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ABSTRACT

Leaching behavior of chromium in chromium-contaminated soil (Cr-soil) derived

from chromium ore processing residue (COPR) and the transport of chromium in concrete

material were studied. Physico-chemical properties of Cr-soil were characterized. Cr-soil

is a highly alkaline material containing a large amount of calcium, presumably in the form

of CaC03. By X-ray diffraction analysis, the major Cr form in the Cr-soil was identified

as chromite. HF is the most effective extractant of Cr from Cr-soil derived from COPR.

Leaching experiments were conducted using simulated rainwater as the leaching

solution. Leaching of chromium and other metals with synthetic rainwater is highly pH

sensitive. Low pH promotes Cr(VI) reduction to Cr(III), and thereby decreases the mass

of Cr(VI) leached. Approximately 1% of total Cr (25 mglg) is in the form of Cr(VI) which

is readily leachable at pH between 4 and 12. The bulk: of the remaining chromium mainly

contains nonleachable trivalent chromium. Removal of the organic matter from the Cr-soil

increases the amount of Cr(VI) leached over the entire pH range, suggesting that the

organic matter can reduce Cr(VI) during the leaching process. The mass of Cr(VI) leached

is the same under either aerobic or anaerobic conditions. The amount of Cr(III) leached

was controlled by the solubility of Cr(III) precipitates, the extent of Cr(VI) reduction, and

the magnitude of Cr(III) adsorption onto the soil surface. The absence of detectable Cr(III)

between pH 4.5 and 12 can be attributed to the presence of insoluble precipitates such as

Cr(OHh(s) and CrxFel_x(OHh(s) and the adsorption of Cr(IlI) species onto the soil

particle surface.

Adsorption, redox, and precipitation reactions are the major processes affecting the

XVI
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concentration and speciation of chromium in the chromium-concrete interface, and solution

pH is the crucial parameter affecting these chemical interactions. Below pH 3.5, the

concentration of Cr(VI) is controlled by reduction reactions. Cr(VI) is reduced to Cr(III)

by reaction with aqueous Fe(lI) derived from Fe(II)-containing concrete materials. The·

concentration of Cr(III) is then governed by the CrxFel_x(OH)3(s) and/or Cr(OH>3(s)

precipitates. At pH 4 to 9, adsorption is mainly responsible for Cr(VI) removal.

Prediction of the Cr(VI) adsorption density for different sizes of concrete particle can be

made by knowing the specific surface area of the concrete particle. The adsorption of

Cr(VI) onto concrete particles can be described by surface complex formation model.

Because the magnitude of favorable electrostatic energies and the adverse solvation and

lateral interaction energy which contribute to the total adsorption are relatively small in

comparison with the favorable specific chemical energy, I conclude that the specific

chemical interaction is the major mechanism.

An interactive spreadsheet program written with Lotus 1-2-3 macros for one

dimensional contaminant transport in porous media coupled with adsorption and decay

reactions was developed. The program is used to simulate the leaching of Cr(VI) from Cr

soil and the transport of Cr in concrete material. The simulation results surport the

suggestion that the Cr(VI) leaching process is mainly governed by the

adsorption/desorption, precipitation, and redox reactions. Possible dissolution of COPR

might exist during the leaching process, but no direct evidence was found throughout this

work.

Transport of Cr in the concrete is highly dependent on the solution pH. Cr(VI) is

mobile in the concrete because Cr(VI) is not favorably adsorbed by concrete at high pH.

Thus the transport of Cr(VI) in the concrete block is mainly caused by dispersion and

advection only. Cr(lll), however, can strongly be adsorbed by concrete at high solution



 



 



2

structures in chromium contaminated areas (Hsieh et al. 1988; MEMT 1990). Yellow

crystals of chromate salts have been found on the surface of concrete blocks of many

buildings (Stricharchuk 1990). The enormous volume of contaminated soil and the

extent of urban development in these areas make excavation an impractical means for

exposure reduction. Remediation of these sites is necessary since they are hazardous

to public health. Knowledge of the chromium leaching behavior in the soil derived

from COPR, the chemical interactions between chromium and concrete materials, and

the transport of chromium in the soil as well as concrete is essential to the

establishment of a clean-up strategy. Although substantial research has been

conducted pertaining to chromium behavior in soils, some of this information may not

be applicable to the specific sites, since the contaminated material is actually "soil"

derived from weathered chromium processing waste. The material is highly alkaline

and contains high levels of carbonates and other salts not normally found in soils of

the northeastern United States. Moreover, little is known about the chemical

interactions between chromium and concrete in the aqueous system.

This thesis focuses on studying the characterization of Cr-soil derived from

COPR, behavior of chromium leached from Cr-soil, chemical interaction between

chromium and concrete, and transport of chromium in concrete. The major portion of

data in chapters 3 and 4 has been published (Weng et al. 1994a; Weng et al. 1993).

Chapter 2 states the chemical properties and the problems of COPR wastes. Literature

review of chromium reactions with soil and the contaminant transport in the porous

medium are also presented in this chapter. The specific objectives of this research are

addressed in this chapter. Chapter 3 shows the characterization of COPR and the

concrete materials. Major physico-chemical properties such as total chromium,

chemical composition, specific surface area, particle size distribution, pHzpc, soil pH,
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and organic matter content are included. Chapter 4 presents the chromium leaching

behavior in soil derived from COPR. Factors, such as pH, temperature, and organic

matter, that may affect the leaching behavior are included in this chapter. Chapter 5

explores the chemical interaction between chromium and concrete materials.

Parameters, such as pH, chromium concentrations, and particle size, which may affect

the chemical interactions were studied. Adsorption/desorption, redox, and

precipitation processes, that affect the concentration of chromium in its interaction

with concrete, were also investigated. Determination of surface acidity of hydrous

concrete using electrophoretic mobility measurements was made. A surface complex

formation model (SCFM) originally developed by Huang and Stumm (1973) was used

to describe the adsorption of chromium onto concrete particles. Chapter 6 presents the

development of a user-friendly interactive spreadsheet computer program for

modeling the contaminant transport through porous medium. Manual for this program

is shown in appendix B. Verification of this program with the analytical solution was

demonstrated. This chapter also shows the use of the numerical model to simulate the

chromium leaching from Cr-soil and the transport of chromium through concrete

materials. Chapter 7 summarizes the research results and gives recommendations for

future study.



Chapter 2

LITERA TURE REVIEW

2.1 Problems of Chromium

Chromium (Cr) is a transition metal that exists primarily as Cr(III) and Cr(VI)

in the environment (Udy 1956). Cr(IlI) is less toxic than Cr(VI) and is relatively

immobile in the aqueous environment due to its strong adsorption onto soils (Amacher

and Baker 1982). Because of its inability to cross cell membranes, it is not readily

bioavailable and is a relatively inactive genotoxic agent. In contrast, Cr(VI) is

relatively mobile since it is only weakly adsorbed to soil under natural conditions.

Cr(VI) compounds are irritants due to their high solubility and diffusivity in tissue that

allow them to cross biological membranes easily. Therefore, Cr(VI) compounds are

readily adsorbed by inhalation, ingestion, and through the skin (Finkel 1983). Unlike

Cr(lll), which is a Lewis acid and can form insoluble chromium hydroxide

Cr(OH»(s), Cr(VI) is a Lewis base that exists in aqueous solution as an anion. The

current limit for soluble Cr in drinking water is 0.05 mg/l (10-6 M) (U.S.EPA 1984).

The public health consideration of chromium is mostly related to hexavalent

compounds. Hexavalent chromium compounds have been reported to produce

hemorrhage, dermatitis, respiratory problems, and liver and kidney damage.

Symptoms are generally gastrointestinal such as repeated vomiting, diarrhea, and

anorexia. The dosage of K2Cr207 fatal to human is 0.5 g to 1.5 g (Casarett and Doull

1980). Studies have showed that the worker in chromate-producing industry and

4
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chromium-plating factories has increased occupational exposure and risks. In

particularly, the risk of lung cancer was found to be abnormally high for the chromate

workers (Alderson et al. 1981; Hayes et al. 1979). It is documented that certain

hexavalent compounds, i.e., calcium chromate, are known lung carcinogens (U.S.EP A

1984).

2.2 Chemical Properties of Chromite Ore Processing Residue (COPR)

The first generations of large scale chromite ore processing plants were built in

the late nineteenth and early twentieth centuries and had life spans ranging from 5 to

75 years. These plants were distributed in countries such as England, Germany,

Japan, and the United States. They were shut down and replaced with more modern

facilities over the last thirty years. The COPR produced from these old plants were

usually dumped untreated or used as a fill material near the old factory sites. Some of

these chromium-contaminated sites continuously bleed chromate salts even after

decades of weathering (McKee 1988; Gemmell 1973).

In the U.S. there are six plants which were directly involved in the

manufacture of chromates and dichromates from chromite ore (Public Health Service

1953). These plants are located in the states of Maryland, New Jersey, New York, and

Ohio. Chromite ore as observed in the chromate-producing and the refractory

industries, is a hard, granular material before processing and is chemically inert. The

theoretical formula of the mineral chromite is FeO·Cf203, but the ores rarely conform.

The iron in the chromite ore may be partially replaced by magnesium and the

chromium by aluminum and the ferric iron.
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Basically the same chromate manufacturing process operated in all of the

plants: roasting the finely ground ore with soda ash (Na2C03) or with a soda ash and

lime (CaO) mixture to produce a water soluble chromium compound, sodium

chromate. The roasting process is operated under an oxidizing atmosphere at

temperatures from 1,800 to 2,200 OF depending upon the composition of the mix. The

reaction for this process with sodium carbonate only:

When chromite ore is roasted with lime, calcium oxide may produce calcium chromate

(CaCr04), as well as calcium chromite (CaO·Cf203). The reactions are as follow:

(2.2)

(2.3)

The roast is followed by a leaching process which can generate "yellow liquor":

sodium chromate solution. The end products are sodium chromate (Na2Cr04), yellow

rhombic crystals and sodium dichromate (Na2Cr207), orange-red monoclinic crystals.

These products are widely used by tanners in making tanning compounds. They also

are used in the manufacture of pigment used in paints, printing inks, and ceramics, for

corrosion control in metal systems, as a wood preservative, for textile mordants and

dyeing, and in the manufacture of chemical catalysts. Sodium dichromate can be

further processed to chromic acid (Cr03) used in electroplating, and potassium

dichromate (K2Cr207) used in photographic processing (Diamond Shamrock Co.

1979).
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The residues from chromite ore processing plant include calcium chromate

(CaCr04, 3CaOCr04), calcium chromate-chromite complex (CaCr04'CQ03), calcium

aluminochromate (3CaQ.AI203CaCr04), tribasic calcium chromate (Ca3(Cr04h), and

basic ferric chromate (Fe(OH)Cr04) (Ganey and Wamser 1976; Public Health Service

1953). These residues are very slowly soluble in water. When leached by percolating

rainwater, they can produce a Cr(VI) concentration as high as 100 - 500 ppm in the

leachate, posing serious environmental pollution.

2.3 State of COPR Problems

In Tokyo, Japan, the Bureau of Environmental Protection of the Tokyo

Metropolitan Government (1980) found that approximately 0.26 million tons of

chromite ore processing residue were produced from a plant which operated from

1915 to 1973. This residue was used as a fill material at 170 different sites throughout

Tokyo. Chromate salts precipitate was found on surfaces due to up-rising of water by

capillary force during the dry periods. Eventually, a brilliant yellow-green precipitate

consisting largely of calcium chromate was found by evaporating water. A landfill

treatment technique was employed to limit the chromate migration. Sand mixed with

a slow release reducing agent was injected into the base of the landfill. Sheet piling

was installed around the perimeter and the clay liner was slurred in around the side

and bottom of the cell. Chromate wastes were trucked in from contaminated sites,

mixed with the reducing agent, then placed in the landfill cells. This treatment process

began in 1980 and was completed in 1983.
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In Hudson County New Jersey, a large scale chromium contamination problem

exists today which is a situation parallel to that in Tokyo, Japan. It has been reported

that two to three million tons of COPR, containing 2 to 5 percent chromium were

generated from three chromite ore processing plants operating from 1900 to 1970

(ESE 1989). This waste has been used as a construction fill material in areas such as

parks, schools, residential sites, and around factory grounds, particularly in Jersey City

and Kearny. Over hundred sites have been identified containing chromium residues.

White, yellow and green crystals has been discovered growing on the surface soil

around Jersey City, New Jersey. Testing by the state of New Jersey verified the

crystals were chromate salts (Stricharchuk 1990). In the summer of 1993, it was

claimed that chromium dust was discovered in the carpeting, dust work and vacuum

cleaners of an elementary school, and in the children's blood (Stricharchuk 1990).

The brown-yellow crystals were found on the concrete-block walls in some locations

around contaminated sites. This kind of phenomena has been found to be hazardous

to concrete structures by causing buckling of concrete floors and walls of buildings.

There is a great public concern of possible exposure to the dust, soil, and water

containing Cr(VI). Since the enormous volume of contaminated soil and the extent of

urban development in these areas makes excavation an impractical solution for

eliminating chromium exposure, a permanent in-situ treatment that eliminates

exposure to chromium may be necessary. Montclair Environmental Management

Team (MEMT 1990) has proposed some remediation plans for these contaminated

sites, such as mining and thermal processing, mechanical encapsulation, hydraulic

lagooning, and chemical treatment. Because a lot of sites contain enormous volumes

of Cr-soil and they are located in urban developments, these remediation alternatives

are either limited by economic reasons or practical difficulties. Therefore,
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consideration of innovative and cost-effective in-situ treatment technologies is needed

to reduce the risk of public health. Investigation of chromium leaching behavior and

chromium interaction in concrete material is an important measure to help establishing

the remediation strategies.

2.4 Aqueous Chromium Speciation

The adsorption of metal ions at the solid/aqueous solution interface is

generally not only governed by the "free" (Le., MZ+) metal ion, but also by the much

stronger hydroxyl, sulfate, carbonate, and other metal complex species (Huang and

Rhoads 1989; Stumm 1992). It has been suggested that all metal hydrolysis species

M(OH)i-i should also be involved in the adsorption reaction (Huang and Rhoads

1989; Huang and Corapcioglu 1987; Huang and Elliott 1981). Thus, knowing the

metal species which occur in aquatic systems and understanding the behavior of metal

adsorption onto solid/liquid interface is important.

The free metal ions in solutions are actually aquo complexes, the water itself is

a ligand that binds metals, and every complexation reaction in water is effectively a

ligand-exchange reaction (Stumm 1992). The hydrolysis equilibrium of metals can be

described as:

(2.4)

The equilibrium constant Kifor the reaction is defined as:

(2.5)
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where {} stands for the activity of the dissolved species, e.g., {Mj}. The activity of an

ion can be calculated by

(2.6)

where [Mj] is the measured metal concentration, and 'Yi is the activity coefficient. 'Yi

can be determined from ionic strength, I , temperature, and other parameters. For

ionic strength less than 0.5 M, each individual activity coefficient, 'Yi, in equation (2.6)

can be obtained from the Davies ion activity coefficient equation (Stumm and Morgan

1981):

log r= - AZ' ( ..Jj r"1+...Ji - 0.3/
(2.7)

where I =0.5I,CiZi2; A= 1.82 x 106(£T)-3/2 (where £ is the dielectric constant of

solution); A= 0.5 for water at 250C and £ = 78.5; Z= charge of ion.

The total soluble metal concentration, MT, can be expressed as a total free

metal concentration [Mz+], plus the sum of soluble hydroxyl metal complexes:

(2.8)

The metal species in water are primarily governed by pH. At any specific pH value,

the fraction of metal present in any species, <X; , can be calculated by:

(2.9)

(2.10)
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Table 2.1 Equilibrium constants [log K] for Cr(VI) and Cr(lll) hydrolysis reactions.

I = 2.5 x 10-2MaI = 1 X 10-2MbI = 0 MC

Equilibria

log KlogKlog K

Cr(OHh(s) + 3 H+ = Cr3+ + 3H2O

< 9.89< 9.76

Cr(OHh(s) +2H+ = Cr(OH)2++ 2H20

6.005.96

Cr(OHh(s) +H+ = Cr(OH)2 + H2O

< -0.44< -0.44

Cr(OHh(s)

= Cr(OHh < -6.84< -6.84

Cr(OHh(s) + H20 = Cr(OH)4 + H+

-12.80-18.25

H2Cr04(aq)

= HCr04+ H+
0.330.20

HCr04

= crO~- + H+-6.58-6.51

2HCr04

= Cr2oi- + H2O1.591.53

aUsed for this study. Activity coefficients, y, for I = 2.5 X 10-2 M are calculate

from Davies equation (Stumm and Morgan 1981).

bSource from Rai et al. (1987).

CSource from Martell and Smith (1976).
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2.5 Chromium Reaction in Soil and Concrete

While little or no information is available pertaining to chromium behavior

with concrete, useful information is available with regard to its behavior in soil.

Adsorption and desorption reactions playa significant role in controlling the aqueous

concentration of Cr species in soils, and therefore their mobility. Chromate can be

adsorbed by soil colloids such as ferric oxide, aluminum oxide, kaolinite, and

montmorillonite (Rai et aI. 1989; Zachara et aI. 1988; Zachara et aI. 1987; Stollenwerk

and Grove 1985; Griffin et aL 1977; MacNaughton 1977). Hsieh et aI. (1988) have

studied Cr(VI) adsorption onto soil particles at low pH. Mayer and Schick (1981)

have shown that Cr(VI) can be removed from the sediment/water interface by a two

step reaction scheme; reduction followed by adsorption on kaolinite or aIumina oxide

surfaces. Zachara et al. (1988) indicated that the Cr(VI) adsorption edge onto

kaolinite is at about pH 7.3. They proposed a pHzpc of 7.3 for kaolinite edge surface

which is about the same value as reported by Rand and Melton (1977) and Wieland

(1988). MacNaughton (1977) has found that adsorption of Cr(VI) from aqueous

solution onto Al203 is pH-dependent. They have also suggested that a strong

electrostatic attraction takes place between the Al203 surface and the anionic Cr(VI)

species. As the pH increases above 4.0, Cr(VI) adsorption decreases reaching

approximately zero at pH between 8.0 and 9.0, which is near the pHzpc of A1203'

Zachara et aI. (1987) have reported that amorphous Fe203·H20 or femhydrate, which

is a common surface coating of subsoil particles, has a particularly high Cr(VI)

adsorption capacity. Adsorption of Cr~- onto Fe203·H20 decreases as the pH

increases. Apparently, the adsorption of chromate under acidic conditions can be

attributed to the favorable electrostatic interaction. The extent of anionic chromate
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Zn(II), Ni(II), and Ca(II); the amount of metal adsorbed increases with increasing

solution pH. Recently, Crawford et al. (1993) and Charlet and Manceau (1992) have

shown that the sorption of Cr(III) by hydrous Fe oxides involved adsorption, surface

precipitation, and coprecipitation phenomena. They also reported that the adsorption

of a Cr(III) ion onto goethite or hydrous ferric oxide occurs via the formation of strong

inner-sphere surface complexes.

Redox reactions are also important processes that affect the aqueous speciation

of Cr in soils. The oxidation of Cr(III) to Cr(VI) by Mn-oxides is thermodynamically

possible in soils (Fendorf and Zasoski 1992; Amacher and Baker 1982; Bartlett and

James 1979). The Cr(III) oxidation by 8-Mn02' however, can be inhibited at pH

values greater than 4 due to the formation of Cr(OHh(s) precipitate on the surface of

8-Mn02 (Fendorf et al. 1992). Reduction of Cr(VI) to Cr(IlI) with subsequent

precipitation of the adsorbed Cr(III) species may occur in the presence of reductive

solids (Music et al. 1986). Huang and Bowers (1978), and Huang and Wu (1977)

have demonstrated that the reduction of Cr(VI) to Cr(III) by activated carbon occurs

only under acidic conditions. It has been reported that Cr(VI) can be rapidly reduced

to Cr(III) by both Fe(II) and/or organic matter under acidic conditions (Eary and Rai

1991; Amacher and Baker 1982; Bartlett and Kimble 1976). Bartlett and James

(1988) have suggested that in most surface soils, organic compounds can be expected

to be the primary reductant for Cr(VI) reduction. Eary and Rai (1989) have reported

that Cr(VI) can be reduced to Cr(III) by Fe(II) ions from dissolution of the Fe(II)

components of hematite and biotite in acidic media. A two-step reaction was

proposed for chromate reduction in the present of the hematite and biotite. First, the

Fe (II) is released to solution by dissolution or surface redox reactions. Second, the
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released Fe(II) is rapidly oxidized to Fe(III) by reaction with Cr(VI) in the aqueous

phase. The remaining Fe(ITI) aqueous species can spontaneously be reduced back to

Fe(II) by a coupled-cation electron transfer reaction at the biotite-water interface, but

not at the hematite-water interface; the Fe (II) produced from this reaction is then free

to react again with the Cr(VI), resulting in additional chromate reduction.

2.6 Solute Transport Model

Nonequilibrium model has recently attention been applied to simulate some

organic contaminants transport (Hatfield and Stauffer 1992; Sardin et al. 1991;

Mahinthakumar and Vigneswaran 1990; Bouchard et al. 1989). Simulation of the

flow and reaction· of solutes through porous media is however more easily

accomplished through the assumption that local chemical equilibrium rather than a

rate controls the reaction between the solute and the porous media (Grove and

Stollenwerk 1985). For the contaminant transport, linear, Freundlich, and Langmuir

sorption isotherms are commonly applied to be used as the equilibrium adsorption

constants which are incorporated into the governing equation and are expressed a

retardation coefficient.

Many analytical solutions are now available for one-dimensional transport

with different boundary and initial conditions (Javandel et al. 1984; Lai and Jurinak

1972; Gershon and Nir 1969; Lindstorm et al. 1967; Ogata and Banks 1961). Only

small number of analytical solutions with different initial and boundary conditions are

available for two- and three-dimensional solute transport. (Leij et al. 1991; Wexler

1989; Carnahan and Remer 1984; Javandel et al. 1984). Generally, the analytical
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solution is often limited by the nonideal nature of initial and boundary conditions and

the complexity of the passage of transport process. The analytical solution can be

used to predict the large time and distance scales and to validate the numerical results.

Application of numerical methods to the simulation of solute transport has

received great attention recently (Roy et al. 1994; Hatfield and Stauffer 1992;

Mahinthakumar and Vigneswaran 1990; Hsieh 1988; Srinivasan and Mercer 1987;

Grove and Stollenwerk 1985; Pandey et al. 1982). Generally, the program used to

simulate the transport process have more than one of the following disadvantages:

require high-level language compiler, unavailability of the hardware, user-unfriendly,

output data untransferable or uneditable, require huge computer memory, and unable

to simulate the transport conditions (such as adsorption and decay). The

commercialized software BIOID (Srinivasan and Mercer 1987) is able to simulate the

biodegradation and sorption in contaminant transport. It can runs on an IBM PC only

with an installed mathcoprocessor. Some 486 PC's even with installed

mathcoprocessor have been found incompatible to run the program. The output data

and graph can only be printed out. It is not editable or directly copied to other

graphical software. The quality of the output graph is poor. Even the new release

BIOID version 1.2 did not improve the quality of the output graph. For some

conditions, such as, when a high partition coefficient for adsorption reaction was

chosen, the program is terminated. In general, with this program it is not easy to

simulate the chromium leaching process or the transport of chromium through

concrete material.

Development of a user-friendly computer program that can run in the PC and

for which the output data is copy-editable, is deemed innovative and necessary for
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simulating the chromium leaching from the chromium contaminated soil and the

transport of chromium in the concrete.

2.7 Objectives

Migration of Cr through subsurface and concrete materials is a highly complex

and poorly understand phenomenon. Transport mechanisms may depend on the

variable geologic formation conditions (i.e., heterogeneous, anisotropy, and fractured

subsurface materials), and from characteristics of the chromite ore processing residue

(COPR) waste itself. As such, this complexity often increases the difficulty of

research work on determining transport mechanisms. In the COPR contaminated

sites, Cr continually leached even after decades of weathering process and chromate

salt crystals formed on the surface of concrete wall posing a serious environmental

problem. Although Cr behavior in soil has been studied over several decades, little is

known about the Cr leaching behavior and Cr in concrete material at many COPR

contaminated sites. Besides, the available information from literature may not suitable

for a specific contaminated site.

The main objective of this study is to obtain information pertaining to

chromium migration behavior in these contaminated areas, to determine the chromium

leaching characteristics from Cr-soil and the extent of chromium ion interactions with

concrete block material, and to develop a quantitative model to predict the chromium

concentration in the soil-water and concrete domains. Through numerical modeling,

the amount of chromium concentration leached from Cr-soil, transport of chromium in

the soil-water system, and the chromium concentration distribution in the concrete



 



Chapter 3
CHARACTERIZATION OF CHROMIUM CONTAMINATED
SOIL DERIVED FROM COPR AND CONCRETE SAMPLES

3.1 Introduction

In this chapter I present the characterization of Cr-soil and the concrete

materials. Major physico-chemical properties such as total chromium, chemical

composition, specific surface area, particle size distribution, pHzpc' soil pH, and

organic matter content are included. Characterization of Cr-soil and the concrete

materials are important in order to help establish remediation strategies. The results of

this chapter are also useful with respect to the interpretation of the behavior of

chromium leaching from Cr-soil and the chemical interaction between chromium and

concrete.

3.2 Materials and Experimental

3.2.1 Chemicals, Soil Samples, and Concrete Materials

All chemicals used were ACS (American Chemical Society) certified grade

and obtained from Fisher Scientific Company, Springfield, NJ or Aldrich Chemical

Company, Milwaukee, WI.
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3.2.2 Analytical Methods

Most metals in the aqueous leachates were determined with an atomic

absorption spectrophotometer (AA) (Perkin-Elmer, Model Zeeman 5000, Norwalk,

CT) following procedures described in standard methods (APHA 1985). Fe(II),

Fe(III), Cr(VI), and Cr(lll) were analyzed by the colorimetric method. Two methods

were used to determine total Fe and Cr in the extraction solution: atomic absorption

spectrophotometry and colorimetry. Fe(II) was analyzed by the 1,1O-phenanthroline

method at a wavelength of 510 nm (APHA 1985). Total Fe was analyzed by the

ferrover method using Hach ferrover iron reagent (510 nm, APHA 1985). Fe(III) was

determined from the difference between the total Fe and Fe(II). Cr(VI) was analyzed

by the reddish-purple 1,5-diphenylcarbohydrazide chromate complex in an acidic

medium at 540 nm (ASTM 1990a). Total Cr was determined by oxidizing the Cr(III)

to Cr(VI) with potassium permanganate then determining the total Cr as Cr(VI)

(Huang and Bower 1978). Cr(III) was determined from the difference between the

total Cr and Cr(VI). Concentrations of NH,t, NOj, and CI- were determined using ion

selective electrodes. The concentration of SO~- was determined by the turbidimetric

method at a wavelength of 420 nm (APHA 1985).

3.2.3 Particle Size Distribution

The particle size distribution of the Cr-soil samples was analyzed by ASTM

standard sieve analysis.

3.2.4 Total Chromium
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Total metal concentrations in the soils were determined by wet extraction

analysis. In order to compare the Cr(VI) extraction efficiency, three wet extraction

methods were used. For method I, soil samples were predigested in a 250-mL Teflon

beaker with concentrated HN03 followed by the addition of a 25 mL solution of

concentrated H2S04, HCI04, and HF at volume ratio of I :2:5 for 6 hours at 60-80 0C

(Reisenauer 1982). For method II, soil samples were com busted at 400 °C for 4

hours, then a 1:1 volume ratio of concentrated HCI-HF was added to the samples in a

250 mL Teflon beaker. The samples were then digested for another 6 hours at 60-80

°C (Perkin-Elmer 1982). In method Ill, the soil samples were combusted in a furnace

(400 DC) for 4 hours, then a 1:3 volume ratio of concentrated HN03-HCI was added to

the samples in a 250 mL Teflon beaker and digested for 6 more hours at 60-80 °C

(Delfino and Enderson 1978).

3.2.5 Soil pH and Concrete pH

The soil pH was measured in water suspensions and in 10-2 M CaClz solutions

at a 1:1 soil to solution volume ratio with a pH meter (Model 3500 digital pH meter,

Beckman, Irvine, CA). The procedures followed those of ASTM method D 4972-89

(ASTM 1990b), a standard test method for soil pH. The concrete pH was measured

by the method describe above except that the concrete particle size of 0.18 mm to 0.5

mm was used.

3.2.6 Organic Matter
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The soil organic matter content was determined by combustion (Nelson et al.

1982). Cr-soil samples were heated at 400 °C in a furnace for 4 hours (Model 1300,

Thermolyne Co., Dubuque, IA). The organic matter content was then calculated from

the mass lost on combustion.

3.2.7 Specific Surface Area

The specific surface area of the concrete material and Cr-soil samples were

determined by the BET-N2 gas adsorption method using a model QS-7 Quantasorb

surface area analyzer (Quantachrom Co., Greenvale, NY). The preweighted sample

was outgassed at 170°C for 8 hours with continuous purging by nitrogen gas. The

quantasorb obtains the specific surface area of the samples by using the techniques of

adsorbing the adsorbate (N2 gas) from a flowing mixture of adsorbate and an inert

non-adsorble carrier gas (He gas) (Lowelll980). Because of the adsorption signal is

often accompanied by non-Gaussian tailing curves, particularly on porous samples

(i.e., Cr-soil and concrete) at high N2 concentrations, desorption signals are always

preferable to used for the specific surface area analysis. The desorption signal was

calibrated by injecting known volumes of nitrogen gas.

The mulitipoint BET method is used for calculating the specific surface area of

the sample. The BET equation has a linear form:

1 C-1 P 1----=----+--
x(; -1) XmC Po XmC

where

x = mass of adsorbate (N2) adsorbed at relative pressure P/Po,

(3.1)
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P = partial pressure of adsorbate,

Po = saturate vapor pressure of adsorbate,

Xm = mass of monolayer coverage of adsorbate adsorbed, and

C = a constant related to the heat of the adsorbate condensation and heat of adsorption.

The partial pressure of adsorbate, P, is obtained by:

where

CN2 = fraction of nitrogen in the flowing mixture,

Pa = ambient or barometric pressure in mm Hg.

The saturate vapor pressure, Po, is estimated by

The relative pressure, PIPo, is calculated by equation (3.4):

~ = CN2· Pa

Po Pa +15 mm

(3.2)

(3.3)

(3.4)

A plot of the left-hand term of equation (3.1) versus PIPo yields a straight line of

slope, S = (C-l)/(XmC), and intercept, I = l/Xm, which are used to determined the

mass adsorbed at the monolayer. As shown by equation (3.5), the mass adsorbed at

the monolayer, Xm, can be calculated.
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(3.5)

It is important to note that, because of the assumptions implicit in the BET equation,

the linear range 0.05 ~ PIPo ~ 0.35 is usually observed. Therefore, the relative

pressure in the range 0.05 ~ PlPo ~ 0.35 are used for determining the specific surface

area. The total surface area of the sample, St, is determined by equation (3.6):

(3.6)

where

N = Avogadro's number = 6.023 x 1()23,

Acs = cross sectional area of adsorbate molecule (N2 = 16.2 x 1020 m2; Rhodin

1953), and

Ma = molecular weight of adsorbed molecule (N2 = 28 glmole).

The specific surface area, S (m2/g) is determined by equation (3.7):

S = St
Weight of sample

3.2.8 SEM-EDAX and XRD Analysis

(3.7)

The major chemical components of the Cr-soi1 sample and the concrete

materials are determined by energy dispersion analysis by X-ray (SEM-EDAX)

(Phillips 501 scanning electron microscope and Phillips EDAX 91(0). For the Cr-soil,

three different particle size categories were used for the purpose of comparison. These

size categories were classified according American Society for Testing Materials
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(ASTM) standard sieve. Identification of major mineral phases in the soil and

concrete materials were performed by X-ray diffraction analysis (XRD) (Phillips

semi-automatic X-ray diffractometer).

3.2.9 pHzpc

The zeta potential of Cr-soil and concrete particles was determined by a zeta

meter (Laser Zee® Model 500, Pen Kern Inc., Bedford Hills, NY). To two separate

500-mL deoxygenated water samples of given ionic strength (lxl0-2 M, and 4xlO-3

M, lxl0-3 M NaN03), 0.1 gram powdered concrete was added with continuous

bubbling of N2 gas to remove dissolved 02, and the mixture was stirred. The

hydration time was set at 30 minutes. While the suspension was being stirred, the

initial pH was measured and recorded. The pH was adjusted by 0.1 M HCI04 or 0.1

M NaOH to cover a range from 2.5 to 10.5 in approximately 0.5 pH unit increments.

20-mL of the suspension was introduced into the chamber of the zeta meter, and

mobility of the particles was measured at the upper stationary layer of the chamber

with voltage fixed at 100 mY. The zeta potential was then determined at each pH

value. The calculated zeta potential (mV), ~corr. is corrected for the temperature

changes by:

~corr = ~meas [1-0.02 (T-25)] (3.8)

where ~meas is the measured zeta potential (m V) and T (OC) is the operating

temperature.
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3.2.10 Porosity and Density

Porosity of the concrete material is determined by first immersing the concrete

stick (2.5 cm x 2.5 cm x 30 cm) into a l-L volumetric cylindrical containing 800-mL

distilled water. Mter wetting for 1 hour, the increase in water volume Vrise is

recorded and the stick is then taken out and records of the residual water volume in the

cylinder, Vdown and wet weight of concrete stick (g), W wet are made. The amount of

water in the concrete is based on volumetric measuring (Vwe)v (cm3) and is obtained

from:

(Vwe)v = Vw - Vdown

Total volume of concrete Vtot (cm3) is determined by:

V tot= Vrise - Vdown

(3.9)

(3.10)

The dry weight of concrete stick (g), W dry, is measured before wetting. The weight of

water in the concrete stick Wwe (g) is obtained by:

Wwe = Wwet - Wdry (3.11)

When water density, Pw, is 1 g/cm3, the volume of water, (Vwdw (cm3), in the

concrete stick based on weight measurement is determined by:

(3.12)

The average volume of water in the concrete stick Vwe (cm3) is obtained from

Vwe= ll2[(Vwdv + (Vwdw]

The porosity of concrete, <I> (dimensionless), is determined by:

<I> =VweN tot

The density of dry concrete, Pdry (g/cm3), is obtained

(3.13)

(3.14)
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during the early stage of a COPR disposal, the following chromate salts such as

calcium chromate (CaCr04, 3CaOCr04), calcium chromate chromite complex

(CaCr04·Cr203), calcium aluminochromate (3CaO·A1203CaCr04), tribasic calcium

chromate (Ca3(Cr04h), and basic ferric chromate (Fe(OH)Cr04) may be present

(Ganey and Wamser 1976; Gemmell 1973; Breeze 1972; Public Health Service 1953).

However these authors provided no XRD data in their reports. These salts were

produced during the chromite ore roasting processes at temperature between 1,800 to

2,200 OF in which lime and/or soda ash were added (Public Health Service 1953).

Through decades of weathering, it is expected that these chromium salts may have

undergone some chemical changes.

The major chemical components of the concrete material are Si, AI, Fe, Ca,

and Mg, as determined by energy dispersion analysis by X-ray (SEM-EDAX) (Phillips

501 scanning electron microscope and Phillips EDAX 91(0). The major crystal phases

of the concrete particles are quartz (Si02), calcite (CaC03), gehlenite (Ca2A12Si07),

orthopyroxene ((Fe, Mg)Si03), and olivine ((Fe, MghSi04) which were identified by

X-ray diffraction analysis (XRD) (Phillips semi-automatic X-ray diffractometer)

(Figure 4.2).

3.3.3 Total Chromium in the Cr-Soil

From the results of wet extraction analysis, generally, the amounts of metals

extracted by method I and II are greater than those of method III (Table 3.2). The

amount of total Cr in soil extracted by method I or II is about four times as great as

that by method III. Apparently, the use of hydrofluoric acid (HF) in method I and II
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significantly increases metal extraction from Cr-soil, especially for total Cr, Fe, Mg,

and AI. Clearly, method III, using only HN03 and HCI, that is commonly used for

metal extraction, does not access all Cr from Cr-soiI. This is expected since the

chromite ore is known to be acid resistance. The Cr form in the Cr-soil is

predominantly chromite according to the result of XRD analysis. By comparing

method I with method II, method I tends to extract more Cr from the Cr-soiI. I

therefore suggest that extraction method I, using the combination of HN03, H2S04,

HCI04, and HF, in the extraction process, can be used to estimate the total Cr in Cr

soil.

Results also show that the total Cr and Fe obtained from AA analyses are the

same as those obtained from the colorimetric methods. In general, the Cr-soil contains

about 2.5% Cr, 5.4% Ca, and 22% Fe by weight. Other major elements include Mg

and AI. The chemical composition of these three Cr-soil samples is generally

indistinguishable. For example, the Ca contents of these three Cr-soil samples are 46

glkg for sample I, 53 glkg for sample II, and 62 glkg for sample III. Trace amount of

metals such as Na, K, Mn, Zn, Ni, Pb, Cu, and Cd were also detected in the wet

extraction analyses. Results of wet chemical extraction, especially, Cr, Fe, Mg, and

Al agree with those from surface spectroscopic analysis (Table 3.2). The result of

total Cr content in the Cr-soil from wet extraction analyses is higher than that of ESE

(1989) which gives values ranging from 26 to 6,600 mglkg for the same contaminated

site at the sampling depths of 3,6, and 9 ft. Apparently, different sampling depths and

locations, as well as analytical method employed can yield different values.

According to ESE (1989), the surface soils collected from other sites in the Hudson

County, New Jersey exhibit total Cr concentration as high as 1 to 2.6% on a weight
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Table 3.2 Comparison of various wet extraction methods for the Cr-soil samples.

Cr-soil sample I
Cr-soil sample IICr -soil sample III

Element

Extraction MethodExtraction MethodExtraction Method

(glKg)

IIIIIIIIIIIIIIIIII

Cr

25.5423.385.4524.2221.226.2333.2927.426.62

Cra

26.9022.995.8227.3721.746.3733.4728.396.00

Fe

222.20240.50103.30182.60188.70111.90210.10232.90117.00

Feb

232.00253.50127.20171.10185.50127.20216.00241.50125.30

Mg

60.3559.7229.5559.7849.1728.3373.2453.1727.44

Ca

45.8646.4646.2153.1053.7053.7961.5563.3662.76

AI

43.8350.1823.5551.4748.6029.4647.9739.1512.42

Na

4.983.470.963.102.741.192.302.211.46

K

4.174.500.365.016.890.404.172.590.42

Mn

1.491.690.901.491.601.071.721.881.11

Zn

0.880.860.622.061.000.701.081.010.73

Ni

0.970.870.561.070.800.631.171.020.68

Pb

0.570.420.341.041.320.630.840.700.51

Cu

0.180.160.170.210.220.150.210.170.24

Cd

0.050.05<0.010.080.080.010.070.070.01

AIl metals were analyzed by atomic adsorption spectrophotometry (AA) except as noted.

Extraction procedures for Method I, II, and III have been described in section 3.5.2.

aBy oxidization with K2Mn04 and spectrophotometry.

bBy Hach ferroVer iron reagent and spectrophotometry.
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3.3.4 Soil and Concrete pH, Organic Matter, and Specific Surface Area

The results of soil pH, organic matter content, and specific surface area of Cr

soil samples are shown in Table 3.4. The high soil pH value indicates that the Cr-soil

is a highly alkaline material and has a strong acid buffering capacity. The concrete pH

in distilled water and in 10-2 M CaCl2 is 11.7, indicating that the concrete materal is a

highly alkaline material and has a strong acid buffering capacity. The Cr-soil has an

organic matter content of about 9%. It has been reported that high organic content

may facilitate the reduction of Cr(VI) to Cr(IlI) under acidic conditions (Bartlett and

Kimble 1976).

The specific surface area of the Cr-soil ranges from 20 to 30 m2/g (Table 3.4).

Specific surface area of coarse sized-particle categories, 12.55 mm - 19 mm, 6.3 mm 

12.55 mm, and 2 - 6.3 mm and fine sized-particle categories, 1 mm - 2 mm, 0.5 mm 

1 mm, 0.18 mm - 0.5 mm, and < 0.18 mm, are 1.7 m2/g, 1.8 m2/g, 2.0 m2/g, 2.1 m2/g,

2.3 m2/g, 2.5 m2/g, and 3.2 m2/g, individually. The results indicate that the larger

particles exhibit smaller specific surface area and vise versa. The relationship between

specific surface area and concrete particle size is shown in Figure 3.4. A lineralized

logarithmic plot can be used to predict the specific surface area of concrete block.

log(SA)predicted = 0.36 - 0.11 log (D) (3.16)

where SApredicted (m2/g) is the predicted surface area and D (mm) is the diameter of

concrete particle. For an one inch thick of concrete block, the specific surface area of

the concrete block is 1.6 m21 g according to equation (3.16). A linear (log(SA) 

log(D) plot) relationship between specific surface area and particle size was also

observed for crushed quartz and quartz sand by Parks (1990).



 



 



 



 



 



 



Chapter 4
CHROMIUM LEACHING BEHAVIOR FROM SOIL DERIVED

FROM CHROMITE ORE PROCESSING RESIDUE

4.1 Introduction

Remediation of chromium contaminated sites is necessary since they pose

hazards to public health. It is hypothesized that during rain-fall periods, Cr(VI) will

be leached from Cr-soil derived from COPR. Thus, knowledge of the chromium

leaching behavior in the soil derived from COPR and of the chemical interactions

between chromium and concrete materials is essential to the establishment of clean-up

strategies. Although substantial research has been conducted pertaining to chromium

behavior in soils, some of this information may not be applicable to the specific sites

is New Jersey, since the contaminated material is actually "soil" derived from

weathered chromium processing waste.

In the previous chapter, characterization of chromium contaminated soil·

derived from COPR has been presented. Important phyico-chemical properties of Cr

soil have been obtained. In this chapter, we focus on studying the chromium leaching

behavior in soil derived from COPR. Factors, such as pH, temperature, and organic

matter, that may affect the leaching behavior are studied.

4.2 Experimental

47
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4.2.1 Batch Cr-Soil Leaching Experiments

A batch reactor was used to study the equilibrium leaching properties of Cr

soil. The soil samples were air dried, ground with a ball mill (Norton, Chemical

Process Products Division, Akron, OH) and sieved to less than 180 11m(ASTM #80).

This particle size category allows us to obtain uniform physical-chemical properties of

soil particles for the experimental work. Various amounts of Cr-soil (ranging from 1

to 10 glL) and 100 mL of simulated rainwater (preparation of simulated rainwater is

shown in the next section) were added to a series of plastic bottles. The pH value of

the samples was adjusted as necessary with strong acid (1 N H2S04) or strong base (1

N NaOH). The samples were shaken on a reciprocating shaker (Eberbach Co., Ann

Arbor, MI) at 150 excursions per minute for 24 hours. The equilibrium pH was then

recorded and aliquots of the suspensions were taken and filtered with 0.45 11m

membrane filter (Supor-450, 25 mm, Gelman Sciences Co., Ann Arbor, MI). The

concentrations of the metals in the supernatant were determined as described above.

4.2.2 Preparation of Simulation Rainwater

Synthetic rainwater was prepared to simulate rain of the Mid-Atlantic coastal

region following the standard reference methods of the National Bureau of Standards

(Koch 1986). The average values for rainwater from Lewes, Delaware and

Brookhaven, New York were used (Table 4.1). Many of the average values were

greater than the NBS certified SRM 2694 simulated rainwater, because rainwater in

the coastal Mid-Atlantic area contains excessive sea salt (i.e., Na+, Mg2+, Ca2+, and

CI-). The high acidity of the Mid-Atlantic rainwater may be attributed to active
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4.3 Results and Discussion

4.3.1 Effect of pH on Cr Leaching

Results of leaching batch experiments show that pH plays a significant role in

the leaching of metals from the Cr-soil (Figure 4.1). At pH < 2.5, the amount of

Cr(VI) leached is below the detection limit (0.01 mg/l) (Figures 4.1a). Between pH

about 2.5 and 4.5, the amount of Cr(VI) leached sharply increases, reaching a

maximum value at pH 4.5. The amount of Cr(VI) leached remains approximately

constant between pH 4.5 and 12. The absence of Cr(VI) leached at pH < 2.5 is in

excellent agreement with results reported by others. Zachara et al. (1988) have found

that chromate adsorption occurs on acidic soil enriched in kaolinite and crystalline Fe

oxides. Little Cr(VI) is found at pH < 2.5, which may be attributed to the adsorption

of Cr(VI) onto the soil and reduction of Cr(VI) to Cr(III) by Fe(lI) and/or the organic

matter. The Cr(IlI) could then be coprecipitated with noncrystalline Fe oxyhydroxide

(Rai et al. 1989). Under acidic conditions, the soil surface is characterized by a

positive charge (i.e., a pHzpc of 6.8 for Cr-soil). Electrostatic interaction favors

anionic chromate species adsorption when solution pH is less than pHzpc; electrostatic

chromate adsorption onto Cr-soil is not favorable at high solution pH. The leaching

behavior of Cr(III) from the Cr-soil (Figure 4.1b) is similar to that of AI, Fe, and Mn

(Figures 4.1c - 4.1f). Generally, the amount of metal leached increases sharply with

decreasing pH. At pH < 4.5, the amount of Cr(IlI) leached increases sharply. No

soluble Cr(III) was detected at pH > 4.5 except 10.0 < pH < 12.0 when a small amount

of Cr(III) was observed. This can be attributed to the presence of chromium

hydroxide, Cr(OHh(s) and/or other precipitates such as CrxFel_x(OH)3(s) in the Cr-
-

soil (Eary and Rai 1991; Eary and Rai 1989; Eary and Rai 1988; Sass and Rai 1987;
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Cranstone and Murray 1978). The results of Cr(VI) and Cr(lIl) leaching experiments

agree well with those of Hsieh et aL (1988) and Bartlett and Kimble (1976). Imai and

Gloyna (1990) have reported that the removal of Cr(VI) and Cr(III) by activated

sludge strictly depends on solution pH. They found that as pH increases from 4 to 9,

the removal of Cr(III) increases, but the reverse is found for Cr(VI). They concluded

that adsorption is the main mechanism responsible for both the Cr(III) and Cr(VI)

removal.

Figure 4.lf shows the leaching of Mn(II) from Cr-soil as a function of pH. No

Mn(II) is detected at pH > 6.5. The amount of leached Mn(lI) was small compared to

the other metals. However, the possibility of oxidation of Cr(III) to Cr(VI) by

manganese oxides should not be ignored.

The leaching of Ca(II) and Mg(II) from Cr-soil samples as a function of pH

was also studied (Figures 4.1g and 4.1h). The release of these two metals leached in

appreciable amounts below pH 9.0 indicates that the Cr-soil is a highly alkaline soiL

It is interesting to note that the amount of Ca(lI) leached during leaching experiment is

closely related to the total calcium content of the Cr-soil samples from wet extraction

analysis. The maximum values of Ca(II) leached from leaching experiment (Figure

4.1g) are 44, 47, and 58 mglg for sample I, II, and III, respectively compared to that of

total Ca 46,53, and 62 mglg for sample I, II, and III, respectively from wet extraction

analyses (method I) (Table 3.2). Based on these above results and the XRD analysis,

it is speculated that the Ca is leached from the solid CaC03 phase in the Cr-soiL

Figures 4.1d and 4.1e show the amount of Fe (III) and Fe(II), respectively,

leached from the Cr-soil. At pH < 3.5, the amount of Fe(III) leached is appreciable.
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At pH > 3.5, no Fe(I1I) was detected. The same leaching pattern was found for Fe (II)

except that the amount of Fe (II) leached is less than that of Fe(III) leached. The small

amount of Fe(I1) observed may be attributed to redox reactions. It is possible that a

portion of Cr(VI) in solution is reduced to Cr(I1I) at pH < 6.5 by Fe2+ ion during the

leaching experiment. The source of Fe2+ may be hydrolysis of ferruginous silicate

materials in acidic solutions (Eary and Rai 1989). The reduction of Fe(III) silicates or

Fe(III) oxides by organic acid can also bring Fe(II) into solution (Hering and Stumm,

1990). The high organic matter content (about 9%) and total Fe (about 22%) in the

Cr-soil samples makes it difficult to determine the predominant species contributing to

the potential reduction of Cr(VI) to Cr(III). However, in acidic aqueous solutions, the

overall reduction reaction of Cr(VI) by Fe(I1) can be described as:

Cr(VI) + Fe(I1) => Cr(III) + Fe(III)

where [Cr(VI)] = [HCr04] + [CrOl] + [Cr2o?],

[Fe(I1)] = [Fe2+] + [Fe(OH)+],

[Cr(III)] = [Cr3+] + [Cr(OH)!] + [(CrOH)2+], and

[Fe(III)] = [Fe3+] + [Fe(OH)!] + [Fe(OH)2+].

(4.1)

Depending on solution pH, total Cr and Fe, the composition of the solution, and

experimental conditions, the Cr and Fe species will vary. Since Fe3+ and Cr3+ have

the same charge and similar ionic radii (0.64 A for Fe3+ and 0.63 A for Cr3+,

respectively (Lide 1991), they are exchangeable between the solid phases formed by

these two ions. Sass and Rai (1987) have reported that when both Cr(III) and Fe(ITI)

are present in acidic solutions, a resulting hydroxide precipitate, CrxFel_x(OHh(s) will
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occur under slightly acidic to alkaline solution conditions depending on their

concentrations. They have proposed the following reaction mechanism:

xCr(III) + (l-x)Fe(IlI) + 3H20 = CrxFel_x(OHh(s) + 3H+ (4.2)

where x can vary between 0 to 1. The Cr hydroxide solids, Cr(OHh(s) and

CrxFel_x(OH)3(s) can precipitate rapidly under slightly acidic to slightly alkaline

solution following the following relationship:

log [Cr(OHh+] = -2pH + 4.18 + 0.28(1-x)2 - 1.79(1-x)3 + log x (4.3)

The above equation was generated from a series of solubility data and can be used to

predict the aqueous Cr(Ill) concentration in the range of pH 2 to 6. Sass and Rai

(1987) have reported an "x" value of less than 0.69.

Figure 4.2 shows the solubility diagram for Cr(OHh(s) and CrxFel_x(OH)3(s).

In this study, we have discovered a brown precipitate under acidic conditions.

Precipitates of the same brown color were also reported by Eary and Rai (1988) in

their study of chromate reduction with ferrous ion. Based on the experimental

procedure used in this study, it is not possible to identify the brown precipitate as

Cr(OHh(s) or CrxFel_x(OHh(s). However, based on the experimental results (Figure

4.2), the concentration of Cr(Ill) in the leachate appears to be controlled by a

solubility process rather than an adsorption/desorption reaction, since the experimental

points fall near the theoretical solubility lines. The mole fraction of Cr(OH)3(am) in

the precipitate, x, appears to be in the range of 0.01 to 0.69 according to equation (4.3)

(Sass and Rai 1987). The x value is not a constant, rather it is a function of the

chemical composition of solution and the aging time of the precipitate. The value of x
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was found to vary from 0.01 to 0.69 because of the heterogeneous nature of leaching

system and short aging time (24 hours reaction time). In a similar study, Eary and

Rai (1988) have reported a Fe/Cr ratio near 3.0 and concluded that the x value is 0.25,

giving the Cr-Fe precipitate a solution composition of CrO.2SFeO.7S(OHh(s). In their

study of chromate reduction by subsurface soils under acidic conditions, Eary and Rai

(1991) reported that the x value is significantly less than 0.25.

4.3.2 Effect of Organic Matter on Cr Leaching

The effect of soil organic carbon on Cr(VI) leaching from the Cr-soil was

studied by heating soil samples in a furnace to remove the organic matter from the

soil. The amounts of Cr(VI) leached from the "treated" soils (no organic matter,

Figure 4.3) is about five times as great as that from the untreated soils (Figure 4.1a). It

appears that organic matter plays an important role in affecting the Cr(VI) leaching.

Soil organic matter can reduce Cr(VI) to Cr(IIT) over a wide range of pH (Bartlett and

Kimble 1976). In fact, there is a similar trend observed of Cr(VI) leaching between

treated and untreated Cr-soil samples (Figure 4.1a). Between pH 2.5 and 4.5, the

amount of Cr(VI) leached increases with increasing pH, while between pH 4.5 and 11,

the amount of Cr(VI) leached remains constant. Different amounts of Cr(VI) leached

from the untreated Cr-soil samples may be attributed to different organic matter

content of the three soil samples. In contrast, no major difference in the amount of

Cr(VI) leached among the three "treated" Cr-soil samples was observed. Removal of

organic matter from the three soil samples did not change the leaching behavior of

Cr(Ill), Fe(Ill), and Fe(ll) from that shown in Figures 4.1 b, 4.1d, and 4.1e. The
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4.4 Summary

Leaching of chromium and all of the other metals with synthetic rainwater is

highly pH sensitive. Low pH « 4) promotes Cr(VI) reduction to Cr(III), and thereby

decreases the mass of Cr(VI) leached. No Cr(VI) was detected in the leachate at low

pH « 2.5). This may be attributed to adsorption of Cr(VI) onto the soil surface and/or

reduction of Cr(VI) to Cr(III) by organic matter and/or by ferrous iron (two other

major components of the soil); these processes are favored at low pH. Significant

amounts of Cr(VI) were leached between pH 4.5 and 12. Results from leaching

experiments indicate that approximately 1% of total Cr (25 mg/g) is readily leachable.

The bulk of the remaining chromium mainly consists of trivalent chromium which is

nonleachable between pH 4 and 12. The major chromium form in Cr-soil was

identified as chromite by XRD analysis. The forms of leachable chromium can not be

identified. It can only be hypothesized that Cr(VI) is leached by a dissolution of the

chromate salts and attenuated by adsorption/desorption, precipitation, and redox

processes that may occur in the soil-water system. Removal of the organic matter

from the Cr-soil increases the amount of Cr(VI) leached over the entire pH range,

suggesting that the organic matter can reduce Cr(VI) present in the solution. Cr(III)

leaching behavior was also investigated as a function of pH. Cr(III) was found in

solution at pH < 4.5. The amount of Cr(llI) leached was controlled by the solubility of

Cr(III) precipitates, the extent of Cr(VI) reduction, and the magnitude of Cr(III)

adsorption onto the soil surface. No Cr(III) was detected between pH 4.5 and 12

which can be attributed to the presence of insoluble precipitates such as Cr(OH)3(s)

and CrxFel_x(OHh(s) and the adsorption of Cr(III) species onto the soil particle

surface.



Chapter 5
CHEMICAL INTERACTIONS BETWEEN CR(VI) AND

HYDROUS CONCRETE PARTICLES

5.1 Introduction

Although results from a number of research are available for the behavior of

chromium in soil, oxides, activated carbon, and sediments (Rai et al. 1989; Hsieh et al.

1988; Zachara et al. 1988; Zachara et al. 1987; Stollenwerk and Grove 1985; Mayer

and Schick 1981; Davis and Leckie 1980; Huang and Bowers 1978; Griffin et al.

1977; MacNaughton 1977), no information is available pertaining to chromium

interaction with concrete in the aqueous system. It is hypothesized that during wet

periods, Cr(VI) leached from Cr-soil derived from COPR, will react with concrete.

Therefore, chemical interaction between concrete is deemed important. Information

from this study is useful for the establishment of remediation strategy.

In this chapter, I describe the chemical interaction between chromium and

concrete materials. Parameters, such as pH, chromium concentrations, and particle

size, which may affect the chemical interactions were studied. Adsorption/desorption,

redox, and precipitation processes, that affect the concentration of chromium in its

interaction with concrete, were also investigated. Determinations of surface acidity of

hydrous concrete using electrophoretic mobility measurements was made. A surface

complex formation model (SCFM) originally developed by Huang and Stumm (1973)

was used to describe the adsorption of chromium onto concrete particles.
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5.2 Experimental

5.2.1 Batch Chromium Reaction With Concrete Experiments

The study of Cr(VI) reaction with concrete materials was conducted with batch

equilibrium experiments in synthetic groundwater (except as mentioned otherwise) at

room temperature (25 °C). To a series of plastic bottles containing different amount

of Cr(VI) concentrations (0.5-10 mg/L) in 100 mL of synthetic groundwater

(preparation of synthetic groundwater is shown in the next section), the initial pH was

adjusted by IN NaOH and/or HN03, then a given amount of the sorted concrete

particles was added. The samples were shaken on a shaker (Eberbach Co., Ann Arbor,

MI) at a 150 excursions per minute. Mter shaking for 24 hours (24-hour reaction time

was found to be adequate to reach equilibrium), the final pH was recorded and an

aliquot of the suspensions was taken and filtered (Gelman, 0.45 11m). The

concentration of chromium in the supernatant was determined. The concentrations of

other metals in the supernatant were analyzed with AA, except for Fe(II) and Fe (III)

ions, which were analyzed with the colorimetric method as described previously.

5.2.2 Preparation of Synthetic Groundwater

It is hypothesized that during wet periods, Cr-contaminated groundwater

transports Cr(VI) ions into concrete block. Therefore, synthetic groundwater was

prepared and used as the solution matrix throughout the study of chromium reaction

with concrete material. To determine appropriate groundwater constituents, that

would be derived from Cr-soil, 50 g Cr-soil was added to 50 mL of simulated
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Cr(VI)sol = Cr(VI) remained in the solution after experiment, and

Cr(VI)rem = Cr(VI) removed from the solution after experiment.

Figure 5.3 shows the percent of Cr(VI) removed at different initial Cr(VI)

concentrations as a function of pH. The results indicate that the removal of Cr(VI) by

concrete materials was greatly affected by pH and the Cr(VI) concentration. In

general, the percent Cr(VI) removed increases with decreasing pH and Cr(VI)

concentration. Nearly 100% Cr(VI) removal was observed under acidic conditions

(pH < 4.0).

5.3.2 Redox Reaction

The observed concentrations of Cr(III), Fe(lI) and Fe(III) are shown in Figures

5.4a, 5.5a, and 5.6a, respectively. At lower pH values, a significant amount of Cr(III)

was found in the solution, indicating that reduction of Cr(VI) had occurred. The

behavior of Cr(III) produced as a function of pH is similar to that of AI(III), Fe(III),

and Cr(III) leached from the Cr-soil reported in chapter 5, in that the amount of metals

leached increases sharply with decreasing pH. It appears that pH has a significant

effect on the formation of Cr(III) resulted from Cr(VI) reaction with the concrete

material. At pH < 4.0, the amounts of Cr(III) and Fe(III) produced increase sharply

with decreasing pH. The concentration of Cr(IlI) is governed by the solubility of

(CrxFel_x)(OHh(s) precipitates. No soluble Cr(IlI) and Fe (III) were detected at

neutral pH, which may be attributed to the formation of hydroxide precipitates,

Cr(OH)3(s) and Fe(OH)3(s) or other precipitates such as (CrxFel_x)(OHh(s). Cr(IlI)
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The ratio of Fe (II) oxidized to Cr(VI) reduced, Fe(II)/Cr(VI), and the ratio of

Fe(III) produced to Cr(III) produced, Fe(III)/Cr(III), are approximately equal to I

which is lower than the theoretical homogeneous reduction value of 3 (Figures 5.5b

and 5.6b). It appears that an additional amount of Cr(VI) was reduced, resulting in

these ratios being lower than the value of 3. I speculate that the coupled electron

cation transfer (CECT) reactions involving Fe(II) in the silicate minerals and aqueous

Fe (III) was important as discussed below. According to White and Yee (White and

Yee 1985) the CECT reactions that occur on the surface of Fe(II)-containing silicates

can be described as follow:

[Fe2+, (l/z)MZ+]silicate + Fe3+ => [Fe3+]silicare+ Fe2+ + (l/z)Mz+ (5.2)

where brackets represent the solid surface and M represents non-involved cation of

charge Z+. The sources of Fe (III) are either from the dissolution of the Fe(III)

containing component of concrete or from the oxidation of aqueous Fe(II) in the

presence of Cr(VI). Dissolution of Fe(II)-oxide, Fe(II)-silicates, and Fe(III)-oxide

minerals has been documented (Suter et al. 1991; Hering and Stumm 1990; White

1990; Eary and Rai 1989; White et al. 1986; White and Yee 1985). The CECT

reaction can produce Fe(II) ions (equation 5.2) and cause the aqueous Fe (III) to be

reduced to Fe(II). This Fe(II) ion will be utilized as a reducing agent for Cr(VI)

reduction. Consequently, additional Cr(VI) was reduced and lowered the

Fe(II)/Cr(VI) ratio with respect to the theoretical homogeneous reduction value of 3.

Evidence of Fe(II)-containing silicates were found in the concrete from XRD work

(Figure 3.3).
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[Cr(VI)]ads = [Cr(VI)]rem - [Cr(III)]sol (5.4)

The amount of Cr(VI) removed from solution, [Cr(VI)]rem' is calculated from

equation (5.1). The results of [Cr(VI)]rem' and [Cr(III)]sol in the right-hand-term of

equation (5.4), are correspondence to Figures 5.3 and 5.4, respectively. The results of

Cr(VI) adsorption onto concrete materials calculated, [Cr(VI)]ads' from equation 5.4

are shown in Figure 5.8. Results indicate that pH plays a significant role in Cr(VI)

adsorption onto concrete material. At low pH « 3.0), the amount of Cr(VI) was less

than the detection limit « 0.01 mg/L). Maximum adsorption was observed at pH 5.0.

At pH > 5.0, the amount of Cr(VI) adsorbed decreases with increasing pH.

Below pH 3.0, Cr(VI) adsorption could not be assessed because the reduction

of Cr(VI) is dominant in this pH region. Electrostatically, a positively charged

concrete particle surface is dominant below pH 5.9, and it can enhance the anionic

HCro.4 adsorption under acidic conditions (Figure 3.5). However, the fact that the

amount of Cr(III) produced is equal to that of Cr(VI) added (Figure 5.4b) confirms the

proposed overall Cr-Fe reaction stoichiometrically and the overall Cr-concrete

reaction was controlled by redox reaction below pH 3.0.

Within the pH region 4.0 to 9.0, adsorption is mainly responsible for Cr(VI)

removal. The percentage of Cr(VI) adsorption increases with decreasing pH. This

result is in excellent agreement with those reported by others. Zachara et al. (1988),

Hsieh et al. (1988) and Zachara et al. (1987) have also reported that adsorption of

chromate onto soil enriched in kaolinite and crystalline Fe oxides and amorphous iron

oxyhydroxide increases with decreasing pH. I speculate that the adsorption behavior

of Cr(VI) onto concrete materials can be attributed to surface adsorption processes. It
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is also noted that the extent of Cr(VI) removal by adsorption is highly pH-dependent.

At high pH (pH > 8), Cr(VI) is almost no or minimally adsorbed onto concrete

particles (Figure 5.8). The anionic chromate species is favorably adsorbed on

positively charged sites of concrete particles when solution pH is less than pHzpc.

Decreasing solution pH will increase positive surface sites, resulting in increasing

extended Cr(VI) adsorption. By plotting log q (adsorption density) versus log Ce

(equilibrium concentration), the Freundlich adsorption constants can be determined.

Appendix A shows the results of Freundlich plots for Cr(VI) adsorption onto concrete

at pH 5 and 6.

5.3.4 Effect of Concrete Particle Size on Cr(VI) Removal

In order to evaluate the effect of particle size on Cr(VI) removal, four different

concrete particle sizes, < 0.18 mm, 0.18 - 0.5 mm, 0.5 - 1.0 mm, and 1.0 - 2.0 mm,

were chosen for this study. Results of the effect of soil particle size on the removal of

Cr(VI) are presented in Figure 5.8a. At pH < 4.0, the Cr(VI) removal has reached

nearly 100% and particle size shows no effect on Cr(VI) removal, but at pH> 4.0, the

percentage of Cr(VI) removal by all four different size particles decreases with

increasing pH and particle size. Below pH 4.0, all 5 mg/L of Cr(VI) added is totally

reduced to Cr(III) and particle size exhibits no effect on Cr(VI) reduction throughout

the pH region studied (Figure 5.9b). As discussed previously, the removal of Cr(VI)

below pH 4.0 is likely due to reduction reaction. The major reductant for Cr(VI)

reduction is Fe(II) (data not shown, but similar to that of Figures 5.5a and 5.6a). The
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amount of Fe(II) in the solution and the Cr(III) produced did not change with particle

SIzes.

Based on equation 5.4, the amount of Cr(VI) adsorbed by different concrete

particle sizes can be determined. Figure 5.9c shows the amount of Cr(VI) adsorbed

which is essentially the difference between Cr(VI) removed (Figure 5.9a) and Cr(III)

remaining (Figure 5.9b). Peak Cr(VI) adsorption was observed at pH 5.0. The

amount of Cr(VI) adsorbed decreases with increasing particle size because the larger

particles have smaller specific surface areas available for Cr(VI) adsorption. The

results of specific surface area of concrete indicate that larger particles exhibit smaller

specific surface area and vice versa. A logarithmic plot can be used to predict the

specific surface area of concrete block.

10g(SA)predicted= 0.36 - O.lllog( d) (5.5)

where 10g(SA)predicted (m2/g) is the predicted surface area in logarithmic scale and d

(mm) is the diameter of the concrete particle. A linear 10g(SA)-log(d) relationship

between specific surface area and particle size was also observed for crushed quartz

and quartz sand by Parks (1990). The Cr(VI) adsorption density as a function of

particle size is shown in Figure 5.10. The adsorption density is related to the specific

surface area of concrete materials. By knowing the adsorption density with respect to

the specific surface area, it is possible to predict the adsorption density of other sizes

of concrete particles as long as the surface area is provided. From Figure 5.10, one

can predict the linear adsorption constant, KL (L/Kg), for a specific size of concrete.

For example, for a concrete particle 2.5 cm in diameter, the surface area is 1.6 m2/g

according to equation 5.5. The adsorption density at pH 5.0, 6.0, and 7.0 will be 0.083
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Figure 5.9a Effect of concrete particle size on Cr(VI) removal as a function of pH.
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5.4 Modeling Cr(VI) Adsorption onto Concrete Particles

5.4.1 Surface Acidity of Hydrous Concrete Particles

Upon hydration, the surface of solid develops surface hydroxyl groups which

behave amphoterically (Huang et al. 1986):

SOH+ =SOH+ H+' Kint- 2 - , at

SOH=SO- +H+' Kint- - , a2

(5.6)

(5.7)

where ,£082, ,£OH, and SO-, represent protonated, neutral, and ionized surface

hydroxyl groups, respectively. The various surface hydroxyls formed may not be

structurally and chemically fully equivalent (Stumm 1992) but to facilitate the reaction

equilibria, we consider a single hydroxyl group in the chemical reaction. The

deprotonated surface group, S.o-, behaves as Lewis base. For a constant ionic strength

solution, which implies that the activity coefficients or surface concentration of the

surface species are equal, the strength of the surface groups is expressed by the surface

acidity constants (pK~~tand pK~~ ):

(5.8)

(5.9)

where {i} stands for the surface concentration of the {i} species. The surface proton

concentration, {H+}, is related to the bulk: phase concentration, [H+], which can be

directly measured, by the Boltzman distribution,
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(5.10)

where F = Faraday constant, 96490 Clmol,

R = molar gas constant, 8.314 J/mol-oK,

T = absolute temperature (OK), and

"'0 = surface potential (mV).

The surface potential, "'0, can not be directly measured quantitatively. An

approximation has been established for determination of "'0' by the Nemst equation

(James and Parks 1982; James and Healy 1972). For a potential-determining ion of

"H+", and a known pHzpc, "'0 can be determined:

2.3RT

'" 0 == ZF (pHzpc - pH)

== 59.2(pHzpc - pH) (at25 °c and 1:1electroyte)

(5.11)

where Z is the valence of electrolyte. The point at which the positive surface charge

equals the negative surface charge, i.e., {SOH2+} = {SO-}, is called the isoelectric

point (IEP). The pH value of IEP is defined as pHzpc (Hunter 1981). This

approximation (equation 5.11) is valid only for the very low ionic strength aqueous

phase and in the vicinity of pHzpc. Near-Nemstian response, for which the surface

potential changes by "'"59.2 mV per pH unit, was found experimentally for some

oxides (Sprycha and Matijevic 1989) under dilute aqueous solution (I < 10-3 M).

When high electrolyte concentration was applied, the surface potential greatly

deviated from Nemstian response. It has been reported that the Nemst equation was
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not fulfilled for the surface potential of some oxides at electrolyte concentrations

greater than 10-2 M (Hohl et al. 1980; Hohl and Stumm 1976). For example, for a

solid of pHzpc 2.0 in a 10-3 M electrolyte concentration, it is difficult to obtain the true

value of ~-potential in the vicinity of pHzpc since the [H+] =10-2> 10-3 M.

The Gouy-Chapman theory can be used to determine surface potential.

According to this theory, the relationship between the potential at any distance from

the surface within the diffuse double layer, "'x, and the potential at the surface, "'0 are

related by:

(5.12)

where the reciprocal thickness of the diffuse electrical double layer, K 6n meters), is

defined by:

and where

e= the electronic charge (1.6 x 10-19 C),

k= the Boltzmann constant (1.38 x 10-23 J/oK),

1= ionic strength (M),

f. = dielectric constant of water (78.5 at 25 OC)(CRC 1988), and

to = permittivity in vacuum (8.854 x 10-12 CN-m).

(5.13)
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For a 1:1 electrolyte solution (e.g., NaCI04) at 25°C, equation (5.13) can bE

simplified as:

x: = 3.29 .109. [112 , (5.14)

If "d" is defined as the distance from a particle surface to the shear plane; then at the

shear plane, a zeta potential, 1;, can be determined from electrophoretic measurements

(Figure 3.5). By substituting "'x = I; into equation (5.12) and rearranging as for a I: I

electrolyte at 25°C:

10gtanh(-'-) = 10gtanh( ~)-0.143-fid102.8 102.8
(5.15)

A plot of "log tanh(1; /102.8)" versus "11/2" at different electrolyte concentrations

gives an intercept of "log tanh(",o /102.8)" and a slope of "0.143 d". The plot of lo~

tanh(1; 1l02.8)-Jl/2is shown in Figure 5.11 for the concrete particles in NaN}

electrolyte. In Figure 5.11, the Nemst potential is used to extrapolate to 1=0, which is

determined from equation (5.11). The distance of the slipping plane, "d", calculated

was 7.2 A from the slope of this plot. Once the value of "d" is determine, with the help

of zeta potential obtained from experiments, it is possible to determined the surface

potential "'0' using equation (5.15). The relationship between "'0 and pH is shown in

Figure 5.12.

The total number of surface sites available for adsorption, Nt (J.lC/cm2), is the

sum of three hydroxo groups:

(5.16)

From eauations (5.6) and (5.7), one has



H - 1(Kint Kint)p zpc -"2 P al + P a2
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(5.17)

At pH < pHzpc, {.£OHZl and {SOH} groups are the predominant species on thE

particle surface, Le.,

Nt == {~OHi} + {~OH}

and at pH> pHzpc, the predominant species are {SOH} and {SO-}, Le.,

(5.18)

(5.19)

The quantity of surface concentration (in mole/g), ts,OHn and tS,O-}, is converted

from the surface charge density (in C/cm2), a- (at pH < pHzpc) and a+ (at pH <

pHzpc), respectively, Le.,

(5.20)

and

(5.21)

where SA is the specific surface area (in m2/g). According to the Graham equation

derived from Gouy-Chapman electrical double layer theory, in the absence of specific

adsorption, the surface charge density, a, can be related to the surface potential, "'0

(mV) for a 1:1 electrolyte:

(j = ~8££okT . ]112 Sinh( IZIFI/Io )2RT

In aqueous solution at 20°C, equation (5.22) can be simplified as

(5.22)



a =0.117· t/2 sinh(19.46. "'0)
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(5.23)

The surface charge density as a fuction of pH calculated from equation (5.23) is shown

in Figure 5.13. From equations (5.8), (5.9), (5.18), and (5.19), one has

for the positive charge surface (5.24)

and

for the negative charge surface (5.25)

From equations. (5.24) and (5.25), it is possible to determine the acidity

constants. By plotting 1/0+ versus 1/{H+} and 1/0-- versus l/{H+}, the intrinsic

acidity constants, i.e., pK::it, pK~2t, and Nt, can be determined from the intercept and

the slope (Figure 5.14).

A comparison of the results with those resulting from using Noh and

Schwarz's method (1990) to determine the surface acidity constant is made. Noh and

Schwarz (1990) applied the concept of Nemst equation and modified the method that

was originally proposed by Huang and Stumm (1973) to determine the surface acidity

constants. According to Noh and Schwarz (1990), the equation for the determination

of surface acidity can be expressed as:

where

cosh(YN - yJ = eN, sinh(YN - YJ_.!a 8

Kint 1
2 I a2 - ---

8 = ~ -mt - interceptKal

(5.26)

(5.27)
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( 0.5 JDPK = pK~~ - pK~t = -2 log --in-t-e-rc-e-p-t

Nt = slope
e

(5.28)

(5.29)

By plotting cosh(YN -Yo)versus sinh(YN -Yo)/(r for the negatively charged surface and

cosh(YN-Yo) versus sinh(YN-Yo)/cr+ for the positively charged surface, the intrinsic

acidity constants of the particle, i.e., P~lt, pK~t, and Nt, can be determined from the

slope and the intercept using equations (5.28-5.30) (Figure 5.15). The results of

surface acidity of hydrous concrete particles determined using Huang and Stumm's

(1973) method and Noh and Schwarz's (1990) method are summarized in Table 5.1.

Acidity constants determined from these two methods have no apparent difference and

have high correlation coefficient, indicating that either of these two methods can be

used to determined the acidity constants. The average values of Nt (0.51 ~C/cm2),

pK~lt (5.15), and pK~2t (6.65) from Huang and Stumm's method were employed in the

model fitting.

The speciation of the hydrous concrete particle is defined as:

(5.30)

(5.31)

(5.32)
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5.4.2 Surface Complex Formation Model

At low metal concentration, metal adsorption onto hydrous solids, such as

metal oxides, is mainly a surface coordination process which can be modeled

thermodynamically as a complexation reaction between surface sites and adsorbates

(Stumm 1992). Surface complex formation model (SCFM) has been successfully used

in describing the adsorption reactions at oxide-water interfaces (Cox and Ghosh 1994;

Zhang et al. 1994; Reed and Matsumoto 1993; Weng 1990; Zachara et al. 1989; Park

and Huang 1989b; Hayes and Leckie 1987; Davis and Leckie 1980; Huang and

Stumm 1973) with excellent predictability.

Forthe sake of simplicity, a SCFM originally proposed by Huang and Stumm

(1973) was employed to describe the adsorption reaction. Huang and his coworkers

have used this model to describe the metal adsorption onto many adsorbates, such as

fly ash, y-Ah03, activated carbon, metal sulfide (Weng and Huang 1990; Park and

Huang 1989b; Coracioglu and Huang 1987b; Hao and Huang 1986).

The possible surface complex reactions for Cr(VI) adsorption onto hydrous

concrete are expressed as follows:

or

and

or

~OH; + HCrO; = ~HCr04 + H20; K:

~OHo + HCrO; = ~HCr04 + OH-; K:

~OH; + CrO;- = ~CrO; + H20; K;

S.OHo+ CrO;- = S.CrO~+ OH-; K;

(5.33a)

(5.33b)

(5.34a)

(5.34b)



112

where K~, ~nd K~ represent the intrinsic stability constants of the concrete complex

with chromate ions and ,S,refers to surface sites. Equations 5.33a and 5.34a therefore

are formulated in term of mass expressions:

KS = {~HCr04}
1 {~OHn[HCrO~]

and

(5.35)

The total amount of Cr(VI) adsorbed, rt (mole/g) is the sum of {,S,HCr04} and

{,S,cr04 } which is expressed as:

(5.36)

rt is obtained directly from the adsorption experiment. The chromate equilibrium

concentrations, [HCr04] and [crOl-], can be obtained from:

(5.37)

and

(5.38)

where al and a2 are the fractions of HCr04 and CrO~- species present in the

equilibrium concentration, respectively, which can be determined by equations (2.9

and 2.10). W (in g/L) and CrT (in mole/L) are the total input solid concentration and

the total input chromate, respectively. Knowing the surface acidity constants, pK::I\
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The stability constants, pKi, obtained from SCFM can be used to determined

the adsorption free energy, ~G~s ' of each chromate species:

~G(ads)i = 2.303· RT· pKt (5.43)

The adsorption free energy of HCr04 ion ranges from -5.10 to -6.38 Kcalfmole and

the adsorption free energy of C~- specie ranges from -7.88 to -8.64 Kcalfmole for

the surface loading from 0.5 to 10 mg/g. The adsorption energies of Cr(VI) species

have the same magnitude found by other researchers in studying various metals onto

oxides (-5 to -10 Kcalfmole) (Huang et al. 1986; Hohl and Stumm 1976; lame and

Healy 1972) and CdS(s) (Park and Huang 1989b). Thermodynamically, the negative

value of ~qds indicates Cr(VI) ion is favorably adsorbed onto concrete. Comparing

the magnitude of the adsorption free energy, it appears that the CrO~- specie is more

favorably adsorbed onto concrete particle than HCr04 ion.

The total free energy of adsorption, ~<tJs' is the sum of the specific chemical,

~G~hem' the coulombic, ~G ~ul' the solvation, ~G~olv' and the lateral interaction, ~G [at

(Park and Huang 1989b), i.e.,

(5.44)

For individual species energy contribution, equation (7.39) can be expressed as:

(5.45)

The coulombic energy, ~G(coul)i' is determined from:

(5.46)



 



123

A (z2e2 NJ( 1 rion J( 1 1 J
I:1G - -- ---- 2 ----

so/v - 161t'Bo rion +2rw 2(rion +2rw) Bint Bbulk

(NNJ( 1 XII J+ 321t'Bo rion + 2r w Bsolid - Bint

(5.48)

where tsolid, tbulk, and tint are the adsorbent dielectric constant (assumed 50), the

water dielectric constant (78.5), and the interfacial dielectric constant, respectively.

tint can be calculated from:

and the rate of surface potential drop, d\jl/dx, is calculated from:

d1fl _ 2 RT. h(ZF·!:i1flx)
- - - lC-sm ---
dx ZF 2RT

(5.49)

(5.50)

The calculated I:1G~olv' values for HCr04 and CrO~- are 0.05 and 0.19 Kcal/mole,

respecti vel y.

For high surface loading, the lateral interaction (adsorbate-adsorbate

interaction) contributed to the total adsorption and can not be neglected (Adamson

1982). Values of I:1G1at for HCr04 and crO~- estimated from Figure 5.18b by taking

the average of 1:1G1ds at e > l,subtracting the average of I:1G~ds at e < lare 0.22, and

0.21 Kcal/mole, respectively.

With the calculated values of I:1G~oul' I:1G~olv' and I:1G~ds from equation (5.43),

the I:1G~hem is therefore determined by rearranging equation (5.44):

(5.51)



 



 



 



Chapter 6

TRANSPORT OF CHROMIUM IN POROUS MEDIA

6.1 Introduction

This chapter focuses on the development of a numerical model for contaminant

transport through porous media. The finite difference method was applied to solve the

partial differential equations. A user-friendly program written with Lotus 1-2-3 macro

was developed for reactive substance transport through porous media coupled with

adsorption and decay reactions. The numerical solution was confirmed by exact

analytical solution for specific boundary and initial conditions. Parametric analysis

for the numerical solution was studied. The results of column experiments of

chromium leaching from Cr-soil and chromium transport through concrete were

presented in this chapter. Simulations are made to compare numerical results with

effluent curves for chromium leaching from Cr-soil and the transport of chromium

through concrete.

6.2 Theoretical Aspect of the Solute Transport Process

6.2.1 General Considerations for Transport Processes

The concentration distribution of a reactive substance transported through a

porous medium is mainly controlled by advection, mechanical dispersion, molecular

127
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diffusion, chemical reactions occurring between solid surface and solute (e.g.,

adsorption, desorption, and ion exchange), and chemical reaction within the solution

(e.g., precipitation, dissolution, redox reactions, and biodegradation decay). The

definitions of these factors that govern the transport process are discussed as follows

(Bear and Verruijt 1990):

(1). Advection - The transport of solutes at the same velocity as the fluid flows.

(2). Hydrodynamic dispersion (miscible displacement) - This is the general term for

the sum of molecular diffusion and mechanical dispersion. It denotes the spreading (a

bell-shaped wave for pulse stimulus) resulting from both mechanical dispersion and

molecular diffusion at the microscopic level. At low flow velocities, molecular

diffusion has a more significant affecting on the overall dispersion than mechanical

dispersion.

(3). Mechanical dispersion - Mechanical dispersion refers to mixing and spreading

resulted from variations in velocity within porous media (Figure 6.1a). It results from

the solute moving at different rates through the porous media at microscopic level.

Assuming zero fluid velocity on the particle surface and maximum velocity at some

internal point, the velocity varies with the size of the pore and the shape of the

interconnected pore space. These variations can cause the streamlines to fluctuate in

space with respect to the mean direction of flow. The flow is faster in large pores than

in small pores. Within a given pore, the flow is slower near the surface than in the

middle. Therefore, the spreading is caused by the flow and the characteristics of the

pore system through which the flow takes place.
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6.2.2 Derivation of Advective, Dispersive, and Diffusive Fluxes Approach to

Porous Media

Two common features of porous media are the void space occupied by one or

more fluid phases (e.g., water and air) and the solid matrix distributed throughout the

porous medium (Bear and Verruijt 1990). Typical examples of porous media are soil,

sand, sandstone, rocks, limestone, activated carbon, and concrete.

As an aqueous solution passes through a porous medium, a complex network

of pores and channels comprising the void space will be formed. The flow in the

porous medium can be treated at a microscopic level and is bounded by the solid

water interface. Any point within the fluid can be treated as a continuum by

overlooking its molecular structure. The Navier-Stokes equation may be applied to

solve the variable flow at the microscopic level. However, the approach is usually

impractical because of the inability to describe the configuration of the solid-water

interface boundary and difficulty in verifying the mathematical solutions by measuring

any values (i.e., velocity and substance concentration) at this level.

Because of these difficulties, a macroscopic level is needed to describe the

phenomena. The. measurable of variables can be defined and the boundary

information can be determined at the macroscopic level. To approach the macroscopic

level from the microscopic level, a continuum approach and the use of central point to

represent any representative elementary volumes (REV) in the porous domain are

adopted. This allows us to eliminate the need of specifying the microscopic

configuration of the individual phases and enables using the available mathematical

model to solve the problem of flow through porous media. The dispersion coefficient
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(6.2)

where D is the coefficient of mechanical dispersion and ~ is the average mass of the

dispersing substance per unit volume of solution (Bear and Verruijt 1990).

• Molecular Diffusion

The flux, Jm due to molecular diffusion at microscopic level is expressed by

Fick's law:

Jm=-Dm·Vc (6.3)

where Dm is the coefficient of molecular diffusion in a fluid continuum. In the dilute

aqueous system, the flux due to molecular diffusion at macroscopic level can be

expressed as:

(6.4)

where T* is referred to the tortuosity of the solute path in the porous media.

• Hydrodynamic Dispersion

Hydrodynamic dispersion flux can be expressed as the sum of mechanical

dispersion flux, and molecular diffusion flux:

(6.5)

where Db is the coefficient of hydrodynamic dispersion. The total mass of pollutant

passing through a unit area of porous media due to advection and hydrodynamic

dispersion is expressed as total flux JT. It is written in the form:
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6.2.3 Governing Equation for Contaminant Transport Through Porous Media

Let C and v be the pollutant concentration and flow velocity at the

macroscopic level (C = &. and v= y). Four major components can be taken into account

in the construction of a macroscopic mass governing equation when a reactive

chemical substance (pollutant) transports through porous media, in saturated flow

(Bear and Verruijt 1990):

(1). The amount of pollutant entering and leaving a control volume by advection,

dispersion, and diffusion.

Define IT as the total flux of pollutant due to the above mechanisms. The

accumulation of that substance per unit volume per unit time due to the difference of

inflow and outflow is expressed as minus the divergence of the total flux, "-V· IT".

(2). Chemical or electrical interactions between the pollutant and the solid surface

(e.g., adsorption).

Let "f' denote the mass of the pollutant loss in the solution by such

interactions, per unit volume of porous media, per unit time.

(3). Chemical interactions or various decay phenomena among species inside the

solution (e.g., radioactive decay, biodegradation, redox reactions, and precipitation).

Let "± Y" denote the rate of pollutant gains or losses in the solution by such

mechanisms, per unit mass of fluid, per unit time. With p denoting the solution

density, the mass of pollutant gained or lost per unit volume of porous media, per unit

time can be expressed as "$p Y".
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(4). Injecting pollutant into or withdrawing pollutant from porous medium.

The total mass of pollutant added or withdrawn per unit volume of porous

medium per unit time, is expressed as "I" or "W", respectively.

For the saturated flow, the mass of a pollutant per unit volume of porous

medium is denotes as "<I>C".d<l>C/dt is the rate at which this quantity changes within a

control volume. Combining the four components described above, the (macroscopic)

mass equation of hydrodynamic dispersion is:

aljJC =_ V. Jr - f±ljJpY - W +1
at

(6.7)

With no pollutant injected or withdrawn (W = 0, I = 0), and using JT = <I>(Cv- Dh .

VC ), equation (6.7) is written as:

(6.8)

In order to express "f', let q denote the mass of the pollutant adsorbed on the

solid per unit mass of solid, Ps denote the density of the solid (porous media), and as

denote the volumetric fraction of the solid (as = 1-<1».Any advective, dispersive, and

diffusive fluxes of the pollutant present in the solid are neglected. The equation for the

pollutant mass balance on the solid phase is:

a(Ospsq) =f±OspsYs
at

(6.9)

where Ys denotes the rate of the production or loss of the pollutant per unit of solid.

This is a term arising from interaction of the adsorbed species with solid surface. It

can result from biodegradation decay due to bioactivity on the solid surface or
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production of pollutant from the solid owing to the transformation of pollutant by the

interaction between adsorbed species and solid surface. Assuming there is no

pollutant production or decay from the solid, Y s = O. Equation (6.9) is reduced to:

a(8spsq) =f
at

(6.10)

Substituting equation (6.10) into equation (6.8) for as = 1 - <I> = constant, equation (6.8)

is reduced to

(6.11)

6.2.3.1 Sources and Sinks within the Liquid Phase

The term "± pY" is represented as the sources and sinks of the pollutant within

the solution phase. This results from various processes such as chemical reaction

among species within the solution, radioactive decay, biodegradation, and redox

reactions. Consider that i-components participate in the reactions:

i
pY= 'LkiCPI

i=1
(6.12)

where Ci is the concentration of the i-component in moles per unit volume of solution,

p indicates the order of the reaction, and ki is the kinetic rate constant with the

dimension of reciprocal time.

(6.13)
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When the first order decay reaction takes place within the solution and only one

component is considered, equation (6.13) is simplified to:

ac =_ V . (Cv - Dh . V C)
at

(6. 14a)

If we consider one-dimensional solute transport (x-direction):

(6.14b)

The kinetic decay rate constant, k, is dependent on the experimental conditions, e.g.,

solution pH, temperature, and ionic strength. It may involve the dissolution of

reactive species from the solid phase. Let Pb denote the bulk density of the solid. If

Pb is a constant, equation (6. 14b) reduces to:

(6.14c)

6.2.3.2 Adsorption Isotherms

Adsorption is the phenomenon in which the mass of a pollutant accumulates on

the solid surface at the solid-liquid interface. Three types of equilibrium adsorption

isotherms that express the quantity of an adsorbed component and its quantity in the

solution phase are discussed (Figure 6.3).

(1). Linear isotherm

The linear isotherm has the form of:
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Equation (6.22) can be written as:

dq _ rm Km de

dt - (I+Km e)2 dt

The slope of Langmuir adsorption isotherm is expressed as:

dq Qm Km

de (l+Km e?

(6.22a)

(6.22b)

(6.22c)

With Langmuir equilibrium isotherm, the retardation factor, Rd in equation (6.19). ,
becomes:

Let t* = tlRd

Then, equation (6.19) can be reduced to:

6.2.4 Initial and Boundary Conditions

(6.23)

(6.24)

The initial condition (IC) and boundary condition (BC) for a semifinite system

containing a solute with input concentration of Cf (ML-3) and initial concentration Co

(ML-3) are discussed below. The IC is given as:



c (~,t = 0) = Co(x)
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at 0 < x :s; 00 (6.25)

The input BC can be either the "first type (Dirichlet Type)" or the "third type

(Cauchy type)". The first type of BC assumes that the influent concentration in the

inlet reservoir is ideally homogeneous on the top surface of the porous media by

means of complete mixing. This type of BC can be formulated as:

C(x, t) = Cf at x = 0 and t ~ 0 (6.26a)

The third type of BC assumes that the influent concentration is described by flux

continuity and is a function of flow velocity, hydrodynamic dispersion coefficient, and

concentration difference between the influent solute and right below the top surface of

porous media. This type of BC can be stated as:

ac -_ ~(C-Cf)
ax - Dh

at x = 0 and t ~ 0 (6.26b)

The output BC applied is called the "second type (Neumann type)":

ac-=0
ax

at x = L and t ~ 0 (6.26c)

6.3 Numerical Solution: Finite Difference Method

6.3.1 Difference Equations

The hydrodynamic dispersion equation (equation 6.14b) can be solved using

the finite difference method. The finite difference method was the first method to be

used for the systematic numerical solution of partial differential equations. The
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6.5.3.2 Adsorption with No Decay

Figures 6.12-6.14 show different adsorption isotherms applied in the model

simulation for contaminant transport coupled with adsorption reaction. Retardation

factor, Rd, is used for the case of linear adsorption for comparing the effect of

adsorption with that of the concentration distributions. The adsorption reaction plays

a significant role in the solute transport (Figure 6.12). The transport of reactive

substance was retarded by increasing the coefficient of retardation, Rd, (or increasing

the linear adsorption constant, Kct). In the case of Freundlich and Langmuir isotherms,

since the retardation factor depends on the solute concentration, it will not be used to

represent the strength of the adsorption reaction. Details of the Freundlich and

Langmuir isotherms are described in section 6.3.2.1. In the model results with

Freundlich adsorption isotherm, with influent concentration of 0.5 mg/L and the fixed

adsorption constant, Kf, of 0.2, the transport process is retarded by decreasing the n

value. For the case of Langmuir adsorption isotherm applied in the model simulation,

with the influent concentration of 0.5 mg/L and adsorption constant, Km, of 0.2 L1Kg,

increasing the maximum adsorption capacity of Qm resulted in increasing the

retardation effect during the transport process.

6.5.3.3 Decay with No Adsorption

Although the decay term commonly represents radioactive decay, it also can

represent biodegradation or the chemical re action within the solute phase, i.e., redox

reaction. In most soil-water and groundwater systems, chemical reaction occurring

within solution phase, e.g., redox, can arise by releasing reductive and/or oxidative

substances from the dissolution of minerals or soil surfaces. The change of solute
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concentration due to chemical reaction within the solution phase becomes important

during the transport of chemical reactive substances.

Figure 6.15 shows the case of solute transport with a decay rate constant of k =

0.005 l/sec or a half-life of 138.6 seconds. It appears that the concentration

distribution is affected by the decay factor comparing with dispersion only. Figure

8.16 demonstrates the effect of different decay rate constants (0.005 1/sec to 0.03

1/sec) at 60 seconds. The shape of the concentration distribution is flatted by

increasing the rate constant.

6.5.3.4 Adsorption and Decay

Figure 6.17 illustrates the influence of adsorption and decay reactions

incorporated into the transport process. With a linear adsorption constant of KL=0.4

L/Kg and decay rate constant k=O.Ol 1/sec used in the model simulation, the

concentration distribution is greatly affected by these two reactions.

6.5.3.5 Breakthrough Curve

This program can transform the output data to the breakthrough data. Figure

6.18 demonstrates the breakthrough for a nonreactive substrate transport. The

breakthrough of a column with shorter length occurs earlier than that of the longer

one. Comparisons of the different cases of solute transport coupled with dispersion

only, adsorption with no decay, decay with no adsorption, and with both adsorption

and decay are presented in Figure 6.19. It is visualized that breakthrough in the case
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6.6 Modeling Chromium Leaching From Chromium Contaminated Soil Derived

from Chromite Ore Processing Residue

6.6.1 Experimental

Mter air drying, the Cr-soil sample was ground with a ball mill, and sieved to

less than 1 mm in diameter. This sieved sample was then used in column experiments.

ASTM standard sieve analysis was applied to determine the average particle size of

this sieved sample. An average particle size of 250 /-lmwas estimated at d60 as given.

Simulated rainwater was used as the leaching solution. Preparation of simulated

rainwater was described earlier in section 4.2.2. The Cr-Soilleaching experiments

were performed with a acrylic column (1.9 cm-ID x 2.5 cm-OD), with a constant

hydraulic head of 25 cm and a free board of 4 cm (Figure 6.21a). A layer of acid/base

resistant polyester cloth (ASTM #400, 38 /-lm) from Gilson Co., Worthington, Ohio,

and 2 layers of plastic crossing stitch (ASTM #40, 425 /-lm) was placed on the bottom

of column. Simulated rainwater (pHs 2.5, 3.3, 4.3, 5.5, and 8.6) containing in lO-L

buckets flowed into a series of acrylic columns. Each column contained 30 g of Cr

Soil sample. The Cr-soil sample was saturated with simulated rainwater for one day

before starting the experiments. The influent flow rate was controlled with a fine

adjustment clamp. Air and nitrogen gas were bubbled through the influent solution.

Temperatures were controlled by a water circulation bath. The initial pH values of the

leaching solution were adjusted as necessary with strong acid (1 N HN03) or strong

base (1 N NaOH). To study the effect 'of temperature on Cr-Soil leaching, four

different temperatures (3 OC, 8 0C, 23 0C, and 38 OC) were selected while keeping an

initial rainwater pH 4.3. The experimental set-up of column leaching is given in

Figure 6.21 b. All the columns were wrapped by aluminum foil to minimize any
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tube

# 3 ruber stopper

acrylic extruded tube
1.9 cm ID x 2.5 cm OD

influent •
(simulated rainwater)

aluminum foil

Cr-soil

(size < 1 mm)

polyester cloth
ASTM #400 (38 Jlm)

plastic stich
ASTM #40 (250 Jlm)

o

o
o

o
0'

.I:00
000' 0

effluent

4cm
free board

~ overflow

13cm

7cm

Figure 6.21a Schematic diagram of apparatus (in detail) used in the column leaching

experiments.
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6.6.2 Column Leaching Experimental Results

Figures 6.22-6.29 show the results of column Cr-soil leaching experiments.

Effluent pH versus cumulative flow are shown in Figures 6.22 and 6.23 for different

influent pHs and temperatures, respectively. The effluent pH initially increased

rapidly from any of the influent values 2.8, 3.3, 4.3, 6.0, and 8.0 to 8.3 ± 0.3 either air

or N2 atmosphere. The effluent pH is close to the Cr-soil pH of 8.5 (chapter 3) in the

first 500 mL (or about 5 days) leachate collected. As the leachate reaches to about

4000 mL, the pH values decrease to about 7.2 ± 0.3. In the cases of acidic influent pH

of 2.8, 3.3, and 4.3, the effluent pH did not reach the inflow pH even after 51 days

leaching, when the experiments were stopped. The acidic inflow was apparently

buffered by the Cr-soil. Figure 6.23 also demonstrated that the effluent pH was not

significantly affected by temperature or air/N2 atmosphere.

Results of column experiments on Cr-soilleaching show a significant amount

of Cr(VI), Ca, and TOC in the effluent; however, Cr(III), Fe(III), Fe(II), and Mn were

not detected in the leachate. Concentrations of Ca leached greatly decreased from

about 25 mg/l to 10 mg/l in the first 5 days leaching period. It then remained

relatively constant at a concentration of about 5 mg/l and a linear relationship between

the mass of Ca leached (LCiVi), and cumulative flow (LVi) was observed (Figures

6.24 and 6.25). The mass of Ca leached depends on the temperature. The higher the

temperature, the greater amount of Ca leached (Figure 6.25). There is almost no

difference in the amount of Ca leached under air or N2 atmosphere, indicating that Ca

leaching is unaffected by oxygen levels. When an acidic influent solution was

introduced into the Cr-soil column, the mass of Ca leached increased drastically

(Figure 6.24). Based on the results shown in Figures 6.22-6.25, it is concluded that
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6.6.4 Simulation of Chromium Leaching from Cr-soil

Figure 6.33 shows the comparison between the model simulation and

experimental results for influent solution pH 4.3 at 23 OC under air atmosphere. It is

noted that during the first 4 day leaching period, most of Cr(VI) released from Cr-soil

by introducing Cr-free simulated rainwater, then it was followed by a slow releasing

phenomena. The Freundlich adsorption constants of Kf (44) and n (0.566) for a

Boonton loam (Union County, NJ) (Allen et al. 1994) was used in the model

simulation. The choice of adsorption constant of Boonton loam in the modeling is

because it consists a high amount of organic matter (8.6%) and the sample was located

near Hudson County. The Cr-soil contains 9% of organic matter. Hence, the decay

constant (Cr(VI) reduces to Cr(III» k of 20 lIday was adjusted for a good fit. The

model can adequately simulate the leaching process when adsorption and decay

reactions involve in the transport process, but not in the cases with adsorption only or

dispersion only. The discrepancy between the experimental data and the model

simulation (Figure 6.33, solid line) is due to the inadequacy of the assumption inherent

in the development of the transport model. For example, the water flow variations

occur in the column over time that violate the assumption of steady state condition.

Based on the results of model simulation, it is concluded that the Cr(VI) leaching

process is involved in adsorption and reduction reactions. Changing the adsorption

constant Kf and the magnitude of the decay constant k is also affecting the model

simulation (Figures 6.34 and 6.35). The higher the Kf is, the greater the leaching will

be retarded. The leaching process is accelerated by increasing the decay rate. Figures

6.36-6.39 show the good-fit to the experimental data for different influent pHs and

temperatures under air and N2 atmospheres. Parameters used in the simulation
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6.7.4 Transport of Cr(VI) in Concrete: Effect of Wet-Dry Cycle

It is hypothesized that during the wet season, rainfall percolates through the

Cr-soil and brings Cr (mostly hexavalent chromium) into solution. Anionic Cr(VI)

species will travel to the groundwater systems, forming a Cr(VI) contaminated plume.

A high groundwater table brings lateral plume movement that carries concentrated

soluble Cr(VI) ions towards the external surface of the concrete block wall then

through its pores towards the inside of concrete wall. When wetting proceeds, Cr(VI)

moves into the other side of the concrete wall. During the dry season, water recedes

from the concrete block wall leaving behind the entrapped Cr(VI). This wet-dry cycle

repeats itself over time. Eventually, accumulated concentrated Cr(VI) ions appear on

the other side of concrete wall. When the concrete wall is near by or adjacent to waste

site, the soluble Cr(VI) can directly move to concrete wall by wetting the external

surface during the rainfall season.

Under wet-dry cycle conditions, transport of Cr(VI) in concrete can be

simulated using the computer spreadsheet program developed in this study. To do so,

the concrete length is divided into number of sections. Transport in each section is

simulated with different parameters. The precision of this simulation for a concrete

depends on the number of sections. For simplicity, five sections are considered for the

transport of Cr(VI) in a O.4-m concrete wall with adsorption reaction. A wet period of

10 days and a dry period of 5 days are assumed for the wet-dry cycle. A total of three

wet-dry cycles of Cr(VI) transport in concrete is simulated. Freundlich adsorption

constants of pH 5.0 (appendix A) are used in the model simulation. Parameters used

in the model simulation is listed in Table 6.4. Results of wet-dry cycle simulation are

shown in Figure 6.47. Figure 6.48 shows the transport of Cr(VI) in concrete under all
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affecting the mass of Cr(VI) leached. High temperature enhances Cr(VI) leaching.

Thus, the amount of Cr(VI) leached can vary depending on the seasonal conditions at

the chromium contaminated sites. It is expected that more Cr(VI) will be leached

during the hot than the cold season. Organic matter is another parameter affecting the

amount of Cr(VI) leached. Organic matter in the Cr-soil primarily acts as an electron

donor to reduce Cr(VI) to Cr(III). Accordingly, the amount of Cr(VI) leached from a

high organic matter containing Cr-soil will be less than that of a low organic matter

one.

The mass of Cr(VI) leached is not substantially different under air or N2

atmosphere. Model simulation indicates that the Cr(VI) leaching process is mainly

governed by the adsorption/desorption, precipitation, and redox reactions. Possible

dissolution of COPR might occur during the leaching process, but no direct evidence

was found from this work.

A hazardous condition arising from COPR is deterioration of concrete

structures. Because the Cr-soil is in contact with concrete block walls, knowledge of

the chemical interaction between Cr and concrete is important for establishing the

clean-up strategy. This study shows that adsorption, redox, and. precipitation reactions

are the major processes affecting the concentration and speciation of chromium in the

chromium-concrete interface, and that solution pH is the crucial parameter affecting

these chemical interactions. Below pH 3.5, the removal of Cr(VI) is controlled by

reduction reactions. Cr(VI) is reduced to Cr(III) by reaction with aqueous Fe(II)

deri ved from Fe(II)-containing concrete materials. The concentration of Cr(III) is

governed by the CrxFel_x(OH)3(s) and/or Cr(OH)3(s) precipitates. At pH 4 to 9,

adsorption is mainly responsible for Cr(VI) removal. Prediction of the Cr(VI)
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adsorption density for different sizes of concrete particles can be extrapolated by

knowing the specific surface area of the concrete particles. Among all parameters

studied, pH appears to be the most important governing the fate of chromium in

concrete. The adsorption of Cr(VI) onto concrete particles can be described by

surface complex formation model. Because the magnitude of favorable electrostatic

energy and the adverse solvation and lateral interaction energy which contribute to the

total adsorption are relatively small in comparison with the favorable specific

chemical energy, I conclude that the specific chemical interaction is the major

mechanism responsible for the adsorption process.

Transport of Cr in the concrete is highly dependent on the solution pH. Since

the pH of the Cr-soil and concrete are both high, Cr(VI) is only minimally adsorbed

and will transport readily up to and through the concrete wall. Cr(III), however, can

be adsorbed strongly by concrete at high solution pH. As a result, the transport of

Cr(I1I) in the concrete is drastically retarded by the adsorption process. It is possible

that when acidic chromate solutions are in prolonged contact with the concrete, the

concrete will gradually lose its buffering capacity. As a results, the transport of

Cr(VI) under such condition should include adsorption and decay (hence redox)

reactions. Dissolution of the Ca or other alkaline material in the concrete by H+ or by

exchange with ions in the leachate results in loss in buffering capacity, and thereby

more Cr(VI) will be adsorbed on the concrete and weaken the concrete strength.

7.2 Recommendation for Future Research
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The extension of this study would be to examine the toxicity of Cr-soil and the

redox reaction in the subsurface. Although the content of readily leachable Cr(VI) in

Cr-soil is low, it is potentially hazardous to the environment. The results of a toxicity

test would give us more in depth information to determine the remediation

requirements. The fact that chromium leaches rapidly during column studies suggests

that Cr(VI) would be rapidly washed away from a waste site. The fact that we are still

seeing it after 50 years leads one to suspect that there is continuous slow oxidation

onsite of trivalent chromium, and that environments are at a steady-state between

chromium oxidation and chromium leaching via rainfall. The oxidation of hydroxyl

Cr(III) species and Cr(IlI) precipitates by Mn-oxide such as MnCh, Mn203, and

MnOOH is thermodynamically possible. This reaction will further bring more Cr(VI)

into solution. Thus, the redox reactions of Cr in the Cr-soil, natural soil and

groundwater are important with respect to the concentration level leached from Cr

soil. Major active redox materials such as pyrite, Fe-oxides, Mn-oxides, and organic

matter, occur in the soil-water system, and directly or indirectly affect the

transformation of chromium in the system.

pH apparently is a crucial parameter affecting the amount of Cr(VI) leached

from Cr-soil as well as the transport of Cr(VI) in the concrete. Chemical treatment

may be applied to some selected sites to minimize the leaching of Cr(VI) by adding

some reducing chemicals under acidic condition. Based on this study, it is possible to

prevent of minimize the migration of Cr through concrete wall by adjusting the pH

below 6. Remediation efforts may be selected only for those chromium contaminated

sites which have persistent high levels of Cr(VI) leached and which exceed the state

clean-up standard or exhibit concentration levels that are toxic to environment.
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APPENDIX B

MANUAL FOR THE INTERACTIVE SPREADSHEET PROGRAM FOR

CONTAMINANT TRANSPORT IN POROUS MEDIA COUPLED WITH

ADSORPTION AND DECAY

B.t Requirements

An IBM-PC or compatible installed with Lotus 1-2-3 Release 4 for Windows

is required to run this program. A PC of 486DX2-50MHz with 8MB Ram is

recommended. Depending upon the configuration of the PC, the speed of running this

program will be different. For a PC with 486DX2 66MHz and 8MB Ram, the running

time of 2000 time steps is about 20 minutes. If the computer is installed with Intel

Pentium chip processor, the speed of running this program is even faster.

In order to get maximum benefit from using this program, the user needs to

know the flow transport behavior. Because this program was written with Lotus 1-2-3

macros and it was therefore set up in the Lotus 1-2-3 spreadsheet, basic knowledge of

Lotus 1-2-3 may be necessary. Since finite difference method (FDM) is used to solve

the governing transport equations, basic knowledge of FDM may be required in order

to get maximum benefit of this program.

B.2 How to Install the program

To install the program on your IBM-PC hard drive

1. Place your disk into your disk drive.
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2. Copy the program file into your hard drive.

3. Install Lotus 1-2-3 Release 4 for Windows in your hard disk.

4. Double-click on the program file.

B.3 Limitation

This program is limited to one-dimensional transport, one-contaminant per

simulation, equilibrium adsorption (only for linear, Freundlich, and Langmuir

adsorption isotherms), and first order decay.

B.4 How to Run This Program

1. Prepare the data set. The data set should include: coefficient of

hydrodynamic dispersion, pore velocity, solid density, porosity of the porous media,

adsorption (linear, Freundlich or Langmuir adsorption constants), first order decay rate

constant (or kinetic rate constant), influent solute concentration, initial solute

concentration in the column, column diameter, and column length.

2. Select values for distance step (LlX) and time step (Llt). The maximum length

simulation is 50 times Llx. The total time simulated will be Llt times the number

input steps.

3. Open the program file. Two boxes will promptly show on the screen. The control

box consists of a series of buttons for performing programming tasks (e.g., data

inputting and program executing) by clicking the buttons using mouse action. The

data recording box consists of a number of cells which record the input data through

the practice of program.

/
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3. To start the program, click the "Start" button in the controlling box, then

follow the directions of the popup dialog to input the data. After the data is input, the

results will show in the data recording box.

4. You can also bypass the data inputting button and directly run the program

by clicking the "Run" button.

5. To see the results, click "Output-Last Step" button.

6. To quit the program while the program is running: press "Ctrl+Break".

7. To print the results, use mouse to highlight the printing range, then click the

printer smart icon at the left top comer of or press "Cril+P".

B.5 Output Editing

The output graph generated in the Lotus-123 can be directly copy-edited. One

can save and customize the graph, such as modifying the axis scales, size, title, and

color the graph, using Lotus-123 chart tools from the menu bars to make the output

graph more presentable.

B.6 Unlimited Time Steps Simulating.

This operation may require that the user turn off the "Undo". To disable

"Undo", using Tools-User Setup from the menu bar in the LOTUS-123 program, then

choose Edit Undo or press "CRTL+Z". When one works with the Microsoft

Windows and Lotus-123 Release 4 in a PC with 8 MB Ram, the program can be run

up to 2300 steps without turning off the "Edit-Undo".

B.7 Help
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One can click the "Help" button in the control box to obtain more information

about this program. The help section includes: "About this program", "How to run

this program", "Governing equations", "About adsorption isotherm", "Finite

difference method", and "Initial and boundary conditions".

B.8 Running Program in Macintosh

Although the program is designed to be used in the IBM-PC, it is possible to

run this program in Macintosh using a software called "SoftPC with Windows" which

emulates an Intel processor and runs the Windows program directly in 68040

Macintosh. With a software called "SoftWindows" installed in Apple Power

Macintosh, one can run this program at speed up to a 486SX-PC.

B.9 Transfer output data to Macintosh

1. Copy the output data to a separate Lotus 1-2-3 file, then save it as
".wk1" to a ffiM-formatted disk.

2. In Macintosh, use the software called "Apple File Exchange" to
transfer data from ffiM to Macintosh from the ".wk1" file stored in the IBM-formatted

disk.

3. In Macintosh, use the software called "MacLink PluslPC" to transfer

Lotus 1-2-3 ".wk1" file to Macintosh spreadsheet software, e.g. Microsoft Excel.

B.I0 Warring

If the user inputs some unreasonable data values, the program will

automatically prompt a warning sign and ask the user to reinput a data value.
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B.11 Example:

An example to simulate contaminants transport through soil-water system

coupled with adsorption is demonstrated as follow:

Key in those data as order:

1. Click "Start" button.

2. Input soil density of 2.6 (glcm3), press enter.

3. Input soil porosity (<I» of 0.3, press enter.

4. Select one set of units for dispersion coefficient (Db)' porosity (<1», and decay

constant (k) from the popup menu. Select Dh-m1day, v-m1day, k-1/day using

allow key or mouse action, then click "OK".

5. Input dispersion coefficient (Db) of 0.03 m/day, press enter

6. Input Pore velocity (v) of 0.1 m/day, press enter.

7. Input distance step (Lh) of 0.2 m (for a lO-m long column).

8. Input time step (i1t) of 1 day. If the Peclet number Pe and Courant number Cr

exceed the criteria of Pe < 2 and Cr < 1, this program will prompt for the

selection of an adjustment of input parameters, i1x and i1t, or skip the advice. To

skip the advice, click "Cancel".

9. Select a transport condition frqm the popup menu. Click "With adsorption wlo

Decay" for this case, then click "OK".

10. Select one a adsorption isotherm, then click "OK". Click the "Linear

adsorption isotherm", press enter.

11. Input linear adsorption constant of 0.2 LlKg, press enter.
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24
0.484.8 0.002.015

25
0.55 0.001.655

26
0.525.2 0.001.341

27
0.545.4 0.001.011

28
0.565.6 0.000.843

29
0.585.8 0.000.655

30
0.66 0.000.501

31
0.626.2 0.000.318

32
0.646.4 0.000.281

33
0.666.6 0.000.206

34
0.686.8 0.000.149

35
0.77 0.000.106

36
0.727.2 0.000.015

37
0.747.4 0.000.052

38
0.767.6 0.000.035

39
0.787.8 0.000.024

40
0.88 O.0.016

41
0.828.2 0.000.010

42
0.848.4 0.000.001

43
0.868.6 0.000.004

44
0.888.8 0.000.003

45
0.99 0.000.002

46
0.929.2 0.000.001

47
0.949.4 O.0.001

48
0.969.6 o.0.000

49
0.989.8 o.0.000

50
110 o.0.000

Figure B2 An example of program output for a contaminant transport in porous
media.




