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ABSTRACT

There is a lack of information concerning solid-phase Cr held in soils and

sediments. This study was conducted to determine the structure and stability of

hydroxy-Cr interlayers in montmorillonite, an abundant mineral in many soils and

sediments. The hydroxy interlayers were prepared by adding varying amounts of

CrCl, and AlCl, to separate montmorillonite suspensions. Each suspension was titrated

with 0.1NNaOH to give a NaOH/M3* molar ratio of 2.5 and,then aged for 30 days.

X-ray photoelectron spectroscopic analysis of the solid-phase reaction products

showed that all Cr which was detected was present as Cr(III). Montmorillonite was

an effective sorbent for hydroxy-Cr species up to 1200 cmol(+)/kg. Above that

concentration, sorption continued, though less efficiently. However, Nr-BET specific

surfaces and cation exchange capacity measurements indicated that the montmorillonite

could sorb significantly more than 1200 cmol(+)/kg. There was virnrally no

exchangeable Cr in any of the pure Cr clays, suggesting that this element was

covalently bonded to the siloxane surface. Both infrared and nuclear magnetic

resonance spectroscopy provided evidence in support of the inner-sphere complexation

of Cr. Differential thermal analysis and thermogravimetric tracings showed that the

rapid collapse of the pure Cr interlayers upon heating was due to a low-temperature

loss of hydroxyls. Electron microscopy revealed that large amounts of sorbed

hydrolyzed Cr induced the formation of montmorillonite microclusters. Due to

xl



limitations in the instrumentation employed, however, it was not possible to identify

all interlayer structures in the pure Cr clay.

As revealed by x-ray diffraction analysis, coprecipitated Al induced the

formation of gibbsite-like polymers in each Cr clay. Data from cation exchanges, as

well as from infrared and nuclear magnetic resonance spectroscopy, indicate that both

Al and Cr were present within the same polymer. The presence of Cr reduced the

exchangeability of the interlayers while Al increased the thermal stability.

In the presence of dilute NaOCl, the sorbed Cr(IIf was oxidized rapidly. As

the amount of Cr held by the pure Cr clays increased, the time required for complete

interlayer dissolution decreased. Aluminum in the Al-Cr interlayers greatly decreased,

but did not stop, the Cr(III) oxidation rate by forming a semi-permeable barrier

around the Al-Cr polymers. The slow but sustained oxidation of Cr(III) from the Al-

Cr clays was due to diffusion of Cr through the polymers. Despite modest protection

offered by the Al, all sorbed Cr(III) was shown to be highly vulnerable to attack by

powerful aqueous oxidants such as NaOCI.

Montmorillonite was shown to sorb large amounts of hydrolyzed Cr. The Cr

was held strongly through covalent bonds with the siloxane surface and could not be

displaced with simple cation exchange reactions. Under strongly oxidizing conditions,

however, the sorbed Cr(III) was readily oxidized to the toxic Cr(VI) oxyanion.

Therefore, although generally secure within the interlayers of montmorillonite, Cr

presents a threat to ecosystem health when exposed to powerful aqueous oxidants.
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1. INTRODUCTION

In recent years there has been a rapid accumulation of metals at the earth,s

surface due to the disposal of municipal and industrial wastes in landf1ll sites, as well

as the application of sewage sludge to land (Iæster LIST).Met¿ls are also being added

to soils and sediments either directly through agricultural practices or indirectly

through atmospheric deposition of industrial pollutants and automobile emissions. The

ultimate fate of these metals is of great concern due to their persistence and potential

toxicity.

Chromium is among those metals which have caused the greatest concern,

principally for two reasons. First, the human health risks posed by exposure to Cr(VI)

are significant and have been well-founded in recent studies (Paustenbach et al. 1991;

Sheehan et al. 199I). Second, Cr continues to be used widely in industry. Chromium

is used mainly in the production of stainless steel and in electroplating. In addition,

Cr is utilized in the tanning of leathers as well as the production of pigments, wood

preservatives, and various oxidants (Hamilton and Wetterhahn 1988). In total, 106 to

107 tons of Cr are consumed globally each year. Thus, the potential anthropogenic

input of Cr to the environment is high.

In the past, understanding the partitioning of Cr between the solid and liquid

phases in soils and sediments was considered sufficient to evaluate the threat posed

by this metal. Generally, solid-phase Cr was believed to occur simply as poorly-
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soluble hydroxy polymers sorbed to colloids (Cary et al. L977; Grove and Ellis 19g0;

James and Bartlett 1983). Only that Cr in solution was considered a threat to

ecosystem health. As a consequence, all solid-phase Cr was considered equally non-

toxic, despite a poor understanding of its various forms. The lack of information

concerning the nature of solid-phase Cr prevented the development of a more

comprehensive understanding of Cr behavior in soils and sediments. Only recently

have efforts been directed toward elucidating the nature of this solid-phase component.

Specifically, work has focussed on the sorption of Cr by Fe oxides (Charlet and

Manceau 1992), Mn oxides (Manceau and Charlet lgg2), and silica (Fendorf et al.

1994; Fendorf and Sparks Lgg4). Although these studies have provided significant new

insights, there has not yet been any detailed work concerning the nature of hydroxy-Cr

polymers sorbed to expandable layer silicates, which are major components of many

soils and sediments.

Given the lack of information related to Cr held by expandable layer silicates,

an investigation into the properties of hydroxy-Cr interlayers in these clays is well-

justified. Montmorillonite is chosen as the parent clay due to its abundance in many

soils and sediments as well as the ease with which it is intercalated. This investigation

has two principal goals. The first objective is to determine the form of the sorbed

hydroxy-Cr polymers. This goal encompasses both the gross structure of the hydroxy

polymers as well as the mode of Cr complexation. The second aim is to determine the

stability of the interlayered hydroxy-Cr polymers. More specifically, this entails
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determining the exchangeability, thermal stability, and resistance to oxidative

dissolution of the sorbed hydroxy-Cr polymers. In order to more closely mimic those

interlayer materials which are likely to form in natural systems, hydroxy-cr

interlayers of several clay samples will be formed in the presence of Al. It is

anticipated that all investigations will contribute to the fundamental understanding of

Cr behavior in soils and sediments.
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2. BACKGROTIND

2.1 structure and properties of expandable layer sÍlicates

The basic structure of layer silicates has been presented elsewhere (Brindley

and Brown 1980; Bailey 1988; Dixon and Weed 1989). Expandable layer silicares,

that is those of the smectite and vermiculite groups, are character'ved by a positive

charge deficit arising from isomorphous substitution in the octahedral and/or

tetrahedral sheets. Smectites are defined as those expandable layer silicates which have

a charge deficit ranging from 0.5 ro 1.2 per unit cell (Bailey 19s0). In

montmorillonite, which dominates the smectite group, the majority of this charge

originates from the octahedral sheet. The need for electroneutrality results in the

complexation of cations on the montmorillonite surface. The nature and concentration

of these sorbed cations, as well as their mode of complexation, determine the distance

between the individual 2:1 layers. The complexation of a simple hydroxy-metal

polymer on montmorillonite is shown schematically in Figure 2.1. V/ith specific

surfaces that may exceed 800 m2lg (van Olphen and Fripiat 1,979) and interlayer

distances as large as 30 Ä (Rausell-Colom and Serratosa 1987), montmorillonite

possesses a high capacity to sorb large amounts of counter-cations of diverse

morphologies.

Functional groups in clay minerals may be defined as chemically reactive

molecular units which are located at the particle margin (Sposito IgB4). phyllosilicates
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Figure 2.1. Ball and stick representation of a2:llayer with a hydroxide interlayer
(From Sposito 1984).

possess two principal kinds of functional groups. The first type consists of the va¡ious

hydroxyl groups at the edges of the octahedral and tetrahedral sheets. Of greater

importance in studies concerning the intercalation of hydroxy-metal polymers are the

functional groups on the basal surface of the tetrahedral sheets. The basai oxygen

atoms of the silicon tetrahedra collectively comprise the siloxane surface. As a result

of rotation of the silicon tetrahedra to fit the octahedral sheet, the siloxane oxygen

atoms lie in two distinct planes which are separated by a distance of 0.2 Å. When

viewed along the c-axis the siloxane oxygen appeff to form hexagonal cavities but,

because the oxygen atoms lie in two separate planes, the cavities are more accurately

described as ditrigonal (Figure 2.2). rn the absence of a positive charge deficit in the



Figure 2.2.The siioxane ditrigonal cavity in a tetrahedral sheet of a layer silicate as
viewed along the c-axis (From Sposito t-ea+¡.

2:r layer, the ditrigonar cavities serve only as very soft Lewis bases. with

isomorphous substitution, however, the ditrigonal cavities become increasingly

stronger Iæwis bases. The I-ewis base character of the ditrigonal ."iiti", i,
determined not only by the magnitude of the layer charge, but also by its location. If
substitution occurs at a single site in the octahedral sheet, the resulting negative charge

will be distributed mainly over l0 siloxane oxygen atoms (Sposito 1984). However,

if the substitution occurs in the tetrahedral sheet, the excess negative charge will be

distributed over only three oxygen atoms. Therefore, for an equivalent amount of

substitution, charge originating from the tetrahedral sheet imparts a much greater



Lewis base character to the siloxane oxygen.

2.2 ßormation of hydroxy-metal polymers

2. 2. I Cation hydrolysis

Cation hydrolysis is an important process in soils. The hydrolysis of metal

cations, leading to their precipitation as hydroxides, decreases their solubility and,

consequently, their bioavailability. Depending on the element, this may be deleterious

or beneficial. Hydroxy polymers of metals, particularly Al and Fe, also play an

important role in enhancing soil clay aggregation (El Swaify and Emerson 1975).

The ionic potential (IP) of a cation, defined as the cation's valence to radius

ratio, may be used to identify those cations which hydrolyze extensively at pH 7. If

the IP is 30 to 95 nm-1, a cation is able to repel protons from a solvating water

molecule strongly enough to form a hydrolytic species, but not so strongly that an

oxyanion forms (Sposito 1994). The IP values of Al3* and Cr(IIf are 56 and 48 nm-l,

respectively, well within the range of hydrolyzing cations. Clearly, hydrolytic species

of these two metals will be abundant at pH values normally encountered in soil.

The hydrolysis of AI3* has been studied extensively (Hsu 1989). Hydrolysis

begins with the loss of a proton from the hexaaqua Al complex and proceeds stepwise

with the loss of additional protons:

AI(H2O)63* + HrO ?r AI(OHXH2O)52+ + HrO* (1)



Al(oHXHrO)rr*

Al(oH)2(HrO)o*

At(oH)2@ro)4+ + HrO*

At(oH)3(H2o)30 + HrO*

(2)

(3)

HrO

Hto

The pK values for the fhst, second, and third hydrolysis reactions of Al3* have been

determined to be 5, 10, and 17, respectively (Nordstrom and May 19g9). The

hydrolysis of Cr(III) can likewise be described with a series of equilibrium reactions.

The corresponding hydrolysis constants for Cr(III), while not known as precisely as

those for Al3*, are comparable (Baes and Mesmer L976: Rai et al. 19g7).

The kinetics of mononuclear hydrolysis are rapid for both Al3+ and Cr(III).

The specific rate constant for the loss of a proton from Al(H rO)ut* was determined

to be 1.1 x 105 s-l (Fong and Grunwald 1969) while rhar for cr(þo)u3* was found to

be 1.4 x 10s s-l (Rich etal. 1969). With respect to the thermodynamics and kinetics

of hydrolysis, therefore, Al3* and Cr(IIf behave similarly.

2. 2. 2 Cation polymerization

The rates of formation of polynuclear complexes of Al3+ and Cr(III) are

significantly different. Polymers of Al form much more rapidly than those of Cr. The

fundamental reason for this difference lies in the different rates of ligand substitution

for these two metals. As shown in Figure 2.3, the exchange of coordinated water

molecules with bulk water in a hexaaqua AI3* complex is several orders of magnitude

faster than the exchange in a Cr(III) complex. Similar exchanges are required for
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Figure 2.3. Typical lifetimes for the exchange of
complexes (From Shriver et al. 1990).

water molecules in hexaaqua

polymerization to occur. For example, during the dimerization process, each

hydrolyzed cation must shed a single water molecule. The bound hydroxyls can then

serve as bridging ligands. Because a water molecule is displaced, however, the

hydrolyzed cation must temporarily adopt five-fold coordination. For metals with d3

configuration, such as Cr(IIf , the energy required in going from octahedral to trigonal

bipyramidal geometry is prohibitively high. This high energy barrier can be explained

in terms of ligand field theory. In an octahedral field, the three d electrons of Cr(IIf

are in their ground state configuration (Figure 2.4). That is, all three electrons are

unpaired and in the lower energy tr, orbitals. Deviation from octahedral geometry

forces electrons to be either spin-paired or promoted to higher energy orbitals.
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Figure 2.4. Orbital energy level diagram showing the ground state electron
conf,rguration of a d3 octahedral complex.

Because both the ligand field splitting energy, ao, and the pairing energy are high,

the formation of a trigonal bipyramidal intermediate is highly unfavored. The end

result of the slow ligand displacement a¡ound Cr(III) is that its polymerization is

extremely slow. Unless the hydroxy-Cr polymers a¡e allowed to age for months or

years, they will remain small and poorly ordered.

2.3 Characteristics of hydroxy-interlayer materials

Hydroxy interlayers of many metals have been prepared in the laboratory or

observed in natural environments. Specifically, hydroxy interlayers of Al fKeren
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1980; Barnhisel and Berrsch 1989), Bi (yamanaka et al. l9g0), cr @rindley and

Yamanaka 1979; carr 1985), cu @assett 1958), Fe (Herrera and peech 1970), Mg

@rindley and Kao 1980), Ni (Yamanaka and Brindley 1978; Ghesquiere et al. LgB2),

Si (Sterte and Shabtai L987; Lou and Huang 1988), and Zr (yamanaka and Brindley

1979) have been reported. Of all the hydroxy polymers which have been studied,

those of Al have received the most attention. The diverse and exhaustive studies of

hydroxy-Al interlayers have been justif,red by the abundance and potential toxicity of

Al, and have been made feasible by the ease with which these interlayers form.

The basic building block of the most widely accepted structure for hydroxy-Al

interlayers is the hexamer, [Al6(oH),2(H2o)r2]6* @igure 2.5)(Hsu and Bates ß6/l).

Figure 2.5. Illustration of
lAl6(OH) r2(H2O)r216 

* (From
the ring structure formed by the
Schutz et al. 1987).

aluminum hexamer,
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Intercalation of layer silicates with these hexameric units yields a basal spacing of

approximately 14 Ä, similar to that of chlorite. Growth of the polymer is believed to

be initiated by deprotonation of the edge-group water molecules. The polynuclear units

can then coalesce as hydroxide bridges are formed. The growth of the hydroxy-Al

polymers is depicted in Figure 2.6.It is clear from this sequence that as the polymers

enlarge, the OH/AI ratio increases and the average charge per Al decreases.

Several workers have observed d(001) spacings of 18 to 19 A for smectites

intercalated with hydroxy-Al species (Brindley and Sempels 1977; Lahav and Shani

L978). Basal spacings of approximately 19 A would arise if two hexameric Al

polymers were stacked along the c-axis within the interlayer space. Alternatively, the

hydroxy-Al species may be of the form depicted in Figure 2.7. This hydroxy polymer

consists of a central tetrahedrally coordinated Al surrounded by four groups of three

Al octahedra. The most commonly reported composition for this "Al,r" polynuclear

species is [AlOoAl12(OH)24(HrO)rrf'* (Bertsch 1989). Intercalation of smectite with

these Al,, polymers would also produce the observed 19 A spacing. In fact, solid state

27Al and 2esi NMR studies have identified Al,, as the interlayer component of several

clays (Plee et al. 1985; Schurz er al. 1987).

Hydroxy-Cr interlayers are not nearly as well understood as those of Al. The

earliest investigations attempted to simpty determine the molecular weight of the

sorbed hydroxy-Cr polymers (Rengasamy and Oades t978).In all cases, the hydroxy-

Cr polymers were considerably smaller than their Al counterparts. Later, efforts were
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Figure 2.6. Depiction of aluminum polymerization as individual hexamers coalesce (From Bertsch 1989).

(,
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Figure 2.7. Representation of the [Alo4Alr2(oH)24(H2o),r]t* polynuclear species
showing the central tetrahedrally coordinated Al surrounded by four sets of three Al
octahedra (From Baes and Mesmer 1976).

directed at determining the composition of theinterlayered polymeric species (Brindley

and Yamanal<a 1979; Can 1985). These workers found that the interlayer material had

(OH+H2O)/Cr molar ratios which were consistent with the polymers ranging in size

from dimers to hexamers. The d(001) reflections of the interlayered montmorillonite

ranged from 15 to 17 Ä, considerably larger than for a chlorite. These reflections

were also broad, indicating that the basal spacings were variable. The intercalation of

montmorillonite with hydroxy-Cr oligomers of known size and structure yielded sharp

basal reflections @rljaca et al. 1992). After calculating the gallery height of the

interlayered clay, these workers were then able to propose probable orientations for
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the various oligomers. Because the calculated gallery heights of several of the clays

were somewhat smaller than expected, the authors proposed that the oligomers were

sorbed covalently to the montmorillonite. The formation of a covalent bond requires

coordinated water to be released, thus reducing the effective size of the oligomers and

also decreasing the gallery height.

There are significant differences in the nature of hydroxy interlayers formed

in natural environments and those prepared in the laboratory. The most common basal

spacing of all interlayered clays is approximately 1,4 Ã. However, laboratory-

synthesized clays can display basal spacings which deviate significantly from this

value (Barnhisel and Bertsch 1989). The wide range of basal spacings in the

laboratory-prepared clays reflects the diverse structures of the interlayer components,

which may include the Al,, molecule. The conditions of formation may also govern

the distribution of hydroxy polymers within the interlayer space. Two main

arrangements have been proposed: (1) a uniform distribution and, (2) an "atoll"

arrangement (Figure 2.8)(Dixon and Jackson 1962). A uniform distribution of

polymers within the interlayer would provide greater support than an atoll

arrangement against collapse upon heating. As revealed in Figure 2.8, a uniform

distribution would also allow freer access to the exchange sites within the interior of

the interlayer space. Given these differences, therefore, one must be cautious when

assigning the properties of laboratory-prepared interlayers to those formed in natural

environments.
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Figure 2' 8. Illustration showing the distribution 
.of hydroxy polymers in the interlayer

fPacg of 2:T layer silicates: (a) uniform distribution; 
-Cb) 

an "ãtoíI" arrangement (From
Barnhisel and Bertsch l9B9).
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3. soRPTrvE cApaclTy oF MONTMORTLLONTTE FoR HyDRoXy-cr
POLYI\'IERS AND TIIE MODE oF cr coMpLExATIoN

3.1 Introduction

Expandable layer silicates have been proposed as sorbents for both organic and

inorganic contaminants. In their native state, clays hold hydrated inorganic cations

which give the clay surface a hydrophilic character. In this condition, the clays are

ineffective sorbents for poorly water soluble organic cont¿minants. The native

inorganic cations on the exchange sites must first be replaced with organic cations to

form organo-clays that, unlike native clay, are effective sorbents for organic

contaminants (Boyd et al. 1988; Jaynes and Boyd lggD,

Effective adsorption of inorganic cations, on the other hand, does not require

any modification of the clay; the cations readily sorb to the unaltered colloid surfaces.

The adsorption of various heavy metals by smectites has received considerable

attention in the past. The adsorption of Cd (Egozy 1980; Inskeep and Baham 19g3;

van Bladel et al. 1993), co (Egozy l9g0), cr (Rengasamy and oades r97g; Brindley

and Yamanaka L979 Carr 1985; Dubbin et al. 1994), Cu (Inskeep and Baham 19g3),

Hg (Blatter L973), Pb (Griffin and Au 1977), andZn(Asher and Bar-yosef 19g2; van

Bladel et al. 1993) are among those metals that have received the most attention. Most

of the above-mentioned work, however, has focussed only on equilibrium studies or

adsorption mechanisms. There has been relatively little effort to determine the sorptive

capacity of smectites for these metals. Such studies are essential if one is to accurately
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assess the potential role of smectites in the remediation of contaminated environments.

Among the aforementioned metals, Cr is of particular interest for several

reasons. First, Cr is known to be toxic even at low concentrations when present as

Cr(VI)' Second, Cr-rich effluents are released from many industries world-wide

(Iæster 1987). Also, because much of the positive charge from Cr is eliminated in

hydroxy polymers, the sorptive capacity of smectites is greater for Cr than for metals

which do not hydrolyze or do not hydrolyze as extensively as Cr. Finally, previous

work indicated that Cr may be strongly sorbed by montmorillonite (Drljaca et al.

1'992). These reasons suggest that the removal of Cr from polluted environments may

be particularly effective via sorption by smectites.

The effectiveness of smectites in ameliorating environments polluted with Cr

depends on both the sorptive capacity of the clay for Cr as well as the strength of Cr

complexation. The author is not aware of any reports in the literature concerning the

sorptive capacity of montmorillonite for hydrolyzed. Cr species. Neither is there

conclusive evidence concerning the mode of Cr complexation. Although some workers

have proposed that Cr forms inner-sphere complexes with the basal siloxane oxygen

(Drljaca et al. L992), others were unsure of its mode of complexation (Cheslock-

Fitzgerald 1990). It must be concluded, therefore, that the mode of Cr complexation

remains uncertain. In view of this lack of information concerning the adsorption of

Cr by smectites, this study was conducted with two goals in mind. The primary goal

was to determine the mode of Cr complexation. An additional goal was to determine
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the sorptive capacity of montmorillonite for hydroxy-Cr polymers. Information

obtained from these investigations would assist in the evaluation of smectites as

possible ameliorants in Cr contaminated environments.

3.2 Materials and Methods

3.2.1 Clay synthesis

The monrmorillonite (sv/y-l, crook counry, wyoming) was obtained from

the Source Clays Repository of The Clay Minerals Society. prior to fractionation, the

clay was Na-saturated by washing five times with 1 N Nacl then washed free of cl-

as determined by the AgNo, test. Five grams of the 12 pmfraction were suspended

n2 L of deionized water. Preweighed amounts of CrCl, were added to separate clay

suspensions to give seven cr(II! concentrations (200, 300, 400, 600,1200,1g00, and

2400 cmol(+)/kg clay). The seven clay-cation suspensions were stirred vigorously and

titrated at 1 ml/min with 0.1 ¡/ NaoH unril a final NaoH/cf * molar ratio of 2.5

was reached. An eighth clay suspension containing 5 g of the 12 ¡rmfraction, which

did not have any Cr or NaoH added, served as the control. After all eight suspensions

were brought to final volumes of 3 L the initial pH was determined and then they

were transferred to capped bottles. The suspensions were aged at 23 + 0.5"C for 30

days and were agitated daily. After aging, the final pH was measured. Each

suspension was then separated into its filtrate and solid phase by ultrafiltration through

a Millipore filter of 0.025 pm pore size. The solid phase of each sample was washed
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free of Cl- as derermined by the AgNO, test.

3.2.2 Analysís of solíd phase reactíon products

Cation exchange capacity (CEC) of each whole solid phase reaction product

was determined by first saturating the clay with Ca using I i/ CaCl, and then

displacing the ca with Mg using I r/ Mgcl, (Rich Lg61). The dispraced ca was

measured by atomic absorption spectroscopy (AAS). Exchangeable Cr was determined

by washing 100 mg clay subsamples five times (9 mL each) wirh 1 ¡/ KCl. separate

100 mg subsamples were washed using 1 .À/ CaClr. Chromium in the extracts was

determined by AAS. Specific surfaces of the clays were determined by two methods:

(1) adsorption of ethylene glycol monoethyl ether (EGME) as described by Carrer et

al' (1986) and (2) from Nr-BET sorption data obt¿ined using an Autosorb-l surface

area analysér (Quantachrome Corporation). X-ray powder diffraction (XRD) analyses

of oriented specimens were carried out with a Philips PW 1710 diffractometer using

Cu Kc radiation. For infrared (IR) analysis, KBr wafers were prepared (I.5% w/w)

and scanned from 1400 to 600 cm-l in a Perkin Elmer 881 spectrometer. The spectra

were digitally modified to enhance the si-o vibrational region.
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3.3 Results

3. 3. 1 Chemical analyses

The control clay suspension had an initial pH of 7.29 (Table 3.1). There was

no significant change in this pH value during the aging period. The initial pH values

of the Cr-clay suspensions were different for each suspension, despite a constant

NaOH/Cf * ratio for each. Generally, the initial pH of the suspension was inversely

related to the amount of added Cr. As the amount of added Cr increased, the pH

decreased. This same trend between added Cr and pH was also observed for the final

pH values. These trends can be explained in terms of the hydroxy-Cr oligomer

concentrations. Because the volumes of all suspensions were equal, samples treated

with greater amounts of Cr contained greater concentrations of the hydroxy-Cr

oligomers. At higher concentrations, the hydroxy-Cr oligomers would collide more

frequently with each other. The greater number of collisions increased the probability

that two oligomers would collide with the proper orientation for polymerization to

occur. Therefore, a decrease in pH with increasing Cr content can be explained by

more extensive hydrolytic polymerization of the Cr.

The pH values of all Cr-clay suspensions decreased not only with increasing

Cr content, but also during the aging period. This indicates ttrat hydrolytic

polymerization occurred during the 30 days. Clays treated with 200, 300, 400, and

600 cmol(*)/kg clay displayed pH reductions of approximately one-half of a pH unit.

Clay suspensions treated with 1200, 1800, and2400cmol(+)/kg clay, however, had



Table 3. 1. Selected properties

Supernatant Cr

conc.(cmol(+)/kg)

Initial Final

0 (Control)

200

300

400

600

1200

1800

2400

of the eight pure Cr clays.

0

0

0

0

4

197

736

11s1

Initial

pH

7.29

8.53

7.97

7.86

6.41

5.72

5.68

5.69

Final

7.34

7.91

7.34

7.23

5.97

4.20

4.t2

4.40

apH

0.05

0.62

0.63

0.63

0.44

1.52

1.56

t.29

CEC

Exchangeable Cr

lN KCI lN CaCl,

95.1

53.0

45.8

36.8

38.7

15.5

16.3

t4.1

---cmol(+)/kg

0

0

0

0

0

1

1

1

Specific Surface

EGME N2-BET

0

0

0

0

0

I

I

1

______m2lg

795

747

731

710

668

617

528

594

JJ

44

62

85

91

122

111

103

t..)
t\)
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pH reductions of about one and one-half pH units. This greater decrease in pH for

clays treated with larger amounts of Cr further emphasizes the importance of Cr

concentration in determining the extent of cr polymerization.

The amount of Cr sorbed increased with the amount added (Table 3.1). At

the end of the aging period there was no Cr detected in the supernatant of clays

treated with 200, 300, or 400 cmol(*)/kg clay. There were only minor amounts of

Cr present in the supernatant of the clay treated with 600 cmol(+)/kg clay. At Cr

concentrations greater than 600 cmol(+)/kg clay, however, large amounts of cr

remained in solution even after 30 days. Although amounts of sorbed Cr continued to

increase with added Cr, the effectiveness of montmorillonite as a sorbent for hydroxy-

Cr polymers decreased markedly at Cr concentrations greater than 1200 cmol(+)/kg

clay. Of the 2400 cmol(+)/kg clay added to the most Cr-rich suspension,

approximately one-half of the Cr remained in the supernatant at the end of the aging

period.

The control clay had a cEC of 95.1 cmol(+)/kg (Table 3.1). Ail clays

treated with Cr displayed reductions in CEC, indicating that the sorbed hydroxy

polymers were largely nonexchangeable. Generally, the clays that sorbed the greatest

amount of Cr had the greatest reductions in CEC. However, clays treated with 1200,

1800, and 2400 cmol(+)/kg retained substantial CEC, despite an abundance of Cr in

the supernatant. This observation may be explained by considering the distribution of

polymers within the interlayer space. The initial polymers to be sorbed within the
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interlayer region were likely distributed in such a way that the resulting pore geometry

restricted the entry of larger polymers remaining in solution. V/ith such an

arrangement, only Ca and Mg would be sufficiently small to navigate the porous

structure of the interlayer region and access the remote exchange sites within the

interior. Therefore, despite an abundance of hydroxy polymers in solution, a

significant portion of the clay's surface remained free to participate in cation

exchange. An alternate explanation for residual CEC in the 1200, 1800, and 2400

clays is that the smallest hydroxy polymers were displaced by Ca during CEC

determination, thereby liberating exchange sites that subsequently participated in

cation exchange.

Neither K nor Ca displaced any Cr from clays treated with the four lowest

amounts of Cr (Table 3.1). Only trace amounts of Cr were displaced from clays

treated with 1200, 1800, and 2400 cmol(+)/kg. The difficulry in displacing Cr

indicates that this element was strongly sorbed by the montmorillonite. Because Cr

was so strongly sorbed, the first explanation for the residual CEC of the 1200, 1800,

and 2400 clays given above is likely correct. The alternate explanation, that the

smallest polymers were displaced during CEC determination, thereby liberating

exchange sites, must be wrong.

3.3.2 Specffic surfaces

The specific surface of the control, as determined by the EGME technique,
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was 795 m2lg (Table 3.1). All clays treated with Cr displayed reductions in this

specific surface, indicating that the interlayer region was partially occupied by

hydroxy polymers. Generally, as the amount of sorbed Cr increased, the EGME-

determined specific surface decreased. However, the clay treated with Z4O0

cmol(+)/kg showed an increase in specific surface although it sorbed the largest

amount of Cr.

The N2-BET method showed the control to have a specific surface of 33

m'lg.In contrast to the EGME technique, which measures both internal and external

surfaces, the N2-BET method measures only the external surface area. Consequently,

the Nt-BET specific surfaces are smaller than the EGME-determined surfaces. The

N2-BET specific surface increased with increases in sorbed Cr because the interlayered

hydroxy polymers created a porous framework for the N, molecules to penetrate. The

diameter of these pores must be larger than the N, molecule, which is known to be

about 0. 3 15 nm (Weast 197 6) . Because the N'-BET specific surface increased steadily

to a maximum of 122 m2lg for the 1200 clay, the interlayer pore space must also have

increased steadily. The decrease in N'-BET specific surface at Cr concentrations

greater than 1200 cmol(+)/kg indicates that the amount of pore space decreased as

more hydroxy polymers were sorbed.

3.3.3 X-roy powder dffiaction

X-ray diffraction analyses showed all Cr clays to have basal spacings greater
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than the 9.7 

^ 
of the control (Figure 3.1), indicating that the hydroxy polymers were

located within the interlayer spaces. The basal spacings increased with the amount of

added Cr. CIay treated with 200 cmol(+)/kg gave very broad d(001) reflecrions with

the most intense peaks occurring at 12 to 13 Å. Clays treated with 1200, 1g00, and

2400 cmol(+)/kg, however, displayed somewhat sharper d(001) reflections at 17 to

18 Å. These sharper peaks indicate that the intercalated hydroxy-Cr species became

more highly ordered as the Cr content increased. A 4.58 Å peak was not present in

any of the diffractograms, indicating that there was no crystalline Cr(OH), phase

present in any clay sample.

The interlayer spaces began to colrapse upon heating (Figures 3.2, 3.3).

Because all clays collapsed with similar ease, the more crystalline polymers present

in the most Cr-rich clays did not significantly increase thermal stability. After heating

at 300'C for 4 hours, most clays gave d(001) reflections at approximately 10 Å

(Figure 3.3), similar to that of non-interlayered smectite. The 1800 and2400 clays,

however, did not yield any dominant peaks, indicating that the interlayer spaces were

filled largely with highly disordered polymers.

With glycerol solvation the basal spacing of all clays increased approximately

S Ä 6igure 3.4). The d(001) peak intensity was greatest for clays which contained

the least amount of Cr. Because the hydroxy polymers occupied only a small portion

of the interlayer region in these low-Cr clays, most of the interlayer was allowed to

expand freely. In the most Cr-rich clays, however, much of the internal surface was
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Figure 3.1. X-ray diffractograms of Cr clays under ambient temperature and 54 %
relative humidity (spacings are in Ä,).
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Figure 3.3. X-ray diffractograms of Cr clays after heating at 300'C for four hours
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covered with hydroxy polymers. The d(001) reflection of these clays, therefore, is

very weak because only small regions of the interlayer could expand freely. Glycerol

solvation showed that the sorbed hydroxy polymers hindered the free expansion of the

interlayer region in all clays.

3. 3. 4 Infrared spectroscopy

The infrared absorption spectra of the control and two Cr-clays are given in

Figure 3.5. Absorption bands near 1100 cm-l are due to Si-O vibrations perpendicular

to the 2:l layer. Using the notation of Farmer (1974), these stretches correspond to

the al vibrations of pyrophyllite. The greatest absorption occuffed in the g7O-1070

cm-r range and was due to in-plane Si-O-Si stretching vibrations, corresponding to el.

A band not found in the control occurred in the Cr-clays at 1015-1020 cm-l. The

origin of this band is believed to be an attenuation of the al vibration caused by inner-

sphere complexation of the interlayer Cr with the siloxane oxygen. Though diminished

in intensity, the original band near 1100 cm-l is still present because many Si-O bonds

have not been affected by complexation. Another possible origin of this new band in

the Cr-clays is a weakening of the el vibrations. However, this second explanation is

less satisfactory than the first. The al vibrations, because they are perpendicular to the

2:l layer, would be much more sensitive to the effects of complexation than the in-

plane vibrations of el.
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Figure 3.5. Infrared spectra showing the Si-O vibrational region of the control and
two Cr clays.
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3.4 Discussion

3.4.1 Mode of Cr complexation

Theoretical considerations indicate that Cr is likely to form inner-sphere

complexes with the siloxane oxygen of smectites. The principle of hard and soft Lewis

acids and bases (HSAB) predicts that, in general, hard acids complex with hard bases

and soft acids complex with soft bases (Jensen 1978). The siloxane oxygen atoms of

smectite are relatively soft læwis bases (Sposito 1984). The relative softness of Cr(II!

was determined with the Misono softness parameter (Misono et al. 1967) and found

to be 2.80, which is considered borderline soft. According to the HSAB principle,

therefore, the inner-sphere complexation of Cr(IID with the siloxane oxygen is not

unexpected.

The difficulty in displacing Cr from smectite further indicates that the Cr is

bonded specifically. If Cr was held through outer-sphere complexes, the smallest

hydroxy polymers would be readily displaced by ca. In fact, there was no cr

extracted from any of the four lowest-Cr clays (Table 3.1). Similar observations were

made by Drljaca et al. (1992). These workers found that, while the montmorillonite

was still wet, the adsorbed Cr could be exchanged with other cations very easily.

Upon drying, however, the Cr became virtually non-exchangeable. These authors

suggested that, as the interlayer region collapsed due to loss of water, the Cr came in

more intimate contact with the siloxane surface, allowing inner-sphere complexes to

form.
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Additional evidence for the inner-sphere complexation of Cr is found in the

work of Carr (1985), which revealed the surface-cata,lyzed, polymerization of

intercalated hydroxy-Cr oligomers. Hydrolytic polymerization of Cr(III) requires the

replacement of HrO with OH- within the coordination sphere of Cr(II!. Because

transition met¿ls of the d3 type must overcome a large energy barrier in the formation

of intermediates, ligand displacement reactions of Cr(III) complexes are extremely

slow (Cotton and V/ilkinson 19SB). However, once the first ligand exchange has

occurred, subsequent exchanges are more rapid. The inner-sphere complexation of Cr

with the siloxane oxygen of montmorillonite (i.e. exchange of OÈ for HrO) would

provide this first ligand exchange and allow for the enhanced polymerization observed

by Carr (1985).

The most direct evidence for the inner-sphere complexation of Cr is provided

by the infrared spectra (Figure 3.5). In the non-interlayered montmorillonite, the

perpendicular Si-O vibrations occur freely and result in an absorption band at about

1100 cm-l. These vibrations are shown schematically in Figure 3.6a. The formation

of a Cr-O-Si linkage in the interlayered clay results in a redistribution of electrons at

the clay-water interface. Electron requirements of Cr(III) cause a shift in the electron

density from the Si-O bond toward the newly-formed Cr-O bond. Consequently, the

Si-O bond weakens, lengthens, and its vibration frequency decreases (Figure 3.6b).

This weakened Si-O bond now vibrares at 1015-1020 cm-l.



3s

I

î
OA
+\ó

I
o

Ii1
I

Cr

I

îyi

I

î
o.
+

1,.
C

Cr

Figure 3.6. Schematic representation of Si-O vibrations in: a) control clay; b)
interlayered clay where a covalent Cr-O bond has formed (open ciicle - oxygen; solid
circle - silicon).



36

3.4. 2 Sorptive capacity

X-ray powder diffraction data indicate that the interlayered hydroxy-Cr

polymers are poorly ordered (Figure 3.1). Hence, they would not be packed

efficiently within the interlayer region. In contrast to the well-ordered, and often

complete, octahedral sheet of interlayer Al, the hydroxy-Cr interlayer is fragmented

and often character'ued by abundant pore spaces. However, this porous network

allows for the sorption of large amounts of hydrolyzed, Cr.

A plot of sorbed versus added Cr shows that, although sorption continued to

increase at all Cr concentrations, there was an obvious decrease in the affinity of

montmorillonite for hydroxy-Cr polymers at concentrations greater than LZ00

cmol(+)/kg (note the decreasing slope iT Figure 3.7). Once the montmorillonite had

sorbed 1200 cmol( +)/kg, much of the internal surface would be complexed with the

hydroxy-Cr species. Only the smallest and most remote exchange sites would remain

available for sorption. At concentrations greater than 1200 cmol(+)/kg, therefore, Cr

could sorb through only two mechanisms. First, those polymers in solution which are

sufficiently small would be able to navigate the porous network of the interlayer and

access the remote exchange sites within the interior. In this flust mechanism, Cr from

the small polymers would complex directly with the siloxane surface. The second

mechanism involves the addition of Cr to those polymers which are already sorbed.

If the subsequent polymer growth occurred along the a or b axes, pore space would

decrease. Polymer growth along the c-axis, however, would increase the gallery
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height, thereby increasing the pore space and, consequently, also the sorptive capacity

of the montmorillonite.

In this study, the sorptive capacity of montrnorillonite was approached but not

reached. As indicated by the decrease in Nr-BET specific surfaces, pore space was

reduced as the supernatant Cr concentration increased from 1200 to 2400cmol(+)/kg.

This decrease in pore space was caused by the newly-sorbed Cr. However, even at

2400 cmol(+)/kg, there was sufficient pore space and negative colloid charge

remaining for substantial amounts of Cr to be sorbed. The amount of Cr sorbed was

limited, not by the montmorillonite, but rather by the small pore diameters of the

interlayer material and the slow kinetics of cr polymerization.

3.5 Conclusions

Both the sorptive capacity of the montmorillonite and the mode of Cr

complexation indicate that this mineral is an effective sorbent for hydrolyzed Cr

species. Chromium is readily sorbed by montmorillonite in amounts up to about 1000

cmol(+)/kg. At greater amounts, Cr continues to be sorbed, albeit less efficiently.

The inner-sphere complexation of Cr by the siloxane surface of montmorillonite is

supported by both theoretical considerations and experimental observations. Because

Cr is held strongly through covalent bonds, its displacement is extremely difficult via

simple exchange reactions. Under most conditions to which the clay would be

exposed, therefore, the integrity of the hydroxy-Cr interlayers would be maintained.
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However, the potential for Cr(III) to be oxidized to the more toxic hexavalent form

is of some concern. Further work is needed, therefore, to determine the stability of

these interlayered hydroxy-Cr polymers under strongly oxidizing conditions.
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4. ELECTRON MICROSCOPE OBSERVATIONS OF CHROMIIIM
HYDROXIDE.INDUCED MONTMORILLONITE

MICROCLUSTERS

4.1 Introduction

The adsorption of hydroxy-Cr polymers by smectites has received considerable

attention in recent years. Most work has focussed on the intercalation of smectites

with hydroxy polymers of Cr alone (Pinnavaia et al. 1985) or of Cr along with Al

(Carrado et al. 1986; Skoularikis et al. 1988). These clays are then heated to produce

fixed oxide pillars which give the clay catalytic properties. Other workers have

intercalated smectite simply to elucidate the structure of the unheated hydroxy-Cr

polymers (Carr 1985; Drljaca et al. 1992; Dubbin et à1. 7gg4). Despite advances in

understanding the nature of these hydroxy-Cr polymers, little is known of their effect

on the arrangement of individual smectite tactoids. Variations in this arïangement

could greatly influence access to the interlayer region by reactant molecules.

Tactoid thickness is a function of the type of adsorbed cation (Schramm and

Kwak 1982). Multivalent cations increase tactoid thickness due largely to greater

electrostatic forces. The adsorption of hydroxy-metal polymers further increases

tactoid thickness (Barnhisel and Bertsch 1989). The effectiveness of a hydroxide as

a cementing agent increases with decreasing crystallinity (Hsu 1989). Iron hydroxides

have been shown to be less effective cementing agents than Al hydroxides, due to

greater crystallinity of the former (Frenkel and Shainberg 1980). Chromium
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hydroxides, as they are less crystalline than either Al or Fe hydroxides, would be

expected to be the most effective cementing agents. The superior cementing ability of

hydroxy-Cr polymers would reveal itself not only in the presence of thicker tactoids,

but likely also in the formation of unique structures. Within this chapter is reported,

for the first time, the formation of microclusters of montmorillonite tactoids induced

by adsorbed hydroxy-Cr polymers.

4.2 Experimental

Prior to fractionation, the montmorillonite (swy-l, crook county, wyoming)

was Na-saturated by washing five times with 1 N NaCl then washed free of Cl- as

determined by the AgNO, test. Five grams of the 12 ¡tm fraction were suspended in

2 L deionized water. Aluminum chloride and CrCl, were added to separate clay

suspensions to give each suspension a total trivalent cation (M'*) concentration of 400

cmol(M3*)lkg clay. The two clay-cation suspensions were stirïed vigorously and

titrated at 1 ml/min with 0. 1 N NaOH until a final NaOH/M3* molar ratio of 2.5 was

reached (Dubbin et al. 1994). A third clay suspension containing 5 g of the 12 ¡tm

fraction, which did not have any Al, Cr, or NaOH added, served as the control. All

three suspensions were brought to final volumes of 3 L and then transferred to capped

bottles. The suspensions were aged at 23 * 0.5'C for 30 days and were agitated

daily. After aging, the solid phase was isolated by ultrafiltration through a Millipore

filter of 0.025 pm pore size and then washed free of Cl- as determined by the AgNO,
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test. Aluminum and Cr in the supernatant were quantified by atomic absorption

spectroscopy. All clays were allowed to dry by evaporation under ambient conditions.

In preparation for scanning electron microscopy (SEM), the gently-powdered

clay samples were mounted on aluminum stubs with carbon paint then sputter-coated

with gold in a vacuum evaporator. The SEM images were obtained with a Cambridge

Stereoscan 120 microscope operating at 20 kV. Image enhancement and storage was

carried out with an IBAS 20 ímage analyser. Samples for transmission electron

microscopy (TEM) were prepared by evaporating a dilute clay suspension onto

carbon-coated Formvar films supported by copper grids. Analysis was conducted with

a Philips EM 420 microscope operating at 100 kV.

4.3 Results and Discussion

The pH of the Cr-clay suspension decreased from 5.7 to 4.2 during the aging

period. This decrease indicated that the Cr had undergone hydrolysis and

polymerization. Of the 400 cmol Crlkg clay added to the suspension, only 66 cmol

Crlkg clay remained in the supernatant after 30 days. Therefore, most of the hydroxy-

Cr polymers were sorbed to the montmorillonite surface at the end of the aging

period. Previous analyses with X-ray photoelectron spectroscopy found all the Cr in

these sorbed hydroxy polymers to be Cr(III) (Dubbin et al. 1994).

Arrows indicate nearly spherical clusters of montmorillonite tactoids,

approximately I pm in diameter, on the surface of a large montmorillonite
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microaggregate (Figure 4.L). As these clusters of montmorillonite were not present

in either the untreated clay or the Al-clay, the adsorbed hydroxy-Cr polymers were

shown to be a requirement for cluster formation. At a higher magnification, a single

microcluster can be seen on a base of flat montmorillonite flakes (Figure 4.2). The

outer shell of the cluster appears to be composed of several montmorillonite flakes

enveloping a central core. Magnification of the microcluster approximately 75,000

times allowed for a rare, direct observation of individual montmorillonite tactoids

(Figure a$. By assigning a basal spacing of 18 A for this inrerlayered clay (Dubbin

and Goh 1995a), each tactoid is shown to consist of 20 to 30 lamellae. This increased

tactoid thickness is consistent with the expected cementing properties of Cr hydroxide.

At this higher magnification, one can also see that several tactoids are not adhering

fully to the cluster. These tactoids may be recent additions that have not yet fully

complexed with the central core of the cluster.

Transmission electron microscopy revealed the presence of Cr hydroxide

polymers, 5 to 10 nm in diameter, sorbed to the external surface of the

montmorillonite (Figure 4.4). The strong contrast between these polymers and the

montmorillonite grain indicated that the polymers had a substantial thickness along the

c-axis. Residual positive charge on these polymers would provide an effective means

for binding adjacent tactoids.

Microcluster formation is believed to involve several steps. First, evaporative

drying causes the montmorillonite flakes at the surface to curl. A single
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Figure 4.1. SEM image of a large montmorillonite microaggregate. Arrows indicate
microclusters (approximately 1 pm in diameter) on the surface.

Figure 4.2. SEM image showing a single microcluster (M) at right. A curled
montrnorillonite flake (F) is visible atleft. Several other flakes display raised edges.
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Figure 4.3. High
microcluster (M)
visible (arrows).

magnification (approximately 75,000 times)
in Figure 4.2. Individual tactoids, 20 to 30

SEM image of the
lamellae thick, are

I 

-SOnmFigure 4.4. TF,,ld image with arrows showing hydroxy-cr polymers (5 to 10 nm in
diameter) distributed on the external surface of a montmorillonite flake.
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montmorillonite grain in this first stage of cluster formation is visible in Figure 4.2.

Several other grains in this image display raised edges. As adjacent flakes encounter

each other they would adopt a quasi-spherical affangement which, for curled particles,

would be the most stable conformation. As much of the water from the clay surface

is lost on drying, the tactoids are able to come into intimate contact with each other.

This close contact allows adjacent tactoids to be bridged through the hydroxy-Cr

polymers. The resultant microclusters would be highly resistant to mechanical

disruption because, as noted, Cr likely forms stable inner-sphere complexes with the

oxygen of the siloxane surface (Drljaca etal. 1992). Chemical destruction, however,

would be easily achieved through either proton dissolution of the polymers or

oxidation of the Cr(II!. As Figure 4.5 reveals, microcluster growth occurs simply

through the incorporation of additional montmorillonite flakes. Growth would continue

as long as dried montmorillonite flakes of appropriate size are available.

OnIy a small portion of the total montmorillonite was present as clusters.

Evaporative drying, which was used in this study, does not favor the formation of

these spherical aggregates (Xiang et al. 1992). However, the population of clusters

would be greatly increased through the use of a spray-drying technique similar to that

employed by Tsvetkov et al. (1990). The cluster population, therefore, may be altered

to suit the intended use of the clay. If one wishes to increase the accessibility of the

interlayer region, then the cluster population should be reduced or eliminated. This

reduction can be achieved either by modifying the method of drying or by decreasing
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-lpm

Figure 4.5. SEM image depicting the proposed mode of cluster growth. A single
montmorillonite flake is shown to envelope the central core from left to right.

the number of hydroxy-Cr polymers on the external surface of the clay. If, however,

the clusters are shown to have some application, their numbers could be deliberately

increased.
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5. PROPERTIES OF COPRECIPITATED HYDROXY-Cr

AND .AI INTERLAYERS IN MONTMORILLONITE

5.L lntroduction

Intercalation of hydroxy-Al polymers in expandable layer silicates is a well-

known natural process. Laboratory studies have also been successful in producing

hydroxy interlayers of Al (Rich 1968; Goh and Huang 1986; Barnhisel and Bertsch

1989), Fe (Carstea et al. 1970; Martin-Luengo et al. 1989), Zr (Yarnanaka and

Brindley 1979), Ni (Yamanaka and Brindley 1978), and Cr (Brindley and Yamanaka

t979; Can 1985). The hydroxy-Cr interlayered montmorillonite prepared by Brindley

and Yamanaka (1979) displayed a basal spacing near 16.8 Ä, considerably larger than

the 1,4.4 A spacing of chlorite. As the first observed diffraction peak was broad and

higher orders were weak or absent, the authors suggested that the basal spacings rrvere

probably variable. These workers were unable to determine the structure of the

hydroxy-Cr polymers. V/hile studying hydration states of interlamellar Cr in

montmorillonite, Carr (1985) observed that the interlayer region catalyzed the

formation of larger hydroxy-Cr polymers. The first-order reflections of the

interlayered clays varied from 10 to 15 A and tended to be broad, indicating variable

basal spacings. As the exact composition of the hydroxy-Cr polymers was not known,

the structures of the interlayered species were not determined.

Hydroxy-aluminochromium interlayers have been synthesized by those
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interested in the petrochemical applications of clays (Carrado et al. 1986). Upon

calcination, the hydroxy polymers convert to fïxed oxide pillars which give the clay

catalytic properties. Although the properties of the oxide pillars have received much

attention, the nature of unheated hydroxy-aluminochromium species remains unclear.

In environments contaminated with Cr, the interlayers of expandable layer silicates

may serve as sinks for Cr, which can be toxic when in solution (Bartlett and Kimble

1976). The structure and stability of the hydroxy-aluminochromium polymers,

therefore, merit attention.

In this study, hydroxy interlayers were formed with five different Al/(Al+Cr)

molar ratios in montmorillonite. The structure and stability of the interlayer material

were examined to determine the possible interactions between Al and Cr.

5.2 Materials and Methods

The montmorillonite (swy-l, crook county, wyoming) was obtained from

the Source Clays Repository of The Clay Minerals Society. Prior to fractionation, the

clay was Na-saturated by washing five times with 1 N NaCl then washed free of Cl-

as determined by the AgNO, test. Five grams of the 12 ¡tm fraction were suspended

in 2 L deionized water. Preweighed amounts of AlCl, and CrCl, were added to

separate clay suspensions to give five Al/(Al+Cr) molar ratios (1.0, 0.67, 0.5, 0.33,

0). The total trivalent cation (M'*) concentration in each suspension was 600

cmol(+)/kg clay. The five clay-cation suspensions were stirred vigorously and titrated
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at 1 ml/min with 0.1 NNaOH until a final NaOH/M3* molar ratio of 2.5 was

reached. A sixth clay suspension containing 5 g of the 12 ¡tm fraction, which did not

have any Al, Cr, or NaOH added, served as the control. All six suspensions were

brought to final volumes of 3 L and then transferred to capped bottles. The

suspensions were aged at 23 + 0.5'C for 30 days and were agitated daity. After

aging, each suspension was separated into its filtrate and solid phase by uttrafiltration

through a Millipore filter of 0.025 pm pore size. The solid phase of each sample was

washed free of Cl- as determined by the AgNO, test.

Cation exchange capacity (CEC) of each whole solid phase reaction product

was determined by first saturating the clay with Ca using 1 N CaCl, and then

displacing the Ca with I N MgClr (Rich 1961). The displaced Ca was measured by

atomic absorption spectroscopy (AAS). Exchangeable Al and Cr were determined by

washing 100 mg clay subsamples five times (9 mL each) with 1 NKCI. Separate 100

mg subsamples were washed using 1 NCaClr. Aluminum and Cr in the extracts were

determined by AAS. Specific surfaces of the clays were determined by adsorption of

ethylene glycol monoethyl ether (EGME) as described by Carter et al. (1986). X-ray

powder diffraction (XRD) analysis of oriented specimens was carried out with a

Philips PV/ 1710 diffractometer using Cu Ka radiation. For infrared (IR) analysis,

KBr wafers were prepared (1.5% w/w) and scanned from 4000 to 600 cm-r in a

Perkin Elmer 881 spectrometer. Differential thermal analysis (DTA) and

thermogravimetric (TG) tracings were obtained by heating the clays from ambient to
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1000"C at 10'/min in an argon atmosphere (PL Thermal Sciences, model pL-STA

1500). X-ray photoelectron spectroscopy (XPS) was carried out using a Perkin Elmer

PHI-5300 ESCA spectrometer; the spectra were produced using Mg Ka radiation.

5.3 Results and Discussion

5.3.1 Chemical analysis and surface area

The pH values of all clay suspensions except the control decreased over the

aging period (Table 5.1). The final pH values of the suspensions reflect the relative

amounts of Al and Cr. Specifically, those with more Al had lower pH values,

indicating the greater hydrolyzing power of Al (Baes and Mesmer L976). At the end

of the aging period, there was no Al or Cr detected in the supernatant (data not

shown). The treated clays displayed varying amounts of CEC reduction. Generally,

the trend in CEC values mimicked the trend in final pH values. Smaller hydroxy

polymers are known to predominate at lower pH values (Hsu 1989). Smaller

polymers, as they have a greater positive charge per cation than larger polymers, are

more effective at reducing CEC. The greatest CEC reductions, therefore, were

observed for samples which had the lowest final pH values. However, one can not

rely entirely on final solution pH to predict relative CEC values. Variation in CEC

was also due to the formation of external phase hydroxy polymers. As the Al in

external phase hydroxy polymers does not contribute to CEC reduction, the CEC

would be higher than if all Al were interlayered. The Al end-member, therefore,



Table 5. I . Selected properties of the

A1/(Al+Cr)

molar

ratio

Control

1.0

0.67

0.5

0.33

0

non-interlayered montmorillonite, pure end-members, and three Al-cr clays.

Initial

pH

7.36

5.31

5.59

s.82

5.97

6.63

* EGME method

Final

7.43

4.62

4.90

s.24

5.48

6.31

apH

0.07

0.69

0.69

0.58

0.49

0.32

CEC

KCI Extraction

95.1

34.4

30.4

27.6

25.s

45.2

AI Cr

-cmol (+)/kg

0

2t.0

12.7

6.3

3.9

0

CaCl, Extraction

0

0

3.6

2.6

1.8

0

Al Cr

0

27.3

15.3

9.8

6.6

0

Specific

Surface*

(m'/g)

0

0

2.7

1.8

1.0

0

781

403

383

388

385

652

UI
b.J
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which contained external phase hydroxy polymers, had a higher CEC than what one

would have predicted from pH alone.

The amounts of Al and Cr extracted from the five samples are shown in Table

5.1. The interlayer that was the most difficult to displace was the Cr end-member

(All(Al+cr) : 0). Neither KCI nor cacl, displaced any cr from this clay. The

presence of Al, however, increased the extractability of the Cr by interfering with the

complexation of Cr with the siloxane surface of montmorillonite. In all samples there

was less extractable Cr than Al, even where the interlayer material contained more

Cr. The major reason for this difference is that Cr is more strongly sorbed than Al

on the 2:L layer surface (Mengel and Kirkby 1987; Drljaca et al. 1992; Dubbin and

Goh 1995a).

All interlayered clays had lower specific surfaces than the control (Table 5.1).

The specific surface of the Al end-member (Al/(Al+Cr) : 1.0) was 403 mzlg. The

clays of intergradient composition had even smaller specific surfaces. Their smaller

specific surfaces may be explained by the presence of smaller interlayer polymers.

The presence of both Al and Cr in the interlayer may have induced the formation of

smaller polymers. Clays that contained smaller polymers must also have contained a

greater number of those polymers. A larger number of polymers would have caused

the packing of the ethylene glycol molecules to be intemrpted more frequently,

thereby resulting in less efficient packing. The result would be a lower measured

specific surface. The Cr end-member had a specific surface of 652 rrf tg.As the XRD



54

data indicated the interlayer had a spacing of 7-8 A before addition of EGME (Figure

5.1), the ethylene glycol molecules could have formed a bilayer similar to that found

in non-interlayered smectites without any further expansion of the interlayer. Upon

addition of EGME, further expansion would have allowed even greater amounts of

ethylene glycol to be adsorbed, resulting in the relatively high measured specific

surface.

5.3.2 X-ray powder dffiaction

The basal spacing of the control prior to heating was Lt Å Gigure 5.1).

Interlayering of the montmorillonite with a gibbsite-like sheet was indicated by the

nearly 14 Å spacings observed for samples with AI/(Al+Cr) molar ratios : 1.0,

0.67 , 0.5,0.33 (Figure 5.1). A basal spacing of 16.7 A was observed for the cr end-

member, which is similar to the 16.3 A spacing reported by Brindley and Yamanaka

(1979). As the basal reflection of the Cr end-member was broad, the basal spacings

were shown to be variable. A secondary basal spacing of L9.2 A was also present.

This spacing would arise if Keggin molecules were present in the interlayer (pinnavaia

et al. 1984; Plee et al. 1985; Schutz et al. 1987; Fripiat 1988). The Keggin molecule,

which consists of a central tetrahedron surrounded by four sets of three octahedra, is

approximately 9 Ä in size and can accommodate many different types of cations

(Cotton and Wilkinson 1988). Although two gibbsite-like sheets sracked in the c-

direction would also yield a spacing of approximately 19 Ä, such gibbsiteJike

structures are unlikely in the Cr end-member because even a j.4 A spacing was
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I
.{

ÀLl (À1+cr)
molar
ratio

Control

0.33

"20, cu KcY

Figure 5.1. X-ray diffractograms of the control,
clays under ambient conditions. All clays were
(spacings are in Ä).

two end-members, and three Al-Cr
analyzed at 54Vo relative humidity



56

not observed. A basal spacing of approximately 19 Å would also arise from the

intercalation of hydrolytic trimers where the three octahedra are ananged linearly.

Dimensions of individual Cr(III) hydrolytic oligomers were determined by Drljaca et

al. (1992). Based on the dimensions these workers calculated for a dimer, a linear

hydrolytic trimer would be 9.5-10 Ä along the longest axis. Intercalation of these

trimers with their long axes oriented parallel to the c-axis would give the observed 19

A basal spacing.

The clays of intergradient composition and the Al end-member displayed basal

spacings of about 14 Ã, which indicated the formation of a similar gibbsite-like

structure in each (Figure 5.1). It is likely that Cr substituted for Al in the hydroxy

polymers. If there were separate hydroxy-Cr polymers, one would expect basal

spacings of about 16.7 

^ 
as well as the 14 A spacings due to the gibbsite-like

interlayers. In a system containing both Al and Cr, therefore, the data indicate that

Al determines the structure which will form. Diffraction peaks at about 4.S3 Ä

showed that all clays treated with Al also contained minor amounts of external phase

Al hydroxide. As these diffraction peaks were broad, one can not easily affribute them

to either gibbsite or nordstrandite. Whether gibbsite or nordstrandite, however, the

broad diffraction peaks showed the Al hydroxide to be poorly crystalline.

The intensity of the basal reflections decreased as Cr content increased (Figure

This indicated that Cr increased the disorder of the interlayer material. As the

were heated to increasingly higher temperatures, the interlayers began to

s.1).

clays
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collapse (Figure 5.2). The least heat-stable interlayer was the Cr end-member. At

300'C the interlayer collapsed so that there were no discernible peaks. At 400'C,

however, the montmorillonite basal spacing of 9.7 Ã appeared. The other hydroxy

polymers displayed greater heat-stability. The basal spacings of these other four clays

decreased gradually to lI-12 A at 550'C. The presence of Al increased hearstability,

possibly by promoting the formation of gibbsite-like "islands" which prop open the

interlayer.

Glycerol solvation increased the basal spacings of all samples (Figure 5.2). The

basal spacings of most interlayered clays increased only slightly (about t Å¡. fne

basal spacing of the Cr end-member, however, increased by about S e. tnis indicates

that the hydroxy-Cr polymers may be distributed mainly around the margin of the

interlayer. Such an arrangement would allow for easier expansion of the interior of

the interlayer space.

5. 3. 3 Infrared spectroscopy

The OH-stretching absorption band of the control sample was 3635 cm-l

(Figure 5.3). This is nearly identical to the 3632 cm-r band observed in

montmorillonite by Farmer and Russell (1967). The hydroxy-Al interlayered clay gave

a high frequency shoulder at 3700 cm-l. Other workers have found similar high

frequency absorption bands in hydroxy-Al interlayered montmorillonite and assigned

them to the gibbsite-like interlayer (V/eismiller et al. 1967; Ahlrichs 1968; Occelli and

Tindwa 1983). The pure hydroxy-Cr clay gave an OH-stretching frequency of 3656
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300"c 400"c 550 0c Glycerol

Control

r_.0

0 .67

0.5

,N*-\r\,

rlrrt
1086 6

"20, Cu Kcy

Figure 5.2. Basal reflections of the control, two end-members, and three Al-Cr clays
after each of four pretreatments. (spacings are in Ä).
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Al,/(Al+Cr) : 1.0

c)oc
o
P.!
E
U'
c
(o
L

F-

4000 3600 3200 2800 2h00 2000 1oo0 800 600
I 200

Wavenumber (cm-l)

Figure 5.3. Infrared spectra of the control, two end-members, and three Al-Cr clays.
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cm-l, lower than that for the pure hydroxy-Al clay. The greater atomic mass of Cr

contributed to the decreased frequency in the pure hydroxy-cr clay.

Hydroxyl stretching frequencies of the clays with intergradient interlayer

compositions were similar to OH-stretching frequencies of the control clay. In fact,

OH-stretching frequencies of the interlayer material were so close to those of the 2:I

silicate layer that only one absorption band could be discerned. As only one OH-

stretching frequency was observed for the intergrades, their interlayers would not

contain separate hydroxy-Cr and -Al polymers. If there were separate polymers, the

IR spectra of the intergrades would be a composite of the end-members.

5. 3. 4 Therm"al analysis

As the thermal analysis tracings of all clays with intergradient compositions

were similar, only one (Al/(Al+Cr) : 0.5) is shown (Figure 5.4c). Differential

thermal analysis of all clays except the Cr end-member showed endotherms at about

75"C (Figure 5.4). These endotherms were attributed to the loss of adsorbed water

(Tan et al. 1986) and represent 5-7% of the total clay weight. The corresponding

endotherm for the Cr end-member occurred at 90'C and represented, L2% of the clay

weight. The greater weight loss from the Cr end-member as compared to the clay of

intergradient composition is shown clearly by the thermogravimetric tracings (Figure

5.5). This higher temperature and greater weight loss for the Cr end-member was due

to loss of structural water from the interlayer hydroxy-Cr polymers (Carr 19g5). The

endotherm at347"C for the Al end-member was attributed to a discrete AI(OH), phase
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Figure 5.4. DTA tracings of the control, (a); interlayered clay where the Al/(Al+Cr)
molar ratio : 1.0, @); 0.5, (c); and 0, (d).
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(Hsu 1989). There were no corresponding peaks for the clays containing Cr.

Endotherms at 430-440oC from the Al end-member and the intergrades represented

loss of hydroxyls from the interlayer (Glenn and Nash 1964: Barnhisel and Bertsch

1989). The absence of a corresponding endotherm for the Cr end-member supporrs

the idea of a low-temperature loss of structural water from the hydroxy interlayer.

Dehydroxylation of the control occurred at 676"C and that of the 2:1 portion in the

interlayered clays occurred at 603-609'C. This decrease of the dehydroxylation

temperature has been attributed to the expanded interlayer (Rich 196s).

5.3.5 XPS analysis

Survey XPS spectra of CrCl3'6H2O and two interlayered clays are shown in

Figure 5.6. The wide-scan spectra give information concerning the elements associated

with both the samples and the supporting Cu coupon. The observed features of the

spectra and their assignments are suÍrmartzed in Table 5.2. Detailed spectra of the Cr

2p region of the three samples are given in Figure 5.7. Binding energies for the Cr

2pr,, and cr 2p.rppeaks for crclr'6Hro were 587.0 and 577 .5 ev, respectively, while

the corresponding peaks for the Cr end-member were 587.5 and 577.5 eV. As the

binding energies of Cr in the clay and the CrClr'6HrO standard were essentially the

same, the Cr in the clay detected by XPS was present as Cr(III). The Cr 2p peaks for

the two clays were somewhat broader than for the CrClr'6HrO. This indicates that not

all the Cr(III) sorbed by the clay has the same chemical environment (Sunder et al.

1995). The sorbed Cr(III) atoms may differ with respect to the number and type of
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Table 5.2. Features of the XPS survey spectra for: clays
ratios : 0, 0.33; the CrClr 6HrO (binding energies are in
Sunder et al. 1995).
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with Al/(Al+Cr) molar
eV). (Data compiled by

Al/(Al+Cr) mola¡ rario

0.33 CrClr'6HrO Assignms¡¡

989.5 vw
950.5 m
930.0 s

783.5 w
767.5 m
746.0 s

587.5 m
577.5 m

532.5 s

524,0 m
485.0 w
413.5 w
334.5 m

315.0 w

285.0 m
276.0 vw

950.0 w
930.0 m
783.0 w
767.0 m
746.0 s

587.5 w
578,0 m

532.0 s

524.0 m
484.0 w
413.0 vw
334.5 w

313.5 vw
300.0 vw
285.0 m
275.5 vw

198.0 vw

154.0 m
145.0 w
137.0 vw
119.5 m
110.5 vw
102.5 s

93.5 w
74.5 m
64.5 vw
49.5 vw
44.5 w

24.5 w

7-10 vw

1071.0 s

993.0 m
950.0 s

930.0 s

768.0 w
744.0 m
129.5 w
700.5 w
587.0 s

577.5 s

569.0 w
532.0 s

524.0 w
485.0 vw
416.0 vw
335.5 m
332.5 m
316.5 w

285.0 s

276.5 w
269.5 m
198.5 s

190.0 m

Cl Auger
C Auger
Cu Zpro
Ct 2pto
O Auger

O Auger/Cr Auger
O Auger
Cr Auger

Cr 2s
Cr Zpro
Cr 2pro
Cr sat

Ols
O ls sat

Cu Auger
Cu Auger
Cu Auger
Na Auger
Cu Auger
Mg Auger

Cls
C ls sat

CI 2s
Cl 2p

Cl 2p sat
Si 2s

Si 2s sat
Cu 3s
Al 2s

Al 2s sat
Si 2p

Si 2p sat/Mg 2s
Cr 3s/Al 2p

Na 2s
Mg2p
Cr 3p

Cr 3p sat
O2s
Cl 3s
o2p

154.0 m
145.5 vw

120.0 m

103.0 m
94.0 w
75.0 m
65.5 vw
50.0 vw
45.0 w

24.5 m

7.0 vw

75.5 w

44.5 w
35.5 vw
24.5 vw
16.0 vw
5.0 vw

s' m, w and vw represent strong, medium, weak and very weak, respectively.
sat represents X-ray satellites.
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Figure 5.7. XPS spectra of the Cr 2p region of the interlayered clay where theAl/(Al+cr) mola¡ ratio : 0, (a); -¿ o.¡¡, (b). The corresponding spectrum for
CrClr' 6H2O is given in (c) (From Sunder er al. 1995).
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Iigands they are coordinated with.

Previously, the presence of the Keggin structure was invoked to explain the

19.2 A spacing of the cr end-member. However, the centrar cation in the Keggin

molecule is tetrahedrally coordinated to four o. As only higher oxidation states of cr
can be tetrahedrally coordinated to o, the presence of the Keggin structure must be

dismissed' one must conclude, therefore, that the lg.2 

^basal 
spacing was caused

by the iruercalation of linear hydrolytic trimers. It is important to note, however, that

XPS analyzes to a depth of only 10-50 A (Hochella lggg). If the Keggin molecules

were located only within the interior of the clay particle, the higher oxidation states

of Cr would not be detected by XpS.

5.4 Conclusions

AII interlayer materials which contain Al have formed similar gibbsite{ike

polymers' Substitution of cr for Al in these polymers was supported by XRD and IR

data' Data indicate, therefore, that Al may have served as a template in the formation

of the gibbsite-like polymers. It was not possible to determine the structures of all the

pure hydroxy-Cr interlayer components. Based on XRD data, however, a simple

octahedral sheet alrangement was an unlikely structure. Data from XpS, meanwhile,

tended to rule out the presence of the Keggin molecule. only intercalated linear

hydrolytic trimers would give the clay properties which are consistent with the data.

chromium increased the resistance of the interlayer to displacement. As cr
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content increased, displacement of Cr by both K and Ca became more difficult.

Aluminum, however, increased the thermal stability of the interlayer. As Al content

increased, the interlayer became more resistant to collapse upon heating. The presence

of both Cr and Al in the hydroxy polymers resulted in chemical and physical

properties which seem to be contradictory. The most heat-stable interlayers (those with

the most Al) were also the least resistant to displacement. Meanwhile, the least heat-

stable interlayers (those with the most Cr) were the most resistant to displacement. A

possible explanation for this apparent contradiction is that, while the hydroxy-Cr

polymers were poorly crystalline, the Cr may have formed strong inner-sphere

complexes with the siloxane surface. Despite uncertainties concerning the structure of

the interlayer material, however, one may conclude that expandable layer silicates

serve as effective sinks for Cr.
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6. SOLID STATE 27AI ANd 29Si IT[\,{R ANALYSIS OF HYDROXY.CT

AND -AI INTERLAYERED MONTMORILLONITE

6.1 Introduction

Magic-angle spinning nuclear magnetic resonance (MAS NMR) spectroscopy

has provided important information concerning the ordering and local chemical

environment of atoms in solids (Kirþatrick 198S). Chief among those nuclides which

have been studied are27 Al and 2eSi. Aluminum coordination is easily determined with

MAS NMR because peaks representing tetrahedral (Altu) and octahedral (AlvI) sites

are easily resolved in the 27Al spectra (Goodman and Stucki 1984; Wilson et al. l9g4;

Morris et al. 1990). As with 2741, the largest influence on the 2eSi chemical shift is

the nearest-neighbor structural environment. Therefore, as with 27A1, tetrahedral and

octahedral sites for 2eSi are easily distinguished. The 2eSi chemical shift is also

sensitive to the type of cations in adjoining polyhedra. This sensitivity has been

exploited by those attempting to determine Al and Si distributions in the tetrahedral

sheets of layer silicates (Herrero et al. 1985; 1937). The chemical shift of 2esi is also

responsive to the mode of complexation and the nature of interlayer cations (Sanz and

Serratosa 1984; Plee et al. 1985; Liang and Sherriff 1993; Malla and Komarneni

1993).It is in this last respect that 2esi MAS NMR will be employed in this srudy.

In light of the known hazards of Cr(VI), considerable work has been directed

toward underst¿nding the fate of Cr in soils and sediments. Most Cr(III) in soils and
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sediments is held as poorly-soluble hydroxy polymers on colloid surfaces (Shewry and

Peterson 1976; Cary etal. 1.977; Grove and Ellis 1980). Before one can accurately

assess the potential of this Cr(IIf to be oxidized to Cr(VI), one must flust determine

both the mode of complexation of the Cr(III) and the chemical environment in which

it exists. In previous studies, hydroxy polymers of this potentially-toxic metal were

sorbed onto montmorillonite alone (Can 1985; Drljaca et al. 1992; Dubbin and Goh

1995a) and in conjunction with Al (Dubbin et al. I9g4). Attempts were rhen made,

with moderate success, to elucidate the mode of complexation and chemical

environment of the sorbed Cr(III). In the present study, a technique more definitive

than those previously used, MAS NMR of 27Al and 2esi, will be employed in order

to determine: (1), the coordination of interlayer Al; (2), the relative positions of Al

and cr within the interlayered hydroxy polymers; and (3), the mode of cr

complexation.

6.2 Experimental

Intercalation of montmorillonite (SWy-1, Clay Minerals Society Source Clays

Repository) with hydroxy polymers of Al, cr, and coprecipitated Al-cr, has been

described in earlier work (Dubbin et al. 1994; Dubbin and Goh 1995a,b). After aging,

the intercalated clays were first isolated by means of filtration through a Millipore

filter of 25 nn pore size, air dried, then gently-powdered in preparation for NMR

analyses. The non-interlayered clay, pure Al-clay, and coprecipitated Al-Cr clays
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(Al/(Al+Cr) molar ratios of 0.5 and 0.33) were each analyzedwith 27Al MAS NMR.

The non-interlayered clay, two pure Cr-clays (200 and 355 cmol Ct'* sorbed/kg), and

a coprecipitated Al-Cr clay (Al/(Al + Cr) molar ratio of 0.33) were each analyzed

with 29Si MAS NMR.

High-resolution spectra were collected using a Bruker AMX-500 console and

11.7 Tesla magnet. The samples were spun at 5.0 to 7.5kJlz in a Doty high-speed

MAS probe at an angle of 54.7" to the magnetic field. Spectra were observed at

different spinning speeds in order to distinguish true peaks from spinning sidebands

(SSB's). The 27Al spectra were recorded at 130.3 MHz while those for 2eSi were

recorded at 99.3 MHz. 27Al peak positions were measured with reference to L M

aqueous AlCl3, while those for 2eSi were measured with reference to tetramethylsilane.

6.3 Results

6.3.1 27At Spectra

The 27Al MAS NMR spectrum of the non-interlayered montmorillonite gave

an intense peak near 3 ppm, indicating the presence of Alvr (Figure 6.1). The spinning

frequency employed for this scan caused a SSB to occupy a region of the spectrum in

which a peak for AlIv would normally appear (Goodman and Stucki 1984; Wilson et

al. 1984; Morris et al. 1990). Therefore, for a subsequent scan, the spinning

frequency was decreased to 5.0 kHz. This second scan did not detect any AIIV.

However, based on chemical analyses, previous work has shown that 1 .5 to 3 % of
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the tetrahedral sites in SWy-1 montmorillonite are occupied by Al (Weaver and

Pollard 1973; Woessner 1989). Other workers were also unable to detect any AlIv in

this clay using MAS NMR, despite chemical analyses which indicated that several

percent of the tetrahedral sites were occupied by Al (Kinsey et al. 1985). Apparently,

27Al MAS NMR is not sensitive enough to detect minor amounts of AlIv above the

background noise.

Similar to the non-interlayered clay, the montmorillonite which contained the

pure hydroxy-Al interlayers gave only a single peak near 4 ppm, indicating the

presence of a single environment for AlvI lFigure 6.2).Interpretation of 27Al spectra

for clays which held coprecipitated hydroxy-Al and -Cr interlayers was somewhat

more difficult. The paramagnetic nature of Cr(III) increased the intensity of the SSB's

and broadened the central peak (Figures 6.3 and. 6.4). However, the shape of the

central peak in Figures 6.1 and 6.2 is clearly different from that in Figures 6.3 and

6.4. The peak in each of the latter two spectra has been split, with the two sub-peaks

differing by approximately 3 ppm. This difference in peak shape becomes more

apparent when one examines the juxtaposed detailed spectra of the control, Al

montmorillonite, and Al-Cr montmorillonite (Figure 6.5). For the Al-Cr clay, a peak

near 3 ppm represents Alvr in the 2:l layer. An additional peak at0.2 ppm represents

interlayer AlvI. One may conclude, therefore, that the presence of sorbed Cr has

created a second, slightly more shielded environment for interlayer AlvI.



Chemical Sh¡ft (ppm)
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Figure 6'5' DetaileÅn AIMAS NMR spectra of the non-interlayered (control) clay, pure hydroxy-Al clay, and Al-cr clay wherethe Al/(Al+Cr) molar ratio : 0.5. 
J -- -- vrqJ 

' l,urv ¡rJurv^J-Ãr r-rdy' ¡ilru ¡il-Lr cla 

ì

80

3.2

3.9

3.2

Control

Al clay

60

o.2

40

0.5 clay

20 0 -20

Chemicat Sh¡ft (ppm)
-40 -60



78

6.3.2 2eSi Spectra

The non-interlayered montmorillonite gave major peaks at -94 and -108 ppm

(Figure 6.6). The peak at -94 ppm corresponds to the Si(OAt) environment of Si in the

tetrahedral sheet. Although small amounts of Al were present in the tetrahedral sheets

of this montmorillonite, the Si(lAl) environment for Si was not sufficiently abundant

to give the corresponding peak near -90 ppm. Montmorillonite samples similar to that

used in this investigation have been analyzedpreviously with 2eSi MAS NMR (Kinsey

et al. 1985; Liang and Sherriff L993; Malla and Komarneni 1993). In each of these

previous studies, the montmorillonite also yielded a major peak near -94 ppm.

The peak at -108 ppm is attributed to Si from quaÍtz, which is known to occur

in small amounts as an impurity in SV/y-l montmorillonite (van Olphen and Fripiat

1979). The 2esi chemical shift for tetrahedral sites in pure crystalline silicates ranges

from -100 to -r20 ppm, with that for crystalline quartz occuring near -107 ppm

(Oestrike et al. 1987). The considerable area of the -108 ppm peak suggests that the

quartzis present in quantities greater than the minor amounts reported by van Olphen

and Fripiat (1979). However, a previous investigation found that about one-half of the

qu rtz 2esi peak width could be attributed to instrumental factors (Oestrike et al.

1987). Therefore, the area of the -108 ppm peak observed in the present study

probably over-represents the true abundance of Si from quartz.

A small peak at -101 ppm was detected in the spectra of the Al-Cr clay (Figure

6.7). The intensity of this peak increased as the amount of sorbed Cr increased
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(Figures 6.8 and 6.9). Even at its greatest intensity, however, this peak is very small

and may be mistaken for background noise. Its identity as a true peak is revealed by

the constancy of its position; peaks representing background noise are transient and

change their positions with each scan. This peak at -101 ppm is attributed to the effect

of interlayer Cr on the shielding of Si in the 2:1 layer.

6.4 Discussion

6.4.1 Chemical envíronment of Al

Results of the 27Al MAS NMR analyses indicate that all of the Al which was

detected was present in an octahedral environment. This observation is consistent with

previous work which found that the intercalated hydroxy-Al polymers, whether

existing alone or coprecipitated with Cr, occur as simple octahedral sheets or

fragments thereof (Dubbin et al. 1994). As revealed in Figure 6.5, the sorbed Cr

created an environment for interlayer AlvI which was slightly more shielded than that

for AlvI in the 2:l layer. The Cr altered the environment of interlayer AlvI by acting

through the oxygen shared with the adjoining Al octahedra. Therefore, the slightly

less positive chemical shift for interlayer AlvI in Al-Cr clays is evidence for the

presence of Al-O-Cr linkages. The detailed spectrum of the Al-Cr clay reveals that

the two sub-peaks have nearly the same intensity. Although peak area is a more

accurate measure of the abundance of a particular environment, the strong intensity

of the 0.2 ppm peak indicates that the Al-O-Cr linkages are quite abundant. It is
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Figure 6'9' 2esi MAS NMR spectrum of a pure hydroxy-cr interlayered montmorillonite (355 cmol ct'+ sorbed/kg). Asterisksindicate SSB's. ---- \---
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proposed, therefore, that Al and Cr are distributed fairly uniformly within the hydroxy

polymers. This arrangement would provide a greater number of Al-O-Cr linkages than

if Al and Cr were segregated.

The underlying cause of the 27Al chemical shift in the Al-Cr clays is not known

for certain. However, because both Al and Cr have the same valence, differences in

ionic charge can be disregarded. These two elements also have comparable

electronegativities; the small difference which does exist would not be expected to

contribute significantly to the chemical shift. Aluminum and Cr(III) do, however,

possess substantially different ionic radii. The radius of Al3* (0.63 Ä) is significantly

smaller than that of Cr(IIf (0.76 n¡. fne presence of the larger Cr(IIf ion in the

octahedral sheet would distort adjacent Al octahedra. This distortion, in turn, would

result in a redistribution of electrons around the Al nucleus, producing the observed

chemical shift.

6.4.2 Mode of Cr complexation

The 2esi chemical shift of layer silicates is sensitive to the nature of interlayer

cations. Sorbed cations alter the distribution of electrons at the siloxane surface,

thereby changing the chemical environment of Si. It is, however, difficult to predict

whether interlayer cations will increase or decrease the shielding of tetrahedral Si.

Intercalation of montmorillonite with positively charged SiOr-TiO, particles has been

shown to decrease the shielding of Si and, consequently, move the 2esi peak to slightly
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less negative values (Malla and Komarneni 1993). By determining the position of the

2eSi chemical shift for talc-phlogopite and pyrophyllite-muscovite pairs, interlayer K*

was also shown to decrease the shielding of Si (Sanz and Serratosa 1984). However,

because micas hold K* through inner-sphere complexes, the redistribution of electrons

at the siloxane surface was greater than would occur through outer-sphere complexes.

Consequently, the change in chemical shift induced by K* (5 ppm) was greater than

that induced by the SiO2-TiOz particles, which were held through only electrostatic

forces. In contrast to the above findings, other work has indicated that interlayer

cations increase the shielding of tetrahedral Si. The sorption of both hydroxy-Al

polymers (Plee et al. 1985) and Pb(II) (Liang and Sherriff lgg3) onro layer silicates

was shown to move the 2esi peak to more negative values. Of all the pb(Il)-exchanged

clays examined by Liang and Sherriff (1993), however, a shift in the 2eSi peak

position was observed only for vermiculite, presumably because only the vermiculite

had a charge that was large enough to induce an interaction with the pb(II) which was

sufficiently strong to alter the Si environment.

Despite difficulty in predicting whether interlayer cations will increase or

decrease the shielding of Si, it is apparent from the previous discussion that the

magnitude of change in chemical shift is directly related to the strength of the cation-

siloxane oxygen complex. Cations held covalently have a greater effect on the electron

density of siloxane O than those held simpty through coulombic forces. As shown in

Figures 6'7 through 6.9, the two principal environments of Si in the tetrahedral sheet
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differ by about 8 ppm. This large difference can be accounted for only by the

presence of Si-O-Cr linkages. Formation of a covalent bond between Cr and siloxane

O would decrease the electron density of the Si-O bond. Adopting the explanation

Kirþatrick (1988) proposed to explain a similar chemical shift, this decrease in

electron density would decrease the paramagnetic deshielding of Si and cause the

observed change to a more negative chemical shift. Therefore, the creation of a

second environment for Si in the tetrahedral sheet, significantly more shielded than

the first, provides the most definitive evidence yet to support the idea of inner-sphere

complexation of Cr.

6.4.3 Cr arrangement on the siloxane surface

The Cr atoms would not be sorbed randomly on the siloxane surface. As

indicated previously, the -94 ppm peak represents a single, relatively broad

environment for Si in the tetrahedral sheet (ie. Si(0Al)). Wirhin this major

environment, however, the Si atoms will experience slightly different sub-

environments, depending on their proximity to substin¡tion sites (ie. Mgt* for Al3*)

in the octahedral sheet. These sub-environments contribute to peak broadening. Of all

the siloxane O available for complexation, one would expect Cr to preferentially

complex with those which carry the greatest charge; that is, those closest to octahedral

substitution sites. Therefore, Cr would alter the environment of Si atoms which

occupy a fairly nalrow range of environments. Consequently, the peak representing
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the newly-created Si environment would be narrower than the -94 ppm peak,

reflecting the greater uniformity of the new environment. The apex of the -100 ppm

peak appears to be sharper than that of the -94 ppm peak, thereby supporting this

proposal (Figure 6.9). However, an accurate comparison of peak widths is difficult

due to the small size of the -100 ppm peak.

Geometric constraints dictate that a single Cr(III) atom can complex with only

one O from the same Si tetrahedron. The O-O interatomic distance on the basal

surface of a Si tetrahedron is approximately 2.6 Ä whereas the O-O distance for a

Ct'"(H2O)u ocrahedron is near 2.9 

^(Grim 
1968). Clearly, the differing bond lengths

preclude the possibility of bidentate complexation to a single tetrahedron. For the

simplest case, that of a single Cr(III) in octahedral coordination with H2O and OH,

one can envisage an anangement depicted in Figure 6.10. In this scenario the Cr(III)

is held through a monodentate complex at each surface and is, therefore, bidentate

overall. The potential for Cr(III) to be sorbed through a bidentate complex on a single

surface will depend on the distance between O of different tetrahedra, which depends

primarily on the amount of rotation of the tetrahedra.
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Figure 6.10. Depiction_ of-octahedrally coordinated Cr(II! adsorbed through an inner-
sphere complex at each siloxane surface (modified f¡om Klein and Hurlb=ut 19g5).
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6.5 Conclusions

All of the Al detected by 27Al MAS NMR was present in an octahedral

environment. The environment of AlvI in the interlayer region was altered slightly by

the sorbed Cr, indicating the presence of Al-O-Cr linkages. Both of these observations

are consistent with the results of previous investigations and further support the idea

of a uniform distribution of Al and Cr within the interlayered octahedral hydroxy

polymers.

A major goal of this study was to elucidate the mode of Cr complexation.

Earlier studies proposed, but did not confirm, an inner-sphere adsorption mechanism.

In this study, 2esi MAS NMR revealed a second environment for Si in the tetrahedral

sheet of the Cr-clays. Such an environment could be created only by the covalent

bonding of Cr with siloxane O. Therefore, 2esi MAS NMR has provided the most

definitive evidence yet in support of the inner-sphere mechanism of Cr adsorption.
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7. oxIDATrvE DISSOLUTION oF HYDRoxy-cr INTERLAYERS

IN MONTMORILLONITE

7.1 Introduction

In soils and sediments, chromium may be present in two thermodynamically

stable oxidation states, Cr(III) and Cr(VI) (Bartlett and Kimble 1976). Chromium(Vl)

is known to pose a significant health hazard and the US EPA has, therefore,

established a limit of t.7 ppm for Cr(VI) in effluent water (U.S. Environmental

Protection Agency 1977). Chromium(Ill), however, presents only a low health risk.

The only significant threat from Cr(III) is its potential oxidation ro Cr(VI). In lighr of

the known hazards of Cr(VI), considerable effort has been directed toward

understanding the oxidative behavior of Cr(III).

In natural systems the only common oxidants of Cr(IIf are Mn oxides and, at

pH values greater than 9, molecular oxygen. The oxidation of Cr(III) by Mn oxides

has been examined extensively in recent years (Eary and Rai 1987; Johnson and Xyla

L991; Fendorf etal.1992; Fendorf and Zasoski L992: Fendorf et al.1993). All of this

work, however, has examined the oxidation of aqueous Cr(III) to Cr(VI) by reaction

with solid phase Mn. It. is well known, though, that most Cr(IID in soils and

sediments occurs, not in solution, but rather as highly insoluble hydroxy polymers

sorbed to colloid surfaces (Shewry and Pererson 1976: Cary et al. 1977; Grove and

Ellis 1980). Of the total Cr(III) pool, only a small fraction is present in solution.
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Therefore, solid phase Cr(III) poses a much greater potential risk to ecosystem health

than aqueous Cr(III).

Expandable layer silicates such as montmorillonite are often major constituents

of soils and sediments and have been shown to have a high sorptive capacity for

hydrolyzed Cr (Dubbin and Goh 1995a). This Cr is strongly bound within the

interlayer region and can not be displaced via simple cation exchange reactions. Under

most conditions, therefore, the Cr is secure and does not pose an environmental

threat. However, oxidation of the Cr(IIf would lead to its release to solution as the

toxic Cr(VI) oxyanion. Manganese oxides are unlikely oxidants for this intercalated

Cr(III); the small pore size within the interlayer region would prevent the entry of all

but the smallest Mn oxide units. In this respect, the montmorillonite provides the

Cr(III) with a measure of stability against oxidation. However, many industries use

powerful aqueous oxidants which would have easy access to the interlayer region of

montmorillonite. For example, water treatment facilities commonly employ chlorine

compounds such as NaOCI to assist in the removal of Fe and organic contaminants

(Laubusch 1971). The oxidation of Cr(III) by OCI- is known to be thermodynamically

favorable. In the presence of powerful aqueous oxidants such as OCI-, therefore, one

would expect the oxidation and subsequent release of interlayered Cr(III)

In assessing the potential toxicity of a redox-sensitive metal such as Cr(III)

which is present largely in the solid phase, one must not be satisfied with an

understanding of the redox behavior of only its aqueous forms; Cr held in the solid
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phase poses a much greater potential threat. The aim of this investigation, therefore,

was two-fold' The primary goal was to elucidate the characteristics of oxidative

dissolution of interlayered hydroxy-Cr polymers. Because Al and Cr are known to

coprecipitate within the interlayers of montmorillonite (Dubbin et al. lgg4), a

secondary goal was to determine the effect of this coprecipitated Al on the oxidation

of the Cr.

7.2 Materials and Methods

7.2.1 Cloy synthesis

The monrmorillonite (swy-l, crook county, wyoming) was obtained from

the Source Clays Repository of The Clay Minerals Society. Prior to fractionation, the

clay was Na-saturated by washing five times with 1 N NaCl then washed free of Cl

as determined by the AgNO, test. For each sample, five grams of the 12 ¡tmfraction

was first suspended in2L deionized water. Two sets of hydroxy-Cr interlayered clays

were prepared. The first set was prepared by treating each of seven montmorillonite

suspensions with a different CrCl3 concentration (67, 100, 133, 200, 400,600, and

800 cmol Cr/kg clay). For the second set, AlCl, and CrCl, were added to separate

montmorillonite suspensions to give three AI/(AI+Cr) molar ratios (0.67,0.5, 0.33).

Each of these three had a total trivalent cation concentration of 200 cmol M3*/kg clay.

All ten clay-M3* suspensions were stirred vigorously and titrated at 1 ml/min with

0.1 N NaoH until a final NaoH/M3* molar ratio of 2.5 was reached.
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To assist in the elucidation of the oxidation mechanism, bulk cr(oH)r,., was

prepared by titrating CrCl3 with 0.1 N NaOH until a NaOH/Cf * molar ratio of 3.0

was reached. All suspensions were brought to final volumes of 3 L and then

transferred to capped bottles. The suspensions were aged at 23 t 0.5"C for 30 days

and were agitated daily. After aging, each suspension was separated into its filtrate

and solid phase by ultrafTltration through a Millipore filter of 0.025 ¡tmpore size. The

solid phase of each sample was washed free of Cl- as determined by the AgNO, test.

7.2.2 Oxidation of the hydroxy-Cr polymers

Oxidation of the bulk Cr(OH)r,,, was conducted by suspending several

milligrams of the oxide in 50 mL of NaoCl which, while dilute (1.07 % Cl), was in

large excess of that required for complete oxidation of the Cr. A magnetic stirring bar

maintained a homogeneous suspension. At selected times 1 mL of the suspension was

withdrawn and passed through a Millipore filter of 0.025 pmpore diameter. Four mL

of deionized H2O were subsequently passed through the same filter to ensure all of the

Cr in solution had been washed from the clay. Oxidation of the interlayered clays

involved following this same procedure except that approximately 30 mg clay was

added to the NaOCl. Chromium and Al in all extracts were determined with atomic

absorption spectroscopy.
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7.3 Results

7.3.1 Oxidatíon of bulk (non-interlayered) Cr(OH)r,,,

At the start of all oxidative dissolutions the Eh and pH values were

approximately 0.74 V and I I .3, respectively. These conditions fall within the stability

field for chromate (Figure 7.1). Therefore, one would expect chromate species to be

the stable end-product of these oxidation reactions. The oxidation of Cr(II! by OCI-,

which is thermodynamically favorable, consumes hydroxyls. One would expect,

therefore, the oxidation of Cr(III) to coincide with a decrease in pH. During

dissolution of the bulk Cr(OH)ru,, the pH of the suspension did, in fact, decrease from

11.3 to 7.8 (Figure 7 .2). The first 2 h of the reaction produced a decrease in pH of

approximately 1 unit. During the next 2 h, proton production accelerated and pH

decreased by more thanZ units to 7.8 at 5 h reaction time.

Supernatant Cr concentration increased only gradually during the first 3 h

(Figure 7.2). However, there was a marked increase in oxidation rate between 3 and

4 h prior to the maximum rate which occurred between 4 and 5 h. The highest rate

of Cr(III) oxidation was observed only when the pH was near its minimum value. This

observation indicates that the generation of protons is a prerequisite to enhanced

oxidation.

7.3.2 Oxidative dissolutíon of pure hydrory-Cr interlayers

Dissolution curves of all seven clays which contained pure hydroxy-cr
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interlayers are shown in Figure 7.3. The four clays treated with the least amount of

Cr sorbed all of that which was added. However, the three clays treated with the

largest amounts of Cr sorbed only a portion of that which was added. Specifically, the

400, 600, and 800 clays sorbed only 334,355, and 416 cmol Crlkg clay, respectively.

Therefore, in the oxidation of these three highest-Cr clays, the final supernatant Cr

concentrations were considerably lower than what one would expect from the original

Cr concentrations of the aging suspensions.

Oxidation was allowed to proceed to completion for all seven clays. Oxidation

of the 67 clay progressed slowly initially then accelerated somewhat between 3 and

6 h leading to complete dissolution of the interlayers by 10 h. Likewise, oxidation

rates of the 100 and 133 clays were slow initially, then accelerated between 2 and 5

h. Interlayers of the 100 and 133 clays were completely oxidized by 8 and 7 h,

respectively. The oxidative behavior of the 200 clay mimicked that of the previous

three. That is, a slow initial oxidation rate was followed by a rapid rate followed,

once again , by a slower rate leading to termination by 5 h. Dissolution curves of the

three most Cr-rich clays displayed only a gross resemblance to those of the previous

four. For these three highest-Cr clays the maximum oxidation rate occurred much

earlier and its magnitude was much greater than for the others. Oxidation was

complete by 2h for all three of these clays.

Figure 7.3 shows a relationship between the amount of sorbed Cr and duration

of oxidation which at first appears contradictory. As the amount of sorbed Cr



98

400

300

200

100

46
ïime (h)

Figure 7.3. Supernatant Cr concentration as a function of time for the seven pure Cr
clays. values in parentheses indicate actual amount of sorbed cr.

õ
C)

O)l<
()
o
Eo
t-
()
c
(ú

Cdct-
0)
o-
=U)

o-o 800 (416) cmolCr/kg clay
v-v 600 (355)

x-x 400 (334)

x-x 200

^-^ 133

o-o 100

D-D 67

O-D-!-!-D-D-D

/ ¡-a-a-Â-Â-a

i '/'{- .o-e-o-o-o-o-o



99

increased, the time required for its complete oxidation decreased. Two important

parameters, which may explain these different oxidation rates, are known to vary

among the seven clays. First, the pore space within the interlayer region would greatly

affect the supply of oxidant to the interlayered hydroxy polymers. The relative total

pore space in these clays can be inferred from N,-BET specific surface areas. The Nr-

BET specific surfaces were determined previously for the 67,1.00, 1.33,200,400,

600, and 800 clays and found to be 44, 62,85, 91 , r22, 111, and 103 m2lg,

respectively (Dubbin and Goh 1995a). It can be seen, therefore, that the oxidation

rates increased with increasing pore space. Secondly, the surface charge of the

hydroxy polymers, which is governed by pH, ultimately determines the amount of

OCI- which is complexed. A lower pH imparts a greater positive charge to the

hydroxide surface, thereby allowing for greater complexation of the negatively

charged hypochlorite molecule. The minimum pH values attained during the oxidative

dissolutions of each of the seven clays, listed in order of increasing Cr concentration,

were 9.3, 8.7, 8.2,7.8,7.4,7.1, and7.2. Clearly, the lowest pH values correspond

to the greatest oxidation rates.

7 .3.3 oxidative dissolution of coprecipitated hydrory-cr and -At interlayers

Each curve in Figure 7.4 represents the dissolution of hydroxy interlayers from

clays which held 100 cmol Crlkg. The solid-circle curve is for a clay that also held

100 cmol Al/kg. There were significant differences in the Cr oxidation rates between
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these two clays. The rate of oxidation of Cr from the pure Cr interlayers was fast and

constant, relative to that of the coprecipitated hydroxy-Cr and -AI interlayers. The

oxidation rate of Cr from the Al-Cr interlayers was rapid only during the first 10 h,

beyond which the rate was significantly slower. The pure Cr interlayers were

dissolved extremely fast relative to the Al-Cr interlayers. Oxidative dissolution of the

pure Cr interlayers was complete by 8 h (Figures 7.3 and 7.4) whereas oxidation of

Cr from the Al-Cr interlayers was only partially complete by 70 h. As there was

considerable Cr remaining on the At-Cr clay after 70 h, the Al was shown to provide

an effective hindrance to Cr oxidation.

As a means of determining the long-term stabilify of coprecipitated hydroxy-Cr

and -Al interlayers, the supernatant Cr concentrations of the clays with Al/(Al+Cr)

molar ratios of 0.33, 0.5, and 0.67 were monitored for several weeks (Figure 7.5).

Chromium oxidation rates for all three clays were relatively rapid initially then

decreased markedly at 3 to 5 days. The duration of this enhanced oxidation period

varied with the Al/(Al+Cr) ratio of the interlayers. The clay with the most Cr (i.e.

0.33) gave the longest period of enhanced oxidation whereas the 0.67 clay gave the

shortest period. Oxidation of Cr from all three clays continued, although at a much

slower rate, throughout the remainder of the study period. The slow but sustained

oxidation of Cr from these Al-Cr clays indicates that this Cr was oxidized via a mode

of oxidation which was different from that for the pure Cr clays. After 30 days of

reaction, substantial amounts of Cr remained sorbed on all three Al-Cr clays. The
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amount of Cr remaining on each clay, as a percent of that initially present, varied

with the initial All(Al*Cr) ratio. Specifically, the amount of Cr remaining after 30

days for the 0.33, 0.5, and 0.67 clays was 10-1.5, 30-40, and40-45 %, respectively.

Once again, the Al is shown to provide a significant hindrance to the oxidation of Cr.

There were no detectable amounts of Al released from any of the Al-Cr clays during

the 30 day oxidation period.

7.4 Discussion

7.4.1 Oxidation mechanísm

The oxidative dissolution of all hydroxy-cr polymers by Naocl may be

described with four elementary steps (Figurc 7.6). As a precursor to dissolution, the

OCI- anions, accompanied by cations, diffuse into the interlayer region. The

hypochlorite molecule has a net negative charge and is, therefore, electrostatically

attracted to positive sites on the hydroxide surface (Figure 7 .6a). Due to differences

in the electronegativity of O and Cl, the hypochlorite anion is also polar, with a

partial positive charge on the Cl. When in close proximity to the hydroxide surface,

the OCI molecule will orient itself with the Cl atom close to an electron-rich hydroxyl

group (Figure 7.6b). Once Cl-O orbital overlap has occurred, electron transfer is

virnrally instantaneous. Because the complexed hydroxyl group serves as ligand for

both Cr and Cl, the electron transfer depicted in Figure 7.6c is classed as an inner-

sphere (ligand-bridged) mechanism (Cotton and Wilkinson 1988). Water molecules are
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also known to be bridging ligands. However, because the HrO on the hydroxide

carries a partial positive charge, it is much less likely to serve as a conduit for

electrons. The electron transfer depicted in Figure 7.6c onty grossly represents the

actual process. Because two CI atoms are required to complete the oxidation of one

Cr(III), a multistep mechanism is involved, wherein an unstable intermediate is

formed. Once the oxidation of Cr(IIf is complete, the resultant Cr(VI) atom will

adopt tetrahedral geometry, thereby destroying the hydroxide locally (Figure 7.6d).

Whether oxidative dissolution continues depends on the identity of M3*. Oxidation

will continue if M is Cr and terminate if it is Al.

7. 4. 2 Oxidation kínetics

From the previous discussion, it is apparent that the rate of Cr(IIf oxidation

is most directly controlled by the rate at which the OCI- complexes with the Cr-OH

groups. This may be written as:

# = ktcr(rrr)-oH-ocu

This relationship assumes that all Cr atoms are oxidized with equal ease. However,

within the sorbed hydroxy-Cr polymers, Cr may exist in one of two principal

chemical environments (Dubbin and Goh 1995a). These different environments

(1)
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determine the ease with which Cr(III) is oxidized. In the first environment, the six

ligands around Cr consist of either OH or HrO. In this case, the Cr is sorbed

electrostatically via the net positive charge of the hydroxy polymer. Because the

siloxane oxygen of the montmorillonite have not entered the coordination sphere of

Cr, the Cr is held through an outer-sphere complex. In the second principal

environment, a siloxane O replaces either OH or HrO within the coordination sphere

of Cr such that the Cr is sorbed covalently to the montmorillonite. Deprotonated O-

groups, such as the siloxane O of montmorillonite, are known to serve as o-donor

ligands and provide these covalently bonded Cr atoms with greater electron density

(Hering and Stumm 1990). Consequently, Cr(III) atoms sorbed through inner-sphere

complexes are stronger reductants than those held through outer-sphere complexes.

The redox potential of inner-sphere Cr, with respect to OCI-, will, therefore, also be

greater than that for outer-sphere Cr. Therefore, it is more accurate to express

equation (1) with two tenns, one for each mode of cr(III) complexation:

# = ktcr(rrfrs-oH-ocll + k/[cr(rrr)os-oH-ocl]

The relative proportion of inner- and outer-sphere Cr(III) varies with the total amount

sorbed. Due to a small interlayer distance (Dubbin and Goh 1995a), all of the Cr in

the lowest-Cr clays is in close proximity to the montmorillonite surface. It is possible,

(2)
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therefore, for all this Cr to be sorbed through inner-sphere complexes. In the most Cr-

rich clays, however, the interlayer distance is considerably greater and only that Cr

which is adjacent to the siloxane surface could be sorbed specifically. Therefore, as

the amount of sorbed Cr increases, the proportion which is bound inner-spherically

decreases.

The concentration of all Cr(II|-OH-OCI complexes depends firstly on the

concentrations of Cr(III) and OCI-. Equation (2) should, therefore, be refined further:

-dCr(III) _
dt

k[Cr(III),r]locll + k/[Cr(III)os][OCl] (3)

The Cr(III) on the right hand side of equation (3) refers only to thar Cr which is

located at the margins of the polymer and, therefore, accessible to the oxidant. As

discussed in the next section, the Al-Cr clays may hold appreciable amounts of Cr(III)

yet the oxidation rate is extremely slow because very little Cr(III) is located at the

polymer margin. As indicated previously, the total OCI- in the reaction vessel is in

large excess of that required for complete Cr(III) oxidation and will, therefore,

decrease only slightly during oxidation. Of relevance is the OCI concentration only

within the interlayer space, which may vary considerably. Therefore, OCI- in equation

(3) refers only to OCl- within the interlayer region.

Figure 7.2 indicates, and the proposed oxidation mechanism predicts, that the
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oxidation of hydrolyzed Cr(III) is catalyzed by protons. As proton activity increases,

the positive surface charge of the polymer also increases, thereby enhancing

electrostatic attraction with the OCl-. However, a lower pH reduces the number of

hydroxyl groups to which the Cl can complex and through which the electrons can

shuttle. It is apparent, therefore, that the pH at which oxidation is greatest will occur

when both the electrostatic attraction and the number of hydroxyls are maximized.

From the previous discussion, it is apparent that the dissolution behavior of the

pure hydroxy-Cr interlayers varies with the concentration of Cr(III), OCI-, and H*.

Dissolution of the Al-Cr interlayers, however, involves a fourth variable, as will be

discussed in the next section. The present discussion explains the dissolution curves

of only the pure Cr clays. The most obvious trend illustrated in Figure 7.3 is that

oxidation rates increased with the amount of sorbed Cr. This has occurred for two

main reasons. First, as equation (3) illustrates, clays which held more Cr displayed

greater oxidation rates simply because there was more Cr which could be oxidized.

Second, the more Cr-rich clays generally had larger interlayer pore spaces, as

indicated by greater N2-BET specific surfaces. This greater pore space allowed for a

more rapid movement of OCI- into the interlayer region, thereby increasing oxidation

rate. It is also obvious from Figure 7.3 that each clay displayed a marked acceleration

in oxidation rate. These accelerations were caused by two main factors. First, protons

liberated during the Cr(III) oxidation increased the positive charge of the polymer

surface, thus allowing for greater complexation of OCI-. Second, as the oxidation
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progressed, interlayer material was removed and Na+ was subsequently added to the

newly-vacant exchange sites. The large hydration shell of Na+ expanded the interlayer

space, thus further increasing the supply of OCI- to the polymers. During the period

of most rapid oxidation for the 400, 600, and 800 clays, about 1.5 x 1016 cr(III)

atoms were oxidized from each clay every second. This number is remarkable,

especially when one considers the number of steps required for oxidation to occur and

the small sample size employed (-30 mg).

The maximum oxidation rate attained by each clay varied considerably. Much

of this difference can be attributed to differences in the amount of Cr sorbed.

However, if the maximum Cr(IIf oxidation rate for each clay is expressed as cmol

of Cr released to the supernatant per hour and per cmol of Cr sorbed (Figure 7.7),

one can then attempt to explain these rate differences in terms of pH, polymer surface

area, and mode of Cr complexation. Note, however, that the amount of sorbed Cr

may indirectly affect these other parameters. For example, as Cr(III) content

increases, the potential for a greater reduction in pH also increases.

Generally, for the pure Cr clays, maximum oxidation rates increased with the

Cr content (Figure 7.7). This can be attributed to lower pH values and a greater OCl-

supply in the more Cr-rich clays. For the two most Cr-rich clays, however, additional

sorbed Cr led to reductions in oxidation rate, despite similar pH values for each.

These reductions were due primarily to a decrease in pore space, as indicated by

smaller N2-BET specific surfaces. Another observation from Figure 7.7 is that the
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maximum oxidation rates observed for chromium in the pure Cr clays exceeded that

of Cr in the Al-Cr clays. The reasons for this are explained next.

7.4.3 Effect of coprecipitated Al

Previous work (Dubbin et al. 1994) has shown that coprecipitated hydroxy-Cr

and -Al interlayers exist as simple octahedral sheets wherein Cr has substituted for Al.

One such sheet is shown schematically in Figure 7.8a. In this arrangement,

considerable amounts of Cr are located at the periphery of the polymer. At the onset

of oxidation, therefore, one observes the release of substantial amounts of Cr(M)

because much of the Cr(IID is easily accessible to the oxidant. However, the oxidation

rate of Cr(IIf from the Al-Cr clays began to decrease almost as soon as oxidation

started, despite a decrease in the suspension pH. The mechanism proposed to explain

this observation is illustrated in Figure 7.8. As Cr(III) atoms are removed via

oxidation, the polymer becomes smaller and Al concentrates at the margins. As more

Al accumulates, the Cr(III) atoms become less accessible, thereby decreasing the rate

of oxidation. Eventually, an Al "shield" forms around the central, unaltered core of

Al and Cr (Figure 7.8b).

The oxidation of Cr(IIf , whether it be from pure Cr clays or Al-Cr clays, is

extremely fast. One can reasonably assume, therefore, that the Al shield will form

within hours, or possibly even minutes, after the start of oxidation. However, it is

clear from Figures 7.4 and 7.5 that the oxidation of Cr(III) continued long after the



Figure 7'8' Schematic illustration of a hydroxy-Cr and -Al polymer before oxidation (a). Arrows depict interchange of atoms.An Al shield is visible in polymer (b), after oxidation. --r--- 
Ë
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shield would have formed. The continued oxidation of Cr(II! is believed to occur due

to diffusion of Cr(IIf atoms from the interior to the margins of the hydroxy polymers.

The relative ease with which atoms can diffuse through solids is well known (Moore

1983). At the atomic level, the diffusive transport of Cr(III) requires Al to exchange

lattice positions with cr, as illustrated by the arrows in Figure 7.ga.

The diffusion of atoms in solids, like that in liquids and gases, occurs in

response to a chemical gradient. The concentration gradient which drives the diffusion

process in these Al-Cr polymers is generated by the depletion of Cr(III) at the

polymer margin. And, like diffusion in liquids and gases, diffusion in solids can be

described by Fick's law:

dc^j.. : -D.'=; (4)

where j is the diffusive flux, D is the diffusion coefficient, and dc/dx is the

concentration gradient. To provide an accurate description of diffusion in solids,

however, one must consider crystal defects such as vacancies. These vacancies can

serve as channels through which the atoms travel to their new lattice positions.

Vacancies may be considered as catalysts in two respects. First, they lower the

activation energy of atom transfer and, second, their concentration does not change.

The vacant sites in a dioctahedral sheet such as the interlayered hydroxy polymers,
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though not strictly considered defects, would greatly increase the cation diffusion rate

by lowering the activation energy for atom transfer. Therefore, in the presence of

vacancies, the interchange of Al and Cr, while remaining diffïcult electronically,

would become much easier sterically. To account for these vacancies in a quantitative

way, the diffusion coefficient, D, in equation (4) must be related to the average jump

frequency, l, of Cr in the polymer. Modifying the equation of Schmalzried, (1974)

gives the following:

" dc^j.,:-f",gté'-f (5)

where g is a geometrical factor which gives the probability that Cr will jump in a

particular direction. For the polymer illustrated in Figure 7.8a, g is 1/3 or I/2,

depending on the initial location of the Cr atom. The a., term gives the distance

between two planes of Cr atoms.

The previous discussion makes clear that the ever-decreasing rate of Cr(III)

oxidation is due to a continual decrease in the dc/dx term over time. As oxidation

proceeds the Al shield thickens and the Cr(III) concentration within the polymer

decreases. The average jump frequency, l, will remain constant provided the

temperature does not vary. Therefore, oxidation will continue, although at an ever-

decreasing rate, until all the Cr(III) has been oxidized. The Al shield slows, but does
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not stop, the oxidation of Cr(IID. The Al around the margin of the polymer simply

provides a hindrance to Cr(III) oxidation. However, if the oxidizing conditions to

which the Al-cr clays are exposed are only transitory, some Cr(III) may remain

unoxidized, depending on the duration of oxidation. In this regard, the coprecipitated

Al affords the interlayered Cr(III) with a measure of protection against oxidation.

7.5 Conclusions

Interlayered hydroxy polymers of Cr(III) were oxidized rapidly in the presence

of the powerful aqueous oxidant, NaOCl. The interlayer region of montmorillonite did

not offer any protection against oxidation. On the contrary, the interlayer environment

increased the oxidation rate of Cr(IIf by (i), increasing the polymer surface area, (ii),

allowing for the possibility of inner-sphere complexes, and (iii), providing a relatively

confining environment in which the protons from oxidation could accumulate more

rapidly. It may be concluded, therefore, that, with respect to aqueous oxidants such

as NaOCl, interlayered hydroxy-Cr poses a greater environmental th¡eat than does

external phase cr(oH)r,,,. For the pure cr clays, the layer structure of

montmorillonite offers protection only from oxidants, such as Mn oxides, which are

too large to enter the network of interlayer spaces.

Pure hydroxy-Cr interlayers are unlikely to form in natural environments. In

natural systems, Cr(III) would coprecipitate with other hydrolyzable metals such as

Al' Therefore, the Al-Cr clays prepared in this study more closely mimic the true
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situation. The Al in these clays was shown to provide a significant hindrance to

Cr(III) oxidation. The magnitude of this hindrance depends on the diffusion rate of Cr

through the hydroxy polymers. This diffusion rate, in turn, is a function of

temperature. Higher temperatures increase the kinetic energy of the polymer cations,

thus increasing their rate of interchange. The jump frequency of the interlayer cations

is also strongly dependent on their relative ionic radii. The activation energy of cation

interchange would increase as the difference in ionic radii increases. To more closely

replicate field conditions in future studies, therefore, both the oxidation temperature

and the type of coprecipitated cation should reflect those found in natural systems.

Another important area for future study would be to test the proposed oxidation

mechanism in a more quantitative way. This could be achieved most effectively by

fitting the proposed rate equations with the experimental data. However, uncertainty

regarding the relative populations of inner- and outer-sphere Cr(II! may make this

task difficult.
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8. STJMMARY AND CONCLUSIONS

Soils and sediments rich in both smectite and Cr can be expected to hold large

amounts of intercalated hydroxy-Cr polymers. The investigations described in the

previous chapters provide new and important insights into the nature of these

intercalated species. The structure and stability of the hydroxy-Cr interlayers varied

considerably in response to changes in only two parameters: the amount of sorbed Cr

and the presence or absence of 41. Under natural conditions of synthesis, where one

would encounter a full suite of minerals, cations, ligands, as well as temperature and

moisture regimes, the polymer diversity would increase dramatically. However, the

range of polymers examined in the present study offered a glimpse into the nature of

those interlayers which would form under natural conditions.

All sorbed Cr which was detected by XPS was shown to be present as Cr(IIf .

Due to the slow polymerization of Cr(II!, all pure Cr hydroxy polymers were small

and poorly ordered. However, these polymers became less disordered as the amount

of sorbed Cr increased. Montmorillonite was an effective sorbent for hydroxy-Cr

species up to 1200 cmol(+)/kg. Above this concentration sorption continued, though

less efficiently. When large amounts of Cr(III) were sorbed, hydroxy polymers 5 to

10 nm in diameter formed on the external surface of the montmorillonite. These

polymers provided an effective means for binding adjacent tactoids, as revealed by the

formation of montmorillonite microclusters.
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As shown by XRD data, the presence of Al induced the formation of gibbsite-

like sheets in all Cr-clays. Several other techniques indicated that both Al and Cr were

present within the same hydroxy polymer. Specifically, data from cation exchanges,

oxidative dissolutions, as well as from IR and 27Al MAS NMR spectroscopy, support

the notion of Al and Cr existing within the same polymer. Thus, the Al served to

integrate Cr into relatively well ordered hydroxy interlayer polymers. In this respect,

the Al has acted as a template in the formation of gibbsite-like sheets in the interlayer

region of the Al-Cr clays.

The way in which a metal complexes with a surface greatly influences its

behavior. A metal held through an inner-sphere complex is much less available to the

surrounding solution than one which is held through only electrostatic forces. The

mode of complexation becomes even more important when the metal, such as Cr,

presents a potential threat to ecosystem health. Previous work suggested, but did not

confirm, that Cr(III) forms inner-sphere complexes with the siloxane surface of

montmorillonite. In this study, data from cation exchanges, as well as from IR and

2esi MAS NMR spectroscopy, provide further evidence that Cr does, in fact, form

covalent bonds with siloxane oxygen. Consequently, Cr can be expected to be much

less bioavailable than a metal which forms only outer-sphere complexes.

The structure of the hydroxy polymers, surlmarized above, dictates their

stability. Due to their small size and lack of long-range order, the pure Cr interlayers

provided the montmorillonite little resistance to collapse upon heating. The addition
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of Al, with the resulting increase in polymer size and order, greatly increased the

thermal stability of the montmorillonite interlayer. Because Cr was held strongly

through inner-sphere complexes, the polymers were highly resistant to displacement

by K or Ca. Chromium could be displaced, in very small amounts, only from the Al-

Cr clays and the three most Cr-rich clays. Therefore, Cr was found to be secure

within the interlayer region when subjected to simple cation exchange reactions.

However, the hydroxy interlayers were highly vulnerable to attack from the aqueous

oxidant, NaOCl. The most Cr-rich clays were the most vulnerable due to their greater

interlayer pore space and greater potential for pH reduction during the course of

oxidation. The sustained oxidation of Cr(III) in the Al-Cr clays indicates that Al and

Cr do not occupy fixed positions within the hydroxy polymers. Rather, Cr(III) is

believed to move via solid-state diffusion to the polymer margin, where it can be

oxidized. Therefore, the coprecipitated Al serves only to decrease the rate of, and not

stop completely, the oxidation of Cr(III).

Although the primary focus of this study was to determine the fundamental

properties of hydroxy-Cr interlayers, insights gained from this investigation are not

without their application. As described above, sorbed hydroxy-Cr polymers can, in

general, be considered unavailable to the solution. Although polymer dissolution may

occur at a sufficiently low pH via proton attack, the Cr would be released as the

relatively inert Cr(III) cation. However, under strongly oxidizing conditions, Cr would

enter solution as the toxic Cr(VI) oxyanion. Therefore, to safeguard the quality of
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waters in which hydroxy-Cr clays are present, efforts must be made to ensure that the

redox conditions do not allow for rhe oxidation of Cr(III).

In any study which aims to address a wide range of topics, it is inevitable that

some of the original questions will remain unanswered and new questions will arise.

This study was no exception. Of the original goals, the attempt to determine the gross

structure of the pure hydroxy-Cr polymers was the least successful. The techniques

employed were not well-suited for the structural determination of these poorly ordered

materials. Future attempts to elucidate the structure of the hydroxy-Cr polymers would

be more successful if they were to incorporate x-ray absorption spectroscopy. This

technique is capable of determining the local structure around a specific absorbing

element, such as Cr. Alternatively, in the absence of such advanced instrumentation,

one may increase the size and crystallinity of the hydroxy polymers by increasing the

aging time, temperature, or both. The resultant polymers would then lend themselves

more readily to effective study with conventional techniques.

Several new questions also arose from these investigations. As indicated

previously, Al served as a template in the formation of gibbsite-like sheets in the At-

Cr clays. In future studies it may be useful to determine the concentration below

which Al is no longer effective as a template. Data from such an investigation would

allow one to characterize the Al-Cr interactions more completely. The rate of Cr(III)

oxidation from the Al-Cr clays was shown to be dependent on the rate of Cr(III)

diffusion through the hydroxy polymers. Therefore, a second possible area of further
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investigation would be to establish how this diffusion rate changes in response to

temperature, layer charge of the host clay, and the identity of other cations within the

polymer. As a final suggestion for future work, one may wish to examine naturally-

occurring hydroxy-Cr interlayers. Obviously, such a study would have the potential

to be the richest source of information concerning these interlayers as they occur in

natural systems. However, due to the heterogeneity of the environments in which

these clays would occur, the certainty with which one could infer cause and effect

relationships would be reduced.
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