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ABSTRACT 

The contamination of the environment has led to a need 

to develop innovative processes to remediate the 

contaminated sites. This research developed two processes 

for remediating soils contaminated with metal wastes. The 

four primary metal contaminants were chromium, nickel, 

cadmium and copper. Only chromium exceeded the EPA 

required action levels. Both processes utilized mineral 

processing techniques to make a size separation since the 

majority of the contamination existed within the fines or 

minus 20 micron material. This size separation reduced the 

amount of soil requiring further treatment. 

The first process was focused at recovering the metal 

contaminants from the soil for reuse in other industries. 

Chromium required recovery mainly because it exceeded the 

EPA action levels but it also had a potential reuse in the 

steel industry. Copper was evaluated for recovery strictly 

for its potential resale value. A mixed metals precipitate 

would also be recovered for potential use at a recycling 

facili ty. Sulfuric, oxalic, and hydrochloric acid were 

tested for their ability to leach the contaminants from the 

soil. 

and 

The sulfuric acid leach was then optimized for pH 

leach time. Consequently, a conceptual recovery 
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process utilizing cementation to recover the copper, pH 

adjustment to precipitate a ferro-chrome, and further pH 

adjustment to precipitate a mixed metals precipitate was 

developed. Due to the amount of by-product produced from 

this process and the large quantity of reagents required, a 

second process was developed. 

The second process was focused at only removing and 

recovering the chromium since it was the only contaminant 

that exceeded EPA action levels. Following the size 

separation, the soil was subjected to a hypochlorous 

acid/hypochlor i te leach. This leach was performed at 

slightly acidic conditions to use hypochlorous acid as the 

oxidizing agent. This leach oxidized the chromium from the 

trivalent to the hexavalent state thereby 

solubility. Once the chromium, as HCr04-, 

increasing its 

had gone into 

solution, the liquid was separated and sent to reduction 

processing. Using sulfur dioxide, the hexavalent chromium 

was reduced back to the trivalent state and with the 

addition of sodium hydroxide, the chromium precipitated. 
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CHAPTER 1 

INTRODUCTION 

Past industry waste treatment processes have resulted 

in a large quantity of locations in the United States that 

are contaminated with some type of organic or inorganic 

waste. This contamination may exist in the soils or 

groundwater, and many times has contaminated both. 

Although regulations of waste management practices have 

minimized the threat of further environmental problems, 

there is presently a five billion dollar market to 

remediate existing contaminated sites (1). 

The majority of the contaminated sites are owned by 

the private sector, but the Department of Defense has its 

own remediation projects. Air Force Plant -Q4 (AFP44), 

located in Tucson, Arizona, is an Air Force owned facility 

that is operated by Hughes Missile Systems Company. This 

location is the site of a remediation project to clean 

soils that have been contaminated by metal wastes. This 

contamination exist due to historical waste treatment 

methods that were industry standards at that time. Storage 

for solar evaporation treatment in unlined and lined ponds, 

all at one time the approved method for treatment, are no 

longer approved treatment technologies. 
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The contamination at AFP44 is a result of metal 

finishing and printed-wiring-board (PWB) wastes. The 

chemistries of these process solutions and the chemical 

pretreatment prior to storage in an impoundment has not 

varied significantly over the past twenty years. Due to 

the origin of the waste, all of the contaminants of concern 

are metals typically used in the metal finishing and PWB 

industry. Metals such as nickel, copper, cadmium, 

chromium, and aluminum can be expected. 

Typical processes for metal finishing include steel 

finishing operations such as phosphate sealing and 

passivation and aluminum finishing operations such as 

anodizing and chromate conversion coating. Printed-Wiring

Board fabrication processes include copper etching, 

tin/lead plating, and nickel plating. Table 1.1 shows some 

of the typical processes used in metal finishing and PWB 

fabrication and the chemical constituents involved. 

At AFP44, the contaminated areas of concern developed 

over a period of approximately 20 years. The first set of 

contaminated soils were created when unlined impoundments 

were used to store the liquid waste after pretreatment. 

The storage in impoundments was a method used for solar 

evaporation. The typical pretreatment prior to storage for 

solar evaporation included cyanide reduction, chromium 
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Table 1.1 Examples of metal finishing and PWB processes (15). 

PROCESS METAL PWB CHEMICAL 
FINISHING FABRICATION SPECIES 

NICKEL PLATE X NICKEL SULFATE 
TIN-LEAD PLATE X LEAD FLUOBORATE 
TIN-LEAD PLATE X TIN FLUOBORIC 

ACID COPPER PLATE X X COPPER SULFATE 
ETCH X CUPRIC CHLORIDE 

PHOSPHATE SEALER X CHROMIC ACID 
SEALER PASSIVATE X SODIUM DICHROMATE 

NICKEL STRIKE X NICKEL CHLORIDE 
ELECTROLESS NICKEL X NICKEL/HYPOPHOSPHITE 

NICKEL PLATE X NICKEL SALTS 
ANODIZE X ALUMINUM SULFATE 

CHROMATE COAT X POTASSIUM DICHROMATE 
ACID CLEAN X SODIUM DICHROMATE 

CONVERSION COAT X CHROMIC ACID 

oxidation, and neutralization. The contaminated soils that 

exist due to storage in unlined impoundments are called the 

foundation soils. 

In 1977, single 20 mil PVC lined brine bed and holding 

pond impoundments were built. The brine bed impoundments 

were built for solar evaporation of concentrated waste. The 

holding ponds were built to store dilute rinsewaters or 

waste that could be treated with wastewater treatment 

techniques and recycled to the facility for reuse. Figure 

1.2 shows the unlined impoundments and the 20 mil PVC brine 

beds and holding ponds. 

When the EPA determined single lined impoundments were 

not adequate, double 100 mil HDPE lined impoundments were 

built. This was accomplished by subdividing the old single 



Historical unlined 
impoundments. 

Four historical waste 
brine evaporation beds. 

Five historical 
holding ponds. 

Figure 1.2 Historical unlined and single lined 
impoundment locations (4). 
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lined impoundments into double lined systems by moving soil 

into the single lined impoundments and building burms and a 

soil foundation. This formed 15 new holding ponds and 20 

new brine beds. Figure 1.3 shows the single lined 

impoundments (Historical Brine Evaporation Beds and Holding 

Ponds) and the new double lined impoundments (those 

identified with numbers and letters) built over the single 

lined impoundments. 



15 NEW 100 MIL HDPE DOUBLE LINED 
HOLDING PONDS SUBDIVIDED INTO THE 
OLD SINGLE LINED HOLDING PONDS. 

20 NEW 100 MIL HDPE DOUBLE LINED 
BRINE IMPOUNDMENTS SUBDIVIDED 
INTO THE OLD SINGLE LINED 
IMPOUNDMENTS. 

Figure 1.3 Double 100 mil HDPE lined impoundments 
shown subdivided into the old 20 mil 
PVC single lined impoundments (4). 
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The dilute waste in the holding ponds consists mainly 

of the rinsewaters from the same processes as the 

concentrated waste and therefore contain the same waste as 

the brine beds except more dilute. The new double lined 

impoundments were used until the implementation of the Land 



DOUBLE 100 MIL HOPE 

/ \ 

OLDER 20 MIL 
PVC LINER 

Figure 1.4 Cross section of 100 mil HDPE double 
lined impoundments subdivided into the 
old single lined impoundments illustrating 
the interstitial soils requiring treatment. 
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Ban Disposal Restrictions. Presently, a new treatment 

system exist that allows the waste to be treated without 

the use of solar evaporation impoundments. 

The double lined impoundments are also part of the 

overall remediation effort but will not be treated by the 

soils treatment process being developed and therefore will 

not be considered in this research. The contaminated soils 

to be treated are the foundation soils created by the use 

of unlined impoundments and the soils between the single 

and double lined impoundments. The soil between the two 

liner systems was used to subdivide the old impoundments 

and create the base and burms for the double 100 mil HDPE 

lined impoundments. The quantity of soil requiring 

remediation was estimated at 103,000 cubic yards. Figure 

1.4 shows a cross section of the soils existing between the 

single and double lined impoundments. 



BOREHOLE ANGLE 

A SERIES VERTICAL 
B SERIES VERTICAL 
Cl,1,2,3,4 VERTICAL HANDCUT 
D SERIES 45 DEG. ANGLE 
E SERIES VERTICAL 
G SERIES VERTICAL 

Figure 1.5 Location of sampling boreholes in relation 
to brine beds and holding ponds (4). 
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The sampling program involved a series of drillings 

conducted to obtain information on the potential area of 

contamination and the relative concentration of the metal 

contaminants. Since the contaminated area is unique in 

that soils between liner systems must be accessed, a series 



-.5' • 
1ST LINER ---1---- 8'-10' 

"10'-12' 2ND LINER ...].0' 

30' 

© 
1ST LINER--._---

2ND LINER - • -

(NOT TO SCALE) 

Figure 1.6 Cross-section of boreholes illustrating 
sampling depths and angles. Letters are 
referenced to the sample series shown in 
Figure 1.5. 
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of various drilling and sampling techniques were employed. 

The accessibility of certain locations and the type of 

drilling equipment that could be employed were major 

factors in determining sampling locations and depths. 

Figure 1.5 shows the sampling series and their relative 

locations. The key in Figure 1.5 illustrates whether the 

series were vertical or angled drilled. 
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In reference to the series sample locations shown in 

Figure 1.5, Figure 1.6 shows a cross-section of the 

drilling angles, depths, and sample depths for the sampling 

program. The A-series borings were taken through the berms 

of the exist ing impoundments to sample the interstitial 

soils directly above the old 20 mil PVC liner. These 

borings were drilled with a golf cart mount.ed hollow-stem 

auger since the berms could not support the weight or size 

of the larger drilling rigs. Where possible, the boring 

was extended to 20 feet to sample the foundation soils. 

The B-series borings were drilled through the berm 

areas between the original 20 mil PVC lined surface 

impoundments. This series was performed to detect any 

potential contamination that may have been released from 

the original single lined impoundments and migrated 

laterally. 

The C-series borings were obtained using sampling 

scoops, split spoon augers, or hand pick axes. These 

samples were aimed at the interstitial soils directly 

through the double liner system and above the old single 

lined impoundments. These samples required the double 

liner system to be cut to allow the interstitial soils to 

be reached and the liner was repaired following the 

sampling procedure. These samples differ from the A-series 
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in that they were directly under an existing impoundment 

and did not go through a berm. 

The D-series borings were angle drilled to sample the 

foundation soils underneath the old single lined 

impoundments. Samples were taken at 10, 20, and 30 foot 

lengths. These samples would detect any contamination due 

to any releases under the single lined impoundments as well 

as any unlined impoundment storage contamination. 

The E-series borehole was drilled to obtain a sample 

for establishing background levels for metal concentrations 

existing in the native soils. This is always an important 

part of any environmental analysis since it will determine 

the levels that the metals naturally occur in the 

environment. This helps to insure that the contaminant 

levels actually arose from the contamination and did not 

develop from natural occurrences. 

The G-series borings were performed for geotechnical 

data to support the construction of a tank farm that would 

be constructed to replace the holding ponds. Metal 

contamination was also evaluated to insure construction of 

the tank farm did not occur on any contaminated soils. 

The typical approach to remediation projects is to 

perform a site assessment, develop a remedial methodology, 

and finally to perform the remediation. The site 
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assessment involves a detail sampling plan that will not 

only define the contaminants of concern, but will identify 

the extent of contamination. The remedial -methodology 

involves choosing or developing a suitable technology for 

cleaning the site to environmental standards. Finally, the 

actual remediation involves performing the clean-up and 

testing required to certify the site as clean. All of 

these processes involve extensive regulatory review and 

concurrence. This research will focus at the development 

of a process that can be utilized to remediate the 

contaminated soils. Although this research project is 

focused at developing the process, once this research is 

complete, the process will be pilot tested prior to full 

scale design. 
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CHAPTER 2 

BACKGRQUND 

This chapter will illustrate some of the constraints 

involved in developing a process for remediation and the 

types of technology base that can be utilized. The 

environmental regulations that must be met will be 

discussed since the main goal of the process will be to 

meet these regulatory levels. Since extractive metallurgy 

will be an essential part of this process, some basic 

concepts from the mining industry will be reviewed. 

Finally, this chapter will illustrate some of the chemical 

concepts that will form the basis for the proposed unit 

processes. 

2.1 Environmental Regulations 

The development of a process and its implementation is 

a direct function of the regulatory requirements that must 

be met at a state and federal level. These requirements 

are general in nature but must be evaluated on a site 

specific basis. The basic factor is that no hazardous 

constituents remain in the soils based on the cleanup 

cri teria set forth by the environmental agencies. Since 

contaminated soils are the media that must be cleaned in 



24 

this project, the State of Arizona Health Based Guidance 

Levels (HBGLS) and EPA proposed corrective action levels 

for soils must be used. Table 2.1.1 illustrates the 

applicable environmental agency criteria. 

The State of Arizona HBGLs are based on soil ingestion 

risk and not on inhalation or direct contact risks. The 

levels are estimate~ to be preventive of a toxic dose by a 

systemic toxicant and protective to the 1 X 10-6 cancer risk 

level for carcinogenic compounds (4). The soil ingestion 

risk are are based on an average daily ingestion of soil 

during a lifetime of seventy years. 

The EPA contaminant levels are more stringent than the 

State of Arizona HBGLs because they are based on both long 

term direct contact and soil ingestion. The levels are 

Table 2.1.1 Applicable regulatory criteria. N/A means 
no data available. 

CONSTITUENTS 
STATE OF ARIZONA EPA ACTION LDR STANDARDS 

HBGL(mg/kg) LEVELS (mg/kg) (mg/l) 

ALUMINUM 1,500 N/A N/A 

ARSENIC 1,000 SO 5.00 

BARIUM 100,000 q,OOO 100.00 

CADMIUM 100 qO 1. 00 

CHROMIUM 2,000 qOO 5.00 

COPPER 26,000 N/A N/A 

LEAD qOO N/A 5.00 

IRON N/A N/A N/A 

MERCURY 40 20 0.20 

NICKEL 2,000 2,000 N/A 

SELENIUM 900 N/A 5.70 

SILVER 1,000 200 5.00 

ZINC 100,000 N/A N/A 
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determined based on a residential land use for the site 

with long-term direct contact and soil ingestion by 

children. For carcinogens, the action levels are 

protective to the 1 X 10-6 risk level. 

The Land Disposal Restriction (LDR) standards are 

based on the Best Available Demonstrated Technology (BDAT). 

The LDR standards have no risk basis, but rather are 

developed on the best level of contaminant removal 

attainable with existing technology. For soils, the 

Toxicity Characteristic Leaching Procedure (TCLP) protocol 

is used to determine the contaminant constituent 

concentration in the leach extract. The TCLP procedure 

involves an 18 hour leach with acetic acid and the filtrate 

is measured for contaminant levels in milligrams per liter 

(7). The concentration of the contaminant in the leachate 

must therefore be less than the specified level before it 

can be land disposed. 

Based on the above criteria and policy developed with 

the local state agencies, the EPA proposed action levels 

will form the basis of the clean-up criteria for this 

project. The action levels will dictate which elements are 

contaminants and must be removed and therefore will dictate 

the type of remediation process that must be developed. 
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2.2 Extractive Metallurgy 

Some of the unit processes that are utilized in 

extractive metallurgy include screening, thickening, and 

hydrocyclones. These processes each have unique 

characteristics and can be employed to meet specific 

mineral processing needs. Since the process developed in 

this project must remove metals from soils, these mineral 

processing unit processes will be an important aspect to 

preparing the soils for metal removal. 

The screening unit operation is based upon separating 

the particles based on their cross-sectional area. The 

dimensional difference between particles allow for rough 

volume separations to be made. The various types of 

screens include fixed inclined screens, revolving trommel 

screens, and horizontal or inclined vibrating screens. Dry 

screening can be utilized to make separations down to 1/4 

inch and wet screening can be used for particle sizes as 

small as 50 microns (2). The screening is performed by 

continually feeding the material to be sized to the screen 

surface. The particles ideally should encounter the screen 

surface several times while the screen transports the 

particles across its surface. Those particles whose 

dimensions are smaller than the perforations in the screen 

pass through the screen and are considered the undersize. 
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Figure 2.2.1 Section through a continous thickener 
illustrating thickening action. 
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Although the use of a screen to make a size separation 

may seem trivial, there are many interrelated variables 

that can make the efficiency and capacity hard to 

determine. pilot testing these units is essential to 

establishing the proper size and type of unit process 

required. The screen efficiency is the best known method 

for evaluating a screening performance. The efficiency can 

be calculated many ways, but the concept is based on the 

weight percent of true undersize in the feed that actually 

passes through the screening surface (2). 

Thickening is a method used to increase the solids 

concentration of suspended solids in a feed stream by 

gravity separation. Thickeners operate by the feed stream 
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entering a continuous thickener where the solids settle to 

the bottom and the clarified liquid overflows the top. 

Figure 2.2.1 illustrates a section through a continuous 

thickener (3). The feedwell is designed to insure that the 

feed stream enters in a quiescent condition and at the 

appropriate depth. The bottom of the tank is sloped to aid 

in concentrating the solids at the bottom. The overflow 

launder at the top collects the clarified liquid. The rake 

at the bottom of the tank moves settled solids to the 

discharge point and helps to increase underflow solids 

concentration (3). 

In order to increase the rate of settling for various 

elements, flocculating agents can be added. Common 

flocculating agents include Ca(OH)2 and A12(S04)3. The size 

of a thickener required can be determined by performing 

batch settling tests. These test determine the volume of 

solids brought to rest in a clear container over a given 

period of time. The settling rate can then be related to 

the area principle devised by Coe and Clevenger to 

determine the size of thickener required (2). 

The hydrocyclone is another unit process used 

extensively in the mining industry to accomplish size 

separation. Utilizing centrifugal, radial, and rotational 

forces, a liquid slurry can be fed tangentially into a 
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cylindrical section causing particles to move relative to 

each other. By varying components of the hydrocyclone, 

various particle size separations can be made. The 

particle size and density will determine if it reports to 

the overflow or underflow. The underflow is developed from 

the outward spiral that is formed along the wall of the 

cyclone. The overflow consists of the inner spiral which 

is traveling up through the vortex and exiting as the 

overflow. Figure 2.2.2 shows the details of a hydrocyclone 

and the inner and outer spirals making up the overflow and 

underflow. 

In the center of a cyclone an air core develops. With 
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Figure 2.2.2 Illustration of a hydrocyclone. 
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the various radial, centrifugal, and tangential forces 

acting on the fluid and particles, a particle equilibrium 

is established with the larger particles existing towards 

the wall of the cyclone and the finer particles travelling 

towards the air core. This phenomena results in the fines 

reporting to the overflow and heavier particles to the 

underflow. By varying the vortex and apex radius, angle of 

the conical section, and length of the cylindrical section, 

an appropriate size separation can be made. The percent 

solids of the slurry and the feed pressure must be constant 

to maintain a good particle separation. 

2.3 Chemical Concepts 

The development of 

contaminants from soil 

a process to remove metal 

involves concepts of aqueous 

chemistry. These chemical principles are based on 

thermodynamic tendencies and chemical equilibrium. This 

section is intended to discuss the relation of various 

equations and how they can be applied to understand various 

facets of the chemical process. 

The first principle is the relation between the change 

in Gibbs free energy and the electrode potential. When all 

species in the reaction are in their standard states, the 

measured redox potential of the cell is, to a good 
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approximation, equal to the standard potential of the 

reaction in the cell EO, which is given by 

Eqn 1. EO = -AGO/nF = (RT/nF)ln K 

where AGO is the standard Gibbs energy change in the 

reaction and K is the thermodynamic equilibrium constant of 

the reaction (5). The charge number for the reaction, n, 

is the number of electrons involved in the reaction. The 

standard state is defined as the unit standard 

concentration. 

The equilibrium constant K, for a reaction of the 

following type 

aA + bB + ... ~ cC + dD 

is written as follows 

Eqn 2. K 
[CJC*[DJd 

[A]a*[B]b 

where the brackets are the concentration for that element. 

The value of K will determine the equilibrium concentration 

for the elements reacting and being produced. A large 

value of K indicates that the concentration of products 

(the denominator) is much greater than the reactants 

(numerator). Therefore, we can assume at equilibrium that 

the reaction has proceeded to the right and that most of 

the reactants have been consumed. A small K value leads to 

the opposite conclusion and the reaction will not proceed 
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and therefore the concentration of the reactants is much 

greater than the concentration of the products. 

The concentration should be multiplied by a correction 

factor called the activity coefficient. The activity 

coefficient is a function of temperature and concentration 

and must be determined experimentally (6). For the 

purposes of this project, the coefficient will be assigned 

unity, and therefore, the concentrations of the reactants 

and products will provide the relationship with K. 

From Equations 1 and 2 above, one can relate the 

concentration of the reactants and products to the standard 

potential EO. The standard potentials for reactions are 

available in reference texts and can be utilized to 

determine the equilibrium concentration of the reactants 

and products from Equation 2. The EO data is normally 

written for half reactions with the hydrogen electrode as 

the reference. Therefore, the half reactions must be added 

to obtain the overall reaction and its associated EO. If 

the potentials are not avai lable, the standard free 

energies .1GO can be found in thermodynamic tables and 

Equation 1 can still be utilized. The free energy of the 

reaction, .1GO rxn , is the free energy of the products minus 

the free energy of the reactants. 
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The Pourbaix diagram or potential-pH diagrams can be 

used to understand the oxidation-reduction reactions to 

define phase stability regions. These regions-define what 

species will be present given the potential of the system 

and its pH. The diagrams are developed by the following 

equations 

Eqn 3. 

Eqn 4. 

E = EO - (RT/nF) InK 

pH = log (H+). 

Since the equilibrium constant K is the concentration of 

products over reactants, the concentration of hydrogen ion 

will be a portion of the equation and Equation 4 can be 

substituted introducing the pH dependency. These diagrams 

are constrained by the stability of liquid water. 

By using the above concepts, the reactions taking 

place in the unit processes can be evaluated. These 

concepts can be used to understand recovery values and 

constituent consumption based on concentration equilibrium 

and system variables such as pH and temperature. The 

stability of certain complexes can also be helpful in 

understanding the reaction components of the system. 

2.4 Previous Work 

Much of the work performed on metals 

contamination in soils has involved the analysis of a 
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metal's solubility, distribution, mobility, and potential 

for plant uptake in soil. This work has been heavily 

integrated into the soils science arena. The determination 

of certain parameters of a metal in a soil matrix was 

important in determining the long-term potent ial impact 

soil contamination can have on the environment. Metals 

such as lead, zinc, copper, nickel, and cadmium have been 

actively studied (16,17,18,19). 

There are only a few remediation projects that have 

developed innovative technologies for remediating 

contaminated soils. Many of these technologies have 

focused at organic soil contaminants such as those found in 

the pesticide and wood preserving industries. Those 

technologies that have been developed for inorganic 

contaminants often remove the metal contaminant as a 

precipitated sludge which is then land disposed (8). 

The recovery of a metal contaminant as sludge instead 

of being removed and recovered for recycling has a major 

impact on the chemistry that can be utilized for 

remediation. If the metal contaminant is going to be 

removed as a sludge and land disposed, chelating agents and 

other chemicals which would make final metal recovery 

difficul t can be used. If the metal is going to be 

recovered for recycling, the metal should be recovered from 
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the soil with a method that allows for the metal to be 

removed in a secondary process as purely and inexpensively 

as possible. For example, a metal removed utilizing a 

chelating agent can be very difficult to recover since the 

chelated bond is normally very stable and difficult to 

separate. 

Chelating agents do provide, however, the ability to 

reuse agents for mUltiple recoveries and become more viable 

for larger and more concentrated contaminated areas. 

Norvell studied and compared five chelating agents for 

extracting aluminum, iron, manganese, zinc, cadmium, and 

nickel in twenty five diverse soils (20). Although some of 

the chelating agents proved effective, limitations in 

chelating capacity and soil characteristics as well as 

costs impact the ability to implement these chemistries. 

Two soil acid washing projects presently being 

developed under the innovative technology program are too 

preliminary to have data available. The process presently 

available from Alternative Remedial Technologies, Inc. is a 

soil washing process that removes inorganic contaminants in 

a sludge form. The process has been pilot tested with 

1,000 tons of stockpiled soils and is presently under full 

scale operations to remediate soils primarily contaminated 

with chromium, copper, and nickel. This process utilizes 
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size separation techniques, hydrocyclones, and flotation to 

remove the fines containing the contaminants from the soil 

matrix. The fines are then dewatered into a dense sludge 

cake (21). The process, however, does not allow for 

recovery of the constituents from the sludge. Selective 

removal of contaminants or leaching with a media to allow 

for selective contaminant recovery is a new 

remediation methodologies. Typically, the 

concept to 

ability to 

remove the contaminants in a sludge form and reduce the 

volume requiring disposal is a large enough cost benefit 

that further processing is not desired. 

Typical soil remediation processes are incineration, 

stabilization, in-situ vitrification, and soil flushing. 

Incineration or thermal treatment involves the burning of 

the soil waste which normally contains inorganic as well as 

organic contaminants. The organics are recovered as 

volatiles and the metals are fixed into a glass or slag 

matrix that is then disposed. Since the soils of concern 

do not contain organics and the cost associated with 

thermal treatment is expensive, it was not considered 

further for this application. In addition, the State of 

Arizona recently expressed its adverse opinion to 

incineration within the state. 
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Stabilization is the use of chemical constituents to 

bind the contaminant wi thin a solid matrix. The matrix 

insures that no migration or leaching of the contaminant 

can occur reducing the toxicity of the waste. Typical 

solidification agents include Portland cement, gypsum 

cement, impregnated concrete, and polymers. Proprietary 

agents are also common for specialized fixation 

chemistries. A major drawback to the fixation methodology 

is the volume increase when the material is fixed. Large 

concrete or polymer blocks are produced which require 

leachability testing to insure the contaminant has been 

fixated. This process was not considered further since it 

does not provide for recovery of the metal contaminant and 

it results in a large volume increase. 

In-situ vitrification involves the use of electrodes 

to melt the waste in place which binds the contaminants 

into a glassy solid matrix. A hood is required over the 

contaminated area to collect any volatiles. Graphite or 

glass frit is placed between electrodes on the surface to 

act as an electrical starter circuit. This methodology was 

not pursued due to the large area of contamination involved 

and the high energy consumption of the process. 

Soil flushing is similar to soil washing except it is 

performed on unexcavated soils. The solvent solution is 
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injected into the soil matrix to solubilize the 

contaminants. The solution is then withdrawn by extraction 

wells and the solution is treated. This process has been 

more suited to volatile organics which can be easier to 

solubilize. 

A technique used in this research involves the use of 

the hypochlorite ion or hypochlorous acid as an oxidizing 

agent to oxidize chromium from the trivalent to the 

hexavalent state. The use of chlorine or hypochlorite has 

been utilized in the gold industry to leach gold ores by 

oxidation. This process was replaced by cyanidation in the 

early nineteen hundreds (10). 

The use of hypochlorite solutions to remove metal 

contaminants was evaluated by Tuln and Tels in 1990 (13). 

Their research focused on using acid, EDTA, or hypochlorite 

solutions to remove heavy metals from contaminated clay 

soils. The use of the hypochlorite ion to oxidize the 

chromium from the trivalent state to the hexavalent was 

attempted to increase its solubility. Chromium present in 

soil is usually in the trivalent state since any hexavalent 

chromium would normally be reduced by the organic media in 

the soil. The trivalent chromium existing in the soil 

would ultimately form chromium hydroxides or oxides. Due 

to the insolubility of these chromium species in typical 
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acids used for soil washing, oxidation to the more soluble 

hexavalent state would allow for easier recovery. 

Due to the higher standard reaction potent·ial for Cr+3 

oxidation under basic conditions, Tuln and Tels used a pH 

of around 8 for the extraction. The largest extraction 

obtained was 80% removal at a pH of 8.5 and a solution 

temperature of 80 degrees Celsius. Non-heated solutions at 

a pH of 8 had a typical chromium removal of 43%. Although 

this research used an alkaline solution due to a higher 

reaction potential, our research focused at an acidic 

condition in which hypochlorous acid is the oxidant and not 

hypochlorite. The positive results achieved by Tuln and 

Tels, even though 100% recovery was not achieved, 

illustrated the ability to oxidize the chromium to a more 

soluble state. Therefore, if proper size separations and 

primary processing are performed, the recovery rate may be 

increased without the use of elevated temperatures. 

Some bench level testing was performed to determine 

the applicability of Ion Exchange for soils remediation. 

Once the metals were leached from the soils, Ion Exchange 

could be employed as a method to recover the metals from 

the leachate. Both a cationic chelating resin and a strong 

base anionic resin were tested for their ability to recover 

heavy metals from a synthetic waste solution at pH 1.5. 
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The cationic resin was effective in removing greater 

than 98% of the cadmium, chromium, copper, iron, and nickel 

from the synthetic solution. The anionic resin was not 

effective in removing chromium, iron, and lead. Although 

the cationic resin was successful in removing the metals, 

selective recovery of the metals from the resin during 

backwashing was not. Since it was initially desired to 

recover the metals separately, Ion Exchange was not 

considered any further. 
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CHAPTER 3 

OBJECTIVE 

The objective of this research was to develop a 

process that could clean 

wastes. This included 

contaminants, the level 

soils contaminated with metal 

the identification of the 

of contamination, and the 

development of a process that could remove the metal 

contaminants of concern. The environmental regulations 

dictated the process performance to insure all acceptable 

regulatory levels were met. The process flow from this 

research would be used to construct a pilot system to test 

for full scale design requirements. 
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CHAPTER 4 

EXPERIMENTAL PROCEDURE 

The experimental procedure used for this research 

project was developed in three sections. The first section 

determined the metal contaminants and their respective 

quantities. These quanti ties were then compared to the 

environmental regulations to define those contaminants that 

required removal from the soil and to what level. 

The second section evaluated three acids for an acid 

leach process focused at removing both the contaminant 

metals that were above the EPA allowed levels as well as 

those elements that could have potential reuse in other 

industries, even though they met all environmental 

constraints. 

The third section developed a process focused at 

removing only those contaminants that were above the 

environmental allowable levels, and therefore, required 

treatment. As in the second section, a major goal of this 

recovery process was to insure the contaminants were 

recovered at a purity that would allow for reuse. 
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SECTION 4 . 1 . CONTAMINANT SCOPING 

Soil samples, taken from the contaminated site, were 

cone and quartered and screened at 1/2 inch. The minus 1/2 

inch material was blended thoroughly and split into 1 Kg 

sample charges. A head assay was used to determine the 

total metal contaminants in the sample. The head assay was 

determined by performing a total metals digestion on a 500 

gram sample with acid. 

rinsed. The filtrate 

absorption (A.A.) to 

Analytical procedures 

Appendix C. 

The slurry was then filtered and 

was then 

measure the 

analyzed using atomic 

quantity of metals. 

for metals analysis are shown in 

A sample was then screened to develop a screen assay. 

The screens used were 1/4 inch, 10M, 48M, 100M, 200M, 325M, 

and minus 325M. Retained soils on each screen were then 

analyzed, as discussed above, for metal contaminant content 

to determine the location of the contaminants within the 

soil size fractions. This screen analysis was important in 

determining which size fractions would require treatment 

and if size separations would be required in the process. 

SECTION 4.2. ACID LEACHING 

The evaluation of sulfuric, hydrochloric, and oxalic 

acid at pH values of 0.5, 1.0 and 1.5 for leaching the 
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metal contaminants was then performed. The leach test was 

performed by Bottle Roll Leaching for two hours in a glass 

bottle with 50 grams of minus 325 Mesh soil sample at 30% 

solids with Deionized water. The leaching acid was added 

to maintain the pH at the testing values. Following the 

leach, the slurry was filtered and the filtrate analyzed 

with A.A. to determine the metal contaminant concentration. 

From these scoping test, the best acid was chosen for 

further leaching test. 

Sulfuric acid was chosen as the best leaching acid 

from the two hour scoping test. Additional Bottle Roll 

Leaching test were then performed with 500 gram samples at 

30% solids with Deionized water and sulfuric acid at 

solution pH values of 0.5, l.0, and 1.5. The leach time 

was extended to 24 hours and samples were taken at 6, 8, 

and 24 hours. Approximately 10 mls of filtrate was 

obtained at the desired sampling time by filtering a small 

sample of the test slurry and returning the solids to the 

bottle leach. The sample filtrate was analyzed using A.A. 

for the specific metal contaminants. 

Based on this acid leach data, a process scheme was 

created to evaluate the various aspects of the process. 

This process was then compared to the alternative process 

developed in Section 3. 
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SECTION 4.3 HYPOCHLORITE LEACH 

From the assay analysis, it was determined that the 

only contaminant exceeding the EPA levels was Chromium. 

Therefore, a process scheme was developed utilizing a 

hypochlorite leach and a hydroxide precipitation to remove 

and recover only the chromium. 

The first step involved developing a new size analysis 

to insure the proper size fraction containing the chromium 

was identified. Screening was performed with 3/8", 10M, 

100M, and 20 micron separations. Each size fraction was 

analyzed by acid digestion and A.A. to determine the parts 

per million levels of Cr, Cd, Cu, and Ni. 

methods are shown in Appendix C. 

The analytical 

The hypochlorite leach was then tested to determine 

the recovery of chromium based on chlorine consumption and 

leach time. A minus 325M sample at 45% pulp density was 

attritioned for 15 minutes by mixing. The attritioned 

sample was then slurried with Deionized water to create a 

500 gram leach sample. To determine the opt imum pulp 

density, the pulp density percentage was varied between 10% 

and 25% by controlling the amount of water versus minus 

325M attritioned sample. The 500 gram slurry sample was 

then sparged with chlorine gas to the desired concentration 

of chlorine in solution. The amount of chlorine was 
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metered into the solution over a specific time at a 

constant rate with the slurry sample being agitated with 

mixing blades. The pH of the slurry was monitored and 

sodium hydroxide or sulfuric acid was added to maintain the 

pH between 5.5 and 6.0. 

Thief samples were taken to measure the chlorine 

concentration and the amount of chromium that had been 

leached into solution. The Thief sample was filtered and 

the solution analyzed with A.A., as illustrated in Appendix 

C, to determine the chromium concentration. At the end of 

the leach, the sample pH was increased to B.O with NaOH to 

precipitate any unwanted metals that may have leached into 

solution. The amount of residual chloride was measured 

during the process since it must be reduced during the 

redox process. The amount of free chloride in the 

solution was measured by precipitating the chromate and 

titrating the filtrate. The procedures for free chlorine 

analysis are shown in Appendix D. The filtrate from the 

leach was tested with A.A. to determine the amount of 

chromium recovered. 

The leachate was then tested for chromium reduction 

using Na2HS03 and Na2S204 as reductants. The pH was first 

reduced to between 2.0 and 4.0 with the addition of Na2HS03. 

At 13 gil Na2HS03, Na2S204 was added in increments of 0.05 
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grams per liter to complete the chromate reduction. The 

redox potential and pH of the solution were measured during 

the addition of the reductants. The redox potential was 

measured using a Ag/AgCI couple at 4M KCI reference. The 

reduction process was then followed by precipitation of the 

chromium as a chromium hydroxide or oxide cake by the 

addition of sodium hydroxide. The pH of the solution was 

then increased to 9.0 with 50% NaOH to precipitate the 

chromium. The chromium cake was then filtered and the 

filtrate was analyzed with A.A. to determine the percent 

chromium recovered in the precipitation. Since the 

filtrate is recycled back to the process water, any 

unrecovered chromium will stay within the process train and 

eventually be recovered. 

In order to understand the most stable form of the 

various metal constituents during processing, Pourbaix 

diagrams were developed. The species that would exist at 

various stages of processing could determine wether the 

metal species would remain in solution or precipitate out. 

This was important in understanding how the purity of the 

recovered metal species could be obtained. A modified 

linear programming method developed by Dr. B.H. Rosof at 

Cabot Corporation in 1974 was utilized to develop the 

diagrams (23). 
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The Rosof program utilizes data on composition and 

free energy of formation for the chemical· species. A data 

file containing the free energy data and composition of the 

various species is modified by the user to incorporate any 

species the user may desire. The temperature must also be 

included since the program can develop Eh-pH diagrams for 

systems at different temperatures. Once the data file is 

developed, a "BLOCKR" program is used to write the data 

file in random access format. The ROSOF program can then 

be executed. 

The ROSOF program utilizes the random access file of 

data and a linear optimization algorithm to generate the 

Eh-pH diagrams. The algorithm methodology is shown in 

Appendix G. 

In addition to the Pourbaix diagrams, the free energy 

of the various chemical reactions involved and their 

associated equilibrium constants were calculated to 

determine the theoretical tendencies for the reactions to 

occur. These calculations helped to better understand the 

stabili ty of certain species and the extent to which 

equilibrium conditions could effect the recovery of certain 

constituents. 

The contaminant levels within the chromium cake were 

determined to insure the required purity for reuse was 
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obtained. The cake was analyzed with Emission 

Spectrographic Analysis to determine the makeup of the 

cake. 

Based on the required unit processes to meet the 

desired size separation and the results of the hypochlorite 

leach and precipitation, a mass balance based on treating 

500TPD of contaminated soils was developed. The size and 

model for each unit process was obtained by either bench 

testing or reviewing file data on similar processes. The 

size separation was very important in insuring only those 

fractions containing the chromium were treated by the leach 

circuit. The data for final process design will be 

obtained from the pilot study which is based on the results 

of this research. 
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CHAPTER 5 

RESYLTS AND PISCYSSION 

SECTION 5.1. SCOPING RESULTS AND DISCUSSION 

The initial portion of this research evaluated the 

soil assays to identify the quantities and location of the 

metal contaminants within the soil. There were no organic 

contaminants in the soil that required considerat ion. 

Table 5.1.1 illustrates the head assay from the 

contaminated soil. Only those elements close to the EPA 

action levels are shown. All other contaminants were well 

below the EPA action levels. Copper was shown due to its 

potential reuse since it is not a hazardous constituent. 

The head assay identified those metals that had to be 

considered for removal from the soil to meet regulatory 

guidelines. The N/A means the constituent was already 

below the regulatory guidelines. The number shown as a 

percentage is the amount of removal required to meet the 

TABLE 5.1.1 Head assay from soil sample. 

CONSTITUENT CONCENTRATION EPA ACTION REMOVAL 
IN (mg/Kg) LEVEL (mg/Kg) (%) 

CHROMIUM 3045 400 87.00 
COPPER 2365 N/A N/A 

CADMIUM 30 40 N/A 
NICKEL 60 2000 N/A 
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regulatory guideline. This first conceptual process was 

focused at removing all metal constituents for reuse 

purposes. The only contaminant that required removal to 

actually meet regulatory guidelines was chromium. 

Evaluating the head assay, chromium would require 87% 

removal to meet the 400 PPM regulatory level. 

In order to determine which size fraction of the soil 

the contaminants were residing, a wet screen or sieve 

analysis was performed. Table 5.1.2 shows the results from 

the sieve analysis. From examining Table 5.1.2, it was 

apparent that the majority of the contaminants were within 

the minus 325 mesh fraction or fines. Therefore, any 

treatment scheme should include primary screening and 

washing so that only the fines required further processing. 

The oversize from the screening would meet regulatory 

levels and could be returned to the site. 

TABLE 5.1.2 Sieve analysis for soil sample. 

SCREEN SIZE CONSTITUENT DISTRIBUTION % 
CHROMIUM COPPER CADMIUM 

PLUS 1/4" 0.05 0.32 0.30 
1/4" x 10M 0.69 0.47 1. 67 
10 X 4BM 1.53 1.5B 2.27 

4B X 100M 0.69 0.B5 1. 02 
100 x 200M 2.64 3.04 3.05 
200 X 325M 1. 7B 2.10 2.14 
MINUS 325M 92.63 91.63 B9.54 
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TABLE 5.2.1 Evaluation of acids for leaching. 

EXTRACTION % 

ACID pH CHROMIUM COPPER CADMIUM 
HYDROCHLORIC 1.5 5.9 51. 7 81.3 

1.0 12.5 62.0 81.3 
0.5 43.3 67.4 96.5 

SULFURIC 1.5 20.0 62.0 76.1 
1.0 52.5 67.3 81.3 
0.5 71. 9 73.2 86.1 

OXALIC 1.5 21.4 3.8 1.5 
1.0 53.6 4.2 0.5 
0.5 71.9 3.0 17.4 

SECTION 5.2. ACID LEACHING RESULTS AND DISCUSSION 

Table 5.2.1 provides the leaching results for 

sulfuric, hydrochloric, and oxalic acid at 0.5, 1.0, and 

1.5 pH values. Oxalic acid leached the chromium to 72% but 

did poorly when leaching the copper and cadmium. Reviewing 

Table 5.1.1, the chromium concentration must be reduced by 

87% in order to meet the regulatory level for chromium of 

400 ppm. Hydrochloric acid only leached 43% of the 

chromium but did fairly well when leaching the copper and 

cadmium. The sulfuric acid leached all three constituents 

the best, even though the chromium extraction was at 72% 

and 87% extraction was required to meet the maximum 

allowable concentration of 400 ppm chromium. As expected 

for all three acids, decreasing the pH increased the 

recovery for all metal contaminants. 
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The use of hydrochloric acid was eliminated due to its 

inability to leach the most important contaminant, 

chromium. Both oxalic acid and sulfuric acid had the same 

ability to leach chromium, but oxalic acid was not able to 

leach the copper or cadmium. Therefore, sulfuric acid was 

chosen as the best possible acid for the desired leaching 

process. 

Table 5.2.2 shows the percent of contaminant removed 

by sulfuric acid versus pH and leach time. Recalling that 

chromium must have 87% removal to meet the 400 ppm of 

chromium allowable by the regulatory criteria, the 0.5 pH 

sulfuric removed 98% of the chromium after 24 hours of 

leaching. Unfortunately, the 0.5 pH equated to 1,074 lbs 

of acid for every ton of soil requiring treatment. The 1.0 

pH sulfuric removed 86.6% chromium after 24 hours but only 

TABLE 5.2.2 Percent extraction using sulfuric acid at 
various leach times and pH. 

EXTRACTION % ACID 
pH TIME (HRS) CHROMIUM COPPER CADMIUM CONCENTRATION 

6.0 12.7 54.3 57.6 
1.5 8.0 17.6 64.1 66.9 276 Ibs/ton 

24.0 20.1 64.1 72.4 

6.0 79.7 78.0 70.8 
1.0 8.0 71.4 70.1 60.7 390 Ibs/ton 

24.0 86.6 81. 9 75.5 
6.0 86.6 79.0 73.9 

0.5 8.0 81. 2 73.0 64.6 1,074 Ibs/to 
24.0 98.1 82.9 73.9 
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required 390 lbs of acid per ton of soil to be treated. 

Extrapolating the leach data for sulfuric acid at pH of 1.0 

would result in a greater than 87% removal for chromium 

thereby meeting the 400 ppm maximum allowable chromium 

concentration that could remain in the soil. Therefore, it 

would be better to increase the leach time of the 1.0 pH 

acid to 36 hours instead of using the 0.5 pH acid which 

resulted in a large acid consumption. 

The conceptual process flow for the acid leach would 

invol ve making a size separation at approximately minus 

325M and washing the oversize. The oversize could be 

considered cleaned and returned to the site. The minus 

325M material would proceed to the leach circuit. After 

leaching for 36 hours for metal contaminant removal, the 

leachate would be separated and would proceed to the metals 

recovery circuit. Figure 5.2.3 illustrates the conceptual 

metal recovery process flow following the acid leaching 

procedure. 

Since the leachate would be at approximately a pH of 

1.0, the copper would be recovered in the first tank by 

cementation. The second tank would raise the pH to 4.5 

with sodium hydroxide and precipitate a iron/chromium 

complex. The third recovery tank would raise the pH to 

10.5 with sodium hydroxide and the remaining heavy metals 
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would precipitate as a mixed metal hydroxide. The 

resulting stream would contain sodium sulfate which could 

be recovered in an evaporator. A second alternative was to 
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add lime and form calcium sulfate or gypsum which could be 

pelletized for resale. 

Before extensive pilot testing of these results, an 

extensive process review was performed. This process 

review illustrated many problems with the proposed process. 

When performing the cementation process, scrap steel or 

steel wool was used to exchange with the copper in 

solution. Therefore, the copper plates onto the steel wool 

and the iron goes into solution. Introducing iron into the 

solution when enough already exist to perform the 

chromium/iron complex would result in additional 

consumption of hydroxide when all of the mixed metal 

hydroxide precipitation occurs. The iron/chromium 

precipitation performed in the second recovery tank may 

require further processing to remove contaminants to insure 

its reuse in other industries. 

In general, the desire to recover all of the metals 

due to potential reuse instead of just removing chromium 

since it is the only contaminant that does not meet the 

regulatory levels results in an excessive consumption of 

acid and sodium hydroxide. In addition, the large volume 

of by-products (sodium sulfate) must be dealt with. The 

contaminant levels within the by-products would probably 

eliminate any resale value for the by-product. The leach 
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process does provide a valid process for recovering the 

metals from the soils and results in a clean soil meeting 

regulatory requirements. However, it was felt that an 

alternative process could be developed that would remove 

only the chromium in a state that would allow for its reuse 

while meeting all regulatory requirements. Although other 

metals such as copper may not be recovered, the alternative 

process would meet the objective of cleaning the soils to 

EPA required levels. The alternative process developed was 

the hypochlorite leach process. 

SECTION 5.3 HYPOCHLORI'l'E RESUL'l'S AND DISCUSSION 

The development of the hypochlorite process was begun 

after determining that the acid leach was going to create 

additional wastestreams that would be difficult to manage. 

Since new samples were taken for the hypochlorite process, 

a new sieve analysis was performed. The importance of 

determining exactly what size fraction the chromium existed 

within was important to insure only the required soil 

fractions were leached. Table 5.3.1 illustrates the metal 

contaminants and soil size fractions obtained from the new 

soil assays. From evaluating Table 5.3.1, it was 

determined that the chromium was within the minus 20 micron 



Table 5.3.1 Size fraction analysiS for the hypochlorite 
process. 

METAL ANALYSIS (PPM) 
MESH WEIGHT % Cr Cd Cu Ni 

PLUS 3/S" 3.6 50 <10 50 5 
3/S"/10M 24.2 50 <10 100 10 
10M/100M 19.8 2S0 <10 175 30 

100M/20microns 16.4 390 <10 3S0 60 
MINUS 20 mierom 36.0 2220 30 2160 100 
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slimes. These same results were obtained from the acid 

leach process soil sieve analysis developed earlier. 

S. 3. 1 MATERIAL BALANCE 

The first step in the process sequence was to make a 

20 micron cut to separate the slimes from the soils. Once 

the slimes had been separated, they would be directed to 

the leach circuit where the hypochlorite leach process 

would be applied. The leachate would be pH adjusted to 

approximately 8.0 to help precipitate any unwanted metals 

that may have leached. The leachate would then go through 

countercurrent decantation and the liquid, containing the 

chromium now in the hexavalent state, would be directed to 

the redox process tanks. At the redox tanks, sulfur 

dioxide would be added to reduce the chromium to the 

trivalent state. Once the reduction is complete, sodium 

hydroxide would be added to increase the pH to between 8 

and 9 to aid in the precipitation of the chromium. 
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Since the slimes fraction contain the chromium, a 

process scheme was developed that would provide a size 

separation at 20 microns. By using screening techniques to 

eliminate the large oversize material and hydrocyclones for 

the slimes separation, a 20 micron separation was made. 

Appendix A contains the block flow diagram for the soils 

process. By using bench scale unit processes and process 

estimations, a material balance was developed. The 

material balance, contained in Appendix B, is referenced to 

the block diagram in Appendix A by stream number. 

Although the specifics of each size separation unit 

process will not be discussed, they are important in 

determining what constituent and feed rates will be 

expected for the hypochlorite leach and chromium 

precipitation processes which will be covered in detail. 

Figure 5.3.2 is a summary material balance for the soils 

process. This summary shows the amount of chromium being 

recovered and the quantity reporting to the tails. The 

reader should refer to the diagrams in the Appendices to 

understand the specific contaminant flows and volumes for 

the unit processes being reviewed. 

Following the chromium concentration through the 

material balance was important in understanding the amount 

of chromium that must be treated. Referencing the stream 
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numbers, the amount of chromium entering the leaching 

process, stream number 22, was 32.8 lbs/hr in the solids. 

Since the flow rate of solids was 14,500 lbs solids/hr, 

this equated to 2260 ppm as shown by the following: 

2260ppm 2.3 g Cr3+ * 
Kg soil 

1000 Kg soil 
g soil 

o . 0023 9 Cr3+ 
g of solids 

o . 0023 Ibs Cr3+ 
lb of solids 

lbs Cr3+ 
hr 

0.0023 Ibs Cr3+ 14500 Ibs 
* Ib of solids hr 

o . 0023 9 Cr3+ 
g of solids 

32.8 lbs Cr3+ 
hr 

Therefore, the hypochlorite leach would be required to 

treat 32.8 Ibs/hr Cr3+ or 2260 ppm in the solids. The same 

calculations can be done for the redox reactor feed shown 

as stream 29. This stream has 26.8 Ibs/hr Cr 6+ in the 

liquid phase and a flow rate of 150 gpm. This equates to 

360 ppm Cr6+ that will require S02 for reduction. 

Utilizing chlorine to oxidize precipitated Cr+ 3 to 

chromate Cr+ 6 is a unique approach for remediation 

technologies. The Cr+3 exist in the soils as Cr(OH)3 which 

has a very low solubility. By leaching a soils solution of 

Cr(OH)3 with chlorine gas, the chromium will oxidize to the 

hexavalent state and go into solution. The solution or 

leachate can then be separated for further processing. The 
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leachate is then treated with 502 which reduces the 

chromium back to the trivalent state. By raising the pH 

with sodium hydroxide, the chromium can be recovered as a 

relatively pure chromium precipitate. In order to insure a 

clean precipitate, 

leaching so that 

precipitate. 

the pH will be raised after chlorine 

all of the metals except chromium 

5.3.2 CHROMIUM LEACHING 

CHLORINE CHEMISTRY 

To understand the chemistry associated with the 

hypochlorite leaching unit process, the hypochlorite 

chemistry was investigated. For the chlorine chemistry, 

the following reactions were proposed: 

RXN 5.3.1 

RXN 5.3.2 

Reaction 5.3.1 illustrates the formation of hypochlorous 

acid when chlorine reacts with water. Once the 

hypochlorous acid is formed, the dissociation of the 

hypochlorous acid to form the hypochlorite ion, reaction 
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Figure 5.3.3 Dissociation curve of hypochlorous acid (10). 

5.3.1, dictates which reactions will occur with the 

chromium. In mildly acidic conditions, hypochlorous acid 

is the oxidant since no dissociation occurs (9). Figure 

5.3.3 shows a curve illustrating the dissociation of 

hypochlorous acid versus pH (10). Around a pH of 5.5, the 

dissociation into the hypochlorite ion begins. For our 

hypochlorite leach, which was performed between pH 5.5-6.0, 

only 2% to 5% of the hypochlorous acid will dissociate to 

the hypochlorite ion. Therefore, we can assume that the 

hypochlorous acid was the oxidant for the chromium 

compound. 
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Figure 5.3.4 Eh-pH diagram for the Chlorine-Water 
system at 298K. The concentration of 
chloride is 1*10-4 M (22). 
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Figure 5.3.4 shows the Eh-pH diagram for the Chlorine-

Water system at 298K. This diagram was constructed for a 

total chloride concentration of 1*10-4 moles per liter. It 

may be seen from the diagram that Cl- is converted to HOCl 

or OCl- under highly oxidizing conditions (i.e. high values 

of Eh). For example, at a pH of 6, the Eh is approximately 

1.3 Volts . for the conversion from Cl- to HOCl. The 
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equilibrium line between OC1- and Cl- at a pH of 8 occurs at 

an Eh value of 1.25 Volts. 

The conversion between hypochlorous 

hypochlorite is shown to occur at a pH of 7.5. 

acid and 

This is the 

same pKa value shown in Figure 5.3.3. In addition, a small 

stability region for Cl2 (aq) exist at low pH values and 

high values of Eh (1.5 Volts). 

The reactions discussed above are not the only 

reactions for the chlorine chemistry involved. However, 

they are the main reactions and will be the only ones 

considered for the chromium reactions. 

LEACH RESULTS AND CHEMISTRY 

Table 5.3.5 illustrates the hypochlorite leaching 

results at a pH maintained between 5.5 and 6.0 for varying 

leach times, chlorine concentrations, and percent solids. 

About 85% of the chromium was oxidized to the hexavalent 

state at ambient temperatures with a leaching time of 8 

hours while supplying 40 to 50 cubic feet per minute of 

chlorine at 70 pounds per ton of solids. These chromium 

recovery results meet the required EPA levels since only 

332 ppm of chromium reported to the process tails with a 

feed of 2,262 ppm. The residual chlorine for these 

recovery rates was 1.2 grams per liter. 
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TABLE 5.3.5 Summary of chlorine leach test results. The 
pH of the test solutions were maintained 
between 5.5 - 6.0. 

LEACH WEIGHT PULP DENSITY INITIAL C12 FINAL C12 
TEST * (GRAMS) (%1 (a/100a solid) (a/100a solid) 

71 2852 25 4.0 1.6 
28 500 25 4.0 1.6 
26 500 25 2.0 0.8 
16 500 20 6.0 4.0 

32a 500 20 2.0 1.0 
32b 500 20 2.0 1.0 
18 500 20 2.0 1.0 
22 500 20 1.5 0.5 
24 500 20 1.0 0.5 
30 500 10 4.0 2.0 

LEACH Cr. IN SOIL Cr IN % EXTRACTION 
TEST * TIME (Hr.) FEED (PPM) TAILS (PPM) OF Cr 

71 6.6 2800 480 83 
28 6.8 2110 360 83 
26 8.0 2110 572 72 
16 2.0 2260 768 66 
32a 7.0 2110 630 70 
32b 7.0 2110 590 72 
18 5.0 2260 650 71 

22 4.0 2280 1010 59 
24 4.0 2280 1040 60 
30 7.0 2110 720 64 

Since the chromium exist as a hydroxide, the following 

reaction with hypochlorous acid was proposed: 

RXN 5.3.3 2Cr(OH)3 + 3HClO 

With the chlorine and chromium oxidation reactions defined, 

the electrochemical and thermodynamic data was evaluated to 

determine the thermodynamic potential for the reactions. 
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The Eh-pH diagram for the Chromium-Hypochlorous Acid

Hypochlorite-Water system is shown in Figure 5.3.6. The 

system includes hypochlorous acid as the oxidant up to a pH 

of 7.5. From pH 7.5 to 14.0, the hypochlorite ion is 

considered the oxidant. This was required due to the 

formation of hypochlorous acid at lower pH values and the 

dissociation to the hypochlorite ion at more alkaline pH 

values. The pKa for the hypochlorous acid/hypochlorite 

system as shown by Reaction 5.3.2 and Figure 5.3.3 was 

approximately pH 7.5 and therefore was chosen as the point 

between hypochlorous acid and hypochlorite as the oxidant 

species. This diagram is at 298K with a hypochlorous acid 

and hypochlorite concentration of 0.01 moles per liter and 

a chromium concentration of 1 *10-2 moles per liter. For 

development of the Eh-pH diagram, all aqueous chromium 

species were set equal to 1*10-2 moles per liter. 

From this equilibrium diagram, the redox potential of 

the solut ion was evaluated to determine the chromium 

species that would exist. During the leaching process the 

redox potential of the solution was measured at 1180 mV at 

a pH of 5.9. Applying these points to Figure 5.3.6 results 

in the equilibrium chromium species being HCr04 - as 

predicted by chemical reaction 5.3.3. Therefore, as was 

predicted, the trivalent chromium oxidized to the soluble 
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Figure 5.3.6 Eh-pH diagram for the Chromium-Hypochlorous 
Acid-Hypochlorite-Water system at 298K. The 
concentration of all aqueous chromium species 
is 10-2 moles per liter. The concentration 
of hypochlorous acid and hypochlorite is 
O.OlM. Hypochlorous acid exist up to a pH of 
7.5 and hypochlorite from pH of 7.5 to 14.0. 

HCr04- species which allows for the desired liquid solid 

separation with the recoverable chromium being in the 

solution phase. 

The chromium oxidation reaction based on the work done 

by Tuln and Tels showed the following two reactions based 

on the pH of the system(13): 

BASIC: 2Cr(OH)3 + 3CIO- + 40H-
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ACIDIC: 2Cr3+ + 3HCIO + 4H20 

Since we are leaching at a pH of 5.5 to 6.0, the acidic 

reaction would apply. However, the thermodynamics of the 

system as shown in the Eh-pH diagram for Chromium

Hypochlorous Acid-Hypochlori te-Water, Figure 5.3.6, the 

stable oxidized chromium species is HCr04-. Therefore, the 

oxidation reaction of the chromium hydroxide for acidic 

conditions should be Reaction 5.3.3. 

The chromium oxidation reaction shown as Reaction 

5.3.3 is characterized by an equilibrium constant of 

6.2*1035 . This large positive K value illustrates that the 

thermodynamic equilibrium of the reaction favors the 

reaction to the right and the oxidation of Cr+ 3 to Cr+6. 

This large equilibrium constant results 

Cr+ 3 being oxidized to the HCr04-

in any available 

species. All 

thermodynamic data used for these calculations and for 

development of the Eh-pH diagrams are shown in Appendix E 

(5). The actual calculations of the equilibrium constants 

are shown in Appendix F. 
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THEORETICAL REAGENT CONSUMPTION 

There are certain physical and chemical factors acting 

during this leaching procedure that must be evaluated to 

understand the amount of chromium that can be recovered and 

how these factors may influence the overall chemical 

process. The first of these is the solubility of the 

chlorine gas in the aqueous solution and its impact on the 

amount of hypochlorous acid that will be produced. At 

ambient temperatures and one atmosphere pressure, the 

solubili ty of chlorine gas in water is approximately 6 

grams per liter (11). The process quantity of chlorine gas 

that performed the optimum chromium recovery was 70 pounds 

or 31,780 grams of chlorine gas per ton of soils. At 25% 

solids, this equates to about 8.7 grams of chlorine gas per 

liter of water. Although the solubility of chlorine gas in 

water has been exceeded, some of the chlorine gas has been 

consumed to form hypochlorous acid. No chlorine gas was 

emitted from the test solutions but since the solubility 

has been exceeded, chlorine gas emissions must be monitored 

closely. 

Since the leaching procedure is carried out in an open 

vessel (not under pressure), the partial pressure of 

chlorine gas is one atmosphere. This is important when 
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evaluating the thermodynamics of Reaction 5.3.1 since the 

equilibrium constant is equal to: 

K 
[H+]*[Cl-]*[HOCl) 

PC12 

Since the partial pressure of chlorine gas is one 

atmosphere and K is equal to 2.7*10- 5 , the equilibrium 

concentration of HOCI will be 0.03 moles per liter (12). 

Since we have assumed that no dissociation to OCl- occurs 

at pH 5.5, the concentration of HOCl can be considered the 

reacting concentration for oxidizing the Cr+3 to Cr+6 • 

The amount of HOCl that is theoretically required to 

oxidize the chromium can be calculated as follows; 

Feed 2260 ppm in solids, @ 25% solids: 

0.0023 g Cr3+ * 0.25 g soil * 1 q 0.5 g Cr3+ 
1 9 soil 9 sol' n 1 .2 ml 

moles Cr3+ 
1 

0.5 g * mole Cr 
1 52 9 Cr 

9.6*10-3 moles Cr3+ 
1 

From reaction 5.3.3, 3 moles of HOCI are required for every 

2 moles of Cr3+ reacted. 



Moles HOCI 
1 

9.6*10-3 moles Cr3+ 3 moles HOCI 
* 1 2 moles Cr3+ 

0.01 moles HOCI 
1 
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The amount of HOCI required theoretically is 0.01 moles per 

liter. Therefore, of the 0.03 moles per liter of HOCI in 

solution, only 0.01 moles per liter of HOCI are required to 

oxidize the chromium. Although there are 2260 ppm chromium 

in the soils, at 25% solids this results in 0.5 grams of 

Cr3+ per liter of solution. 

The amount of excess or unreacted HOCI was measured at 

1.2 grams per liter. HOCI has a molecular weight of 52.4 

moles per liter which results in 0.02 moles of HOCI per 

liter being unreacted. Since the theoretical amount of 

HOCI required to oxidize the chromium is 0.01 moles per 

liter and the amount unreacted is 0.02 moles per liter, all 

of the HOCl is accounted for. The 33% consumption of 

hypochlorous acid to oxidize the chromium does not allow 

for lower amounts to be used. The optimum recovery of the 

chromium occurred at these concentrations. 

Of the 2260 ppm of Cr3+ in the fines that are sent to 

the leach circuit, 85% of the chromium is being recovered. 

Since the amount of HOCI is sufficient theoretically, the 

15% of unrecovered chromium must be due to the kinetic and 

physical limitations of the process. With 85% of the 
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chromium being recovered, 15% of the 0.01 moles of 

hypochlorous acid are still available to oxidize other 

elements. Although the 85% recovery rate was enough to 

meet EPA requirements, additional work to increase the 

recovery rate and better understand the kinetics of the 

process will be done during the pilot studies. 

5. 3 .3 pH ADJUSTMENT FOR CHROMIUM PURITY 

Once the chromium had been leached into solution, the 

pH of the solution was adjus'ted with sodium hydroxide to a 

value of 8.0. Increasing the pH with a NaOH solution was 

done in an attempt to precipitate any unwanted metals while 

leaving the chromium in solution. Figures 5.3.7, 5.3.8, 

5.3.9, 5.3.10, and 5.3.11 show the Eh-pH diagrams for the 

those metal species that, if left in solution, may be 

considered contaminants in the chromium hydroxide cake. 

During leaching, the redox potential of the solution 

was measured to be 1180 mV at a pH of 5.9. The measured 

redox potential of the solution at a pH of 8.0 was 1050 mV. 

Due to the dissociation from hypochlorous acid to 

hypochlorite, two diagrams were developed; one based on 

HOCl for pH less than 7.5 and the other on OCl- for pH 

greater than 7.5. These diagrams were then superimposed. 

The hypochlorous acid and hypochlorite concentrations were 
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Figure 5.3.7 Eh-pH diagram for the Iron-Hypochlorous Acid
Hypochlorite-Water system at 298K. The 
concentration of all aqueous iron species 
is 10-4 moles per liter. The concentration 
of hypochlorous acid and hypochlorite is 
O.OlM. Hypochlorous acid exist up to a pH of 
7.5 and hypochlorite from pH 7.5 to 14.0. 

0.01 moles per lit~r for all diagrams. The concentration 

of the aqueous metal species was based on the amount of the 

specific metal in the soil with the assumption that all of 

the metal would be leached into solution. This would 

provide a worst case scenario for potential metal 

contamination. 

The Chromium - Hypochlorous Acid - Hypochlorite -

Water system was first evaluated to understand the fate of 
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chromium at the precipitation pH of 8.0. By examining 

Figure 5.3.6, the chromium species present at a pH of 8.0 

and a measured redox potential of 1050 mV may be seen to be 

Cr042-. Since Cr042- is aqueous, the chromium will stay in 

solution as Cr6+. Therefore, it can be expected that when 

the pH is increased to precipitate any unwanted metals, the 

HCr04- will convert to the Cr042- species. 

Figure 5.3.7 shows the diagram for the Iron

Hypochlorous Acid-Hypochlorite-Water system. The 

concentration of all aqueous iron species for this diagram 

was 1*10-4 moles per liter. At the leaching pH and redox 

potential, the expected iron species is Fe(CI04)2. Fe203 

may also form since the Eh and pH points fall close to the 

equilibrium line between Fe(CI04)2 and Fe203. When the pH 

is increased to precipitate unwanted metals, the iron 

should precipitate as Fe203. However, the equilibrium 

region for the Fe203 species can change to the Fe (Cl04) 2 

aqueous species with only a slight increase in redox 

potential. Therefore, 

raised, some iron may 

species. 

it is possible that when the pH is 

stay in solution as the Fe (Cl04) 2 

Figure 5.3.8 contains the Eh-pH diagram for the 

Nickel-Hypochlorous Acid-Hypochlorite-Water system. The 

concentration of all aqueous nickel species in this diagram 
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Figure 5.3.8 Eh-pH diagram for the Nickel-Hypochlorous 
Acid-Hypochlorite-Water system at 298K. The 
concentration of all aqueous nickel species 
is 1*10-5 moles per liter. The concentration 
of hypochlorous acid and hypochlorite is 
O.OlM. Hypochlorous acid exist up to a pH of 
7.5 and hypochlorite from pH 7.5 to 14.0. 

was 1*10-5 moles per liter. At the leaching solution redox 

potential of 1180 mV and a pH of 5.9, the nickel should be 

present as Ni2+. When the pH is raised to precipitate 

unwanted metals, the nickel will form NiCl26H20. It is 

interesting that the Eh-pH diagram for nickel predicts the 

NiCl26H20 species even with its large solubility of 254 g/ml 

(24) • The Eh-pH diagram for the Nickel/Chloride system 

would not predict the nickel chloride species as being 

thermodynamically stable. Perhaps the equilibrium effects 
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Figure 5.3.9 Eh-pH diagram for the Lead-Hypochlorous Acid
Hypochlorite-Water system at 298K. The 
concentration of all aqueous lead species 
is 1*10-6 moles per liter. The concentration 
of hypochlorous acid and hypochlorite is 
O.DIM. Hypochlorous acid exist up to a pH of 
7.5 and hypochlorite from pH 7.5 to 14.0. 

between hypochlorite and chloride allow for the formation 

of the NiC126H20 species. 

Figure 5.3.9 shows the Eh-pH diagram for the Lead-

Hypochlorous Acid-Hypochlorite-Water system. The 

concentration of all aqueous lead species was 1*10- 6 moles 

per liter. Throughout the pH range of 5.5 to B.O and the 

redox potential values of both the leach and precipitation 

steps, the most stable lead species is Pb02. There is a 

-- -------------~~-
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Figure 5.3.10 Eh-pH diagram for the Copper-Hypochlorous Acid 
-Hypochlorite-Water system at 298K. The 
concentration of all aqueous copper species 
is 1*10-3 moles per liter. The concentration 
of hypochlorous acid and hypochlorite is 
O.OlM. Hypochlorous acid exist up to a pH of 
7.5 and hypochlorite from pH 7.5 to 14.0. 

possibility for PbC12 to form if there is a decrease in 

redox potential at the higher pH values. 

Figure 5.3.10 illustrates the Copper-Hypochlorous 

Acid-Hypochlorite-Water system at a copper concentration of 

1*10-3 moles per liter. Under the leaching conditions, the 

most stable form of copper is CuC12(S) or Cu(OH)2(S). Thus, 

copper may be expected to remain in the solids. If the 

redox potential or pH of the solution changes slight ly I 

there is a possibility to form Cu2+ or CuClz-. Since only 
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slight changes in the solution redox potential or pH may 

form a soluble copper compound, there is a possibility some 

of the copper may enter the solution. 

The final diagram, shown in Figure 5.3.11, contains 

the diagram for the Cadmium-Hypochlorous Acid-Hypochlorite-
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Water system at an aqueous cadmium concentration of 1*10-5 

moles per liter. At the leaching solution redox potential 

of 1180 mVand a pH of 5.9, CdC12(S) is thermodynamically 

most favorable. When the pH is increased, CdC13- and 

CdC12(S) become the more stable species. Since CdC13- is 

soluble, some cadmium is expected to remain in solution. 

Since the stability region for CdC12 (8) is very narrow, 

there is also a chance for CdCl + to form. Therefore, 

cadmium may be a potential contaminant if it coprecipitates 

with the chromium during the subsequent chromium reduction 

and precipitation operations. The smaller cadmium 

concentration may limit its impact on the precipitated 

chromium cake. 

5.3.4 REDOX AND CHROMIUM PRECIPITATION 

The precipitation of the chromium following the 

leaching procedure is the final major chemical process for 

this remediation operation. The solution is at a pH of 8 

to 9 when it is received to the redox tanks. The solution 

must therefore be reduced to a pH of 4 while adding a 

reductant, like sulfur dioxide, to reduce the chromium. In 

addition to reducing the chromium, any free or unreacted 

hypochlorite ion will react with the sulfur dioxide 
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resulting in the formation of sulfuric acid as shown in 

Reaction 5.3.4. Hypochlorite ion is used instead of 

hypochlorous acid since at higher pH values all of the 

hypochlorous acid will have dissociated to the hypochlorite 

ion as shown by Reaction 5.3.2 and Figure 5.3.3. The pH of 

the solution must be lowered to at least 4 to help 

facilitate the reaction time of the chromium reduction 

(14) . Reaction 5.3.5 illustrates the reduction of the 

hexavalent chromium to trivalent chromium with sodium 

bisulfite as the reductant. 

RXN 5.3.4 

RXN 5.3.5: 

Although sodium bisulfite was used as the reductant in this 

research, during actual plant operation, sulfur dioxide 

will be used since it is less expensive. Reagent usage is 

therefore reported as the amount of sulfur dioxide required 

to perform the process. The amount of sulfuric acid 

produced by the reduction of any free hypochlorite ion will 

not be sufficient to lower and maintain the pH of the 

solution to 4 or below. Therefore, sulfuric acid must be 

added to the solution to maintain the desired acidity. 
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The thermodynamic equilibrium calculations for 

Reaction 5.3.5 results in a free energy for the reaction of 

-166.6 Kcal/Mol which results in a equilibrium constant K 

of 9.9*10 99 , This large equilibrium constant supports the 

reduction of chromium to the trivalent state since the 

thermodynamic equilibrium strongly favors the reaction to 

the right. This is also valid for Reaction 5.3.4 since the 

free energy of the reaction is -71.9 Kcal/mol which equates 

to a equilibrium constant K of 5.4*1052 • 

The progress of reduction was followed by monitoring 

the redox potential and color change of the leach solution. 

The initial color of the solution was yellow and the redox 

potential was 1050 mV. As reductant was added, the 

solution changed to a green solution and finally to a deep 

blue. The deep blue color is associated with the trivalent 

chromium. This color change was associated with a drop in 

redox potential to 560 mV. The required time for the 

reduction was approximately 13 minutes. 

REAGENT CONSUMPTION 

The amount of non-reacted hypochlorite ion in solution 

following the reduction process was measured at 1.2 grams 

per liter. This was determined from a pregnant leach 

solution sample containing 139 ppm chromium. The reduction 
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of chromium was determined by color change as well as the 

redox potential of the solution. The initial measured 

redox potential was 1050 mV and the final measured redox 

potential was 560 mV. This required the addition of 1.64 

grams per liter of bisulfite. This consumption can be 

compared to the theoretical amount required by evaluating 

Reactions 5.3.5 and 5.3.4. 

The reduction of chromium requires 3 moles of 

bisulfite for every 2 moles of HCr04-' The amount of HCr04-

in solution can be calculated as follows: 

[Cr] 
139 mg 

1 

% Cr in HCr04-

0.139 9 
1 

117 .0 9 
mole 

mole Cr 
52g Cr 

+ 
117.0 g HCr04-

mole HCr04-
44%. 

Therefore, the amount of HCr04- is 0.139/0.44 

of HCr04- per liter of solution. 

Moles HCr04-
0.32 g HCr04-

1 * 
mole HCr04-

117.0 g 

0.0026 moles HCr04-
1 

0.32 grams 
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From Reaction 5.3.5, 3 moles of bisulfite are required to 

react with every 2 moles of HCr04-. We therefore require 

0.0039 moles per liter of bisulfite for the 139 ppm 

chromium solution. Since the MW of bisulfite is 81 grams 

per mole, a total of 0.32 grams per liter of bisulfite are 

required. For the solution tested, 1.64 grams per liter of 

bisulfite was added. Therefore, 20% of the reductant was 

used to reduce chromium. The reaction of bisulfite with 

unreacted hypochlorite must therefore have consumed 80% or 

1.32 grams per liter of the bisulfite. 

As was done with the reduction of chromium, the amount 

of reductant consumed by hypochlorite can be checked 

against the theoretical amount required using reaction 

5.3.5 as follows: 

1.2 g 
1 

HW of OCl-
51. 5 g 
mole 

HoJ.es of OCl-
1.2 g OCl- 51.5 g 

1 + mole 
o . 02 moles OCl-

1 

From Reaction 5.3.4, 1 mole of sulfur dioxide is required 

to react with every mole of OCI-. We would therefore 

require 0.02 moles per liter of sulfur dioxide for the 



85 

solution. Since the reductant used was bisulfite, the 

amount of bisulfite required would be 1 mole of bisulfite 

for every mole of sulfur dioxide. We therefore require 

0.02 moles of bisulfite. Since the molecular weight of 

bisulfite is 81 grams per mole, this equates to 1.6 grams 

per liter of bisulfite. 

This is not in agreement with the 1.32 grams per liter 

that were determined to be in the solution for the reaction 

with the hypochlorite since 0.32 grams per Ii ter of 

reductant were required for the actual reduction of 

chromium. Therefore, theoretically, it does not appear 

that enough bisulfite was added to the solution to react 

with the concentrations of hypochlorite and hexavalent 

chromium in solution. This would result in only a portion 

of the chromium being reduced. However, over 98% of the 

chromium was recovered and therefore sufficient reductant 

must have been present in the solution. Additional 

reducing species may form in the solution and be reacting 

with hypochlorite resulting in less reductant being 

required. In addition, intermediate chromium compounds may 

form during the reduction process. The amount of reductant 

required during the pilot test will be closely monitored to 

determine why less than the theoretical amount is required. 
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Based on the measurements and calculations done above, 

the actual amount of reagents required for the pilot 

process can be estimated. The flow rate int·o the redox 

reactors is 150 gpm. Since the amount of chromium is 

expected to be approximately 360 pp~ (27 lbs/hr) with a 

residual hypochlorite concentration of 1.2 grams per liter, 

this will require 1.73 grams of sulfur dioxide per liter of 

solution or 130 lbs/hr. To lower and maintain the pH below 

4, approximately 2.4 grams of sulfuric acid per liter is 

required. This is in addition to the .023 moles per liter 

of sulfuric acid which is formed from Reaction 5.3.4. 

These chemical requirements are shown in the mass balance 

for the process. 

CHROMIUM PRECIPITATION 

Once the chromate is reduced, a 50% NaOH solution is 

added to increase the pH to 9. The NaOH reacts to form the 

desired chromium precipitate; 

RXN 5.3.6 2Cr3+ + 6NaOH 

The Cr203-3H20 is insoluble in water and therefore 

precipitates from the solution. Initially, it was expected 

that chromium hydroxide would be the precipitate. But 
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evaluating the Eh-pH diagram for the Chromium-Sulfate-Water 

system shows the species as Cr203. In addition, laboratory 

analysis validated the precipitated species as a chromium 

oxide and not a hydroxide. 

From the reduction test sample, the required amount of 

NaOH to react with the chromium sulfate and increase the pH 

to 9.0 was 1.26 grams per liter. Since the amount of HCr04-

in the sample was 0.0026 moles per liter, the amount of 

trivalent chromium produced will be 0.0026 moles per liter 

since 2 moles of HCr04 - react to produce 2 moles of 

trivalent chromium. From Reaction 5.3.6, 6 moles of sodium 

hydroxide are required for every 2 moles of trivalent 

chromium. If 0.0026 moles per liter of trivalent chromium 

are in solution, this will result in .0078 moles per liter 

of sodium hydroxide being required. Since the molecular 

weight of sodium hydroxide is 40 grams per mole, 0.31 grams 

per liter of sodium hydroxide are required. The actual 

amount of NaOH added to the solution was 1.26 grams per 

liter, 0.31 grams per liter required to react with the 

trivalent chromium and 0.95 grams to adjust the pH to 9.0 

This reaction is performed at 16% solids with 1.26 

grams of NaOH per liter required. To determine the amount 

of chromium actually precipitated, the solution was 

filtered and the filtrate was analyzed for chromium. Only 
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0.32 mg Cr per liter was measured. Since the starting 

concentration of chromium in the sample was 139 mg/l, 

greater than 98% chromium precipitation is realized. The 

make-up of the precipitate is very important since 

contaminant levels must be maintained at low levels. 

The time required to precipitate the chromium was 

approximately 15 minutes. This time included the formation 

and precipitation of the chromium oxide. Some flocculant 

was added during the precipitation stage to aid in the 

subsequent solid/liquid separation step. As discussed 

earlier, over 98% of the chromium in the leachate solution 

was recovered during the precipitation step. 

REDOX/CHROMIUM PRECIPITATION Eh-pH DIAGRAMS 

This overall redox/precipitation process can be 

followed on the Eh-pH diagram for the Chromium-Sulfate-

Water system shown in Figure 5.3.12. Sulfate is utilized 

instead of hypochlorite since the addition of reductant 

will react with any free hypochlorite eliminating 

hypochlor ite from the solution. The solution therefore 

changes and becomes a sulfate system. Although some free 

chloride may be present in the solution, the main component 

of the system will be sulfate and therefore chloride is not 

contained as part of the diagram. Figure 5.3.6 which 
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contains the chromium hypochlorous acid/hypochlorite system 

was the initial starting point of the redox process. The 

redox potential of the solution from a pH of 8.0 in the 

hypochlorite diagram through the reduction process to the 

sulfate system was evaluated. 

From the plot shown in Figure 5.3.6, the chromium 

oxidizes to HCr04- as the redox potential of the solution at 
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a pH of 5.9 was approximately 1180 mV. Following the 

leach, the solution pH was raised to 8.0 with sodium 

hydroxide. The redox potential of this solution was 1050 

mV and the stable species was Cr04 2-. As reductant is 

added, the pH of the solution dropped due to the formation 

of sulfuric acid as well as the addition of sulfuric acid. 

The measured redox potential of the solution increased to 

1300 mV as the pH of the solution dropped to a pH of 2.5. 

By evaluating Figure 5.3.12, this resulted in the formation 

of HCr04-. Finally, as the pH reached around 2.5, the redox 

potential of the solution dropped from 1300 mV to 560 mV 

with the addition of reductant. This drop in redox 

potential at a pH of 2.5 resulted in the chromium being 

reduced to Cr 3+ as shown by the Eh-pH diagram in Figure 

5.3.12. Finally, sodium hydroxide was added to increase 

the pH to around 9.0 and the measured redox potential of 

the solution resulted in the formation of Cr203 providing 

the precipitated chromium. 

Although the chromium would begin to precipitate at a 

pH of approximately 4.1, the kinetics increase the rate of 

precipitation if the pH is raised to a higher pH value. 

Since cadmium and copper had a high chance of remaining in 

solution during the chromium leach process and did not 
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precipitate when the pH was increased to 8.0, Eh-pH 

diagrams for these metals in a sulfate system were 

developed. 

Figure 5.3.13 shows the Eh-pH diagram for the Copper-

Sulfate-Water system at 298 K. For the solution parameters 

of 1300 mV at a pH of 2.5, the stable species was CuS045H20. 

This precipitate was still the stable species when the Eh 

of the solution dropped to 560 mV as reductant was added 

and the pH remained at 2.5. Therefore, any copper that 
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remained in solution was expected to precipitate with the 

chromium cake. 

The Eh-pH diagram for the Cadmium-Sulfate-Water system 

is shown in Figure 5.3.14. During the chromium reduction 

process, the cadmium remained in solution as Cd2+. 

Therefore, even though the cadmium may have gone into 

solution during the chromium leaching process, it remained 

in solution during the redox processing. This resulted in 

the cadmium reporting to the process waters for reuse in 

the process or combining with the clean soils stream and 
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returning to the site. Since cadmium was well below the 

EPA action levels, it was not expected to be a problem if 

it returned to the clean soil stream. A cadmium bleed may 

be required if the concentration of cadmium in the process 

waters increases above acceptable levels. 

CHROMIUM CAKE ANALYSIS 

Table 5.3.15 shows the low levels of 

contaminants obtained in the precipitated cake. 

metal 

These 

levels did not appear to exceed the requirements for reuse 

of the chromium precipitate. However, the large 

concentration of sulfate and calcium in the precipitate as 

well as contained oxide since the chromium precipitate was 

a Cr203-XH20 resulted in a precipitate that was 45% pure. 

If the leach liquor was initially high in calcium from 

the acid chlorine attack of calcite, then the addition of 

sulfate through sulfuric acid addition could possible 

supersaturate the solution with gypsum. Possibly, gypsum 

coprecipitated with the chromium. Another possible cause 

is the formation and precipitation of calcium sulfite 

(CaS03-H20) from excess sodium bisulfite. Since calcium 

sulfite has a solubility of 0.04 grams per liter, it would 

precipitate with the chromium. Although the exact reason 

for the large concentration of sulfate is not fully 
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Table 5.3.15 Chromium cake analysis. 

ELEMENT % DRY BASIS 

Cr 21. 5 

Ca 22.0 

S04/S03 22.0 

Mg 2.5 
Fe 0.036 

Cu 0.1 

understood, additional work will be done during the pilot 

studies to attempt to obtain a higher grade chromium cake. 

If a higher grade is not possible, the existing cake will 

be marketable but at a much lower premium. 

The copper concentration found in the chromium cake 

was predicted by the Eh-pH diagrams for the leaching and 

redox processes. Nickel and lead were not expected to 

exist in the chromium cake since they reported to the 

solids during the chromium leach and pH adjustment process. 

The Eh-pH diagrams for cadmium showed cadmium in solution 

during the reduction process and therefore, as predicted, 

it did not report to chromium cake. Iron, however, did 

precipi tate with the chromium even though it should not 

have leached into solution during the chromium leach 

procedure. Since the solution parameters were close to the 

soluble Fe(Cl04)2 species, it may have formed in addition to 

the Fe203 that was predicted to be the stable species. This 
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would explain the small percentage of iron found in the 

chromium precipitate. 

5.3.5 PROCESS WATER BALANCE 

The water balance for the hypochlorite process is 

shown in Figure 5.3.16. The water balance for a 

remediation process is very important in insuring 

additional wastestreams that would require additional 

treatment are not created. The facility at AFP44 is 

equipped with a state-of-the-art water treatment plant that 

allows for plant wastewaters to be treated and recycled 

back to the plant. Wastewaters from the soils process will 

be treated by the plantsite wastewater treatment system. 

The required make-up water for the hypochlorite 

process as shown in Figure 5.3.16 is 77 gallons per minute. 

For a process which utilizes screening and hydrocyclone 

unit processes, this is a relatively low water input. 

Water that flows to the pug mill and water contained in the 

chromium cake is the only water exiting the process. The 

largest water flow is in the soil size separation processes 

which includes the attritioning, screening and hydrocyclone 

operations. The percent solids for the attritioning 

operation is 45% and the percent solids slurry for the 

hydrocyclones is 33%. 
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The water flow requirement for the size separation 

processes is 13.8 gpm from the flocculant make-up tank and 

584 gpm from the process water tank. This results in a 

total influent flow of 597.8 gpm. The amount of water 

leaving the size separation processes consist of 523.6 gpm 

being recycled back to the process tank for reuse and 59 



97 

gpm directed to the hypochlorite leach which is the 

subsequent process. The oversize material will be sent to 

a pug mill and will contain a water flow of 16.5 gpm. 

The hypochlorite leach will require an additional 28 

gpm from the process water tank in addition to the 59 gpm 

influent. The effluent from the leach will have a liquid 

flow of 87.8 gpm. This 87.8 gpm flow will be the influent 

to the counter-current decantation units. 

In addition to the influent from the leach, 117 gpm of 

water will be required from the process water tank and 28.7 

gpm of water will be required from the flocculant make-up 

tank. From the decantation units, 43 gpm of water can be 

sent back to the flocculant make-up tank and 58 gpm of 

water will be part of the solids that precipitate and are 

sent to the pug mill. The remainder of liquid is sent to 

the subsequent redox operation. 

From the counter-current decantation units, 130.5 gpm 

of water will go to the redox unit processes. The redox 

processes will only require an additional 0.5 gpm from the 

flocculant make-up tank. Approximately 128 gpm will be 

sent from the redox processes back to the process water 

tank for reuse. The chromium cake moisture will account 

for 2.2 gpm of water leaving the redox tanks. 
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The relative flows for the water balance are within a 

few percent since some error will be introduced from the 

moisture content of the soil entering the process. In 

addition, some of the water requirements were estimates 

from previous applications and these will be confirmed 

during the pilot operations to insure the actual required 

water balance for each unit process is achieved. 

SECTION 5.4. COMPARISON OF TREATMENT PROCESSES 

The two processes considered in this research were the 

acid leaching process and the hypocrlorite leach process. 

Both processes utilized particle size separation techniques 

to allow for those size fractions containing the majority 

of contaminants to be treated. The main difference between 

the two processes was the basic objectives. The acid leach 

attempted to recover all metals for reuse in other 

industries while the hypochlorite leach focused at removing 

only the contaminants above the EPA action levels. This 

fundamental difference in approach resulted in two good 

alternatives, each with its own benefits. 

The recovery of all metal species from the soils that 

had potential reuse resulted in a larger reagent 

consumption and a large volume of process by-products. 

Since the cost for recovering the metal species for reuse 
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in other industries was high, the financial burden for 

recovering the metal species was not warranted. The 

hypochlorite leach, however, recovered the only contaminant 

exceeding environmental guidelines, chromium, and recovered 

it in a state that allowed for its reuse. An example of 

the acid leach by-product which had no value due to its 

contamination and large volume was sodium sulfate. Over 

74,000 tons of sodium sulfate would have been produced as a 

product of this operation compared to 5,000 tons with the 

hypochlorite process. 

Chemical reagents used in both processes vary due to 

the different approaches. The high usage of sulfuric acid 

and sodium hydroxide in the acid process was reduced by 95% 

in the hypochlorite process. However, this is offset by 

the usage of chlorine gas and sulfur dioxide in the 

hypochlorite process which is not used in the acid process. 

Both processes provide a viable alternative for treating 

soils contaminated with metal wastes. Depending upon 

specific site characteristics, one may be more applicable 

than the other. 
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CONCLUSIONS 

This research was focused at developing a process that 

could remediate soils contaminated with metal wastes. An 

acid leaching process with a conceptual metal recovery 

system was developed to recover all metals with potential 

industry use. A second process, the hypochlorite leach 

process, was developed to remove and recover chromium, the 

only metal that exceeded the environmental regulations. 

Due to the larger reagent consumption and process by

products for the acid leach process, the hypochlorite leach 

process was chosen as the primary process to remediate the 

soils. Therefore, material and water balances for the 

hypochlorite leach process were developed to allow for 

preliminary process design to begin. 

The first step in the hypochlorite leach process was 

to make a 20 micron cut to separate the slimes from the 

soils. Once the slimes had been separated, they were 

directed to the leaching process where the hypochlorite 

leach was applied. The leachate was then pH adjusted to 

approximately 8.0 to help precipitate any unwanted metals 

that may have leached. The leachate containing the 
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chromium, now in the hexavalent state, was separated from 

the solids with countercurrent decantation and sent to the 

redox process. At the redox process, reductant was added 

to reduce the chromium to the trivalent state. Once the 

reduction was complete, sodium hydroxide was added to 

increase the pH to between 8 and 9 to aid in the 

precipitation of the chromium. Although sodium bisulfite 

was used for the redox development, sulfur dioxide will be 

used in the actual process. 

This bench level development will be followed by a 

pilot test program to insure the identified process 

parameters can be achieved at larger treatment volumes. 

Although preliminary design was started from the bench 

level data, any changes due to the results from the pilot 

test can be easily incorporated. pilot testing is very 

important for the hypochlorite leaching procedure since 

solution parameters such as pH and redox potential must be 

closely controlled to achieve the desired recovery. The 

pilot test will increase the confidence level that the 

proper solution parameters and chromium recovery can be 

achieved when larger solution and material volumes are 

involved. 

The following summarizes the results from this 

research project: 
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(1) Soils contaminated with metal wastes can be remediated 

to meet environmental regulations. 

(2) The majority of the metal contaminants resided in the 

fines or minus 20 micron material. 

(3) Sulfuric acid leached Cr, Cu, Ni, and Cd from the soil 

better than oxalic or hydrochloric acid. In addition, 

lowering the pH of the acid or increasing the leach time 

resulted in more metal being leached. 

(4) The use of sulfuric acid to leach Cr, Cu, Ni, and Cd 

from the soils to environmental regulatory levels was 

successful. 

(5) The ability to recover the metals from the soil with 

minimal reagent consumption and small by-product volumes 

was not achieved. Due to the large reagent consumption to 

recover the metals and the large quantity of by-product 

salt produced, it was not feasible to recover those metals 

that had potential industry reuse but met the applicable 

regulatory levels. 
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(6) The goal to develop a new process to recover only the 

metals exceeding environmental regulations was achieved. 

Chromium was identified as the only metal that exceeded the 

regulatory limits. 

(7) The new process utilized a hypochlorous 

acid/hypochlorite leach process to oxidize the chromium to 

the soluble HCr04- form. Using this process technique, 85% 

of the chromium was recovered. It is important to realize 

at the pH of 5.5 to 6.0 which this leach is performed at, 

the oxidizing species is hypochlorous acid and not the 

hypochlorite ion. 

(8) Since the various unit processes for the hypochlorite 

leach process varied over a pH range of 2.5 to 9.0, both 

hypochlorous acid and hypochlorite needed to be considered 

depending on the pH. The pKa for hypochlorous 

acid/hypochlorite is 7.5. Therefore, when the pH was below 

7.5 hypochlorous acid was considered as the main oxidizing 

species and when the pH was above 7.5 hypochlorite was 

considered the main oxidizing species present. 

(9) Mineral processing techniques were successful in 

separating the minus 20 micron fines which contained the 
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majority of chromium. This allowed for only those 

fractions containing the majority of chromium to be treated 

thereby reducing the amount of soil being leached. 

(10) Only a 33% of the hypochlorous acid is actually used 

to oxidize the trivalent chromium, the remainder is not 

consumed. The hypochlorous acid that is not consumed is 

important in providing the proper redox potential and 

concentration of hypochlorous acid in the solution to 

increase the efficiency of the leach. 

(ll) By developing Eh-pH diagrams for the various metal 

species at various unit processes, it was possible to 

determine the stable species of the metals and therefore if 

the metals would leach into solution, remain in the solids, 

or precipitate out of solution. 

(12) During the chromium leaching procedure, nickel, iron, 

and lead were expected to remain in the solids and not 

leach into solution. Copper and cadmium had a potential to 

leach into solution. When the pH was raised following the 

chromium leach to 8.0 to precipitate any metals other than 

chromium that may have leached, the copper and cadmium 

remained in solution. 
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(13) The redox process was performed by adding reductant to 

reduce the chromium to the trivalent stat-e. Sodium 

hydroxide was then added to increase the pH to precipitate 

the chromium as an oxide or hydroxide cake. Of the 

chromium that was recovered in the leaching process and 

sent to redox process, 98% of the chromium was recovered. 

(14) Eh-pH diagrams were developed for the redox process to 

identify the state of copper and cadmium during the redox 

process. These diagrams were based on a sulfate system 

since the reduction process is an acidic sulfate 

environment. From the diagrams, copper was expected to 

precipitate out of solution and cadmium was expected to 

remain in solution. Therefore, copper would precipitate 

with the chromium cake and cadmium would not. Chromium was 

expected to precipitate as Cr203 and not Cr(OH)3. 

(15) Summarizing the recovery of chromium can be 

accomplished by evaluating the Eh-pH diagrams for chromium 

during the various unit processes. During the chromium 

leach process, the chromium-hypochlorous acid/hypochlorite 

Eh-pH diagram must be evaluated. Chromium leaches at a 

solution pH of 5.9 and an redox potential of 1180 mV as 
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HCr04-. As the pH is increased to 8.0, the measured redox 

potential changes to 1050 mV resulting in chromium forming 

Cr042-. Therefore, the chromium remains in solution. The 

solution is then treated with reductant to reduce the 

chromium to the trivalent state. This requires evaluation 

of the chromium-sulfate Eh-pH diagram. When the pH is 

reduced to 2.5, the redox potential of the solution is 1300 

mV. This results in HCr04- becoming the stable chromium 

species. As additional reductant is added, the pH remains 

the same but the measured redox potential drops to 560 mV 

resulting in the formation of Cr+3 . Sodium hydroxide is 

then added to increase the pH resulting in the 

precipitation of Cr203. 

(16) The chromium cake that was produced was identified as 

a Cr203-XH20 cake that is high in salts. This part of the 

recovery process must be reviewed during the pilot studies 

to reduce the quantity of salts in the cake. The make-up 

of the cake still allows for reuse in other industries but 

at a lower premium. 

(17) The metals concentration in the chromium cake 

consisted of iron and copper. The copper was predicted 

from Eh-pH diagrams to report to the chromium cake. The 



107 

iron, however, was predicted to stay in the solids during 

the chromium leaching process and therefore should not have 

been found in the chromium cake. From reviewing the Eh-pH 

diagram for iron during the chromium leach process, a 

soluble Fe(CI04)Z species is present with a small increase 

in redox potential. Therefore, although the majority of 

iron remains in the solids as FeZ03, some may be forming 

Fe(CI04)2 and going into solution. This would explain the 

small percentage of iron found in the chromium cake. Both 

metals are in small enough quantities not to pose a problem 

for reuse of the chromium cake. 



APPENDIX A 

BLOCK FLOW DIAGRAM FOR SOIL TREATMENT 

AT 500 TPD 
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APPENDIX B 

MATERIAL BALANCE OF SOIL TREATMENT FLOW 

WITH STREAM NUMBERS REFERENCED ON THE 

BLOCK FLOW DIAGRAM SHOWN IN APPENDIX A. 

111 



112 

STREAM DESCRIPTION PHASE Lb/Hr GPM (ACFM) \>It. % S.G Cr (Lb/Hr) Cr "'(gIl) 

1 Foundation Solid 

Soils Liquid 

Total 

2 Interstitial Solid 

Soils Liquid 

Total 

3 Trommel Solid 40,833 35.5 98 2.30 38.3 0.0937 

Feed Liquid 833 1.7 2 1.00 0.0 0 

Total 41,667 37.2 100 2.24 38.3 

4 Plus 10 Solid 11,352 9.9 90.5 2.30 0.6 0.005 

Mesh Liquid 1,190 2.4 9.5 1. 00 0.0 0 

Total 12,542 12.3 100 2.03 0.6 

5 Clean Soil Solid 26,340 22.9 76 2.30 5.5 0.021 

Return Liquid 8,240 16.5 24 1.00 0.0 0 

Total 34,580 39.4 100 1. 76 5.5 

6 Total Clean Solid 40,780 35.5 52.3 2.30 10.3 0.0252 

Soil Liquid 37,240 74.5 47.7 1.00 0.0 0 

Total 78,020 l10.0 100 1. 42 10.3 

7 Trommel Solid 

Water Liquid 37,222 74.0 1.00 

Total 

8 Trommel Solid 29,481 25.6 45 2.30 37.7 0.128 

Fines Liquid 36,032 72.1 55 1. 00 0.0 

Total 65,513 97.7 100 1. 34 37.7 

9 Attrition Solid 

Water Liquid 0 0.0 

Total 

10 Screen Solid 

Water Liquid 10,000 20.0 1.00 

Total 

11 Attrition Solid 29,481 25.6 45 2.30 37.7 0.128 

Discharge Liquid 36,032 72.1 55 1.00 0.0 

Total 65,513 97.7 100 1.34 37.7 

12 Screen Solid 8,167 7.1 74 2.30 2.3 0.028 

O'Size Liquid 2,870 5.7 26 1.00 0.0 0 

Total 11,037 12.8 100 1.72 2.3 

13 Screen Solid 21,317 18.5 33 2.30 35.4 0.166 

U'Size Liquid 43,162 86.3 67 1. 00 0.0 0 

Total 64,479 104.8 100 1.23 35.4 
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STREAM DESCRIPTION PHASE Lb/Hr GPM (ACFM) Wt. % S.G Cr (Lb/Hr) Cr '(gIl) 

14 Sand Solid 6,821 5.9 62 2.30 2.6 0.0387 

Thickener Liquid 4,180 8.4 38 1.00 0.0 0 

U'Flow Total 11,001 14 .3 100 1.54 2.6 

15 Clone Solid 

oil. Water Liquid 245,146 490.0 1.00 

Total 

16 Clone Solid 14,496 12.6 5.1 2.30 32.8 0.2262 

Vortex Liquid 267,845 535.7 94.9 1. 00 0.0 0 

Total 282,341 548.3 100 1. 03 32.8 

17 Sand Solid 

Thickener Liquid 16,300 32.6 1. 00 

O'Flow Total 

18 "Clone Solid 6,821 6.0 25 2.30 2.6 0.0387 

Apex Liquid 20,463 41.0 75 1. 00 0.0 0 

Total 27,284 47.0 100 1.16 2.6 

19 Makeup Solid 

Water Liquid 38,500 77 .0 1.00 

Total 

20 Slimes Solid 

Thickener Liquid 245,314 491. 0 1.00 

O'Flow Total 

21 Slimes Solid 

Thickener Liquid 6,900 13.8 1. 00 

Floc Total 

22 Slimes Solid 14,496 12.6 33 2.30 32.8 0.2262 

Thickener Liquid 29,431 59.0 67 1.00 0.0 0 

U'Flow Total 43,927 71.6 100 1.23 32.8 



114 

I STREAM DESCRIPTION PHASE Lb/Hr GPM Wt. % S.G Cr Cr OCI OCI 

(AFCM) (Lb/Hr) (gIl) (Lb/Hr) (gil) 

23 Sodium Solid 32 0.02 15 2.30 

Hydroxide Liquid 181 0.38 85 1.00 

Total 213 0.40 100 1.07 

24 Chlorine GAS 507 43ACFM 

25 Leach Solid 14,440 12.6 24.6 2.30 4.8 0.03% 0 

Discharge Liquid 44,320 87.8 75.4 1. 01 28.0 0.64 91 2.07 

Total 58,760 100.4 100 1.17 32.8 91 

26 Process Solid 

Water Liquid 292,000 584.0 1.00 0.0 0 

Total 

27 Leach Solid 

Water Liquid 72,657 145.0 1. 00 

Total 

28 CCD-1 Solid 14,440 12.6 12.3 2.30 4.8 0 

Feed Liquid 102,500 205.0 87.7 1.00 35.0 0.39 55 1.26 

Total 116,940 217.6 100 1. 07 39.8 55 

29 CCD-1 Solid 

O'Flow Liquid 73,500 147.0 1. 00 26.8 0.36 51 1.16 

Total 

30 CCD-l Solid 14,440 12.6 33 2.30 4.8 0.03% 0 

U'Flow Liquid 29,000 58.0 67 1. 00 11.3 0.39 36 1.26 

Total 43,440 70.6 100 1.23 16.1 36 

31 CCD-2 Solid 14,440 12.6 14 .2 2.30 4.8 0.03% 0 

Feed Liquid 87,500 175.0 85.8 1.00 17.5 0.2 56 0.64 

Total 101,940 187.6 100 1.09 22.3 56 

32 CCD-3 Liquid 58,500 117.0 1.00 4.1 0.07 10 0.23 

O'Flow Total 

33 CCD-2 Solid 14,440 12.6 33 2.30 4.8 0 

U'Flow Liquid 29,000 58.0 67 1.00 5.9 0.2 18.6 0.64 

Total 43,440 70.6 100 1.23 10.7 18.6 

34 CCD-3 Solid 14,440 12.6 14.2 2.30 4.8 0 

Feed Liquid 87,500 175.0 85.8 1. 00 5.9 0.07 20 0.23 

Total 101,940 187.6 100 1.09 10.7 20 

35 Leach Solid 14,440 12.6 33 2.30 4.8 0 

Tails Liquid 29,000 58.0 67 1.00 2.0 0.07 6.7 0.23 

Total 43,440 70.6 100 1.23 6.8 6.7 

36 CCD-2 Solid 
O'Flow 
O'Flow Liquid 58,500 117.0 1.00 11. 7 0.2 37 0.64 
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STREAM DESCRIPTION PHASE Lb/Hr GPM (ACFM) Wt. % S.G Cr (Lb/Rr) Cr (gil) 

37 Floc Solid 

Bypass Liquid 37,000 74.0 1.00 

38 CCD-2 Solid 

Floc Liquid 650 1.3 1.00 

Total 

39 CCD-3 Solid 

Floc Liquid 450 0.9 1.00 

Total 

40 CCD-1 Solid 

Floc Liquid 13,500 27.0 1.00 

Total 

41 Chrome Solid 

Floc Liquid 0.53 

Total 

42 Superfloc Solid 43 

127 Liquid 

Total 

43 Sodium Solid 

Hydroxide Liquid 180 0.24 1.52 

to Redox Total 

44 Sulfuric Solid 

to Redox Liquid 147 0.16 1.85 

Total 

45 S02 - Redox GAS 130 12 lICFM 2.20 

46 Redox Solid 122 0.16 3.00 26.8 22% 

Discharge Liquid 73,873 99.84 1.01 0.0 ° 
Total 73,995 146.0 100 1. 01 26.8 

47 Chromium Solid 

Thickener Liquid 64,000 128.0 1.00 0 

O'Flow Total 

48 Filtrate Liquid 7,850 15.7 0 

49 Chromium Solid 122 0.08 1.3 3.00 26.8 

Thickener Liquid 8,960 17.92 98.7 1.00 0.0 

U'Flow Total 9,082 18.00 100 26.8 

50 Diat. Earth Solid 0 

51 Chromium Solid 122 0.08 10 3.00 26.8 

Hydroxide Liquid 1,110 2.22 90 1.00 0.0 

Cake Total 1,232 2.30 100 1. 07 26.8 

52 Leach Solid 

Dil.Water Liquid 14,057 28.0 1.00 

53 CCD-Water Liquid 58,600 117.0 1.00 



APPENDIX C 

ANALYTICAL DECOMPOSITION PROCEDURES FOR METALS 

ANALYSIS IN SOILS AND SOLIDS. 
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APPLICABILITY: Aluminum, Tin, Chromium - Soils/Solids 

1. Weigh 0.3XXX grams of sample into a 50 ml zirconium 

crucible. Add 3.4 grams of sodium peroxide and blend it 

with the sample. 

2. Fuse the sample over a Fisher burner to a cherry-red 

color. Maintain this heat for 1 minute, or until the 

sample is completely decomposed. Cool the sample. 

3. Transfer the melt and crucible to a 250 ml beaker 

containing 125 ml of deionized water and 25 ml of 

concentrated HCI. Heat the sample to dissolve the melt, 

taking care that the crucibles are not allowed to bump 

vigorously within the beakers. Some KMn0 4 can be used to 

insure that all chromium is fully oxidized. 

4. Cool the sample and transfer it to a 250 ml volumetric 

flask, washing the beaker and crucible with deionized water 

to effect complete transfer. Dilute to volume with 

deionized water. 

5. The sample can now be analyzed with A.A .. Calibration 

standards should be prepared with a matrix of 2% w/v NaCl 

and 10% v/v Hel. 

references. 

A.A. procedures are from Perkin-Elmer 



APPLICABILITY: Cadmium, Copper, Silver, Lead, Manganese, 

Nickel, Zinc, Cobalt, Indium, Iron -

Soils/Solids 
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1. Transfer. 2 to .5 grams (use 2 grams for silver 

analysis) of sample (weighed to he nearest .1mg) to a 100 

ml covered beaker. (Teflon) 

2. Add 5 ml deionized water, 5 ml of concentrated HCl, 5 
ml of concentrated HN03, 10 ml of concentrated HCI04, and 2 

ml of 40-50% HF (1,2). 

3. Evaporate the sample on low heat until all brown 

nitrogen oxide fumes and excess HF have been evolved. Fume 

the sample on medium heat until the volume has been reduced 

to approximately 2 ml of residual perchloric acid. Cool 

the beaker and contents. 

4. Remove the cover and wash the any adhering residue 

into the beaker. 

5. Dispense 25 ml of concentrated HCl into the beaker, 

allowing the acid to wash down the sides of the beaker and 

collect at the bottom. 

6. Boil the sample on low heat briefly to redissolve 

salts (3). Cool and dilute to 100 ml in a volumetric flask 

using deionized water (4). 

7. Using Whatman #40 paper, filter a portion of diluted 

sample into a plastic vial and prepare serial dilutions 

using 3N HCl as diluent to obtain appropriate concentration 

levels for the elements being determined. Label each vial 

according to sample I.D. and dilution taken. 
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8. The dilutions can now be analyzed by A.A .. Atomic 

Absorption procedures are from Perkin-Elmer references. 

NOTES: 

(1) Organic material mixed with perchloric acid will form 

explosi ve mixtures. If organics are present, do not 

proceed with the test. 

(2) HF is included to decompose silica and silicates. The 

HF should be omitted if these are not present. 

(3) Dark, unbleached residue remaining in the bottom of 

the beaker at this point may indicate incomplete 

decomposi tion. A number of refractory minerals will not 

always decompose completely with this digestion. If 

residues are noticed, a different approach may be required. 

(4) At this point, the solution should be checked to 

ascertain that all salts are in solution. The formation of 

white precipitates usually indicates that the solution is 

supersaturated with lead or silver chloride, and can result 

in low analysis for these elements, as well as for elements 

that may be carried out of solution as coprecipitates with 

the lead or silver chloride. 



APPENDIX D 

ANALYTICAL PROCEDURES FOR DETERMINATION OF 

CHLORINE SPECIES IN SOIL LEACH LIQUORS. 
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This procedure determines free chlorine, HOCI and 

NaOCl in the presence of chromate or dichromate. Chromate 

is removed by precipitation as BaCr04. Decomposition of 

the chlorine species is slowed by the addition of 

sulfamate. Chlorate is not determined in the procedure. 

Results are expressed in terms of NaOCl. 

REAGENTS REQUIRED: 

1. Dissolve 50 g of BaCl2·2H20 and 4 g of sulfamic acid in 

150 ml of cold D.I. water. Maintain cooling and neutralize 

with NaOH. Transfer to a 200 ml volumetric flask and 

dilute to the mark. 

2. From a stock standard solution of sodium thiosulfate 

at approximately O.lN (versus 12) dilute 10:1 to prepare a 

O.OlN standard solution. This solution is unstable and 

must be prepared daily. Store in a dark bottle and date. 

3. Starch solution - Use purchased reagent solution or 

prepare by pouring a slurry of 5 g of starch into 500 ml of 

boiling water and boil for a few minutes. When it has 

cooled, add about 10% acetic acid as a preservative. 

Refrigerate to store. 

4. Glacial acetic acid - Dispense from a repipet. 

5. Potassium iodide crystals, A.R. grade. 
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PROCEDURE: 

To a weighed aliquot of C12 containing pulp of 

approximately 20 g, add 4.00 g of the barium/sulfamate 

stock solution. Mix and adjust pH to 7 using Hel and NaOH. 

Record volume of these solutions employed. Allow one 

minute for the precipitate to fully form, then filter 

through a glass paper with vacuum. The filtrate can now be 

titrated for chlorine/HOel/NaOel. Use filtrate within 20 

minutes. 

Take a 5.00 ml aliquot of the chromate-free filtrate and 

place in a 250 ml beaker. Add 5 ml of D.l. water and 1 g 

of KI crystals. Mix and add 5.0 ml of glacial acetic acid. 

Mix and titrate immediately using standard (O.OlN) sodium 

thiosulfate solution. When the iodine color is almost 

gone, add 1 ml of starch solution and titrate to the end 

point. 

NOTES: 

The molecular weight of NaOel is 74.45; the gram equivalent 

weight for the titration is 37.22. Thus, 1 Normal is 37.22 

gpl. A solution containing 1000 mg/l of NaOel is 0.0268N. 

CALCULATIONS: 

NaOCl(mg/ll (normality thiosulfate) Iml thiosulfate) * 37220 [dilution factor] 

[aliquot size (mIl] 



APPENDIX E 

THERMODYNAMIC DATA USED FOR EQUILIBRIUM CALCULATIONS 

AND Eh-pH DIAGRAMS. 
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SPECIES FREE ENERGY (KCAL/MOL) 

H2O -56.7 

Cl- -31.4 

Cr203 -252.9 

Cr02 -131. 0 

Cr03 -122.0 

Cr042- -174.0 

HCr041- -181.9 

H2Cr04 -181. 8 

Cr2+ -41.6 

Cr (H20) 63+ -386.6 

Cr3+ -51.4 
Cr(H20 )S(OH)2+ -381.4 

Cr (H20) 4 (OH) 21+ -327.0 

Cr(OH)3 -204.3 

Cr(OH)41- -236.0 

Cr (H20) SC12+ -360.3 

CrC12+ -76.9 

Cr (H20) 6C12+ -417.9 

Cr (H20) 4C12+1 -336.3 

Cr(H20)3(OH) C12 -328.5 

Cr2072- -311. 0 

Cr043- -176.3 

Fe (OH) 2 -107.7 

Fe(OH)3 -157.6 

Fe2+ -18.9 

Fe3+ -1.1 

FeO -58.6 

Fe203 -177.4 

Fe304 -242.7 

FeC12+ 34.4 

FeC12 -72 .3 
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SPECIES FREE ENERGY (KCAL/MQLl 

FeC13 -79.8 

Fe(OH)+ -64.6 

Fe(OH)2+ -54.8 

HFe02- -90.6 

Fe (OH) 42- -185.0 

FeOCl -85.5 

FeClO42+ -4.0 

Fe(CI04)2 -22.9 

Ni2+ -10.9 

NiO -50.6 

OCl- -8.8 

CIOz- 4.1 

NiC12 -64.8 

NiC 12- 6HzO -409.0 

Pbz+ -5.8 

Pb4+ 72.0 

PbO -43.7 

PbZ03 -98.0 

Pb304 -146.7 

Pb02 -52.1 

Pb(OH)2 -100.2 

Pb032- -64.9 

Pb044- -67.2 

PbC12 -74.8 

OH- -37.6 

Cu+ 12.0 

Cu2+ 15.6 

HCU02 -61.4 

CU022- -43.3 

Cu(OH)2 -89.1 

CU20 -34.9 

CuO -30.4 



126 

SPECIES FREE ENERGY (KCAL/MOL) 

CuCl -28.6 
CuClz- -57.9 

CUC l 2 -42.1 

CuCl32- -89.3 

CuCl1+ -16.0 

CdCl1+ -53.5 

CdC1z -85.5 

CdC131- -116.0 

Cd2+ -18.5 

CdO -54.4 
Cd022- -67.7 

HCd021- -86.6 

Cd (OH) 1+ -62.2 
Cd (OH) 31- -143.0 

Cd (OH) 42- -180.6 

C1 2 (gas) +1. 7 

HCIO -19.1 

HCl -31. 4 

H2Cr20 7 -181.1 

S02(gas) -71.5 

Cr2(S04)3 -623.1 

H2 SO4 -177.3 

Na2Cr207 -428.6 

NaOH -90.4 

Na2S04 -302.3 

NaHS03 -238.1 

Cr03Cl- -158.9 

HS03- -126.0 

S0 42- -177.3 

Na+ -62.6 
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APPENDIX F 

THERMODYNAMIC EQUILIBRIUM CALCULATIONS 



128 

HYPOCHLORITE LEACH: 

AGOrxn = [2*(-181.9) + 3*(-31.4) + (-56.7) + 5*(0)] - [2*(-204.3) + 
-48.8 Kcal 3*(-19.1)] = ---=.:::..:..::......:..:..:= 

Mol 

In K -48.8 Kcal * -=1- * 
Mol 298K 

K 6.2*10 35 

REDOX: 

Mol K 
1. 987cal 

* 1000g 
Kg 

(-177.3 + -31.4) - (-71.5 + -8.8 + -56.5) 

-71.9 Kcal 
Mol 

In K -71.9 Kcal * -=1- * 
Mol 298K 

In K = 121.4 

K = 5.4*1052 

Mol K 
1.987cal 

* 1000g 
Kg 



~GOrxn = (5*(-56.7) + 3*(-177.3) + 2*(-46.5» - (2*(-181.9) + 
-166.6 Kcal 

3*(-126.0) + (0» = 

In K -166.6 Kcal * -=1- * 
Mol 298K 

In K = 281. 4 

K = 9.9*10 99 

Mol 

Mol K 
1.987cal 

* 1000g 
Kg 
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APPENDIX G 

ROSOF ALGORITHM METHODOLOGY 
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The means used in this algorithm to generate the 

feasible regions, is simply algebraic manipulation. 

Three types of species are considered: 

Type a. 

Type b. 

Type c. 

Always present -- variable chemical potential 
e.g. H(+), and e(-) in potential/pH diagrams 
or S02(g) and 02(g) in "High Temperature" 
systems. 

Always present -- at fixed chemical potential 
e.g., H20, 804(-2) and C02. 

May be present -- except under special 
circumstances, only one of these species are 
thermodynamically possible at anyone time, 
e.g., Cu, CuO, HCU02(-), and CU2S. 

All chemical reactions are written: 

where: 

Al and A2 are "TYPE a", 

A2 and A3 are "TYPE c lf
, 

and AS ... are "TYPE b" which may include the base metal. 

The following is a sample reaction: 
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The above chemical reaction is written as the following: 

o l1H+ + 8e(-) + HCU02(-) - CuS - 6H20 + S04(-2) 

Written this way, (3) and (4) must have opposite signs since 

they represent the metal ion on either side of the equation. 

When AGRXN is less than 0, the reaction is spontaneous 

and form the products (reaction moves to the right). It can 

also be stated that the products with positive coefficients 

(Vi) are favored while the reactants with negative 

coefficients are consumed. 

For "Pourbaix Diagrams", the chemical potential (MU 

variable in the program) is considered in two parts: 

or 

MU (i) MUSTD(i) + MUP(i) 

where 

!l * i ( <Pi} (~i) 

or 

MUP(i) PHI (i) * XI (i) . 

For most species, MUP(i) can be written as the following: 

Il*i = MUP(i) = RT*ln(ai) or RT*ln(Pi) 



In this case above, MUP(i) can also be written as 

PHI (i) *XI (i) : 

~i = PHI (i) = 2.303*RT 

and 

~i = XI (i) 

As an example. the MUPfi) for H(+) ions can be written as 

J!* i = RT* In [H+] 

where 

4»i = PHI (i) -2.303*RT 

to compensate for 

~i = XIIi) = -log[H+). 
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As an example. the WJfil for electrons jons can be wrjtten as 

~i = MTJ(i) ~ s*F*E 

where s is the sign convention, F is the Faradays constant 

and E is the potential. MUSTD(i) and MUP(i) are given 

below: 

~Oi = MUSTD (i) 0 

and 

~*i = MUP(i) s*F*E; 

therefore, 

q,i = PHI(i) s*F 
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and 

~i = XI(il E. 

With this in mind, the free energy of the reaction is 

considered. 

DNu (il 'MU (i) 

also 

where 

If we call 

~G'RXN 

where 

the equation above can be written as 

or 

when the system is at equilibrium, we have the following: 

~GRXN = 0 
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therefore 

if 

~GRXN ::;; 0, 

then 

and the "TYPE CIt species with Vi > 0 is stable with respect 

to the other "TYPE CIt species with Vi<O. 

Species 4 stable in this 

Species 3 stable 
in this region 

~(1) > 
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Thus for a species to have a stable region, with respect to 

all other spe~ies 

V(l,l)q,(1,l)':'(l) T "( 1 ,2)CP( 1,2);{2) f. H( 1) 

V{2!1)¢(2,1)~(J) 1- V(2,2)~{2,2)~(2) i B ( 2) 

• • • 
• " • 
Q • • 

V ( n - 1 : 1 ) ~ (n - 1 , 1 ).; ( 1 ) "- V(n--l ,2)<p(n-l ,2)~(2) 2. 8 (n- I ) 

V(n,I)¢(n,l)';(l) - \'(n,2)¢(n!2)~(L) 1- B(n) 

t 
~(2) 

~(1) ) 
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