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ABSTRACT

Adsorption of hexavalent chromium on two commonly

occurring clay minerals, illite (Fithian, IL) and kaolinite

(Mesa Alta, NM), was investigated over the pH range 4.0-8.5.

Batch experiments were conducted to determine the

kinetics of chromium adsorption and the adsorption edge.

Reactions were complete in ten hours. Chromium removal was

100% effective at low pH's and aluminum dissolution minimal.

Adsorption results were modeled using MINTEQ and the

Triple Layer Model. Experimental data indicated that chromium

was bound at the aluminum site on kaolinite, and at both the

aluminum and silica sites on illite. Iron coatings were not

extensive enough to effect sorption. Discrepancies between

simulated and experimental data were explained by high surface

loading.

Surface complexation constants determined for illite and

kaolinite may be added to the thermodynamic databases of

geochemical models for predicting concentrations of chromium

in the aquatic environment.
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CHAPTER 1 - INTRODUCTION

1-1 Purpose and Scope

Much of the current research effort in hydrology is aimed

at understanding the behavior of contaminants in the aquatic

environment. This is a result of the fact that many aquifers

and surface waters in the United States are polluted. As the

ability to detect and monitor contaminants has improved and

the effects of contaminants on human health become known, an

urgency has developed to deal with this problem. Research on

contaminant behavior is needed to determine techniques for

remediation and containment and to suggest positive means to

protect water resources from further degradation.

The purpose of this research was to examine sorption, one

of the many natural processes involved in controlling the fate

and transport of contaminants. Sorption is the mechanism by

which a constituent is partitioned between the aqueous and

solid phases. Sorption reactions have already been

demonstrated to be significant in reducing the concentration

and retarding the movement of contaminants in the subsurface.

The reactions are important because they are fast and can

occur on a large variety of surfaces.

Many mathematical and theoretical constructs have been

developed to describe the sorption process. However, prior to

the advent of surface complexation theory, it was virtually
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impossible to make inferences from one sorption study

performed under a particular set of conditions to a second

situation. This is because sorption is a function of solution

conditions and surface parameters. These parameters include

the chemical composition and ionic strength of the solution,

the number and type of adsorbents present and their remaining

adsorption capacity. Surface complexation models are more

advanced than earlier theories and are able to account for

this dependence.

In order to utilize surface complexation theory, an

extensive database must be developed similar in magnitude to

a solubility database. Surface complexation constants must be

experimentally determined for each adsorbate and adsorbent.

With such a database, sorption reactions may be incorporated

into geochemical and transport models and used in predicting

contaminant concentrations. The ultimate goal of sorption

research on particular surfaces, is the assumption that

knowing what the adsorption parameters are for each individual

component of a soil or aquifer, one could predict the

adsorptive capacity of any soil mixture. Honeyman (1984)

describes this assumption as "adsorptive additivity". In view

of the need for these constants, this research was undertaken.

Adsorption of hexavalent chromium was investigated on two

commonly occurring clay minerals: kaolinite and illite.

Hexavalent chromium is of environmental concern due to its
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toxicity and the fact that it is a fairly widespread

contaminant. Clay minerals were chosen as the sorbents because

clay surfaces are reactive and clays are common aquifer

materials. Kaolinite was also useful as an experimental

control; previous researchers have already determined surface

complexation constants for chromium species on kaolinite. This

work was intended to confirm and extend their results.

The choice of clay minerals added to the complexity of

this study. This is because clays are multicomponent

substrates, i.e. they have more than one type of surface site

at which adsorption can occur. In the case of kaolinite and

illite, the available sites for complexation are hydroxylated

aluminum and silicon atoms exposed on the surface.

Additionally, as a result of metal hydroxide secondary surface

coatings, iron sites may be present. In order to compensate

for the lack of surface complexation constants for complex

minerals, it was assumed that the clay minerals could be

modeled by using constants already in the literature for the

hydroxylated surface of the individual oxides which represent

the clay composition. This method has already been

successfully applied for kaolinite (Riese, 1982; Rai et al.,

1988).

There were several objectives for this research. The

major objective was to examine the adsorption of chromium on

naturally occurring aquifer materials in the context of
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surface complexation. In order to duplicate the process as

realistically as possible, natural surfaces were left on a

split of each clay, and clay minerals with more than one site

type for adsorption were used. Previous research has generally

used "clean surfaces" and single component minerals. Most

researchers either carefully remove all surface coatings or

use freshly precipitated oxides. This may affect the results

in several ways. For example, the sites available for

adsorption are in part determined by the type of surface

coating. The presence of coatings also tends to cement

minerals into larger aggregates instead of discrete grains.

Finally, the age of the mineral surface may also be important

(Honeyman, 1984). By keeping the naturally occurring surface

coatings on the clays, it was possible to assess the role of

these coatings in the sorption process. Both the natural clay

surface and the treated fraction were experimentally

investigated under identical conditions to observe the effect

of surface coatings.

The second major objective was to determine how

individual clay minerals differ in their ability to form

surface complexes. It was anticipated that the fundamental

differences in clay mineral's sorptive capacity, other than

surface coating material, could be explained by the variations

in specific surface area or by the ratios of silica to

aluminum exposed on the surface. The experimental procedure
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was to first detail the physical characteristics of the clays

and then determine the surface complexation constants for

chromium on each surface.

The experimental portion of this research was conducted

in two phases. The first phase was pretreatment and

characterization of the four surfaces used: treated and

untreated illite and kaolinite. The second phase was a series

of chromium experiments to determine the kinetics of the

sorption reactions, the amount of sorption as a function of

pH and clay surface, and the reversibility of sorption

reactions. During the sorption experiments the extent of

aluminum dissolution was also monitored.

Modeling was necessary in order to interpret the

experimental results. The computer program for trace metal

speciation known as MINTEQ (Brown and Allison, 1987) was used.

Surface complexation constants were determined by simulating

experimental results. The sensitivity of many of the sorption

dependent parameters could be understood from model runs.

Results indicated whether surface coatings were significant.
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CHAPTER 2 - BACKGROUND

2-1 Geochemistry of Chromium

A. Natural Distribution

Chromium is the seventh most abundant element on earth,

found mainly in the core and mantle. In the crust, chromium

occurs in basic and ultrabasic rocks or in soils derived from

these rocks. Average crustal concentration is 100 pg/g,

making it the twenty-first most abundant element there.

The only chromium bearing mineral of economic

significance is chromite (FeCr 20 4 ). Ferric iron and aluminum

can both replace chromium in the chromite structure, making

the chemical composition of chromite highly variable. The

maximum chromium concentration in chromite is 46% (Nriagu,

1988). Chromium minerals are resistant to weathering.

Therefore, 75% of the annual transfer of chromium into the

environment is by mining activities (Schmidt, 1984).

In the aquatic environment, chromium is usually found in

concentrations of low parts per billion (ppb) (Nriagu, 1988).

A survey published in 1969 of 1577 surface water samples

collected in the United States resulted in a mean chromium

concentration of 9.7 ppb (EPA, 1980). Occurrences of chromium

as Cr(VI) in concentrations above the drinking water standard

of 50 ppb are almost always an indication of contamination.

One of the first known exceptions was investigated by



16

Robertson (1975). During the United States Geological Survey's

Regional Aquifer-System Analysis, Robertson documented

naturally occurring concentrations of Cr(VI) as high as 220

ppb in Paradise Valley, Arizona. Such natural occurrences are

still considered rare.

B. Contamination

Chromium contamination in groundwater is a result of the

widespread use of chromium in industry and the inadequate

disposal of chromium wastes from these industries in the past.

Industries that make extensive use of chromium are the

metallurgical, refractory, and chemical industry. Over half

of the chromium produced in the United States is used in the

metallurgical industry, where chromium is alloyed with iron,

nickel and cobalt. As an alloy, chromium improves the

mechanical properties of the metal, such as hardness and

strength, and it helps prohibit corrosion. In the refractory

industry it is used to make heat resistent bricks because of

its high melting point of 2,040 degrees C. Chromium is also

used in a variety of applications in the chemical industry

including metal plating, pigment production and leather

tanning (Nriagu, 1988). In the past, chrome bearing wastes

from these industries, were dumped in surface impoundments.

Leakage and infiltration from these impoundments, subsequently

transported chromium into groundwater supplies.
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One of the earliest discoveries of a Cr(VI) plume in

ground water in the U.S. was in Nassau County, Long Island in

1952. The extent of the plume was approximately 1200 meters

by 260 meters with a maximum concentration of 40 ppm chromium.

By EPA standards today this is equivalent to a level 800 times

the legal maximum concentration limit (MCL) for chromium.

Contamination was the result of metal plating wastes from an

aircraft plant that leaked from disposal ponds (Calder, 1988).

Today, chromium is one of the four most common

contaminants at federal Superfund sites. Contamination results

in the closure of wells and necessitates costly remeditation.

C. Chemistry

Chromium chemistry has been reviewed by a number of

researchers (Schmidt, 1984; Cary, 1982; Nriagu, 1988; EPRI,

1989). Processes that control the fate of chromium in the

environment are speciation, redox transformations,

precipitation/dissolution, adsorption/desorption and

bioaccumulation. Of these, speciation is of major interest

as it effects both the mobility of chromium in the environment

and its toxicity.

Figure 2-1 is a stability diagram for chromium species

as a function of pE and pH. Chromium can exist in a variety

of oxidation states ranging from -2 to +6, but the two most

common forms are +3 and +6. As Figure 2-1 illustrates,
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pH

Figure 2-1. Stability diagram for chromium at 25°C and 1 atm

(Calder, 1988). See Baes and Mesmer (1977) for the
equilibrium constants used to construct diagram.
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Cr(III) species occur under conditions that are reducing or

mildly oxidizing. Such conditions are found in deep aquifers,

where there is little or no replenishment of oxygen. Cr(VI),

on the other hand, occurs under oxidizing conditions. It would

be more likely to be found in shallow aquifers where

replenishment of oxygen can occur. Standard electrode

potentials indicate that Cr(III) is the most stable form of

chromium in solution. Conversion of Cr(III) to either higher

or lower oxidation states requires a large input of energy.

Cr(III) and Cr(VI) both undergo stepwise dissociation

with respect to pH. Cr(III) species form a variety of

hydrolysis products that are considered "kinetically inert,"

meaning ligand displacement is slow. These can be either

positively or negatively charged. Cr(VI) occurs only as oxo-

species and most of these are anions. The dominant Cr(VI)

species are Cr04 2- , HCr0:, and H2Cr04 . Chromate (Cr042- ) is the

most important species at the pH of most ground waters. A

fourth species, dichromate, (Cr2072-) exists only at

concentrations above 10 -2 M. Equilibrium constants for these

species are given in Table 2-1.

Transformations of chromium between the +3 and +6 state

occur and are controlled by oxidation/reduction reactions.

Cr(VI) has a high reduction potential, and therefore is

readily reduced by organic matter, sulfides such as H,S, or

ferrous iron. Cr(III) can be oxidized to Cr(VI) in the
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Table 2-1. Equilibrium constants for Cr(VI) species
(Rai et al., 1988).

Reaction	Log K
it + Cr0 4 2- = HCr0 4- 	6.51
H+ + HCr0, - = H,CrO,	 -0.95

2H+ + 2Cr0 4 2- = Cr207 2- +	 14.56

presence of manganese oxides. The transformation of Cr(III)

to Cr(VI) may be limited by kinetic barriers (Bartlett and

James, 1988).

Solubility controls are important for Cr(III). Many of

the Cr(III) hydroxide and oxide complexes, such as Cr(OH) 3 and

Cr 20„ are insoluble. Cr(III) then is often found as suspended

solids in solution or in sediments, having precipitated out.

The rapid formation of insoluble complexes makes Cr(III)

immobile in the aquatic environment and it explains why the

contribution of Cr(III) to the total chromium concentration

in water is low. Cr(VI) species, on the other hand, have

virtually no solubility controls (Calder, 1988). Only the

metal chromates of zinc, lead, barium and strontium are

sparingly soluble to insoluble (Nieboer et al., 1988).

Adsorption/desorption reactions may be very important in

determining chromium concentrations. This is particularly true

for the extremely soluble Cr(VI) species. Previous research

has demonstrated the occurrence of pH dependant adsorption.



21

On clay minerals, adsorption is greatest for Cr(III) species

at high pH's and for Cr(VI) species at low pH's (Griffin, et

al., 1977). This is due to the fact that Cr(III) species are

dominantly positively charged while Cr(VI) species are mainly

negatively charged. Adsorption reactions are also important

in the aquatic environment because they tend to equilibrate

quickly, usually within hours or days. They can therefore have

a greater effect regulating chemistry than solubility

reactions which need months or years to reach equilibrium and

require high concentrations (Riese, 1982). Effects of

adsorption reactions are the reduction of peak concentration

during transport and retardation of the movement of chromium

compared with conservative species (Calder, 1988).

Biologically, chromium is both an essential trace element

in humans as Cr(III) and a carcinogen as Cr(VI). As a trace

element, chromium is needed for glucose metabolism. Evidence

of chromium as a carcinogen comes from animal and

epidemiological studies. Epidemiological studies have clearly

linked industrial workers exposed to chromium with increased

risk of respiratory cancer (Nieboer, 1988). Other concerns are

that chromium is toxic to many trophic levels (Coleman, 1988)

and chromium may be passed up the food chain to humans. The

importance of ingesting chromium through food is witnessed

by the viewpoint of Moore and Ramamoorthy (1984): "it is

possible that food is probably a more significant source of
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chromium than water." (Loutit, et al., 1988). Interestingly,

there is no evidence of Cr(VI) causing cancer through

ingestion (Yanders, personal communication). This is believed

due to the fact that the percentage of Cr(VI) which is

absorbed in the gastrointestinal tract is readily reduced to

Cr(III).

To protect human health and aquatic life, the EPA has set

water quality criteria for chromium. The drinking water

standard is 50 ppb total chromium. Water quality criteria for

the protection of freshwater aquatic life were recently

lowered in 1980. There are two of these standards for Cr(VI):

a maximum 24 hour-average and a maximum concentration

standard. For Cr(III), there is only a maximum concentration

standard and it is dependent on water hardness (Holdway,

1988).

It can be seen from the above discussion that chromium

species present as Cr(VI) are of greatest concern from an

environmental and human health standpoint. It is also apparent

that aqueous species of Cr(III) and Cr(VI) behave differently.

For these reasons, experimental work was restricted to

hexavalent chromium.

2-2 Adsorption Theory

Adsorption theory has rapidly evolved and there are

currently a number of mathematical and theoretical constructs
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to describe this process. These are partitioning coefficients

(Ku), adsorption isotherms such as the Langmuir and

Freundlich, ion exchange models, and surface complexation

models. Many excellent reviews of these models exist. In

particular, Westall and Hohl (1980) review the surface

complexat ion models.

Surface complexation models were first developed in the

early seventies. The major advancement of these models is that

they combine concepts from both electrostatic double layer

theory and ion exchange. Most surface complexation models

describe in part the formation of surface complexes analogous

to solution complexes, using similar mass balance and mass

action expressions. The major difference among the surface

complexation models is their treatment of the electrostatic

double layer. This difference specifies the zone of closest

approach in which particular ions adsorb and the electrostatic

equations governing surface potential and surface charge

(Honeyman, 1984).

The advantage of surface complexation models is that

constants derived according to this theory are treated as

thermodynamic entities and the attempt has been made to use

the constants for diverse environmental conditions, such as

variable pH, temperature, and ionic strength. Purely

electrostatic models without site specific complexation were

found to be inapplicable if one attempts to transport
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constants developed for a particular geographic location or

under a particular set of environmental conditions to other

problems. For example, a compilation of partitioning ratios

from the literature demonstrates the variability of these

numbers (Table 2-2). The partitioning coefficient, K„, is

defined as the ratio of the concentration adsorbed on the

solid phase in mg/mg to the concentration of a constituent in

solution in g/mL. Partitioning ratios derived for Cr(VI) alone

range from 0.54 through 886 mL/g, or over four orders of

magnitude. Predictive modeling with this extreme variability

is impossible. Surface complexation constants, however, are

less dependent on solution variability even though the

constants are not truly thermodynamic. The constants have

already been used with success to describe sorption reactions

under a variety of conditions on pure crystalline oxides,

amorphous iron oxyhydroxide, and clays (Ainsworth et al.,

1989; Rai et al., 1988; Rai et al., 1986; Zachara et al.,

1987).

This research was conducted to determine equilibrium

constants for chromium consistent with the triple layer model,

the most advanced of the surface complexation theories. The

triple layer model is a modification by Davis, Leckie, and

James and was presented in a series of papers published

between 1978 and 1980 (Davis, James and Leckie, 1977; Davis

and Leckie, 1978 and 1980). The model describes the
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(after Calder,	 1988).
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Cr(VI)	 in the literature

Substrate Solution Initial Partitioning
Solution pH Soil Ratio Cr(VI) Conc. Ratio
Method (mL/g) (mg/1) (ml/g)

Fe(OH) 3 7 250 20 886b
Distilled water
Batch test

38 soils 5.4 10 1 5.68
Distilled water
Batch test

Montmorillonite 4 16.7 10 59b

Landfill leachate 37 19
Batch test 307 1.8

7 16.7 10 12
37 4.0

307 0.54

Kaolinite 4 10.0 4 30b
Landfill leachate 52 2.7
Batch test 191 0.76

7 10.0 4 10
52 0.83

191 0.24

Alluvium 6.8 5 0.2 52b
Ground water 100 1.7
Batch test

Alluvium 6.8 5.0d 25b
Ground water 50 d 5
Column test

bjames and Bartlett, 1983.
bGriffin et al., 1977.
bStollenwerk and Grove, 1984.
dCalculated from the retardation factor.
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development of surface charge and potential as adsorption

reactions occur. As the name implies, the solid-aqueous

interface is partitioned into three planes. These are the 'o',

and 'd' planes, with the corresponding surface charges

designated a d , ar„ and ad . At the surface or 'o' plane,

reactive sites, represented as SOH groups, can protonate and

deprotonate according to the following reactions:

SOH° + 11+ <==> SOIL+

SOH° <==> SO - + 11+

Reactive surface sites are metals atoms such as aluminum or

iron occurring in a lattice edge. In the 'o' plane, only

hydrogen or hydroxide ions may adsorb. For oxides, these ions

determine the potential of the surface, and contribute to the

surface charge (ad ). For clay minerals, the surface charge is

fixed due to lattice substitution, although superimposed on

this is the variable charge of the oxide type.

In the second layer, or 1$' plane, trace metals may be

specifically adsorbed to the surface. Specific adsorption is

the formation of a surface complex by ligand exchange; the ion

coordinates with a metal on the surface. Mass action

expressions are written to describe the complex between an

oxide surface and a sorbate. The resulting surface species and
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Equilibrium Constants

<==== Kai
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Figure 2-2. Schematic of the triple layer model showing: (top
portion) the location of surface species and the
equilibrium constants describing reactions at the
surface; (bottom) the relationship of charge and
potential (after Brown and Allison, 1987). See
text for a description of surface reactions.
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corresponding equilibrium constants, (K), are shown in Figure

2-2. The sorbate ions are indicated by mr, m-, A- , and A2- , and

represent a monovalent metal, divalent metal, monovalent anion

and divalent anion, respectively. Reactions which occur in

the ''' plane and their equilibrium constants are given as:

SOH° - H+ + M+ <==> (S0 --M4 )° + 2114 	K,+

SOH° - H4 + M 24

 <==> (S0--M 24 ) 4 + 2H4

	
K)42+

SOH° + H 4 + A- <==> (SOH 24-K)°
	

KA_

SOH° + H 4 + A 2-

 <==> (SOH 24-A2- ) -

	
KA2 -

The third and final layer, the 'd' plane is where

nonspecific adsorption occurs. Nonspecific adsorption is

counter-ion attraction due to the lattice charge. Van der

Waals forces are one mechanism by which nonspecific adsorption

may occur. Figure 2-2 is a schematic of a surface; it

illustrates where particular sorption reactions occur and the

charge and potential relationship at the surface. For a

description of the mathematics describing the formation of

charge and potential in the three layers, refer to Davis et

al. (1978, 1980).

Research is still needed to validate some of the

assumptions of the triple layer model. For instance, the

ability of the theory to predict sorption of metal species in

complex mixtures of substances has not been documented. There
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has also already been an indication of problems in the theory

when trying to account for sorption among competing sites as

a combination of the effects of each site alone. Honeyman

(1984) termed this concept "adsorption additivity" and

demonstrated that the sorption results can sometimes be

greater or lesser than simple additive effects would predict.

Important aquifer materials on which sorption reactions

occur are clay minerals, iron, aluminum and manganese oxides

and hydroxides, and organic and inorganic colloidal material

(Stollenwerk and Grove, 1985; James and Bartlett, 1983; Davis

and Leckie, 1980). Such surfaces are effective regulators of

water chemistry because of their large specific surface area

and amphoteric behavior.

2-3 Clay Minerals as Sorbents

This research specifically examined the Cr(VI) sorption

phenomenon on two clay minerals. Clay minerals can occur as

weathering products of primary minerals such as feldspar and

mica or may precipitate authigenically. As secondary minerals,

they rarely occur as homogenous deposits, but rather as

mixtures of clays, amorphous compounds and other minerals in

the soil zone. Clay minerals are phyllosilicates and as such

have a layer-lattice structure, that is composed of stacked

layers of different elemental composition in alternating
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fashion. Clays share the common properties of a charged

surface and large surface area (Hillel, 1980).

The charge on clay minerals is unevenly distributed.

Clays have a fixed negative charge distributed throughout the

mineral and a variable charge in specific regions on the

surface. The fixed negative charge is the result of isomorphic

substitutions within the lattice and incomplete charge

neutralization at mineral faces. Isomorphic substitution

occurs when a ion of a lesser charge substitutes for one of

higher charge either as a result of defects in the parent

mineral or as a result of exchange during weathering. For

example, A1 3+ frequently substitutes for Si 4+ in the tetrahedral

layers of the lattice. Incomplete charge neutralization occurs

at mineral faces, where the stacking arrangement abruptly

ends. The variable charge, on the other hand, is a result of

surface hydrolysis. Figure 2-3 illustrates how charge may

develop by hydrolysis as a function of pH. At low pH, the

surface dominantly protonates and becomes positively charged.

At high pH, the opposite condition occurs and the surface

becomes negatively charged. At some intermediate pH, the sum

of the charges is equal. The pH where this occurs is called

the pH of zero point charge, (plin,c ); this condition is often

expressed mathematically as:

r., — ro.- = 0



 

H +

-Ow-

Edge charge +1

Decreasing pH
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Figure 2-3. Development of charge at the edge face of
kaolinite as a function of pH (White, 1987).
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where r, and rm_ are the number of hydrogen and hydroxide

ions, respectively, per square centimeter of surface. The pli zr,

can be determined from the following equation:

pHzpc = 1/2 [ pKa2int

(See Section 2-2 for the definition of K., int and K t .) Table

2-3 lists the pH some common minerals.

The overall charge on a clay particle is therefore the

sum of the pH independent fixed charge and the pH dependent

charge from hydrolysis. To satisfy the requirement of

electroneutrality, the overall particle charge is neutralized

by adsorption of solutes at the mineral surface. As Cr(VI)

aqueous species are mainly negatively charged, adsorption of

hexavalent chromium should favor the presence of positive

surfaces, with some evidence for binding with neutral sites.

Surface coatings on clays and other particles in an

aquifer can also be important sites for adsorption. These

coatings can be organic matter or mineral coatings. Mineral

coatings in soils include amorphous Al, Fe, Mn, and Si oxides

and hydroxides, while organic coatings are predominantly humic

or fulvic acids. In sedimentary rocks, organic material may

be highly variable, composed of hydrocarbons or their

precursors. Mineral coatings may exhibit amphoteric behavior

themselves and may either counter or enhance the surface

charge on the clay mineral substrate.
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Table 2-3. Zero point of charge for some common surfaces
(Stumm and Morgan, 1981).

Surface 	M..

a-Al 203 	9.1
a-Al(OH),	 5.0
?r-A100H	 8.2
CuO	 9.5
Fe30 4	 6.5
a-Fe0OH	 7.8
Zr-Fe 20 3 	6.7
Fe(OH) 3 amorph	 8.5
MgO	 12.4
MnO,	 2-4.5
SiO,	 2.0
ZrSiO 4 	5.0
Feldspars	 2-2.4
Kaolinite	 4.6
Montmorillonite	 2.5
Albite	 2.0
Chrysotile	 >12.0
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Previous investigators have demonstrated that coatings

on clay minerals can significantly affect the adsorption

capacity over the pure clay mineral. This effect can be either

an enhancement or reduction of adsorption. For example,

Stollenwerk and Grove (1985) demonstrated that removal of

Cr(VI) on alluvial material from an aquifer in Colorado was

principally due to surface coatings of iron oxide and

hydroxide on the alluvium. When batch experiments were

conducted with the coatings removed from the alluvium,

resulting adsorption was negligible. This may be attributed

to the ability of iron to adsorb chromium and to the

possibility that Cr(VI) was reduced to Cr(III) by ferrous iron

on the surface. On the other hand, Fe and Al oxides can also

act to reduce sorption because of their ability to cement

particles together. This could reduce exposed surfaces and in

turn reduce adsorption capacity (Honeyman, 1984).

Research on chromium adsorption on organic coatings has

centered primarily on the ability of organic matter to reduce

Cr(VI). As noted by Bartlett and James (1988), because

adsorption and reduction of Cr(VI) often occur simultaneously

in soil, it is difficult to distinguish which mechanism is

responsible for the removal of chromium from solution.

Bartlett and Kimble (1976) demonstrated that organic matter

rapidly reduces Cr(VI) in solutions. Stollenwerk and Grove

(1985) experimented directly with the role of organic coatings
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on Cr(VI) adsorption by conducting batch experiments using

alluvium with and without its natural organic coatings. The

resulting amount of Cr(VI) removal was identical for each.

This indicated that it was not the organic matter which was

responsible for the sorption.

Clay minerals used in this research were kaolinite and

illite; both are aluminosilicates that differ principally in

their stacking arrangement of layers, ionic substitution and

specific surface area. Kaolinite is composed of a 1:1 stacking

arrangement of Si tetrahedral to Al octahedral layers (Figure

2-4). Van der Waals forces, ionic attraction, and waters of

hydration hold the successive packets of 1:1 layers together.

Illite is considered a 2:1 clay mineral, containing 2 silica

layers to 1 alumina layer (Figure 2-5). While illite is not

an expanding clay mineral, it does have a significantly larger

surface area than kaolinite, as much as fifteen times greater.

Typical values of surface area for illite and kaolinite are

80-120 and 5-20 m2/g respectively (Hillel, 1980). Illite does

not expand because ionic substitution occurs primarily in the

tetrahedral layer and this charge deficiency is neutralized

to a large extent by potassium ions which migrate into the

hexagonal holes and allow for stronger binding between layers.

Table 2-4 summarizes the properties of these two clay

minerals.
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Figure 2-4. Structure of a 1:1 clay mineral - kaolinite
(Dreyer, 1988).
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Figure 2-5. Structure of a 2:1 clay mineral - illite
(Dreyer, 1988).



37

Table 2-4. Properties of clay minerals
(after Hillel, 1980).

Property	 Illite	 Kaolinite

Tetrahedral-Octahedral Ratio
Expanding or Nonexpanding
Basic Layer Thickness (A)
Particle Thickness (A)
Planar Diameter (inn)
Surface Area (m 2/g)

2:1
Nonexpanding

10
50-300

0.1-2.0
80-120

1:1
Nonexpanding

7.2
500

0.1-4.0
5-20

Kaolinite and illite were chosen for this work because

they are both commonly occurring clay minerals. Kaolinite is

formed by weathering or hydrothermal alteration of

aluminosilicates such as feldspars. Its chemical formula is

Al 2Si 20 5 (OH) 4 . Illite is an alteration product of mica minerals

such as muscovite or biotite and is often found in shales

(Dreyer, 1988). The general formula of illite has been given

as (OH) 4Ky(SLyA1 y )(A1 4Fe 4Mg4Mg6 )0 20 , where y is most often equal

to 1 or 1.5 (Grim, 1968).

2-4 Literature Review

Previous work on chromium adsorption can be grouped into

five categories. These are chromium adsorption on different

sorbents, sorption in the presence of other ions, the role of

surface coatings in the sorption process, related processes

of precipitation and reduction, and the kinetics of chromium
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adsorption. See Section 2-3 for a discussion of surface

coatings and the occurrence of precipitation and reduction

reactions.

Chromate sorption has been demonstrated to be effective

on variety of surfaces. These include iron and aluminum oxides

and hydroxides, (Ainsworth et al., 1989; Aoki and Munemori,

1982; Honeyman, 1984; Music, 1985; Rai et al., 1986) clay

minerals, (Griffin et al., 1977; Honeyman, 1984; Koppelman et

al., 1980; Rai et al., 1988; Wakatsuki et al., 1975) and soil

mixtures from a diversity of locations (Amacher et al., 1988;

Bartlett and Kimble, 1976; King, 1988; Stollenwerk and Grove,

1985; Zachara et al., 1989). Collectively, these researchers

have demonstrated the pH-dependent sorption of chromium.

Griffin, Koppelman, and Wakatsuki examined Cr(III) and Cr(VI)

adsorption. The other researchers studied Cr(VI) alone.

Cr(III) sorbs more strongly than Cr(VI) and primarily at high

pHs, while Cr(VI) sorbs better at low pHs (Griffin, 1977).

Studies to date have employed only the clay minerals

montmorillonite and kaolinite in their experimental work.

Only five papers were found in which researchers modeled

their chromium adsorption data according to surface

complexation theory. Instead, the majority of researchers

evaluated their results with other methods. These researchers

completed batch or column experiments with soils collected at

a particular locale and never characterized the soils
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adequately to make the adsorption state applicable to other

areas. Indeed, the above reasons are why most of the

experimental data is only useful for the particular set of

conditions for which it was derived and cannot be extended to

other locales. Ainsworth et al. (1989), Rai et al. (1986), Rai

et al. (1988) and Zachara et al. (1989) evaluated their

results using the triple layer model (TLM), and their results

are discussed below.

The most pertinent sorption experiment was done by Rai

et al. (1988) examining chromate adsorption on kaolinite. The

results of the adsorption experiments were modeled according

to the TLM using the program FITEQL. The researchers

determined surface complexation constants for chromium species

on kaolinite, and on iron and aluminum oxides. They were the

only investigators to suggest the formation of a complex

between a neutral species of chromium, (1-1 2Cr04 ), and an

uncharged hydroxide surface site (Rai et al., 1988). The

complex was hypothesized in order to model experimental data

for chromate adsorption on kaolinite using the TLM. No direct

experimental evidence exists for Cr(VI) binding in such a

manner.

Zachara et al. (1989) extended much of the previous

research on chromium adsorption by attempting to apply the

surface complexation constants derived for chromate adsorption

on pure substances, to a complex mixture of soils and clays
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in the field. Four soil samples from different geographic

locations in the U.S. were used in the chromium sorption

experiments. The experimental data was modeled using the TLM

and surface complexation constants from the literature for

iron and aluminum oxides and clays. Modeled results were in

good qualitative agreement with experimental results, though

deviations were observed at low solids concentration and high

ionic strengths. Reduction of Cr(VI) to Cr(III) may have been

occurring in the experiment on the natural soils to cause this

effect.

Research of chromate adsorption in the presence of other

ions is also quite extensive; there are at least five papers

on the subject. The net effect on adsorption can be either

suppression or enhancement depending on the ions present. This

was demonstrated by Aoki and Munemori (1982) using iron(III)

hydroxide as the substrate. Ions such as SO 4 2 andSCN- competed

with Cr(VI) species for available sites, resulting in reduced

sorption of chromium. The presence of Cd(II) and Pb(II)

enhanced chromium removal by increasing the number of

adsorption sites for chromium. The additional sites were a

result of the metals coprecipitating with the iron(III)

hydroxide.

The effect of ions on chromium removal is also dependent

on the sorbent used. For example, although Aoki and Munemori

found SO 42- to decrease the chromate adsorbed on iron(III)
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hydroxide, Rai et al. (1988) found that on kaolinite, SO 4 2-

either enhanced chromium removal or caused no effect at all.

Enhancement occurred at high concentrations of SO 4 2- , and there

was no effect when the chromate and sulfate concentrations

were equal. While this observation was unexpected and no

explanation was given for the occurrence, the researchers

asserted the result was reproducible.

Zachara et al. (1987) demonstrated that competing solute

effects are additive. Chromate adsorption experiments were run

using systems with one to three competing solutes. Results

were qualitatively in agreement between the individual effect

of each solute and the sum of the effects when all the ions

were contained in the same solution. The fact that the

adsorption curves were not exactly additive indicated that

there may be an effect due to site heterogeneity. The presence

of cations had a slight enhancing effect on the amount of

chromate adsorbed. This was likely due to an increased

postitive charge at the surface resulting from cation

adsorption.

The rate of chromium adsorption reactions was variable;

experimental data indicate that equilibrium conditions may be

attained between a range of 4 hours on the substrates

corundum, montmorillonite, and amorphous iron oxyhydroxide

(Honeyman, 1984) to three days using an alluvium substrate

(Stollenwerk and Grove, 1985). Grove and Stollenwerk (1985)
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modeled the kinetics of chromium sorption by assuming that

sorption is controlled by a rate-limiting step. The step was

assumed to be caused by a process involving a barrier such as

a film, or the result of pore or particle diffusion. Using

solute transport equations and comparing the rate coefficient

determined for film, pore and particle diffusion to those

derived from actual column experiments, they demonstrated that

chromium sorption could be best modeled with a parameter

attributed to a pore or particle diffusion rate-controlled

step.



CHAPTER 3 - EXPERIMENTAL METHODS

3-1 Materials and Reagents

Reference clay minerals were obtained from Ward's Natural

Science Establishment: kaolinite from Mesa Alta, New Mexico

and illite from Fithian, Illinois. These have been described

in Clay Minerals Standards, API Research Project 49.

Low part per billion (ppb) concentrations of chromium

were routinely analyzed, so only high grade chemicals and

thoroughly cleaned glassware were used. All chemicals were

analytical reagent (AR) grade or better. Nitric acid used to

stabilize final chromium solutions for analysis was Fisher

trace metal grade. Chromium stock solutions were prepared from

a 1000 ppm atomic adsorption standard containing K,CrO, in

nitric acid. Chromium solutions were diluted from the standard

on the day used. Milli-Q 18M-ohm water was used to prepare

solutions. Stable solutions were stored in polyethylene

bottles.

All glassware and plastic ware were washed with soap and

water, followed by a tap rinse, acid rinse with 1N HCL, and

three final rinses with Milli-Q water.

43
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3-2 Clay Pretreatment

The pretreatment of clays consisted of three steps. These

were sodium saturation, particle size separation and chemical

treatment of the surfaces.

A. Washing and Particle Size Separation

The clays were washed and the desired size fraction

obtained by following a modified procedure after Jackson

(1969). Washing was done by sodium chloride saturation. The

purpose of sodium saturation was to facilitate dispersion by

exchanging divalent cations held on the clay surface with

monovalent cations. Monovalent cations, such as sodium, extend

the electrostatic double layer.

The original size range of the clay aggregates were 1 -

45 mm. The size was reduced initially by grinding with a

mortar and pestle. The clays were then transferred to

polycarbonate centrifuge tubes and suspended in a 1.0 N NaCl

solution. To disaggregate the particles, the centrifuge tubes

were placed in a sonic bath for 30 minutes. Next, the clays

were washed three times by sodium saturating, vigorous

shaking, then centrifuging and decanting. After the third

saturation, fresh Milli-Q water was added to the clays and

washing continued until the chloride was removed from the

slurry. The chloride content was monitored after each washing
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by adding silver nitrate to the decanted supernatant and

observing any silver chloride precipitate. It took 5 to 6

washings to lower the chloride concentration to 0 - 10 ppm.

The needed size fraction was 0.2 - 2.0 gm. Particles less

than 0.2 gm were removed by centrifuging and disposing

decantate to waste. The centrifugation calculation was

determined based on the time and speed needed for the 0.2 gm

size fraction to settle. For a Beckman Centrifuge with a JA-

14 fixed angle rotor the applicable formula was:

tud.„ = 63.0 x 10 8 n log,,R/S 
(N) 2 (D,) 2 (As)

where
t i„,„ time, minutes

viscosity, poises
• radius of rotation of top of sediment, cm
• radius of rotation of surface of suspension, cm
• revolutions per minute, rpm
D,	 particle diameter, pm
As difference in specific gravity between solvated

particle and liquid, g/cm 2

For D, = 0.2 pm, the centrifuging time was 6 minutes at 3000

rpm. The slurry was repeatedly centrifuged until the supernate

was clear.

Gravity settling was used to remove the particle size

fraction greater than 2.0 pm. The time needed for settling was

calculated from Stokes' law. The clays were transferred to one

liter glass beakers, filled with water to a depth of 10 cm,
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stirred and allowed to settle undisturbed for 8 hours. After

which time, the decantate was transferred to a beaker and

labeled 0.2 - 2.0 p.m size fraction.

Clays prepared solely by washing and particle size

separation were referred to as untreated or natural clays. The

treated fraction was prepared from the untreated clays

according to the following methods.

B. Chemical Treatment of Clay Surfaces

A split of each clay was taken and chemically treated to

remove both the organic and inorganic surface coatings. The

organic coatings were removed first by following the procedure

of Anderson (1961). The mineral coatings were removed by the

dithionite-citrate-bicarbonate (DCB) method (Mehra and

Jackson, 1960). The purpose of removing the coatings was to

assess the role of surface coatings during sorption. The

procedures followed also improved X-ray diffractograms.

The organic surface coatings were removed in a two step

procedure. The first step was oxidation of the coatings with

a sodium hypochlorite solution followed by washing with a

sodium carbonate-bicarbonate solution to disperse the clays.

The sodium hypochlorite solution was adjusted to pH 9.5 with

HC1, added to the clays in a centrifuge tube, then placed in

a boiling water bath for fifteen minutes. The solution was
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decanted and the procedure repeated three times. Washing

followed with a sodium carbonate solution and finally with

distilled water.

The method for removal of mineral surface coatings was

the DCB method. This method utilizes sodium dithionite for

reduction of the iron coatings (principally ferric hydroxide)

to ferrous ion in solution, sodium carbonate as a buffer and

sodium citrate as the iron chelating agent. There are several

other methods in the literature for removal of mineral

coatings. This method was chosen because it has traditionally

been used in similar studies and it has been demonstrated to

be both a quick and effective procedure (Jackson, 1969). It

is important to recognize, however, that the method used will

effect the surface properties. For the case of chromium

adsorption, the DCB method has been shown to increase the

adsorptive properties of a surface more than other methods

(Rai et al., 1988). See Figure 3-1.

The DCB procedure requires the placement of a known

amount of clay, containing no more than 0.5 g of extractable

iron oxide, in a centrifuge tube. A sodium citrate-bicarbonate

solution was added to the tube and the tube was heated in a

boiling water bath to 75-80°C. Sodium dithionite was added to

the clay solution in one gram portions, a minute apart for the

first three minutes. The solution was stirred occasionally and
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allowed to digest for a total of 15 minutes. Sodium chloride

was added, then the solution decanted and saved for iron

analysis. Treatment was completed by washing the clays in

Milli-Q water several times.

The clay samples changed in color and texture as a result

of the above treatments. Kaolinite, originally gray turned

stark white. Illite changed from greenish-yellow to a yellow-

brown after the organic removal and then to gray after the

iron removal. Both clays became more plastic in texture.

Clays prepared by these chemical treatment methods were

hereafter referred to as treated clays. The four clay surfaces

that would be used for the rest of the study had now been

prepared. These were kaolinite untreated (KU), kaolinite

treated (KT), illite untreated (IU) and illite treated (IT).

The clays were stored as a slurry in 1 liter beakers at a

neutral pH. A few grams of each clay fraction were removed and

air dried for use for characterization.

3-3 Clay Characterization

The clays were characterized by four different methods

following pretreatment. Techniques used were X-ray

diffraction, scanning electron microscopy, single point B. E.T.

and chemical analysis.



50

A. X-ray Diffraction

The purpose of X-ray diffraction was to determine the

purity of the clays and their degree of crystallization.

Samples were run on a Philips XRG-3000 with vertical

goniometer, graphite single crystal monochromator with copper

Ka radiation. Procedures were adapted from Jackson (1969).

Two oriented slides for each of the four clay samples

were prepared for analysis. A few drops of each clay slurry

were pipetted on glass slides and evaporated at room

temperature overnight. The slides were then either treated

with heat or ethylene glycol as follows: (1) kept at 25°C, no

treatment; (2) placed in muffle furnace at 300°C for 2 hours;

(3) placed in muffle furnace at 550°C for 2 hours; and (4)

placed in ethylene glycol dessicator at 60°C for 24 hours. The

same mount was used for (1) through (3) by heating it to

successively higher temperatures and cooling in a dessicator

prior to running. The heat treatment is used to distinguish

smectites, kaolinite and chlorite which break down at

succeedingly higher temperatures. Salvation with ethylene

glycol is used to detect expanding layer clays; peaks are

shifted in the diffraction pattern when compared with samples

run without glycol treatment.

The diffraction pattern was run with the following

instrument settings. Copper Ka radiation was generated at 35



51

killivolts and 20 milliamperes. All samples were scanned at

2° per minute and recorded at a rate of 1/2 inch per 2° 28. The

samples prepared at 25°C were scanned from 4° 20 to 500 28,

while the remaining samples were scanned from 4° 2e to 14° 28.

Interpretation of the diffraction patterns was done by

determining the d-spacing values for reflection peaks and

comparing these to mineral indexes of d-spacing values.

B. Scanning Electron Microscopy

Scanning electron photomicrographs of the four clay

samples were taken to determine the morphology of the clays,

to affirm the particle sizes and to visually inspect whether

the treatment process affected the clays. A JEOL JSM-840A

scanning microscope was used.

Several methods were attempted in preparing the samples.

Clay minerals in general may be difficult to observe with a

SEM owing to their tendency to transmit the electron beam

instead of reflecting it. The best results were achieved by

placing the clay as a very dilute slurry on a small glass

slide. This was allowed to air dry and then attached to a SEM

specimen stud using double stick tape. The stud was placed in

a Himmel sputter coater and the sample coated with a 200 A

thick layer of gold-palladium. To ensure good conductance of

electrons across the slide, the edges were painted with
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colloidal carbon. This method minimized "jumps" that result

when charges are built up.

For comparison purposes, a photograph of each sample was

taken with a magnification of 4500 power. Several high

magnification photos, with magnification of up to 45000 power,

were also made. The accelerating voltage was varied between

10 - 25 kV and the working distance between 7 - 8 mm.

Slides of untreated illite and kaolinite were also

examined with the energy dispersive X-ray (EDX) attachment.

The EDX was not quantitatively calibrated and therefore was

used to identify the cations present in the clay, but not the

amounts.

C. Single Point B.E.T.

Specific surface measurements were needed for adsorption

modeling. Single point B.E.T. was used for the four samples.

This method is based on the amount of adsorption or desorption

of nitrogen gas as a monomolecular layer on a surface. Results

were analyzed by applying the Brunauer, Emmett and Teller

equation. Samples were run on a Quantasorb Sorption System

Model QS-10 manufactured by the QuantaChrome Corporation.

Air dried samples were placed in a tared U-shaped sample

holder and weighed. Sample size used was between 0.6 to 1.0

grams, with the illite sample size no greater than 0.65 g

because of the expected large surface area. Trapped gases were
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vented in the Quantasorb, while at the same time any adsorbed

water on the clay sample was driven off by using a heating

jacket placed around the sample holder. The temperature was

raised to 100 - 110 °C and maintained for 15 minutes. A

mixture of 30% nitrogen and 70% helium was used during sample

runs. Nitrogen was the adsorbate and helium the carrier gas.

Counts were recorded for both the adsorption and the

desorption cycles and calibrated by injecting a precise amount

of pure nitrogen gas. Samples were cycled through both the

adsorption and desorption steps 3 to 5 times. The average

value of the runs are reported (Table 4-2).

The method to calculate surface area per gram by single

point B.E.T. is based on making the simplifying assumption

that the intercept of the B.E.T. plot is a small term and can

therefore be ignored. This assumption reduces the B.E.T.

equation from the complex form in equation 3-1 to 3-2.

(3-1)1
X(Po/P - 1)

1
X(Po/P - 1)

C - 1 P	 +	 1
XmC	 Po	 XmC

1	 (3-2)
Xm	 Po

where
X	 mole fraction of gas adsorbed at pressure p
Xm mole fraction of gas adsorbed as monomolecular layer
Po 	saturated pressure of the adsorbate gas

partial pressure of the adsorbate gas
constant determined by the gas, adsorbent and
temperature
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Using the simplified equation Xm (and surface area) can

be determined by using only one fixed nitrogen concentration

(i.e. P/P. = 0.3). Equation 3-2 is manipulated to the final

form in equation 3-3 (Quantasorb manual). The exact form of

the equation as it is written here is only applicable to the

experimental conditions just described. For a detailed

description of the equations and method see Gregg and Sing

(1982).

SA = (A/Ac)(Vc/Xg)(3.2152) 	 (3-3)

where
SA surface area, m2/g
A	 area counts for sample
Ac area counts for calibration
Vc calibration volume, ml
Xg sample mass, g

While the single point B.E.T. method is much faster than

the multipoint method, the results may contain significant

error. For comparison purposes, a sample of untreated illite

was analyzed by 4-point nitrogen gas adsorption using ASTM D

3663 - Standard Test Method for the Surface Area of Catalysts.

Coors Analytical Laboratory, Golden, Colorado, performed the

analysis; results are given in Chapter 4.

D. Chemical Analysis

The amounts and types of surface coatings were determined

by two techniques. The first technique was for total organic
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carbon (TOC), and the second for extractable iron.

TOC was run on Carlo Erba Instruments Nitrogen, Carbon,

Sulfur (NCS) Analyzer, a type of gas chromatograph. Prior to

analysis, the sample was powdered and treated with phosphoric

acid to remove all inorganic carbon. Powdered samples were

burned in the instrument and the resulting gas analyzed as it

passed through a column. Twenty milligrams of sample were

consumed per run. Results were reported in percent.

Extractable iron was analyzed using flame atomic

absorption (AA). Solutions saved from the DCB extraction of

illite and kaolinite were diluted in volumetric flasks and

stabilized with nitric acid. A nitrous oxide flame, wavelength

248.3, was used to eliminate the interference from citrate.

Results were reported in mg/g and percent extractable iron.

3-4 Chromium Experiments

Kinetic, adsorption and desorption experiments were

conducted as batch studies that used a similar experimental

setup (Figure 3-2). This system consisted of three interfaced

instruments: a Metrohm pH-stat, a Fisher pH meter and a

personal computer. Software was tailored to monitor the pH and

to direct delivery of acid or base when the pH had drifted a

prescribed amount. Appendix A is a listing of the program.
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Figure 3 - 2. Experimental setup for maintaining constant pH in
the reaction vessel.
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The experiments were designed to be consistent with the

following constraints.

• A limited amount of clay was prepared and available.

• The system was not to be oversaturated by the

initial concentration of chromium.

• Resulting adsorption must be detectable even after

dilution of the samples to final volume.

• The pH range for the experiments should minimize

dissolution of clay structure.

• Sampling from the reaction vessel must not change

the initial concentration of chromium by more than

10%.

The actual mass of clay and concentration of chromium

were varied for the different experiments. The amount of clay

used for each experiment was gravimetrically determined by

weighing aliquots of known volume. These were added to a 250

ml triple neck round bottom reaction vessel. The three necks

were used for the pH electrode, the buret tip and for gas

exchange. Sodium chloride was used as the supporting

electrolyte, hydrochloric acid and sodium hydroxide as the

titrants. The desired pH was generally maintained within 0.05

pH units.

Samples were removed from the reaction vessel using a

plastic syringe with a luer-lok tip. The samples could then
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be filtered through preweighed millipore 0.22 um filters

directly into the sample bottle. Filters were dried and

weighed to determine the amount of clay removed during the

course of the experiment. Solution volume removed during

sampling was replaced with an equal volume of supporting

electrolyte. Samples were stabilized by adding trace metal

grade nitric acid to a final concentration of 0.5%(v/v) HNO 3 .

Analysis for chromium was done according to the Environmental

Protection Agency method 218.2 - Atomic Absorption, furnace

technique (USEPA, 1983) using an Instrumental Laboratory AA/AE

Spectrophotometer. The amount of chromium adsorbed was

determined by the difference between the initial chromium

concentration and the measured sample concentrations.

A. Kinetic Experiments

Kinetic experiments were run for each of the four samples

to determine the length of time needed for equilibrium to be

reached. Each experiment was run for at least 48 hours, during

which time the pH was maintained at 6.0. Samples were

collected at times approximating a geometric series. The final

sample was collected after 48 hours.
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B. Adsorption Experiments

Adsorption experiments were run to determine the

adsorption edge, or percent chromium adsorbed as a function

of pH. From the kinetic experiments, it was determined that

the pH would need to be maintained for 10 hours for each

sample point. The experiments were started at pH 8.5, where

adsorption is a minimum. The pH was then held constant for 10

hours, a sample taken, and the pH decreased 0.5 pH units. This

procedure was followed for the pH range of 8.5 to 4.0.

To assess the amount of clay dissolution that was a

result of this method, aliquots were analyzed on a flameless

AA for aluminum concentration.

C. Desorption Studies

To test the assumption that the chromium reactions were

reversible, desorption experiments were also conducted. Clays

that had chromium adsorbed on them were centrifuged and

electrolyte solution (0.1 N NaC1) added. The pH was adjusted

to a favorable pH for desorption and maintained for 10 hours.

The solution was centrifuged and analyzed for chromium. Clays

were washed at least four times according to this procedure.



60

CHAPTER 4 - EXPERIMENTAL RESULTS

4-1 Clay Characterization

A summary of results from the clay characterization are

presented in Table 4-1. Detailed descriptions follow.

Table 4-1. Results of clay characterization

Clay Surface Kaolinite Kaolinite Illite Illite
Untreated Treated Untreated Treated

Size Fraction 0.2-2.0 0.2-2.0 0.2-2.0 0.2-2.0
(1110

Surface Area
(irtvg)

16.38 17.14 79.24 77.14

Total Organic 0.05 0.03 0.40 0.03
Carbon (%)

Extractable Iron
(mg/g)

0.56 ND 19.07 ND

ND = Not Determined.

A. X-ray Diffraction

Diffraction patterns for both kaolinite and illite show

the clays were well-crystallized and contained only minor

amounts of impurities.

Kaolinite was identified by the first and second order

basal reflections at 7.14 and 3.56 A. These were narrow and

symmetrical indicating the clay was well-ordered. Other peaks
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typical of kaolinite and apparent in the diffraction pattern

were a triplet of reflections at 2.38, 2.34 and 2.29 A. Heat

treatment was used to distinguish chlorite from kaolinite as

the 7 and 3.5 A reflections overlap for the two minerals. The

peak at 7.14 A, while apparent for the 300°C heat treated

sample, was gone in the pattern of the sample heated at 550°C.

As kaolinite decomposes at the higher temperature and chlorite

is unaffected, it was clear that chlorite was not present.

Glycol treatment did not shift the peaks so there were no

expanding clays in the samples. Other peaks in the kaolinite

sample suggested the presence of quartz and potassium

feldspar.

Illite was also identified on the basis of its basal or

(001) spacings. Prominent reflections occurred at 10.2 and

3.35 A. The 10.2 A reflection showed the typical asymmetry

occurring on the low angle side. The reflections were narrow,

indicating the illite was well-crystallized (Thorez, 1986).

Impurities in the illite sample were identified as kaolinite

and quartz.

B. Electron Micrographs

Electron micrographs of the clays are shown in Figures

4-1 through 4-4. Results were used to confirm the morphology,

particle size fraction, purity, and effect of pretreatment.
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Figure 4-1. Electron micrographs of kaolinite, Mesa Alta, New
Mexico (magnification 4500X); untreated surface
(top); treated surface (bottom).
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Figure 4-2. Electron micrographs of illite, Fithian, Illinois
(magnification 4500X); untreated surface (top);
treated surface (bottom).



U@1 0 250) X27)000	 11-1 ND 8

64

Figure 4-3. High magnification electron micrograph of
kaolinite (treated surface) showing well-
formed hexagonal crystals (magnification
27,000X).



Figure 4-4. High magnification electron micrograph of
illite (untreated surface) showing platy,
rounded crystals (magnification 15,000X).
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Kaolinite crystals were hexagonal in shape (Figure 4-3),

while illite was more rounded and platy in appearance (Figure

4-4). The apparent size range of photographed particles

verifies that the preferred particle diameters of 0.2 -2.0 pm

were obtained, with a small number of crystals at a maximum

size of 5 pm. The photos also indicate that the kaolinite edge

was several times thicker than the illite edge. These

observations were consistent with Table 2-4. Both clays were

pure with only one other clay mineral seen. This was

halloysite, a tubular clay (Figure 4-1 top), which is commonly

found with kaolinite. Visual inspection of the treated clays

through the SEN did not reveal that the clays had decomposed.

Although the clay size is smaller in the micrograph of KT than

KU, it is believed due to the portion of the slurry that was

sampled. This is supported by the fact that the size fraction

in both the IT and IU samples was the same.

The EDX attachment was used to determine cations present

in the untreated clays. For kaolinite these were Al, Si, and

Cu and illite contained Al, Si, K, Ti, and Fe.

C. Specific Surface Area

Specific surface area is reported in Table 4-2. The

relatively large standard deviations result from the

difference in BET surface area values for gas adsorption

cycles compared with desorption cycles. The adsorption cycles
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gave consistently lower values for specific surface than did

desorption. As there is no reason to disregard either the

adsorption or desorption values, the reported results are the

average of the two.

The results obtained for sample IU were determined using

four point and single point B.E.T., and were within 3.1 m 2/g

(4 percent) of each other, indicating the validity of the

results from single point B.E.T. The surface area of illite

was approximately 4.5 times greater than that of kaolinite.

This is commonly observed and can be explained by geometric

considerations; illite crystals have a broader but thinner

crystal morphology.

Table 4-2. Specific surface area measurements of kaolinite and
illite.

Sample Method Surface Area Std. Dey. Adsorp.-Desorp.
(m2/g) (nvg) -	 Cycles

KT Single Pt 17.1 1.9 5
KU Single Pt 16.4 1.8 5
IT Single Pt 77.1 12.7 3
IU Single Pt 79.2 10.2 3
IU Four Pt 76.1 NR NR

NR = Not Reported.

D. Chemical Analysis

The amount and type of surface coatings were determined

by chemical analysis and are given in Table 4-3. The results
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indicate that the natural clays had both inorganic and organic

coatings though kaolinite had only minor amounts of each.

Table 4-3. Analysis of surface coatings

Sample	 Total Organic Carbon	 Extractable Iron
(weight percent)
	

(mg/g)	 ( weight percent )

KT	 0.03	 0.56	 0.6
KU	 0.05	 ND	 ND
IT	 0.03	 19.07	 1.9
IU	 0.40	 ND	 ND

ND = Not Determined.

Extractable iron on kaolinite was determined as 0.56

mg/g. This compares well with 0.20 mg/g extractable iron

determined by Rai et al. (1988) for a Georgia kaolinite, also

for a sample with 0.2-2.0 pm effective diameter. The organic

carbon coatings were similarly insignificant. Owing to the

minimal amount of surface coatings on kaolinite, it was

expected that the natural and treated surfaces of kaolinite

would produce similar adsorption results, unless the treatment

process itself modified the surface properties.

Illite, by contrast, contained a greater proportion of

surface coatings. The amount of organic and inorganic coatings

were respectively 8 and 34 times greater on illite than

kaolinite. The difference in surface coatings on the untreated

and treated illite surface may allow the role of the coatings
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to be assessed. If the surface coatings are critical to

adsorption, a difference in the resulting adsorption curves

between the untreated and treated illite surface should be

seen.

The effectiveness of the chemical treatment processes is

apparent by the small amount of surface coatings remaining on

illite after pretreatment.

4-2 Kinetic Experiments

Kinetic studies were conducted to indicate the time

needed at a given pH to reach equilibrium. The results for

each clay surface are given in Figures 4-5 through 4-8. Error

bars indicate the variability of repeat analyses. The four

curves showed that ten hours were sufficient for equilibrium,

though the sorption reaction appeared to be faster for

kaolinite than illite. Of particular interest is that while

the three curves for KU, IU, and IT all plateau after ten

hours, the curve for KT continues to rise. The error bars

shown on the four figures indicate that this result is not

simply due to analytical error. Possibly, it could be

explained by the occurrence of a second order kinetic

reaction.

The total amount of chromium adsorbed during the

experiments varied for each of the surfaces. Adsorption is a

function of several parameters including the initial chromium
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Figure 4-5. Kinetics of 1.9 X 10 -6 M Cr(VI) adsorption on 6.12
g/L untreated kaolinite in 0.1 N NaC1 at pH 6.0.
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Figure 4-6. Kinetics of 1.9 X 10 -6 M Cr(VI) adsorption on 4.48
g/L treated kaolinite in 0.1 N NaC1 at pH 6.0.
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Figure 4-7. Kinetics of 1.5 X 10 -5 M Cr(VI) adsorption on 7.40

g/L untreated illite in 0.1 N NaC1 at pH 6.0.
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Figure 4-8. Kinetics of 1.9 X 10 -6 M Cr(VI) adsorption on 12.00
g/L treated illite in 0.1 N NaC1 at pH 6.0.
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and clay concentrations. When the resulting adsorption data

were normalized as mass of chromium adsorbed per meter squared

of clay, both of the untreated clays removed 0.19 pg

Cr(VI)/m 2 . Treated kaolinite removed almost twice this amount,

0.33 pg Cr(VI)/m 2 , though treated illite could not be reliably

calculated because the surface removed all of the chromium in

solution, and possibly could have removed more. The results

of the kinetic experiments are tabulated in Appendix B.

4-3 Adsorption Experiments

The fractional adsorption edges for chromium adsorption

on the four clay surfaces are given in Figures 4-9 and 4-10.

Error bars indicate the variability of repeat analyses. The

curves for the treated and untreated surfaces are plotted on

the same graph. Adsorption edge experiments were done using

an initial chromium concentration of 100 ppb or 1.9 X 10-6 M.

The amount of clay used varied between 7.68 to 13.0 g/L

solution.

Adsorption of chromium was much more effective on illite

than kaolinite. Chromium removal on illite was between 95 and

100% complete, resulting in a steep adsorption edge (Figure

4-9). Maximum chromium removal on kaolinite was between 20 and

28%, resulting in a flat adsorption edge (Figure 4-10). This

discrepancy in chromium removal given similar initial
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with solids concentration 8.28 and 8.48 g/L,
respectively, in 0.1 N NaC1 as a function of pH.
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Figure 4-10. Adsorption of 1.9 X 10 -6 M Cr(VI) on untreated

(solid line) and treated (dashed line) illite,
with solids concentration 7.68 and 13.00 g/L,
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concentrations of clay and chromium can be explained in part

by the higher surface area per gram of illite than kaolinite.

The position of the untreated and treated adsorption

edges in the pH range varied by clay. The kaolinite adsorption

edges overlapped each other, reflecting the fact that the

surface properties of untreated and treated kaolinite were

nearly identical. The two illite curves, however, were

positioned differently; the adsorption curve for treated

illite was shifted in the pH range approximately 1.5 pH units

to the right compared with the untreated curve (Figure 4-10).

For the same pH, a greater percentage of chromium was removed

by the treated than the untreated illite surface. The amount

of clay present was not responsible for this observation

because this remained the case even when the mass of chromium

removed by the illite surfaces was normalized on the basis of

mass of clay available. Therefore, this result may be

attributed to either changes at the surface induced by the

chemical treatment process or a function of the presence or

absence of iron surface coatings on illite.

There is a disagreement in the literature as to whether

the DCB treatment affects surfaces beyond simply removing

inorganic coatings. Rai et al. (1988), citing experiments

performed with kaolinite and chromium (Figure 3-1), were of

the opinion that the DCB treatment changed the surface

properties of kaolinite by either increasing the number of
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reactive sites or by increasing the positive charge on the

surface due to adsorption of Al. The researchers also

reported the findings of another study that indicate the DCB

treatment has a negligible effect on layer-lattice silicates,

such as clay minerals. However, because the difference in the

position of the adsorption edges occurred for illite and not

for kaolinite, a factor other than chemical pretreatment must

also be involved. Clay characterization results indicated that

while there was no difference between the surface properties

of untreated and treated kaolinite, the two illite surfaces

were distinctive in the amount of surface coatings present.

It is then more likely that the shift resulted from the

removal of the iron surface coatings.

Possible mechanisms to explain how the removal of iron

could increase the percent of chromium adsorbed are the

differences in pl-Lpc for iron and the clay minerals, and the

number of available surface sites. The type of iron present

was not determined, though iron minerals have pli,pc 's which

vary from 6.5 - 8.5 (Table 2-3). This contrasts with the plizpc

for gibbsite, a good approximation for the aluminum surface

of kaolinite and illite, which has been reported as 8.3

(Riese, 1982) and 9.7 (Davis and Hem, 1989). The aluminum

sites would then be positively charged over a greater pH range

than the iron sites. Additionally, fewer sites may have been

available for chromium adsorption if the actual surface area
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of iron prior to treatment was lower than the number of

aluminum sites exposed after treatment, or if the iron was

shielding sites that were more reactive. Apparently, the

dominant sites for chromium adsorption were not the iron

sites, but rather the sites intrinsic to the clay particle

(alumina and silica).

Adsorption edge data were used to model the surface

binding constants for kaolinite and illite and to determine

the mechanism of adsorption. Adsorption data is presented in

Appendix B.

4-4 Aluminum Dissolution Studies

Aluminum concentrations were determined in final sample

solutions from batch adsorption studies, in order to ascertain

whether experimental procedures caused significant clay

dissolution. Previous studies assumed clay dissolution to be

minimal in the pH range around neutrality owing to the shape

of aluminum oxide solubility curves. For example, the

solubility curve for the aluminum oxide, gibbsite, has a

minimum inflection point near pH 6.0 (Figure 4-11). If

incongruent dissolution were occurring in these experiments,

adsorption results would perhaps be inaccurate due to

increased surface area, variable numbers of adsorption sites

present or possibly reprecipitation effects from the mobilized

aluminum.
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Appendix B is a tabulation of the results for aluminum

concentrations from the four edge experiments. The data should

be interpreted primarily in a qualitative manner because of

problems which arose during the aluminum analyses. The major

obstacle during aluminum determination was that many of the

samples had concentrations near the analytical detection limit

(May et al., 1979b). Concentrations of dissolved aluminum for

some of the samples were expected to be as low as 0.1-1 lg/L,

the normal range for fresh water in equilibrium with kaolinite

(Dreyer, 1988). Other difficulties were aluminum

contamination, samples producing multiple aluminum peaks

during atomization, and interference from the background

concentration of chloride. It was eventually demonstrated that

adding Pd(NOA as a matrix modifier to samples increased the

sensitivity of the analyses and removed the multiple peaks.

The analysis was completed by adding  Pd(NO3 ) in samples to a

final concentration of 100 ppm.

Results indicated that dissolution of clays was

insignificant. The concentration of aluminum varied from not

detected to 1600 ppb, occurring at pH 6.0 and 4.0

respectively. This compared well with data from May et al.

(1979b) on the solubility of naturally occurring gibbsite

(Minas Gerais, Brazil). These researchers reported the

equilibrium solubility of aluminum at pH 4.5, 6.0 and 8.5 as

2160, 2, and 54 ppb respectively. Aluminum solubility
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concentrations from kaolinite and gibbsite will not agree

exactly as the solubility curve of kaolinite is also a

function of silica solution concentration. The aqueous

aluminum concentration appeared to below saturation with

respect to kaolinite.

Data from the Minas Gerais gibbsite also suggests that

the ten hours maintained for the chromium batch experiments

was not sufficient for equilibrium concentrations to occur and

that equilibrium is reached faster for acidic pH's (between

28 and 48 hours) than alkaline pH's (approximately 384 hours),

when approaching equilibrium from supersaturation.

Additional results from the aluminum studies that may

impact adsorption of chromium are that the aluminum

concentrations were lower for the untreated clays than the

treated clays and lower for illite than kaolinite. These

results are reasonable in that the treatment process appears

to affect the surface properties of clays and illite has a

lower Al to Si ratio than kaolinite.

4-5 Desorption Studies

Samples of each of the four surfaces with adsorbed

chromium were used for desorption experiments. The mitai

experimental conditions (mass of clay, mass of chromium

adsorbed, and pH) and the results of each experiment are

presented in Appendix B. The clays were washed with chromium
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free solution for a total of at least 40 hours or 4 times

longer than the time required for adsorption. Only the treated

surface of kaolinite released nearly all of the adsorbed

chromium. The illite surfaces both released approximately 25%

of the adsorbed chromium and the untreated surface of

kaolinite released nearly none of the chromium, only 2%.

The result, that adsorbed chromium is difficult to remove

from mineral surfaces, is consistent with other researchers'

work with Cr(VI) desorption. Amacher et al. (1988) and

Stollenwerk and Grove (1985) all observed that adsorption of

chromium is not completely reversible. This was hypothesized

to be due to either a slow reaction step or an irreversible

step. Experimental evidence led Stollenwerk and Grove to

conclude, in the case of the Telluride alluvium, chromium

either coprecipitated with iron coatings or was incorporated

into the structure of iron oxide coatings. Amacher et al.

determined that the rate of chromium desorption was dependent

on the amount of chromium adsorbed. The mechanism accounting

for this observation was the occurrence of specific or

nonspecific adsorption. Nonspecific adsorption would allow

faster release than specific adsorption. Finally, chromium

release could be kinetically slower if a diffusion or

reduction step were involved (Amacher et al., 1988).

Reduction of chromium by iron coatings is a plausible

explanation for the observation that the untreated kaolinite
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did not release the adsorbed chromium. It is also possible

that if the experiments had been conducted differently for the

illite surfaces, that a similar discrepancy would have been

observed between the amount of chromium released by the

untreated and treated illite. Evidence to suggest this

includes the fact that although both illite surfaces released

a similarly small amount of chromium, it took an additional

10 hour desorption step for the untreated illite to do so.

Also, the desorption experiment for treated illite was

conducted at pH 6.0 which favored adsorption, 98% of the

chromium was removed from solution (Figure 4-10), but the

desorption experiment for untreated illite was conducted at

pH 5.0, where adsorption was significantly less (approximately

50%). Therefore, if the treated illite had been run at a pH

that favored desorption, it is likely that a greater

percentage of chromium would have been released. While

reduction of chromium would seem to increase the amount of

chromium adsorbed by the surface, it has already been

demonstrated that because of either the amount or type of iron

coatings present, this did not occur.

The results from the batch experiments conducted for this

research supports the observation that chromium release is a

slower process than uptake or that some chromium adsorption

is "irreversible." The results, however, are not consistent

enough to positively identify a mechanism for slow desorption
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or to quantatively determine a difference in desorption rates

between either treated and natural surfaces or between

kaolinite and illite. The explanations proposed here need

validation, and further work should be initiated in this area

as it pertains to the removal and fate of chromium in the

natural environment.
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CHAPTER 5 - MODELING OF SURFACE COMPLEXATION CONSTANTS

5-1 Procedures and Assumptions

The equilibrium geochemical model MINTEQA2 was used to

model adsorption data in order to determine the sites for

adsorption and binding constants for each clay surface.

MINTEQA2 was developed for the EPA for predictive modeling of

the fate of priority pollutants. The program was used in this

research because it contains an algorithm for solving

adsorption phenomenon according to the triple layer model.

The program does not include a sorption database, however,

and the user must create one by defining surface reactions and

the equilibrium constants. The preprocessor program PRODEF

prompts the user to do this. The program's thermodynamic

database for solubility and chromium speciation reactions was

used without modification.

Several initial assumptions were made during the modeling

portion of this research. First, while the clays had up to

three surface sites available for adsorption (Al, Si, and Fe),

it was assumed that the clays would behave as though each of

the three sites were present as the individual oxides. This

approach had already been successfully applied by various

researchers to clays (Rai et al., 1988; Riese, 1982) and other

minerals (Ainsworth et al., 1989). Secondly, the surface

charge was assumed due to ionization and complexation at the
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clay edge and not due to any crystallographic defect or

substitution. Finally, the major differences among the four

surfaces as determined during clay characterization, were

hypothesized to result in the different adsorption curves.

These distinctions were the Si to Al ratio, the surface area

and the presence or lack of surface coatings.

The procedure followed during modeling of the four clay

surfaces was to attempt to model each surface first by using

only aluminum sites, then failing a good fit of the data,

adding silica sites and finally, for the untreated clays,

adding iron sites. (Sites due to organic surface coatings were

not considered during modeling because organic material was

not present in a significant amount.) Each time new sites were

added to the model simulation, the effect of those sites on

chromate adsorption was noted. This allowed the importance of

each site type on the adsorption edge to be ascertained. The

type of iron mineral present on the clays was not known, so

that surface complexation constants for two possible forms,

goethite and amorphous iron oxyhydroxide, were used.

Surface parameters and complexation constants from the

literature were used when available. The accuracy of these

parameters were evaluated by comparing the resulting percent

of chromium adsorbed as a function of pH between modeled and

experimental runs. Parameters that were not well verified in
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the literature were varied in model runs to check resulting

sensitivity and to optimize curve fitting.

By way of caution, the modeled results presented here do

not represent a unique solution. They could also have been

achieved by using different values for the input parameters

or sorption database. This research, however, accepted

published surface parameters and complexation constants in the

literature and applied these as constants to find a unique

solution. It must be understood that given the relative

newness of surface complexation theory, the constants relied

upon here have a degree of uncertainty associated with them.

No attempt was made to verify previous work.

5-2 Model Input and Sensitivity

The following input was needed to model adsorption data:

• number of adsorbing surfaces (maximum of 5 surfaces

each with 2 types of sites)

• adsorbent concentration (g/L)

• specific surface (m2/g)

• inner and outer layer capacitance (F/m2 )

• surface site density (moles of sites/liter of solution)

• surface complexation reactions and constants

• mass action and mass balance stoichiometry

Of these parameters only the adsorbent concentration,

specific surface and inner and outer capacitances were fixed.
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Section 5-1 described the manner in which the available sites

were changed. The individual surface reactions, their

stoichiometry and constants were varied by applying different

numbers from the literature.

The most sensitive of the parameters which were varied

were the surface complexation constants, the site density and

site ratios. Sensitivity of site density was also demonstrated

by Rai et al. (1988) using the TLM and the program FITEQL.

They varied the site density of kaolinite one order of

magnitude from 6.0 (Riese, 1982) to 0.6 sites/nm 2 (Sposito,

1984) and recorded a change of approximately an order of

magnitude in the surface complexation constants. Data for site

density is usually variable owing to the fact that techniques

for determining site density, such as acid/base titrations or

crystallographic analysis, result in either consistently high

or low values (Honeyman, 1984). The site ratios affected the

resulting adsorption edge to the extent that they were used

to optimize the fit between modeled and experimental data for

the illite surfaces in this research. The absolute number of

sites was fixed within a range found in the literature. For

kaolinite, the silica to alumina ratio was taken as 1:1, as

indicated by crystal structure.

Parameters that were insensitive were the stoichiometry

of the mass balance expressions and the inner layer

capacitance. The stoichiometry for the chromium-surface
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complexation reactions were varied between 1 to 1 and 4 to 1

sites consumed per chromate ion adsorbed. Though the latter

stoichiometry is accepted as the more accurate (Davis and

Leckie, 1980), the concentration of chromium in this work was

sufficiently low that changing this ratio resulted in very

slight or no change in percent chromium adsorbed. Varying the

stoichiometry of the surface chloride reaction did impact the

results because the solution concentration of chloride was

several orders of magnitude greater than chromate. The

insensitivity of the inner layer capacitance, C„ was also

demonstrated by Rai et al. (1988). Less than 5% magnitude

change in the surface complex constants resulted from varying

C, between 120 and 240 4F/ce, values from the literature.

Most of the input parameters were taken directly from

Rai et al. (1988) and their research with chromium adsorption

on a Georgia kaolinite. Table 5-1 lists the parameter values,

reactions and source. Reactions at the surface were written

for chromium species, the particular species determined by the

pH and concentration, and the supporting electrolyte ions. The

iron constants listed in Table 5-1 are for amorphous iron

oxyhydroxide from Davis and Leckie (1980). Other iron

constants tried, but not tabulated here were amorphous iron

oxyhydroxide (Zachara, et al., 1987) and goethite (Ainsworth

et al., 1989). Values for specific surface area and adsorbent
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Table 5-1 Surface parameters and reactions used in adsorption
modeling (after Rai et al., 1988).

Parameter/Reaction 	 Value'	 Source

Inner Layer Capacitance, CI 	240	 Riese (1982)
(Pm/cm 2 )

Outer Layer Capacitance, C2	 20	 Riese (1982)
(p.m/cm 2 )

Site Density, N„ (sites/nm 2 )
Kaolinite Untreated	 6.0	 Riese (1982)
Kaolinite Treated	 6.0	 Riese (1982)
Illite Untreated	 1.5	 This stud?
Illite Treated	 33.0	 This stud?

A101-1 2+ <=> AlOH + 11+

AlOH <=> A10 - + 1.1 4"

AlOH + Na+ <=> (A10 --Na ) ° +

AlOH + Cl - + H + <=> (A1011 2+-C1 - ) °

AlOH + Cr04 2 + Er <=> (A1oH2+-cro4 2- ) -

AlOH + Cr0 4 2 + 2H+ <=> (A101-1 2+-HCr0 4- ) °

Si011 2+ <=> SiOH +

SiOH <=> Si0- + 1-1+

SiOH + Na' <=> (Si0 --Na ) ° +

SiOH + Cr0 4 2- + 211 + <=> (S1Or-H2Cr0 40 ) °

Fe0H2+ <=> Fe0H +

Fe0H <=> Fe0- +

Fe0H + Na+ <=> (Fe0--Na+ ) ° + H+

Fe0H + Cl - + Br <=> (Fe0112+-C1 - ) °

Fe0H + Cr0 4 2 + Br <=> (Fe0H2+-Cr04 2- ) -

Fe0H + Cr0 4 2- + 211+ <=> (Fe0112+-HCr04- ) °

-5.7	Davis (1978)

	-11.4	Davis (1978)

	

-9.15	 Davis (1978)

	

7.9	 Davis (1978)

	

9.42	 Rai (1988)

	16.3	Rai (1988)

	

-0.95	 Riese (1982)

	

-6.95	 Riese (1982)

-6.6	 Riese (1982)

	

14.5	 Rai (1988)

-5.1	 Davis(1980)c

	

-10.7	 Davis(1980)c

	

-9.00	 Davis(1980)c

	

6.6	 Davis(1980)c

	

10.6	 Davis(1980)c

	

18.1	 Davis(1980)c

Malues for surface reactions are reported as log K.
bFitted parameter.
Tonstants for amorphous iron oxyhydroxide.
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concentrations were experimentally determined in this study

and are found in Appendix C.

There were two noteworthy concerns in using the surface

complexation constants derived by Rai and his group. The first

was that their complexation constants for chromium adsorption

were concentration dependent. Triple layer theory predicts

that the constants should be concentration independent. For

an initial chromium concentration of 1.0 X 10 -4 to 5.0 x 10 -7

M, the variability of the surface complexation constants were

1 log unit for the chromium and aluminum complexes and 4 log

units for chromium and silica complexes. Table 5-1 lists the

constants taken from Rai corresponding to the initial chromium

concentration of 1.9 X 10 -6 M used in the batch experiments in

this research. Secondly, the Rai data included a reaction for

the formation of a neutral chromium complex with silica that

was needed in order to fit their experimental results. The

existence of a surface complex between silica and dichromate

was not verified in the Rai report and a thorough literature

search performed by this author found no documentation for or

against such a species.

5-3 Model Results

Results from adsorption modeling are shown in Figures 5-

1 to 5-4. Each figure contains a graph (top) comparing the

total amount of chromium adsorbed as determined from
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experimental data and adsorption modeling, and a graph

(bottom) showing the modeled percentages of surface species

contributing to the total chromium adsorbed. Tabulated data

can be found in Appendix C. Results indicated how successfully

chromium may be modeled using adsorption constants from the

literature, the chromium species which complexed with the

surface and the surface sites that were important for

adsorption.

Modeled data gave a better fit for the kaolinite surfaces

than for the illite surfaces. The largest difference between

modeled and experimental data for the untreated and treated

kaolinite surfaces was less than 4 and 10 percent,

respectively. For illite the maximum difference was as large

as 25 percent. The fit for the treated surface of kaolinite,

though good, overestimated adsorption at the lower pH's. Other

researchers (Zachara et al., 1989) have observed a similar

effect for high solution to solids concentrations, resulting

in high surface loading. Evidently, the TLM fails to account

for this effect. High surface loading is a likely explanation

for the overprediction of chromium adsorption on the kaolinite

surfaces as well. The limited percentage of chromium (under

30%) that adsorbed on the kaolinite, even at pH 4.0, is

another consequence of low clay to chromium concentrations.

The modeled curves for the untreated and treated

kaolinite samples were approximately the same, confirming the
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two surfaces had similar surface properties. Input parameters

for the two surfaces differed only in adsorbent concentration

and surface area. The individual chromium species curves

(Figures 5-lb and 5-2b) showed that chromate was the dominant

surface species at high pH's, while bichromate became dominant

at low pH's. The rise in the total chromium adsorption curve

was due primarily to adsorption of the bichromate species.

Equilibria between the aqueous chromium species accounted for

the change in the chromium surface species with pH.

Of special interest was that the kaolinite surfaces were

modeled with chromium adsorbing only to ionizable aluminum

sites. Aluminum sites were integral to the adsorption process

because they could be positively charged in the experimental

pH range, while silicon sites were mainly negatively charged.

Cr(VI) species, also negatively charged, need a positive

surface for adsorption. A surface's pH zpc largely controls its

charge. Gibbsite may be used as a valid approximation for the

pHn, of the aluminum sites in kaolinite because both minerals

contain aluminum in dioctahedral coordination. The pH,,, for

gibbsite has been reported as 8.3 (Riese, 1982), 9.8 and 11.2

(Davis and Hem, 1989). The pH,,, for silica, on the other hand,

is generally given as 2 to 3, and always under 4. Therefore,

in vicinity of neutral pH, aluminum sites are locations for

chromium adsorption.
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These results, that only aluminum surface sites were

needed to model chromium adsorption on kaolinite, conflict

with the findings of Rai et al. (1988). From modeling

adsorption of Cr(VI) on a Georgia kaolinite, they concluded

that chromium was binding to both the alumina and silica sites

on kaolinite. The explanation for this discrepancy remains

unclear as both studies utilized the aluminum surface

complexation constants, derived from the Georgia kaolinite

research, for their modeling.

Results from modeling adsorption on illite were different

from kaolinite in several respects. Modeled illite surfaces

only approximately predicted the experimental adsorption edge

when surface complexation constants were used directly from

the literature. At certain pH's, the modeled data

underestimated the percent of chromium that would be adsorbed.

The underestimation was as great as 20 to 25 percent

difference. Additionally, in order to get the best fit of the

data, both silica and aluminum sites were needed for

adsorption. This added the complexity of determining the ratio

of these sites to one another. For kaolinite, the ratio of

alumina to silica was taken as one to one because of its

structure. This ratio was unknown for illite as a consequence

of the presence of surface coatings, the effect of

pretreatment and the different clay structure. Therefore, the

alumina to silica site ratio was varied for illite during
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model runs. The best fit was achieved by setting the site

density for treated illite as 33 sites/nm 2 with the Al to Si

ratio 1:22 and for untreated illite as 1.5 sites/nm 2 with the

ratio 1:2. The site density for untreated illite fell within

the range reported for kaolinite, 0.6 to 6.0 sites/nm 2 (Rai,

1988). The ratio of alumina to silica sites for the treated

illite is higher, but still reasonable because of the larger

specific surface of illite, the greater Al to Si ratio than

kaolinite and the pretreatment effects.

Figures 5-3b and 5-4b demonstrates the dominant surface

complex formed on illite. In the case of kaolinite, this was

the bicarbonate and aluminum complex. For illite, the most

important complex was the neutral dichromate and silica

complex. This was true for both the treated and untreated

surface of illite. Surprisingly, it was not possible to use

iron sites for modeling the untreated illite surface. Surface

complexation constants for chromium binding to iron are so

large that any attempt to include those constants shifted the

adsorption edge to much higher pH's. This was the case even

when the iron site concentration was reduced as low as

1.0 x 10 -4 moles/L or one-fifthteenth of the total site

density. (An iron concentration of 1.0 x 10 -4 moles/L is 25

times less than the actual amount of iron present as

calculated from the extractable iron.) While iron was present

on the naturally occurring illite, it was not effecting
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adsorption in a discernable way. Possibly, this was because

the iron concentration was low or iron was unevenly

distributed on the illite surface.

Although existing surface complexation constants do not

exactly predict chromium adsorption, they do approximate the

adsorption sufficiently to be used at least in a qualitative

manner. The apparent inadequacy of the constants may be a

result of uncertainties in determining surface properties and

a need for refinement of the triple layer model itself.

Nevertheless, the raw adsorption data presented here remains

useful for modeling attempts as adsorption theory advances.
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CHAPTER 6 - CONCLUSIONS

Conclusions from this research are from the experimental

and modeling work completed and suggest further research and

questions to address.

The experimental portion of this research demonstrated

the effectiveness of clay minerals in binding with aqueous

Cr(VI) species. Removal of chromium from solution may be 100

% complete under conditions of low pH and large clay

concentrations. Sites on the clay minerals that bind with

chromium are the alumina sites on kaolinite and the alumina

and silica sites on illite. The silica sites play a role in

adsorption on illite presumably due to the greater ratio of

silica to alumina sites on illite than kaolinite. Naturally

occurring organic and inorganic surface coatings were not

present in sufficient quantities to be involved in the

adsorption process in a distinguishable manner. Desorption

was demonstrated to occur, but is apparently kinetically

slower than adsorption and may be partially irreversible.

Model results of adsorption of chromium on kaolinite and

illite indicated that existing surface parameters and

complexation constants in the literature and computer programs

such as MINTEQA2 may be used to approximately predict the

adsorption of chromium under different environmental

conditions. Conditions that may be varied include pH,
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temperature and aquifer clay content. The limitations in

applying adsorption models were also apparent; the modeler

must thoroughly characterize the surfaces present for

adsorption and must build their own sorption database.

Preparing a consistent database involves an extensive

literature search and review and a critical evaluation of the

applicability and validity of existing surface complexation

constants.

Future research should be accomplished in the refinement

of triple layer theory and in experimental procedures to

determine parameters to apply the theory. Results yielding

concentration dependent surface complexation constants and

underestimation of adsorption at high solution-to-solid ratios

may be inadequacies in the triple layer model itself. Other

studies should be designed to determine the reversibility and

kinetics of desorption of chromium and to confirm the

formation of a Cr(VI)-silica surface complex.
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APPENDIX A - COMPUTER PROGRAM TO CONTROL METROHM PH-STAT

005 KEY OFF: CLS
010 PRINT "THIS IS A PH STAT PROGRAM."
015 PRINT	 11
020 PRINT "PLEASE TURN ON THE 665 DOSIMAT AND THE PH METER
025 PRINT "AND PRESS ANY KEY TO CONTINUE."
030 PRINT " "
035 PRINT "
040 W$=1NKEY$ : IF W$="
	

THEN 40
050 OPEN "COM1:9600,E,7,1 ,LF" AS #3
055 OUT (&H3FC),0
060 EOT$=CHR$(13)+CHR$(10 )+CHR$(4)
070 DIM S$(20),P(14)
080 S$="REM ON"+EOT$
090 GOSUB 470
100 REM CHOOSE DISPENSE REPETITIVE MODE
110 P=2
120 IF P=2 THEN S$="DIR"+EOT$
130 GOSUB 470
250 INPUT "ENTER EXPERIMENT ID =>",ID$
260 INPUT "WHAT PH DO YOU WANT TO KEEP YOUR SAMPLE ?",M
270 INPUT "PLUS OR MINUS HOW MANY PH UNITS? ",G
280 INPUT "TITRATING WITH ACID(1) OR BASE(2)? ",J
290 INPUT "ENTER DISPENSING VOLUME FROM .001 TO 5.00 ML ",Z$
300 S$="VDS " + Z$ + EOT$
305 N=VAL(Z$)
310 GOSUB 470
320 INPUT "INTERVAL TO CHECK PH (IN HH:MM:SS) ?",I$
330 HR = VAL (M1D$(1$,3,2))
331 MIN = VAL (M1D$(1$,5,2))
332 SECS = VAL (M1D$(1$,7,2))
333 X = MIN + HR*60 + SECS/60
337 INPUT "FILENAME TO STORE DATA (IN QUOTES)? ",FILE$
338 INPUT "ENTER TITRANT AND CONCENTRATION => ",C$
340 INPUT "ENTER 1 TO BEGIN, ANY OTHER NUMBER TO QUIT=> ",K
345 IF K<>1 THEN 580
349 OPEN FILE$ FOR OUTPUT AS #2
350 PRINT #2, "EXPERIMENT ID =";1D$
351 PRINT #2, "TITRANT AND CONCENTRATION = ";C$
352 PRINT #2, "PH SET POINT = ";M
353 PRINT #2, "PH TOLERANCE = ";G
354 PRINT #2, "ELAPSED TIME	 PH	 VOL ADDED"
355 PRINT #2, 	
356 CLOSE #2
357 V=0
360 T=0
370 TIME$="00:00:00"



380 GOSUB 700
381 DEF SEG=0
382 K = PEEK(1048) AND 128
383 IF K = 128 THEN GOSUB 900
390 IF J=1 AND M<(A-G) THEN S$="G" + CHR$(4) :GOSUB 470
400 IF J=2 AND M>(A+G) THEN S$="G" + CHR$(4) :GOSUB 470
410 V$=T1ME$
420 IF V$ >= 1$ THEN T=T+X: GOTO 370
430 GOTO 410
470 V=V+N
475 C%=1
480 OUT (&H3FC),2
490 D%=INP(&H3FE)
500 S%=D% and 16
510 D%=ASC(MID$(S$,C%,1))
520 OUT (&H3FC),0
530 OUT (&H3F8),D%
540 C%=C%+1
550 IF MIDS(S$,C%,1)=CHR$(4) THEN RETURN
560 GOTO 480
580 S$="REM OFF" + EOT$
590 GOSUB 470
600 PRINT "YOU HAVE EXITED THE PROGRAM"
610 END
700 ON ERROR GOTO 800
710 OPEN "COM2:600,s,7,2 CS,DS,CD" FOR INPUT AS #1
720 INPUT #1, PH$
750 A=VAL(PH$)
760 PRINT T,A,V
761 OPEN F1LE$ FOR APPEND AS #2
762 PRINT #2,"	 ";T,"	 ";A,"	 ";V
763 CLOSE #2
770 CLOSE #1
780 ON ERROR GOTO 700
790 RETURN
800 REM ERROR OCCURRED
810 CLOSE #1
820 OPEN "COM2:300,N,8,1,CS,DS,CD: AS #1
830 RESUME 720
840 RETURN
900 POKE 1047, PEEK (1047) AND 127
910 PRINT "PARAMETER CHANGE MENU";PRINT:PRINT
920 PRINT "1) SET POINT pH"
930 PRINT "2) SET PRINT INTERVAL"
940 PRINT "3) SET TOLERANCE"
950 PRINT "4) RESET ALIQUOT SIZE"
960 PRINT "5) RETURN TO PROGRAM"
970 PRINT "6) EXIT"
990 PRINT : INPUT "ENTER THE NUMBER OF YOUR CHOICE =>";K9
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1000 CLS
1010 IF K9 = 5 THEN RETURN
1020 ON K9 GOSUB 1050,1070,1210,1150,1040,1200
1030 GOTO 900
1040 RETURN
1050 INPUT "ENTER pH SET POINT =>";M
1060 RETURN
1070 INPUT "ENTER PRINT INTERVAL IN MINUTES =>";X
1080 INPUT "ENTER PRINT INTERVAL IN HH:MM:SS =>";1$
1090 RETURN
1150 INPUT "ENTER ALIQUOT SIZE FOR TITRANT =>";Z$
1160 s$=uvips u + z$ + EOT$
1170 N=VAL(Z$)
1180 GOSUB 475
1190 RETURN
1200 GOTO 580
1210 INPUT "ENTER TOLERANCE IN pH UNITS =>";G
1220 RETURN
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APPENDIX B - TABULATED RESULTS FROM BATCH EXPERIMENTS

Table B-1. Kinetic Experiments

Table B-2. Adsorption Edge Experiments

Table B-3. Aluminum Dissolution Experiments

Table B-4. Desorption Experiments
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Table B-1. Kinetic Experiments

108

Kaolinite Untreated
Initial solution: 1.9 x 10 -6 M Cr(VI),	 0.1 N NaC1
Kaolinite: 6.12 g/L, (100 m2/L)
pH 6,	 23 °C

Sample	 Time Sampled Solution Conc Std Dey % Cr(VI)
(Hours) (PPB) (PPB) Absorbed

Input	 0.0 100.0 0.3 0.0
KU-1	 0.2 93.4 1.3 6.6
KU-2	 0.5 94.1 2.0 5.9
KU-3	 1.0 81.2 2.9 18.8
KU-4	 2.0 79.1 1.6 20.9
KU-5	 4.0 80.6 1.3 19.4
KU-6	 6.0 79.1 1.8 20.9
KU-7	 8.0 81.0 2.3 19.0
KU-8	 24.0 83.9 3.7 16.1
KU-9	 36.0 81.3 2.4 18.7
KU-10	 48.0 80.9 0.4 19.1
KU-11	 56.0 79.6 0.6 20.4

Kaolinite Treated
10 -6 M Cr(VI),

m2/L)
0.1 N NaC1Initial solution: 1.9 x

Kaolinite:	 4.48 g/L,	 (76.8
pH 6,	 22 °C

Sample Time Sampled Solution Conc Std Dey % Cr(VI)
(Hours) (PPB) (PPB) Absorbed

Input 0.0 100.0 0.0
KT-1 0.2 101.2 2.8 0.0
KT-2 0.5 95.7 0.4 5.4
KT-3 1.0 91.3 2.5 9.8
KT-4 2.0 79.8 0.6 21.1
KT-5 4.0 77.9 0.8 23.0
KT-6 6.0 80.7 5.2 20.3
KT-7 8.0 79.0 1.1 21.9
KT-8 32.0 75.3 0.5 25.6
KT-9 56.0 75.3 0.4 25.6
KT-10 66.5 72.1 0.4 28.8
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Table B-1. Kinetic

Illite Untreated

Experiments - cont'd.

x 10 -5 M Cr(VI),	 0.1 N NaC1
m2/L)

Initial solution: 1.54
Illite:	 7.40 g/L,	 (586
pH 6,	 19 °C

Sample Time Sampled Solution Conc Std Dey % Cr(VI)
(Hours) (PPB) (PPB) Absorbed

(10x's dilution)
Input 0.0 80.0 0.0
IU-1 0.2 79.4 0.5 0.7
IU-2 0.5 78.5 0.1 1.9
IU-3 1.0 76.7 3.3 4.1
IU-4 2.0 72.8 1.4 9.0
IU-5 4.0 68.5 0.6 14.4
IU-6 6.0 69.0 1.1 13.8
IU-7 8.0 67.1 0.6 16.1
IU-8 24.0 68.3 0.7 14.6
IU-9 48.0 68.6 0.1 14.3

Illite Treated
Initial solution:	 1.9 x 10-6 M Cr(VI),
Illite:	 12.00 g/L,	 (925.7 m2/L)
pH 6,	 23 °C

0.1 N NaC1

Sample Time Sampled Solution Conc Std Dey % Cr(VI)
(Hours) (PPB) (PPB) Absorbed

Input 0.0 102.2 2.0 0.0
IT-1 0.2 88.3 1.0 13.6
IT-2 0.5 73.6 2.3 28.0
IT-3 1.0 56.8 0.0 44.4
IT-4 2.0 29.8 0.0 70.8
IT-5 4.0 10.9 0.6 89.3
IT-6 6.0 4.3 0.6 95.8
IT-7 8.0 2.1 0.4 97.9
IT-8 24.0 2.2 2.3 97.8
IT-9 36.0 1.3 0.0 98.7
IT-10 48.0 2.2 0.9 97.8
IT-11 60.0 1.0 0.6 99.0
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Table B-2. Adsorption Edge Experiments

Kaolinite Untreated 
Initial solution: 1.9 x 10 -6 M Cr(VI), 0.1 N NaC1
Kaolinite: 8.28 g/L, (136 m2/L)
24 °C

Sample	 Solution Conc
pH	 (PPB)

Std Dey
(PPB)

% Cr(VI)
Absorbed

Input 100.00
8.50 86.46 1.18 13.54
8.00 100.00 1.14 0.00
7.50 98.12 0.10 1.88
7.00 98.10 3.14 1.90
6.50 96.04 2.74 3.96
6.00 91.60 0.50 8.40
5.50 87.12 1.42 12.88
5.00 82.28 2.12 17.72
4.50 73.70 1.44 26.30
4.00 73.34 2.20 26.66

Kaolinite Treated
Initial solution: 1.9 x 10 -6 M Cr(VI), 0.1 N NaCl
Kaolinite: 8.48 g/L, (145 m 2/L)
23°C

Sample
pH

Solution Conc
(PPB)

	Std Dey	 % Cr(VI)

	

(PPB)	 Absorbed

Input 100.00
8.50 97.66 0.46 2.34
8.00 96.68 0.80 3.32
7.50 91.50 0.70 8.50
7.00 94.24 0.56 5.76
6.50 92.42 0.16 7.58
6.00 89.96 0.16 10.04
5.50 88.26 1.14 11.74
5.00 86.60 1.66 13.40
4.50 83.66 3.08 16.34
4.00 79.34 0.68 20.66
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Table B-2. Adsorption Edge Experiments - cont'd.

Illite Untreated 
Initial solution: 1.9 x 10-6 M Cr(VI), 0.1 N NaC1
Illite: 7.68 g/L, (609 m 2/L)
23 °C

Sample
pH

Solution Conc
(PPB)

Std Dey
(PPB)

% Cr(VI)
Absorbed

Input 92.10
8.50 88.10 0.10 4.30
8.00 83.10 1.70 9.77
7.50 80.50 0.40 12.60
7.00 80.80 1.90 12.27
6.50 79.00 0.60 14.22
6.00 79.80 0.00 13.36
5.50 64.40 0.20 30.08
5.00 43.70 1.60 52.55
4.50 5.00 0.40 94.57

Illite Treated 
Initial solution: 1.9 x 10 -6 M Cr(VI), 0.1 N NaC1
Illite: 13.0 g/L, (1003 m 2/L)
23°C

Sample
pH

Solution Conc
(PPB)

Std Dey
(PPB)

% Cr(VI)
Absorbed

Input 111.72 4.36
8.50 111.72 0.66 0.00
8.00 108.22 2.18 3.13
7.50 105.78 0.10 5.32
7.00 97.30 1.18 12.91
6.50 51.26 1.24 54.12
6.00 2.14 0.88 98.08
5.50 1.04 0.26 99.07
5.00 2.24 1.56 97.99
4.50 0.60 0.08 99.46
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Table B-3. Aluminum Dissolution Experiments°

pH Gibbsiteb KU KTc IU IT`

8.5 54 136 206 23 228
8.0 24 16 245
7.5 5 80 278
7.0 5 16
6.5 3 225 236
6.0 3
5.5 5 90 355 0
5.0 81
4.5 2158 422 692 16 264
4.0 26980 1609 1576

°Aluminum concentrations reported in ppb.

bMay, et al. (1979a), natural gibbsite from Minas Gerais,
Brazil.

`Samples run with hydrogen peroxide added to reduce
graphite aging.
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Table B-4. Desorption Experiments

Kaolinite Untreated
Adsorption step: Input 25.0 pg of Cr(VI) and 1.51 g kaolinite

5.10 pg Cr(VI) adsorbed (20.4 % ads.)
Desorption steps: 5.10 pg of Cr(VI) to desorb.
pH 6.0

Sample	 Volume	 Cr Desorbed	 Std Dey	 Cr Desorbed
(ml)	 (PPb)	 (PPb)	 (11g)

STEP 1
	

23.04
	

0.30
	

1.00
	

0.0069
STEP 2
	

20.72
	

1.60
	

0.60
	

0.0332
STEP 3
	

21.27
	

0.30
	

2.00
	

0.0064
STEP 4
	

22.99
	

2.20
	

2.60
	

0.0506

Total Cr(VI) desorbed (pg) = 0.0971
(1.9%)

Kaolinite Treated 
Adsorption step: Input 26.4 pg of Cr(VI) and 1.37 g kaolinite

2.81 pg Cr(VI) adsorbed (11.25 % ads.)
Desorption steps: 2.81 pg of Cr(VI) to desorb.
pH 6.0

Sample	 Volume	 Cr Desorbed	 Std Dey	 Cr Desorbed
(ml)	 (PPb)	 (PPb)	 (11g)

STEP 1
	

25.74
	

2.60
	

0.11
	

0.0669
STEP 2
	

24.57
	

0.74
	

1.33
	

0.0182
STEP 3
	

23.13
	

0.91
	

0.75
	

0.0210
STEP 4	 21.86
	

96.66
	

0.98
	

2.1100

Total Cr(VI) desorbed (pg) = 2.22
(79.0%)
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Table B-4. Desorption Experiments - cont l d.

Illite Untreated
Adsorption step: Input 16.8 ig of Cr(VI) and 1.42 g illite

3.60 gg Cr(VI) adsorbed (21.4 % ads.)
pH 5.0

Desorption steps: 3.60 gg of Cr(VI) to desorb.

Sample pH	 Volume Cr Desorbed Std Dey Cr Desorbed
(ml)	 (PPb)	 (PPb)	 (11g)

STEP 1	 5.0	 12.51
STEP 2	 5.0	 11.04
STEP 3	 5.0	 21.04
STEP 4	 5.0	 250.00
STEP 5	 8.5	 250.00
STEP 6	 8.5	 150.00

9.5
1.2
1.3
1.5
0.9
1.1

1.1
0.5
1.3
0.5
0.0
0.4

0.119
0.013
0.027
0.375
0.225
0.165

Total Cr(VI) desorbed (gg) = 0.924
(25.7%)

Illite Treated 
Adsorption step: Input 21.30 gg of Cr(VI) and 2.07 g illite

2.63 p.g Cr(VI) adsorbed (12.4 % ads.)
pH 6.0

Desorption steps: 2.63 gg of Cr(VI) to desorb.

Sample pH	 Volume Cr Desorbed Std Dey Cr Desorbed
(ml)	 (PPb)	 (PPb)	 (11g)

STEP 1	 6.5	 250.00
STEP 2	 6.5	 250.00
STEP 3	 6.5	 250.00
STEP 4	 6.5	 250.00
STEP 5	 6.5	 250.00

0.0
0.6
1.0
0.1
1.1

0.0
0.4
1.6
0.7
1.5

0.000
0.150
0.250
0.025
0.275

Total Cr(VI) desorbed (gg) = 0.700
(26.6%)
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APPENDIX C - TABULATED DATA FROM ADSORPTION MODELING

Kaolinite Untreated
Initial solution: 1.9 X 10 -6 M Cr(VI), 0.1 N NaC1
Kaolinite: 8.28 g/L, 16.38 m 2/g
24 °C

pH
	

Total Cr(VI)	 Percent Bound as Percent Bound as
adsorbed (%) Al0H2*-Cr042- A101-12+-HCr04-

8.5 0.2 0.2 0.0
8.0 0.5 0.5 0.0
7.5 1.4 1.2 0.2
7.0 3.2 2.3 0.9
6.5 6.6 3.3 3.3
6.0 11.5 3.2 8.4
5.5 16.6 2.0 14.6
5.0 20.8 1.0 19.8
4.5 24.1 0.4 23.7
4.0 27.0 0.2 26.8

Kaolinite Treated 
Initial solution: 1.9 X 10 -6 M Cr(VI), 0.1 N NaC1
Kaolinite: 8.48 g/L, 17.14 m 2/g
23 °C

pH	 Total Cr(VI)	 Percent Bound as Percent Bound as
adsorbed (%)	 A10112+-Cr042-	 A10112+-HCr04-

8.5 0.2 0.2 0.0
8.0 0.5 0.5 0.0
7.5 1.5 1.3 0.2
7.0 3.4 2.5 0.9
6.5 7.0 3.5 3.5
6.0 12.3 3.4 8.9
5.5 17.6 2.1 15.5
5.0 22.0 1.0 20.9
4.5 25.4 0.4 25.0
4.0 28.4 0.2 28.2
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APPENDIX C - TABULATED DATA FROM ADSORPTION MODELING - cont'd.

Illite Untreated 
Initial solution: 1.9 X 10 -6 M Cr(VI), 0.1 N NaC1
Illite: 7.68 g/L, 79.24 m2/g
23 °C

	pH Total Cr(VI)	 % Bound as	 % Bound as	 % Bound as
	adsorbed (%)	 A10H24-Cr042-	 A10H2*-HCr04-	 Si0H-H2Cr04

8.5 0.0 0.0 0.0 0.0
8.0 0.1 0.1 0.0 0.0
7.5 0.4 0.2 0.2 0.0
7.0 1.6 0.3 1.3 0.0
6.5 5.8 0.8 4.7 0.3
6.0 15.1 0.6 11.1 3.4
5.5 29.7 0.5 15.8 13.4
5.0 50.3 0.2 14.3 35.8
4.5 73.4 0.1 8.5 64.8
4.0 89.2 0.0 3.6 85.6

Illite Treated 
Initial solution: 1.9 X 10 -6 M Cr(VI), 0.1 N NaC1
Illite: 13.0 g/L, 77.14 m 2/g
23 °C

pH Total Cr(VI)	 % Bound as	 % Bound as	 % Bound as
adsorbed (%) A101-124-Cr042- A101-12+-HCr0,- Si0H-1-12Cr04

8.5 0.9 0.5 0.4 0.0
8.0 1.7 0.8 0.9 0.0
7.5 4.2 0.9 2.8 0.5
7.0 13.1 1.0 8.4 3.7
6.5 38.8 0.8 16.7 21.3
6.0 73.5 0.3 15.7 57.5
5.5 91.6 0.1 8.0 83.5
5.0 97.4 0.0 3.1 94.3
4.5 99.2 0.0 1.1 98.1
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