to as 25/2-13 3417.85m) belongs to the series

of samples investigated to refine the kaolinite�dickite
transformation mechanism in sandstone reservoirs

(Cassagnabère, 1998; Kameda et al., 2008; Lanson et

al., 2002). According to mineralogical analyses based on

XRD, differential thermal analyses, and IR spectro-

scopy, Cassagnabère (1998) determined that the kaolin

material extracted from this specimen consists of a

mixture of dickite (85%) and kaolinite (15%). More

information about the mineral sequence and the diage-

netic processes experienced by this sandstone can also

be found in Cassagnabère (1998).

Associated FTIR features of kaolinite/dickite specimens

The 3500�3750 cm�1 IR range is usually used to

distinguish the kaolin minerals. The FTIR spectra of the

three kaolin polymorphs are significantly different. At

ambient temperature, kaolinite exhibits four bands in the

OH-stretching region at ~3695, 3668, 3652, and

3620 cm�1, noted as n1, n2, n3, and n4, respectively,

while only three bands at 3710, 3655, and 3622 cm�1 are

observed for dickite (Farmer and Russell, 1964; Farmer,

1998; Frost et al., 1997; Frost and Van Der Gaast, 1997;

Ledoux and White, 1964; Madejová et al., 2010; Prost et

al., 1987). Only four OH groups are present in the

kaolinite unit cell (Bish, 1993), but the one-to-one

assignment of the n1, n2, n3, and n4 to these single OH

groups is incorrect based on their dichroic behavior

(Farmer, 1974; Johnston et al., 1990). Accordingly, first-

principles modeling (Balan et al., 2001, 2005, 2010)

attributed the n1, n2, and n3 bands to vibrations of the

three inner-surface OH groups, with n1 corresponding to

the in-phase stretching mode and n2 and n3 to the anti-

phase stretching modes, the n4 band being due to

vibrations of the inner hydroxyl. The origin of the OH-

stretching bands of dickite is still debated (Balan et al.,

2010).

Empirically, the wavenumber and the relative absor-

bance of the structural OH-stretching bands are com-

monly used as indicators of order/disorder in kaolin

minerals. Some crystalline defaults in kaolinite, mostly

related to stacking faults, may lead to local dickite-like

features and the ratio of the n2 and n3 relative integrated

intensities are commonly used as an order or disorder

index reflecting the ‘dickitic’ or monoclinic character of

kaolinite (Brindley et al., 1986; Farmer and Russell,

1964; Farmer, 1974; Farmer, 1998; Frost et al., 1997;

Frost and Van Der Gaast, 1997; Prost et al., 1989). By

increasing the resolution of the IR spectra of the OH

groups, low-temperature spectra allow clearer identifi-

cation of dickite- and nacrite-like local configurations in

disordered kaolinite (Balan et al., 2010; Johnston et al.,

1990, 2008; Prost et al., 1987, 1989).

Increasing amounts of dickite in a kaolinite-dickite

mixture can be proven by the following characteristics of

the OH-stretching IR bands (Beaufort et al., 1998): (1) the

progressive shift of n1 from 3695 cm�1 to 3710 cm�1

accompanied decreasing intensity and band broadening;

(2) the progressive disappearance of n2 at 3668 cm�1, a

slight shift to 3655 cm�1 of the band at 3652 cm�1, and a

slight shift to 3622 cm�1 of the band at 3620 cm�1 .

Instrumentation

Infrared radiation from a FTIR spectrometer was

transmitted to a microscope with IR detectors, allowing

FTIR analysis in parallel with observations in micro-

scopy. This offers the unique advantage over classical

FTIR techniques of allowing in situ measurements.

The IR spectra were recorded in petrographic thin

sections using an IR source and a Cesium Iodide (CsI)

beamsplitter from a Nicolet2 6700 FTIR spectrometer

(Waltham, Massachusetts, USA). The spectrometer was

coupled with a Thermo Scientific Nicolet2 Continuum

FTIR microscope equipped with a Mercury Cadmium

Telluride (MCT) detector cooled with liquid nitrogen.

Analyses were collected in transmission mode in the

middle infrared (MIR) domain between 4000 and

400 cm�1. The IR beam from the spectrometer was

transmitted to the microscope and was shaped by passing

through a mask made of adjustable slits. The shaped IR

beam was then passed through samples and the

transmitted radiation was collected and concentrated

with a semi-spherical condenser before passing to the

detector. The IR beam was shaped by the mask slits into

a square with side lengths of 15�50 mm. Depending on

the IR beam size, each spectrum consisted of 32 to 800

scans with a resolution of 4 cm�1. A scan consisted of

one back and forth motion of the mobile mirror in the
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interferometer, which reflects the IR beam to the

beamsplitter. The time needed for one scan depends on

mirror velocity and the resolution required.

The optical microscope was equipped with an

Olympus system. The magnification factor selected for

spectra acquisitions was 6320.

Data were sent to the computer and treated using

OMNIC2 software with Atlms add-on for mapping

provided by Thermo Scientific.

The microscope was equipped with a motorized stage

which permitted control of both the position and the

movement of the thin section in a digitalized X-Y plane

with an accuracy of 1 mm. For mapping applications, the

motorized stage was used to perform step-by-step

acquisition of IR spectra over a selected area. The

motorized stage was also programmed for a regular

translation to a point set as the background to regularly

refresh the background conditions.

Reference transmission FTIR spectra were recorded

with 4 cm�1 resolution and 100 scan accumulation using

KBr sample pellets on a Nicolet 760 FTIR spectrometer

equipped with a KBr beamsplitter and DTGS-KBr IR

detector.

RESULTS AND DISCUSSION

Effect of sample preparation

The use of IRMS to identify minerals in thin sections

is limited in the following ways: (1) the epoxy resin

(araldite 2020) which sticks the sample to the glass slide

and the resin which impregnates the porous network

induces strong absorption bands between 2800 and

3000 cm�1 and a broad band at 3400 cm�1

(Figure 1a,b). (2) The glass substratum of the thin

sections induces strong Si�O absorption which saturates

the signal below 2200 cm�1 (Figure 1c). As a

consequence, IR measurements are available in limited

spectral windows, especially in the 3500�4000 cm�1

range. This limited range remains of particular interest

because it corresponds to the hydroxyl-stretching band

region of most clay minerals. (3) Effect of beam size and

acquisition parameters on spectrum statistics.

Because IRMS maps of large areas or the use of a

small beam size requires the accumulation of numerous

scans, the best instrument parameters must be deter-

mined for each beam size to optimize spectral quality

and minimize data-acquisition time.

To optimize the acquisition conditions for mapping,

the effect of the number of scans stacked for a single-

point analysis was first studied. An area on the thin

section where dickite occurred was selected to better

assess the influence of the parameters. The area was

selected because no mixing with other minerals was

detected in the SEM or FTIR studies.

Spectra recorded after the collection of 100 scans

were selected for mapping with a 50 mm650 mm
window. One hundred scans was a good compromise

between spectrum quality and acquisition time as

OH-stretching bands of dickite were identified unam-

biguously and well resolved. For a 25 mm625 mm IR

beam, the definition of the bands decreased noticeably

compared with 50 mm650 mm under the same condi-

tions. At least 200 scans were necessary to obtain a well

resolved 3710 cm�1 band, with a loss of resolution for

the bands at 3650 and 3620 cm�1. For a 15 mm615 mm
window, the smallest window used in this study, the

resultant spectra presented incoherent points in absor-

bance, i.e. an oversaturation of the 3620 cm�1 band, and

Figure 1. Single-point IR spectra (50 mm650 mm beam): (a) epoxy resin used to stick the rock sample on glass slides; (b) epoxy resin

used to perform impregnation of porous rock samples; (c) single-channel measurement through air (a glass slide was used as the

substratum for thin sections and resin).
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noise-damaged band shapes. At least 800 scans were

necessary to get definition good enough for the high

wavenumber band near 3710 cm�1 for mapping with a

15 mm615 mm window. Decreasing the beam size

produced a non-linear relationship between spectrum

quality and number of scans. The 15 mm615 mm beam

covered 9% of the surface analyzed with the

50 mm650 mm beam (225 and 2500 mm2, respectively),

and 800 scans for the small beam was not enough to

reach the same quality as 32 scans for the larger beam

(spectra from the 50 mm650 mm beam and 32 scans

displayed no abnormal points). In order to preserve the

same signal to noise ratio, the number of scans for each

spectrum needed to be increased exponentially when

decreasing the beam size.

Mapping parameters and conditions

The parameters used for mapping acquisition

depended on the distance between two successive

acquisitions in both the X and Y directions. When an

overlap of the analysis windows was selected, the step

size used did not exceed 50% of the window size, in

order to guarantee an homogeneous covering of the area.

The spectra were then processed in order to localize the

kaolin polytypes on the map on the basis of the study of

the integrated area of specific OH-stretching bands and

use of Principal Component Analysis (PCA) as detailed

below.

The OH-stretching bands of kaolinite and dickite

(3695 and 3710 cm�1, respectively) were used for

probing kaolin polytypes in the scanned areas

(Figure 3b) because the OH-stretching bands of kaolin

minerals occurring at lower wavenumbers were usually

overlapped by those of other clay minerals such as micas

and chlorite (Figure 2). From an SEM image (Figure 3a),

the overlap can be explained by the close contact

between the hydroxylated minerals. In such a mapping

method, the grayscale level of each pixel of the digital

images represented the integrated intensity (i.e. area) of

bands between 3680 and 3720 cm�1 and was propor-

tional to the amount of kaolin minerals contained in the

material analyzed (Figure 3c). Smoothing of the raw

map was achieved using linear interpolation (Figure 3d).

The color scale represented the variation of the

integrated intensities from the maximum value (red)

and minimum value (blue) calculated. Because para-

meters were changing from one map to another (beam

size, overlap...), integrated intensities also varied. Then

a different scale was attributed to each map.

However, in these conditions, direct intensity mea-

surements of absorbance were difficult because of

overlapping bands associated with each kaolin polytype

(Figure 2) and to unusual intensities of the kaolinite n1
bands (Figure 4). Spectra measured from aggregates of

small particles were as expected. Spectra with unusual

relative intensities of the OH-stretching bands compared

to reference kaolinite were specifically recorded for

vermicular kaolinite. Acquisition of such an unusual

intensity for the kaolinite (particularly n1) OH-stretching
band has been noted for large vermicular kaolinite from

Figure 2. IR spectra in the OH-stretching bands region of phyllosilicates analyzed in the specimen, collected in transmission mode

with a 50 mm650 mm spot and 100 scans. (a) Dickite, bands at 3710, 3654, and 3621 cm�1 (dotted lines); (b) kaolinite, bands at 3695,
3668, 3652, and 3620 cm�1 (solid lines); (c) micas, large and intense band centered at 3635 cm�1; (d) chlorite, large bands centered at
3540 and 3640 cm�1, and kaolinite, shoulder at 3695 cm�1. Solid lines represent kaolinite band positions; dotted lines, dickite band
positions.
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lateritic soils by IRMS (Beauvais and Bertaux, 2002).

The unusual relative intensities were interpreted as being

due to the large size of vermicular kaolinite giving rise

to a very large number of OH vibrators in similar

orientations. This constitutes a severe limitation to any

quantitative estimation of the respective amounts of

kaolinite and dickite from IRMS spectra on textured

minerals.

Kaolinite and dickite were distinguished using multi-

spectral Principal Component Analysis (PCA). As

descr ibed previously, only the bands in the

3690�3720 cm�1 range can be used for kaolin minerals

characterization (no overlapping with OH-stretching

bands of other hydroxylated minerals). As Atlms allows

the user to select one or several wavenumber ranges with

which the PCA will be done, the multispectral PCA was

not applied on the whole MIR range but only on a

reduced domain, from 3690 to 3720 cm�1. In this range,

Atlms was able to detect the principal components of the

spectra, i.e. the wavenumber range for which the

variance of the absorbance through the whole series of

spectra was greatest. Principal components were repre-

sented as theoretical bands which were compared to

experimental spectra. The degree of correlation between

the theoretical bands and the spectra was then used to

create a map. The software was used to find the first five

principal components. A band close to kaolinite n1 was

found as the first principal component which was

evaluated for correlation with the absorbance of the

spectra. The map obtained from the analysis of this first

component did not have mineralogical significance; sites

with kaolinite or dickite could not be differentiated and

almost all sites with OH-stretching absorbance were

enhanced. The second principal component found

Figure 3. (a) Backscattered electron image. Chemical analysis indicates kaolin minerals (K), mica (M), chlorite (C), ankerite (A),

anatase (Ti), pyrite (P), and quartz (Q); (b) optical image of the area of interest from the FTIR microscope digital camera. (c) Map of

kaolin minerals, Ib (Table 1) (area shown in parts a and b, 50 mm650 mm IR beam and 25 mm step value). Pixels 25 mm625 mm,

grayscale representing integrated intensity of bands between 3680 and 3720 cm�1. (d) Smoothed map (linear interpolation) of kaolin

minerals, with scale of integrated intensities of bands between 3680 and 3720 cm�1. Black contour lines represent dickite-rich areas.
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corresponded to the dickite high-wavenumber OH-

stretching band. The degree of contribution of the

principal component 2 in the recorded spectra was

displayed using grayscale on a surface map (Figures 5a,

6c), which gave the locations of the dickite-rich sites.

Smoothing of these maps was achieved by using linear

interpolation and displayed as color maps (Figures 5b,

6d), using red for spectra with large contributions and

blue for spectra with small contributions of the principal

component 2. In order to locate the dickite-rich sites on

the kaolin minerals maps, a threshold of the dickite maps

was created and the contours of the dickite-rich sites

displayed as black contour lines on kaolin minerals maps

(Figures 3d, 6b). The other principal components after

the second were of no mineralogical interest; differ-

entiation between minerals and noise was not achieved.

The IR detector stability had to be monitored over a

long period because a mineral map can take several

hours to acquire (Table 1). After 16 h of analysis, no

drift of the motorized stage and no shift of the condenser

alignment were seen. The stability of the detector was

monitored, measuring the intensity of the 3710 cm�1 IR

band of a dickite specimen every 30 min for 11 h. After

~5 h, the intensity of the IR spectrum decreased slightly

with increasing time according to a first order equation.

However, the loss of intensity measured after 11 h (<5%)

was insignificant compared to the intensity values

recorded during the acquisition of the maps (Figures 3,

5, 6), and can be ignored for qualitative analysis. If long-

time acquisitions are needed, a correction of 0.6%/h can

be applied in order to compensate for the intensity loss

after 5 h.

Application of FTIR mapping

The results of this methodological work indicate that

IRMS can be used to study petrographic thin sections of

Figure 4. IR spectra of kaolin minerals in the OH-stretching bands region. (a) Kaolinite KGa-1 in KBr pellet; (b, c, d) collected in

transmission mode through a 50 mm650 mm spot and 100 scans from several locations.

Figure 5. (a, b) Dickite map obtained after PCA applied to map Ib (part c, Figure 6). (a) Dickite map with 25 mm625 mm pixels; (b)

smoothed map of dickite with color scale.
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sandstone which suffered kaolinite-to-dickite transition

during their burial diagenesis. The IRMS permits (1) the

localization of the two kaolin polytypes within the clay

cement and (2) the mapping of dickite distribution at the

pore scale.

Localizing kaolin minerals in thin section. The main

contribution of the IRMS analysis of kaolin minerals in

thin section is its ability to characterize each polytype in

situ in the sandstones (even in the case of small

amounts). This is well illustrated in Figure 7. In a

previous study, the clay fraction of this sample was

extracted and studied by FTIR using KBr pressed

pellets. From FTIR spectra of mechanical mixtures of

kaolinite and dickite, the dickite/kaolinite ratio was

estimated to be 85/15 (Cassagnabère, 1998). Pure

kaolinite spectra (Figure 7a) were distinguished from

pure dickite (Figure 7d) and mixing of the two kaolin

minerals (Figure 7b,c) using IRMS at several locations

on the thin section. According to the size of the IR beam

used (from 50 mm650 mm to 15 mm615 mm) and to the

SEM observations indicating a <10 mm average size for

the crystals of kaolin minerals, most of the single-point

analyses collected by IRMS had to be considered as

representative of particle aggregates rather than indivi-

dual particles. The fact that IR spectra of pure kaolinite

and/or dickite (Figure 7a,d) had been recorded among

spectra corresponding to mixing of the two polytypes of

kaolin minerals (Figure 7b,c) indicated that segregations

of each polytype exist at a scale which is broadly similar

to that of the petrographic observations performed with

optical microscopy in thin sections. In other words, the

IRMS analysis can be considered as a useful method to

complete the petrographic study of thin sections in

characterizing the kaolin cement at a relatively local

scale (<50 mm650 mm). Mapping the kaolin cements

with IRMS would allow the easy selection of areas of

interest for further in situ investigations of each

polytype by microprobe analysis or LA-ICP-MS, for

instance.

Figure 6. (a, b) Kaolin minerals map III (Table 1). (c, d) Dickite maps. (a) Area X: 24250 to 24550 mm; Y: �2175 to �2275 mm of

Figure 3. 15 mm615 mm IR beam and 15 mm step value. 15 mm615 mm pixels grayscale representing integrated intensities, i.e. area,

of bands between 3680 and 3720 cm�1. (b) Smoothed map (linear interpolation) of kaolin minerals, with scale of integrated

intensities of bands between 3680 and 3720 cm�1. Black contour lines represent dickite-rich areas. (c) Dickite map with

15 mm615 mm pixels. (d) Smoothed map of dickite with color scale.

Table 1. Summary of the parameters selected to map kaolin minerals in this study.

Map number Map dimen-
sion (mm)

Beam size
(mm)

Scans Time/step
(s)

Step size
(mm)

Number of
spectra

Total time
(h)

Ia 4506400 50/50 100 41.83 50/50 90 1.0
Ib 4256375 50/50 100 41.83 25/25 288 3.3
Ic 4506400 50/50 100 41.83 15/15 868 10.1
II 4006350 25/25 200 83.67 25/25 255 5.9
III 2606100 15/15 800 334.68 15/15 140 13.5
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Mapping kaolin minerals. With acquisition time varying

with both the window size and the step size value,

optimizing the setting parameters in order to minimize

acquisition time was crucial. Several maps were created

in order to measure the effect of the window size and the

step size on the quality of the map (Table 1).

A first map of kaolin minerals (Ib Table 1, Figure 3)

was obtained from a thin section in which previous SEM

analyses indicated that kaolin minerals, phengitic micas,

and Fe-rich chlorite coexist with quartz, ankerite,

titanium oxide, and pyrite. This map, in which the size

of each pixel was 25 mm625 mm (50 mm650 mm IR

beam with a step size value of 25 mm), confirmed that

IRMS allows the identification of kaolin minerals, even

in a complex mineral matrix which includes several

types of phyllosilicates, with IR absorption in the

OH-stretching region (as shown in Figure 2).

Decreasing the step size led to improved detection

accuracy of mineralogical variations and a better

resolution of the spatial distribution of the minerals

investigated (Ia to Ic, Table 1, Figure 8). Map Ia

(Figure 8a) was composed of pixels 50 mm650 mm in

size for a step size value of 50 mm in both the X and Y

directions. By decreasing the step value by half in each

direction (25 mm) an overlap was created between the

areas analyzed and the number of pixels was increased

by four (Ib Table 1). The information gain from maps Ia

to Ib was significant (Figure 8a,b). In map Ib, strong

contrasts were observed within the area represented by

one pixel in Ia, showing that the differentiation of

dickite within the kaolin minerals was more accurate in

Ib than in Ia. The maps III and Ic (Figures 6, 8c), both

with the same pixel size 15 mm615 mm, displayed a

better spatial resolution than the maps Ia and Ib

(Figure 8a,b).

If a comparison is made between maps III and Ic

(Figures 6, 8c), in which the pixel size was the same but

the beam size was different, the quality of the informa-

tion obtained is notably better in map III (Figure 6). In

map Ic (Figure 8c) each pixel represented an average

value obtained from several spectra (window size of

50 mm650 mm but a step size of 15 mm). In map III

(Figure 6) each pixel represented only one spectrum

recorded with a 15 mm615 mm window size (no overlap

of the acquisition windows). The same comparison can be

made between the maps Ib (50 mm650 mm beam, 25 mm
step size) and II (25 mm625 mm window size, 25 mm
step size) (Figure 8b,c). The spatial resolution and the

level of detail were the same, with 25 mm625 mm pixels,

but the nature of the information was different with an

average of several measurements by pixel for map Ib and

one spectrum for one pixel for map II.

SUMMARY AND CONCLUSIONS

Infrared microspectroscopy is a convenient method

for the characterization of kaolin minerals in sandstone

and can be used to study kaolin minerals in their

petrographic environment. The method is particularly

useful for investigating the petrographic relationships

between kaolinite and dickite. Such relationships cannot

be examined directly in thin section by other classical

methods, such as XRD, microprobe analysis, or SEM

observation.

(1) Several authors have proposed that dickite can be

distinguished from kaolinite based on crystal morphol-

ogy (blocky dickite vs. vermicular kaolinite). However,

IRMS analysis of kaolin minerals with blocky habit

indicates that this interpretation is questionable. Indeed,

blocky kaolin minerals in a sandstone were characterized

as kaolinite using IRMS (Figure 9). Blocky kaolinite in

sandstone had previously been identified using EBSD

(Kogure et al., 2005), which requires separation and

extraction of single crystals before identification. Such

methods are not adapted to petrographic examination of

thin sections of rocks.

(2) IRMS can be used to map kaolinite and dickite

distribution in thin sections at the petrographic scale.

Figure 7. IR spectra of kaolin minerals in the OH-stretching bands region: (a�d) collected in transmission mode through a 50 mm6
50 mm spot and with 100 scans. (e) Extracted clay fraction collected in transmission mode through KBr pellets (Beaufort et al., 1998)

(85% dickite and 15% kaolinite, Cassagnabère (1998)). Solid lines represent kaolinite band positions; dotted lines, dickite band

positions.
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Figure 8. Kaolin map: (a) Map Ia (Table 1), 50 mm 6 50 mm IR beam and 50 mm step value in X and Y directions; (b) Map Ib

(Table 1), 50 mm6 50 mm IR beam and 25 mm value in X and Y directions; (c) Map Ic (Table 1), 50 mm650 mm IR beam and 15 mm
step value in X and Y directions; and (d) Map II (Table 1), 25 mm625 mm IR beam and 25 mm step value in X and Y directions.

Figure 9. (a) Scale expansion of the OH-stretching region from sample (25_15-1 3006m) collected in transmission mode through a

50 mm650 mm spot and with 100 scans. (b) SEM image of intergrowth of kaolin minerals with a blocky habit (k).
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Spatial resolution is limited by the IR window size

(15 mm615 mm). However, IRMS is particularly well

adapted to mapping the distribution of the relatively

coarse-grained (up to 30 or 40 mm) kaolinite and dickite

formed during sandstone digenesis. Characterization and

mapping of other hydroxylated minerals, such as chlorite

and micas, can also be carried out using IRMS.

However, the spatial resolution of IRMS is minor

compared to that of SEM.

(3) Integration of IRMS into a series of petrographic

analyses (optical microscope, SEM...) requires the use of

thin sections, which have drawbacks, such as glass slide

and embedding resin IR interferences, but these inter-

ferences can be addressed using self-supporting thin

sections (thin sections separated from the glass slide

after polishing) and by the use of specific embedding

resins.

(4) IRMS can also be used for thin sections of finer-

grained kaolin polytypes in other natural environments,

such as pedogenic or hydrothermal systems. For

example, IRMS has been used to characterize disordered

kaolinite in thin sections of soils and to identify

structural Fe in the 3598 cm–1 absorption band of

kaolinite (Beauvais and Bertaux, 2002).
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Abstract—Chlorite is a layered silicate mineral group of importance in geology, agriculture, and in the
processing of mineral resources. A more detailed analysis of the surface charge of chlorite minerals is
important in order to improve our fundamental understanding of such particle structures and their behavior
in suspension. In this study, the anisotropic surface charging of chlorite has been established using Atomic
Force Microscopy surface-force measurements with a silicon nitride tip. The surface-charge densities and
surface potentials at the chlorite basal-plane surfaces and edge surface were obtained by fitting force
curves with the Derjaguin-Landau-Verwey-Overbeek theoretical model. The results show that at pH 5.6,
8.0, and 9.0 the chlorite mica-like face is negatively charged with the isoelectric point (IEP) less than pH
5.6. In contrast, the chlorite brucite-like face is positively charged in this pH range and the IEP is greater
than pH 9.0. The surface charging of the chlorite edge surface was found to be pH-dependent with the IEP
occurring at pH 8.5, which is slightly greater than the edge surfaces of talc and muscovite due to the larger
content of magnesium hydroxide at the chlorite edge surface. Findings from the present research are
expected to provide a fundamental foundation for the analysis of industrial requirements, e.g. collector
adsorption, slime coating, and particle interactions in the area of mineral-processing technology.

Key Words—Anisotropic Surface Characteristics, Atomic Force Microscopy, Basal Plane, Chlorite,
DLVO Model, Edge Surface, Electrophoresis, Flotation, Surface Charge, Surface Potential.

INTRODUCTION

The group of phyllosilicates, or layered silicates,

including serpentine, mica, chlorite, and the clay

minerals, is very important in geology, agriculture, and

mineral processing (Murray and Kogel, 2005; Harvey

and Murray, 1997; Murray, 1991). Some of the phyllo-

silicates in a pure state are valuable in a wide range of

applications including in ceramics, in the manufacture of

paper (as a coating, pigment, and filler), in inks and

paints (as an extender), in medicine, and as an additive

in the production of rubber and polymers (Harvey and

Murray, 1997; Murray, 2000). In other circumstances,

however, the phyllosilicates, such as kaolinite, illite, and

talc, may cause problems in making efficient particle

separations in the recovery/utilization of mineral

resources and in achieving satisfactory sedimentation/

consolidation for disposal of the waste (tailings) from

these operations. Note that almost all the afore-

mentioned processes and/or utilization of the phyllo-

silicates are affected by their crystal structure and

surface properties. In this regard, the study of phyllosi-

licate surface chemistry is critical to the development of

improved technology in many sectors of the economy.

The chlorite minerals are a major magnesia silicate

group of gangue minerals found in both sulfide and non-

sulfide ores. Chlorite is a 2:1:1 type phyllosilicate,

consisting of a brucite-like or gibbsite-like sheet

sandwiched between mica-like trilayers. The common

minerals in the chlorite class include clinochlore

((Mg5Al)(AlSi3)O10(OH)8), chamosite ((Fe5Al)(AlSi3)

O10(OH)8), nimite ((Ni5Al)(AlSi3)O10(OH)8), and pen-

nantite ((Mn, Al)6(Al, Si)4O10(OH)8). The spacing, the

distance between two repeating chlorite layers, is

~1.4 nm. The lattice structure of the brucite-like and

mica-like layers of chlorite have been imaged using

atomic force microscopy (AFM) (Vrdoljak et al., 1994).

When a chlorite crystal is cleaved, both a mica-like face

and a brucite-like or gibbsite-like face should be

exposed. The mica-like face is expected to carry a

permanent negative charge, as 25% of the Si atoms are

substituted by Al atoms in the tetrahedral sheet. This

charge deficiency is compensated by the positively

charged brucite-like or gibbsite-like sheet. Both the

negatively charged mica-like layer and the positively

charged brucite-like or gibbsite-like sheet contribute to

the overall surface-charge density. In addition to the

basal plane surfaces, the edge surface of chlorite

particles may also have a different charging behavior.

The edge surface of phyllosilicates is composed of

broken covalent or ionic bonds which have high polarity

and are easily hydrolyzed to exhibit a strong pH-

dependent surface-charge density (Nalaskowski et al.,

2007; Fuerstenau and Pradip, 2005).

Electrophoresis is a common method for determining

the zeta potential which represents the electrostatic
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potential close to the surface at the slipping plane when

the particles are moving in the aqueous solution under

the influence of an electric field. The pH at which the

slipping plane carries zero net charge is known as the

isoelectric point (IEP). The zeta potential of chlorite has

been studied by several researchers using the electro-

phoresis technique (Sondi and Pravdic, 1996; Sondi et

al., 1996, 1997; Fornasiero and Ralston, 2005). The

measured IEP is in the range of pH 3 to 6, depending on

different mineralogy and electrolyte conditions. Note

that the zeta potential calculated from electrophoretic

measurements assumes that the particles are spherical

and does not take into account the platy shape and

anisotropic character of phyllosilicate particles.

Mular-Roberts titration is another technique used to

characterize the surface charging. In this method, the pH

value of a suspension is measured at different ionic

strengths. The suspension is first prepared at given pH

and ionic strength; then the ionic strength is increased to

yield a change in pH (Mular and Roberts, 1966). When

no change in pH occurs, the pH value is determined as

the point of zero salt effect (PZSE). Using the Mular-

Roberts titration technique, Alvarez-Silva et al. (2010)

determined the PZSE of chlorite as pH 4.7, compared to

an electrophoretic IEP at pH < 3. Some researchers

consider the titration method to be a better technique as

it is not affected by the particle shape. Like the

electrophoresis technique, however, the titration techni-

que still only gives an overall surface charge density and

the anisotropic surface charging characteristics of

phyllosilicate particles are not defined.

Atomic force microscopy has been applied widely in

the investigation of the surface properties for different

minerals (Veeramasuneni et al., 1996; Nalaskowski et al.,

2007; Assemi et al., 2006; Zhao et al., 2008; Yan et al.,

2011; Yin and Drelich, 2008; Long et al., 2009; Gupta et

al., 2011). According to the geometry of the AFM tips,

several theoretical models have been developed based on

the Derjaguin-Landau-Verwey-Overbeek (DLVO) theory

in which the electrostatic interaction and van der Waals

interaction are considered. A common technique used for

surface-force measurements is known as the colloidal

probe technique in which a small particle with spherical

shape is glued at the end of a tipless AFM cantilever

(Nalaskowski et al., 2003; Wallqvist et al., 2006; Zhang et

al., 2007). The colloidal probe technique can greatly

enhance the sensitivity of surface-force measurements.

However, the spherical particles used in the measurements

are usually 5�20 mm in size. Thus, obtaining a high-

resolution image during the surface-force measurements is

difficult. The roughness of the particle surfaces may also

influence significantly the surface forces.

By using the colloidal probe technique, the surface

charging property can be determined. Generally, AFM

measures the diffuse-layer potential or diffuse-layer

charge. The IEP is often used to describe a surface

electrostatic potential of zero from AFM measurements.

Although the values of IEP determined by AFM and

electrophoretic mobility may not be exactly the same,

they are usually very close to each other (Leroy et al.,

2011; Drelich and Wang, 2011). The surface-charging

behaviors of the talc basal-plane surface and the edge

surface were found by Nalaskowski et al. (2007) to be

different. However, the surface roughness of their

samples was still too great to acquire reliable AFM

force curves and perform a detailed quantitative

analysis. In another study (Zhao et al., 2008), the quality

of the edge surfaces was improved using a microtome

cutting technique to create a smooth surface.

Subsequently, the interaction forces between a silica

probe particle and muscovite face and edge surfaces

were measured by Zhao et al. (2008). Ultra-smooth

(roughness <1 nm) mica and talc basal-plane and edge

surfaces were prepared successfully by Yan et al.

(2011). The anisotropic surface-charging characteristics

for mica and talc basal-plane surfaces and edge surfaces

have been characterized using AFM.

The present study discusses the surface charging of

chlorite as a function of pH measured by electrophoresis

and AFM. The IEPs for the chlorite mica-like face,

brucite-like face, and edge surfaces were determined

from surface force measurements using AFM. In this

way, the anisotropic charging properties for chlorite

were established. The present research is expected to

provide a better understanding of the anisotropic sur-

face-chemistry properties of chlorite which is significant

for developing suitable flotation reagent schedules

(collectors, depressant, modifiers, and pH) and improv-

ing flotation separation processes.

MATERIALS AND METHODS

Sample preparation

A high-purity chlorite crystal with natural cleavage

on the (001) plane from Chester, Pennsylvania, USA,

was used. X-ray diffraction (XRD) results implied that

the chlorite sample is highly ordered and the basal

reflections (001), (002), (003), (004), (005) of chlorite

were observed. No other possible mineral contaminants

were detected in the XRD pattern. X-ray photoelectron

spectroscopy (XPS) analysis showed that the chlorite

sample contains 7.5% Si, 4.9% Al, 9.9% Mg, and trace

amounts of Na (0.2%), Fe (0.3%), Cr (0.7%), and

chloride (0.2%). The XPS results suggested that the

chlorite sample being studied corresponded most closely

to clinochlore. A few flakes of chlorite sample were

ground to <45 mm in size to measure the zeta potential

using the electrophoresis method.

One thin layer of chlorite was peeled from the

chlorite crystal using sticky tape. This thin layer of the

chlorite crystal as well as the chlorite crystal itself were

then glued on two thoroughly cleaned glass substrates.

As chlorite is composed of alternating mica-like layers

and brucite-like sheet structures, when a chlorite sample
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is cleaved, two different faces will be exposed. By using

this method, chlorite samples exposing a mica-like

surface and a brucite-like surface were prepared

(Figure 1). Note that the cleavage of chlorite can be

random. Thus, either a mica-like layer or brucite-like

sheet can be exposed at the top of the tape. After keeping

the sample in a petri-dish for 24 h until the glue was

completely dry, the samples were mounted on magnetic

disks as the substrate for study of the charging properties

of chlorite surfaces using AFM. Before measuring the

surface force by AFM, the samples were dried and

cleaned with high-purity nitrogen gas to remove any

contaminants.

The chlorite edge surface was also prepared. A small

flake of the chlorite sample was embedded in epoxy

resin (Electron Microscopy Sciences, Hatfield,

Pennsylvania, USA) and baked for 24 h at 60ºC. Then

the sample was trimmed using a razor blade under an

optical microscope to make the sample perpendicular to

the cutting edge. When the chlorite edge was exposed,

the sample was glued on a magnetic disk and cut using

an ultramicrotome (EM UC 7, Leica Microsystems, Inc.)

to obtain a smooth surface for subsequent AFM study.

Before measuring the surface force by AFM, the samples

were rinsed with Milli-Q water and ethanol and cleaned

with high-purity nitrogen gas to remove any debris or

contaminants.

Zeta-potential measurements

The zeta-potential measurements were done using the

electrophoresis technique (ZetaPALS, Brookhaven

Instrument Corp., New York). A chlorite suspension

with a concentration of 0.05 wt.% was prepared in 1 mM

KCl background electrolyte. The mobilities of chlorite

particles were measured at varying pH and then

converted to zeta potentials (z) using Smoluchowski’s

model as follows:

U ¼ ez
4pZ

E1 ð1Þ

where U is the particle mobility, E? is the strength of

the electric field applied, and e and Z are the dielectric

constant and viscosity of the solvent, respectively. The

Smoluchowski model assumes that the particles are

spherical and that the surface-charge densities are

uniformly distributed at the particle surfaces.

Surface-force measurements using AFM

A picoforce AFM with a Nanoscope V controller

(Bruker Corporation, Santa Barbara, California, USA)

was used with a PF-type scanner designed for picoforce

measurements. A contact-mode silicon nitride cantilever

was used to study the surface charging of chlorite. The

spring constant was determined by the thermal tuning

function provided in Nanoscope V 7.20 software and this

value was used later in data analysis. The AFM images

of chlorite basal planes and edge surfaces were collected

before the surface force measurements were taken. The

images were captured with a scan size of 5 mm and scan

rate of 1 Hz. The resolution of the image is

512 points/line.

Figure 1. Schematic diagram of the preparation procedure for chlorite basal surfaces.
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The surface-force measurements were conducted at

the chlorite mica-like surface, the brucite-like surface,

and the edge surface at five different locations in 1 mM

KCl at pH 5.6, 8, and 9. At each location, five force

curves were collected. All the force measurements were

performed at a scan rate of 1 Hz and captured at a

resolution of 512 points/measurement. SPIP software

(Image Metrology, Lyngby, Denmark) was used to

convert the deflection-distance curves to force-distance

curves. Baseline correction and hysteresis correction

were involved in preparation of the force curves. The

force-distance curves were fitted with the theoretical

DLVO model under constant surface-charge density or a

constant surface-potential boundary condition. The sur-

face charge density and the surface potential of various

types of clay surfaces were obtained from fitting the

force profile data to the DLVO theory.

Theoretical model

The geometry of the silicon nitride AFM tip can be

approximated as being conical in shape with a spherical

cap at its apex. The geometry of the system and the

parameters used are shown in Figure 2. The symbols a
and b are the geometrical angles for the spherical cap at

the tip end and conical tip with a+b = 90º, D is the

distance from the end of the tip to the substrate, L is the

distance between a differential surface section of the tip

and the substrate, r is the radius of the circle of the tip at

a given vertical position, and R is the radius of the

spherical cap at the tip end (Drelich et al., 2007).

The DLVO theoretical model with this geometry was

derived and discussed in the literature (Drelich et al.,

2007) and only the final equations are given here.

The van der Waals force between the spherical

segment of the tip and flat substrate surface is given by:

F vdw-S
TS ¼ A

6
ðRþDÞ � 2L1

L2
1

� R�D
D2

� �
ð2Þ

The formula describing the van der Waals force for

the conical segment of the AFM tip is:

F vdw-C
TS ¼ A

3 tan2 a
1:0
L1
þ R sina tana�D� Rð1� cosa

L2
1

8
>>:

9
>>;

ð3Þ

where L1 = D+R(1�cosa), A is the combined Hamaker

constant, e is the dielectric constant of the solution in

this system, e0 is the permittivity of vacuum, 1/k is the

Debye length, D is the distance between the two

surfaces, and subscripts 1 and 2 refer to the two

surfaces. (Awater = 3.7610�20 J, Atip = 1.62610�19 J,

Achlorite = 2.33610�19 J (Isrealachvili, 1985; Vincent

and Jean Marc, 2007)).

The electrostatic forces with constant surface poten-

tial for the spherical part and the conical part of the tip

are given by:

FTS
S = 4pe0eFTFS(a0e

�kD � a1
�kL1) �

2pe0e(FT
2 + FS

2)(a1e
�2kD � a3

�2kL1) (4)

where FT and Fs are the surface potentials of AFM tip

and surface, a0 = kR�1, a1 = kRcosa�1, a2 = a0+0.5,

and a3 = a1+0.5.

FC
TS ¼

4pe0ek
tan a

b1FTFSekL1 � b2
ðF2

T þ F2
SÞ

2
e2kL1

� �
ð5Þ

The electrostatic force with constant surface charge

density for the spherical part and the conical part of the

tip is given by:

FS
TS ¼

4p
e0ek2

sTsSða0e�kD � a1e�kL1Þþ

2p
e0ek2

ðs2
T þ s2

SÞða2e�2kD � a3e�2kL1Þ ð6Þ

FC
TS ¼

4p
e0ek tana

b1sTsSe�kL1 þ b2
ðs2

T þ s2
SÞ

2
e�2kL1

� �

ð7Þ

where sT and ss are the surface charge densities of AFM

tip and surface, respectively,

b1 ¼ R sina�Dþ Rð1� cosaÞ
tan a

� �
þ 1

tan a
L1 þ

1
k

8
>:

9
>;

� �

ð8Þ
Figure 2. Geometry of the system and parameters used for

theoretical DLVO calculations.
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b2 ¼ R sin a�Dþ Rð1� cos aÞ
tan a

� �
þ 1

tan a
L2 þ

1
2k

8
>:

9
>;

� �

ð9Þ

The total electrostatic force between the tip and the

substrate can then be obtained for either constant surface

potential or constant surface charge density by the sum

of these two parts:

Fe = FS
TS + FC

TS (10)

The total DLVO force for the system with geometry

shown in Figure 2 is given by adding the electrostatic

force and the van der Waals force:

F = Fe + Fvdw (11)

The surface potential is calculated from the surface-

charge dens i ty us ing the Grahame equa t ion

(Isrealachvili, 1985) which is expressed as

c0 ¼ c1 exp � zieC
kT

� �
ð12Þ

c0 � c1 ¼
s2

2ee0kT
ð13Þ

c1 ¼
kee0kT
e2z2

ð14Þ

where C is the surface potential, k is the Boltzmann

constant, T is the absolute temperature, e is the

electronic charge, z is the valence of the ions, c0 is the

ionic concentration at the surface, and c? is the ionic

concentration in the bulk at x = ? where C(?) = 0.

RESULTS AND DISCUSSION

Zeta potential of chlorite measured by electrophoresis

The results of the zeta potentials of chlorite particles

determined by electrophoresis (Figure 3) indicate that

the IEP of chlorite is ~pH 5.5, a result which is in good

agreement with the value given by Fornasiero and

Ralston (2005). According to the crystalline structure

of chlorite, both a mica-like face and a brucite-like face

can be exposed at a particle surface and contribute to the

surface-charge density of chlorite. Usually, mica-group

minerals have an IEP of <pH 2, whereas brucite has a

larger IEP which is ~pH 11 (Pokrovsky and Schott,

2004; Fuerstenau et al., 2007). The IEP measured for

chlorite in the present study is close to the average value

of the IEP for mica and brucite. Note, however, that the

IEP determined from electrophoretic mobility may be

misleading due to the basic assumption in the

Smoluchowski model that the particles are of spherical

shape (Butt et al., 2003) and of homogeneous surface-

charge density (Nalaskowski et al., 2007; Wypych and

Satyanarayana, 2004). Chlorite is known to be a mineral

with platy morphology and anisotropic surface char-

acteristics. The surface charge at the two basal planes

(mica-like face and brucite-like face) and at the edge

surface can be different. Therefore, the zeta potential

obtained from electrophoresis with the Smoluchowski

model may not reflect the surface potential at the shear

plane. So far, no model is available to describe the

Figure 3. Zeta potential of chlorite as a function of pH measured in 1 mM KCl by the electrophoresis method compared with the

results reported in the literature (Fornasiero and Ralston, 2005). The error bars denote the standard deviation of multiple surface

force measurements.
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movement of platy-shaped particles with anisotropic

surface-charging characteristics. Hence, the anisotropic

surface charge of chlorite needs to be characterized

using other techniques.

Interaction forces at chlorite basal-plane surfaces

Surface forces were measured at both the chlorite

mica-like face surface and the brucite-like surface. The

chlorite basal plane surface (Figure 4a) was determined

to be the mica-like face by subsequent AFM surface-

force measurements. The root-mean-square surface

roughness for the chlorite basal-plane surface was

determined to be from 0.1 to 0.4 nm. This roughness

suggests that the chlorite basal-plane surfaces are

smooth enough to satisfy the requirements of AFM

surface force measurement.

The approaching surface-force curves were collected

at both types of basal planes of chlorite. The typical

interaction forces between the silicon nitride AFM tip

and the chlorite mica-like surface in 1 mM KCl solutions

with varying pH values are shown in Figure 5.

A 10�20% variation on the magnitude of the surface

forces was observed during the AFM surface-force

measurements. The open circles on the graphs represent

experimental data, whereas the solid lines represent data

calculated using the DLVO theoretical model. For the

curve fitting, the surface-charge densities of the silicon

nitride AFM tip at different pH values were taken from

the literature (Yan et al., 2011). The IEP of the silicon

nitride AFM tip is noted to be ~pH 4.0 (Yin and Drelich,

2008). Thus, the tip should be negatively charged at pH

5.6, 8.0, and 9.0. The experimental surface-force curves

are in good agreement with the curves calculated from

the theoretical model at separation distance >5 nm

(Figure 5). However, at shorter separations, the theore-

tical fitting curves deviated from the experimental

curves. The strong repulsive interactions recorded at

separations below 1�2 nm might be attributed to a non-

DLVO force known as the ‘hydration force’ which was

not taken into account in the theoretical model used in

the present study. Electrostatic interaction is usually

observed at separation distances of 5 to 30 nm. Long-

range repulsive forces were observed at all three pH

conditions (Figure 5). The magnitude of the repulsion

increased gradually with an increase in pH. The results

indicate that chlorite mica-like face is negatively

charged in this pH range and the IEP of the chlorite

mica-like face is <pH 5.6.

In contrast to the mica-like face of chlorite, attractive

interactions dominate the brucite-like face of chlorite at

all three pH values (5.6, 8.0, and 9.0), suggesting that it

is positively charged in this pH range and its IEP should

be >pH 9 (Figure 6).

INTERACTION FORCES AT CHLORITE EDGE

SURFACES

A representative AFM image of the chlorite edge

surface is shown in Figure 4b. The root-mean-square

surface roughness was determined to be 0.692 nm,

confirming that the ultramicrotome cutting technique is

capable of creating a ‘molecularly smooth’ flat surface

which can be used for AFM surface-force measurements.

The pattern of lines arises from the chlorite sheets

(Figure 4b). The distances between the lines were

measured as 80�130 nm. Compared to the distances
Figure 4. Typical AFM image of chlorite mica-like basal plane

surface (a) and edge surface (b).
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between repeating chlorite units, which is ~1.4 nm, the

results suggest that there are ~60 to 90 repeating units

between two lines.

The surface-force measurements were performed at

the well prepared chlorite edge surface using AFM.

Representative surface-force curves between the silicon

Figure 5. Interaction forces between a silicon nitride AFM tip and chlorite mica-like basal plane surface in 1 mM KCl at pH 5.6, 8.0,

and 9.0. The solid lines represent the theoretical DLVO fit. CT is the surface potential of the silicon nitride AFM tip and CS is the

surface potential of the chlorite mica-like surface.

Figure 6. Interaction forces between a silicon nitride AFM tip and chlorite brucite-like basal plane surface in 1 mM KCl at pH 5.6,

8.0, and 9.0. The solid lines represent the theoretical DLVO fit.CT is the surface potential of the silicon nitride AFM tip andCS is the

surface potential of the chlorite brucite-like surface.
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nitride AFM tip and chlorite edge surface were acquired

in 1 mM KCl with varying pH values (Figure 7).

The experimental data were fitted with the theoretical

DLVO model and good agreement was observed.

Though the DLVO model applies to a planar surface of

infinite extent with uniform point charges, few sub-

strates satisfy this condition. The fact that a nano-sized

probe was used, which was smaller than the width of

edges, should justify this approximation. This condition

is not perfect as the tip is slightly smaller than the width

of the edge but as a first approximation is acceptable. At

pH 5.6 and 8.0, attractive interaction forces were found

between the AFM tip and chlorite edge surface. When

the pH value of the electrolyte was increased to pH 9.0,

the interaction force became repulsive. As the silicon

nitride AFM tip is negatively charged at all three pH

conditions, these surface force results suggest that the

chlorite edge surface is pH dependent. The chlorite edge

surface is positively charged below pH 8.0 and

negatively charged above 9.0, indicating that the IEP

of the chlorite edge lies between pH 8.0 and pH 9.0.

Surface potential and surface-charge density

The magnitudes of surface-charge density and surface

potential of the chlorite mica-like surface and brucite-

like surface (Figure 8) were determined from fitting the

experimental force curves to the DLVO model. At pH

5.6, 8.0, and 9.0, the mica-like face of chlorite is

negatively charged, with the surface potential between

�45 mV and �50 mV and the surface charge density

between �5.8 mC/m2 and �6.6 mC/m2. The surface

potential of the chlorite mica-like face was noted to be

nearly constant over the pH range which confirms that

the pH-insensitive surface-charge density is attributed to

the presence of a permanent and fixed amount of

isomorphous substitution of Si4+ by Al3+ in the chlorite

mica-like face. The silica tetrahedral face, which has a

hexagonal ring structure, is known to be difficult to

protonate (Avena et al., 2003). The charge deficiency

caused by lattice substitution is, therefore, believed to

account for the permanent negative charge on this basal

plane. The results from characterization of the surface

charging of muscovite and talc basal planes using AFM

(Yan et al., 2011) are compared in Figure 8b. Similar to

the chlorite mica-like face, the basal planes for talc and

muscovite are also negatively charged and the surface

potentials are nearly constant. These results confirm the

pH-insensitive nature of the silica tetrahedral face for

phyllosilicate minerals. Note that the magnitude of the

surface potentials for the basal planes of these three

phyllosilicates are in a sequence of C(talc) < C(chlorite

mica-like) < C(muscovite), which may be due to the

different levels of isomorphous substitution. In a perfect

muscovite lattice, the isomorphous substitution should

be 25%. In contrast, talc has a much smaller amount of

isomorphous substitution (0.01�3.4%), which results in

a smaller surface potential (Deer et al., 1997). In the

case of chlorite, Al3+ could be present in both the mica-

like face and in the brucite-like face by isomorphous

substitution. Thus, the level of substitution in the mica-

Figure 7. Interaction forces between a silicon nitride AFM tip and chlorite edge surface in 1 mMKCl at pH 5.6, 8.0, and 9.0. The solid

lines represent the theoretical DLVO fit.CT is the surface potential of the silicon nitride AFM tip andCS is the surface potential of

the chlorite edge surface.
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like face is difficult to estimate. Moreover, from the

elemental composition analysis, note that other cations

including Fe2+, Cr2+, and Na+ are also involved in the

chlorite lattice. These cations will also affect the

magnitude of the surface potential.

The surface-charge densities and surface potentials of

the chlorite brucite-like face are also plotted in Figure 8.

At all three pH values, the brucite-like face of chlorite is

positively charged. The surface potentials are in a range

of 35 to 60 mV and the surface-charge densities are

between 4.5 and 7.5 mC/m2. A slight decrease in surface

potential with increasing pH was observed, suggesting

that the brucite-like face of chlorite is slightly pH-

dependent. This finding suggests that, compared with

mica-like basal planes, the brucite-like basal planes are

less resistant to hydrolysis, leading to pH-dependent

ionization of hydrolyzed surface magnesium ions. In

order to compare the surface charging behavior of

chlorite brucite-like face and brucite, the surface

potential of brucite particles from electrophoresis

Figure 8. Surface charge density (a) and surface potential (b) of the chlorite mica-like basal plane surface and brucite-like basal plane

surface as a function of pH. The error bars denote the standard deviation of multiple surface force measurements. The surface

potentials of chlorite basal planes (Solid symbols) are compared with the literature results (plot with open symbols) (Pokrovsky and

Schott, 2004; Yan et al., 2011).
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measurements reported by Pokrovsky and Schott (2004)

are also shown in Figure 8b. Below pH 11.0, the brucite

particles are positively charged, which is similar to the

chlorite brucite-like face. Nevertheless, as mentioned

previously, the Al3+ cations are also present in the

chlorite brucite-like sheet. Thus, the IEP of the chlorite

brucite-like face could be <pH 11.0.

The surface-charge density and surface potential of

the chlorite edge surface were measured in 1 mM KCl at

pH 5.6, 8.0, and 9.0 (Figure 9). At pH 5.6 and pH 8.0, the

surface potentials of the chlorite edge surface are

positive with magnitudes of 54 and 35 mV, respectively.

When increasing the pH value to pH 9.0, the surface

potential is reversed to negative and the surface potential

is �35 mV. These results suggest that the chlorite edge

surface is strongly pH-dependent and the IEP is

estimated to be ~pH 8.5.

The surface potentials of the chlorite edge surface are

compared with the surface potential values of muscovite

and talc edge surfaces from the literature (Yan et al.,

Figure 9. Surface charge density (a) and surface potential (b) of the chlorite edge surface as a function of pH. The error bars denote

the standard deviation of multiple surface force measurements. The experimental results (plot with solid circle) are compared with

the surface potentials of talc and muscovite edge surfaces from the literature (plot with open circle and open square) (Yan et al.,

2011).
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2011) (Figure 9b). Note that the IEP of the chlorite edge

surface (~pH 8.5) is greater than the IEP of muscovite

edge surface (~pH 7.5) and close to the IEP of talc edge

surface (~pH 8.1). The charges at the edge surface of

phyllosilicates arise mainly from the protonation and

deprotonation reactions of the broken bonds of the

surface groups. The general reaction formula is given as:

Ax + H+ = AHx+1

where Ax represents a functional group with a charge of x

and AHx+1 is the protonated form. Based on a Multi-Site

Complexation model (MUSIC), the proton affinity of

different surface groups at both basal and edge surfaces

of phyllosilicates were studied (Nagashima and Blum,

1999; Avena et al., 2003). The intrinsic protonation

constants, KH, of surface functional groups were

calculated to describe the proton affinity (Table 1).

Those authors found that the protonation constant for the

siloxane group is very small (log KH ~ �6.9), suggesting
that the siloxane structure is difficult to protonate. On

the contrary, the surface functional groups at edge

surfaces are much more reactive and can be protonated

in the normal pH range. The groups of Mg-OH2/3� and

Al-OH1/2� were found to be the dominant charging

groups at phyllosilicate edge surfaces and can be

protonated and become positively charged through the

following reactions:

MgOH� �̃̄ + H+ = MgOH2
+ �̂̄

AlOH�� + H+ = AlOH2
+�

The fact that the protonation constant for Mg-OH �̃̄ �

is greater than for Al-OH�� (Table 1) indicates that

Mg-OH �̃̄ � is easier to protonate (Avena et al., 2003;

Tournassat et al., 2004) and also explains why brucite

has a larger IEP than gibbsite. As the edge surfaces of

muscovite and talc contain the Al-OH�� groups and

Mg-OH �̃̄ � groups, respectively, the talc edge surface

should have a larger IEP than the muscovite edge

surface. This theoretical analysis has been confirmed by

the experimental AFM results from the literature (Yan et

al., 2011).

In the case of the chlorite edge surface, Mg-OH �̃̄ � is

the main charging functional group, although a small

amount of Al-OH1/2� is present in the brucite-like sheet.

Theoretically, the ratio of Mg to Al in the chlorite

octahedral sheet (both mica-like layer and brucite-like

sheet) is 5:1. Instead of interlayer cations, chlorite has an

additional brucite-like sheet between two mica-like

layers, leading to a larger amount of Mg-OH �̃̄ �. Based

on the crystal structure information, the ratio of the

amount of Mg-OH �̃̄ � in talc to that in chlorite is 3:4.

Therefore, the chlorite edge surface is expected to be

more positively charged at a given pH.

Chlorite can float with both cationic collectors (alkyl

amines, alkyl ether amines, and quaternary ammonium

salts) and anionic collectors (alkyl phosphonic acids,

oleic acids, and xanthate) (Silvester et al., 2011).

Although the results from electrophoresis measurement

cannot fully explain these flotation results, the establish-

ment of the anisotropic surface charging of chlorite may

help to explain the observed flotation results. In a study

on the flotation of chlorite as a single mineral system,

chlorite was found to be floated using lauryl amine with

the greatest extent of recovery (~50%) at between pH 7

and pH 9 (Zheng et al., 2009). Chlorite can also be

floated using oleic acid. The recovery of chlorite at pH 8

with oleic acid is similar to that for lauryl amine (~50%),

suggesting that both the cationic collector and anionic

collector can adsorb at the chlorite surface at pH 8.

According to the results of this study, the chlorite mica-

like basal plane surface is negatively charged at pH 8,

whereas the brucite-like basal surface and the edge

surface are positively charged. Therefore, under these

conditions the adsorption of the lauryl amine could occur

at the mica-like surface and the oleic acid could adsorb

at the brucite-like basal plane surface and at the edge

surface, leading to flotation by either cationic or anionic

surfactants (collectors), as observed experimentally.

Clearly, the fundamental information on anisotropic

surface-charge characteristics of chlorite derived from

this study will permit design of more effective flotation

reagent systems for chlorite-containing mineral systems.

Table 1. The protonation constants (log KH) of the surface groups in phyllosilicates (Yan et al., 2011;
Avena et al., 2003; Tournassat et al., 2004).

Surface group Location Log KH
int

Al2–OH Basal surface �1.5
Al2–O

1� Basal surface 12.3
Si2-O Basal surface �16.9
SiAl–Ox Edge surface �16.9 to 12.3
Si–OH Edge surface �1.9
Si–O1� Edge surface 11.9
Al–OH1/2� Edge surface 7.9 to 9.9
Mg–OH �̃̄� Edge surface 10.0
Si–O–Al–OH Edge surface 7.2 to 7.7
Si–O–Mg–OH Edge surface 9.8
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SUMMARY

The surface-charge properties of chlorite, which is a

mixed-layer phyllosilicate, were characterized by mea-

suring the surface forces between a silicon nitride tip and

the chlorite surfaces using AFM. The mica-like face and

brucite-like face of chlorite were prepared by splitting a

chlorite crystal along its natural cleavage plane (001).

Moreover, the chlorite edge surface was created using

the ultramicrotome cutting technique. Both the basal-

plane surface and the edge surface have a surface

roughness of <1 nm, which should satisfy the require-

ment for AFM surface-force measurements.

The surface-force measurements were conducted in

1 mM KCl at pH 5.6, 8.0, and 9.0. The measured surface

forces were fitted with the theoretical DLVO model. The

surface potential and surface-charge density for chlorite

basal-plane surfaces and edge surfaces were then

determined from the fitting curve. A significant differ-

ence in charging behavior was observed for the chlorite

mica-like face and the brucite-like face. At all three pH

conditions, the chlorite mica-like face was negatively

charged with the IEP <pH 5.6. In contrast, the chlorite

brucite-like face is positively charged in this pH range

and the IEP was >pH 9.0.

Surface charging of the chlorite edge surface was also

examined. The transition from positive charge to

negative charge was observed between pH 8.0 and pH

9.0. From the curve fitting, the IEP of the chlorite edge

surface was estimated to be pH 8.5. This value was

slightly greater than the IEP for muscovite and close to

the IEP of talc-edge surfaces, which may be due to the

greater number of magnesium hydroxide groups at the

chlorite edge. Note that the term chlorite represents a

group of minerals and contains many types of minerals

which have the same structure but different chemical

compositions. Therefore, different surface characteris-

tics for different types of chlorite minerals can be

expected and the values of the surface-charge density

and surface potential obtained here may not be applic-

able to all of the minerals in the chlorite group.

The anisotropic surface characteristics of chlorite were

also demonstrated. The surface-charging behavior of the

chlorite basal plane surfaces and the edge surface was

established as a function of pH. The results from the

present research further established a better understanding

of the charging behavior for phyllosilicates. The results

are expected to provide a fundamental foundation for

solving flotation issues, including collector adsorption,

slime coating, and particle interactions.
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