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19. Abstract (concluded)

the leachability and subsequent immobilization of single and multiple heavy
metals in soils. The batch equilibrium tests were used to screen 25 chemical
additives for their ability to react with contaminated soils. Lime and Valfor
200 (a molecular sieve), in conjunction with ferrous sulfate, were selected for
further column studies.

Dynamic-flow column studies were conducted to obtain detailed data on the
maximum capacity and mobility of the metal contaminants in soil with and
without the addition of the best treatment chemicals. Long-term column tests
on the stability and leachability of the best treatment cnamicals with and
without the effects of acid rain and solvent addition were also carried out.
Finally, tests were performed in a Hazardous Waste Site Simulator over a
4-month period to determine the immobilization of hexavalent chromium, cadmium
and nickel in treated soil against a dynamically-changing environment. The
results of the column studies showed that the use of the Valfor 200/ferrous
sulfate combination for the immobilization of hexavalent chromium, cadmium, and
nickel proved very effective in treating soils from McClellan AFB and Robins
AFB. Specifically, hexavalent chromium and in particular Ni, were so tightly
bound to the treated soil that a total digestion of the soil (using
concentrated acids) was required to determine the total metal distribution with
the soil columns. Long-term stability tests with soils contaminated with only
hexavalent chromium showed that very little, if any, leaching occurred with
simulated acid rain (pH 5.3), deionized water, and water saturated with a
solvent (toluene) leachate solutions, indicating that the treatment chemicals
and the metal complexes they formed were stable over the test period (25 days).

The primary cost of in situ immobilization treatment is the cost of the
chemical treatment additive; the application costs are less than 5 percent of
the chemical costs. The estimated chemical costs to treat soil contaminated
with 30 milliequivalents of total metal pe: j soil ranged from $33,300!acre-ft
to $81,200/acre-ft, or $13.9/ton to $33.8/ton. As a basis for comparison, the
costs of transporting the contaminated soil to, and disposing the contaminated
soil in a secured landfill is estimated to be in the range of $150/ton to
$250/ton, depending upon the distance to the secured landfill and the disposal
and/or treatment costs.

Future research should be directed towards:(1) laboratory tank studies to
understand the interactions between soil dynamics and metal immobilization and
(2) pilot field-scale studies in which the actual soil and environmental
conditions are required to give a complete evaluation of immobilization
processes applied to hazardous waste sites.
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EXECUTIVE SUMMARY

A. INTRODUCTION

Various industrial operations are carried out on behalf of the U.S. Air

Force at five Air Logistics Centers and at a number of Government-Owned,

Contractor-Operated facilities throughout the United States. These

facilities conduct a variety of aircraft maintenance operations, including

aircraft paint stripping, parts degreasing, and electroplating, which

generate many waste solutions and sludges contaminated with heavy metals.

The disposal of the waste solutions and sludges by previously acceptable

means has led to problems with the contamination of both soil and

groundwater.

Available technologies for treating soils contaminated with heavy metals

are expensive and include excavation of the contaminated soil and transport

and disposal in a landfill, or excavation, treatment and disposal in a

landfill. The treatment could include washing of the soil and subsequent pH

adjustment and precipitation.

In situ immobilization of heavy metals will avoid the requirement for

excavation of contaminated soils or pumping of contaminated groundwater.

Imnobilized metals will not 'igrate through the soil to groundwater and will

not hydroly.e or be desorbed from exposure to varying conditions in the soil,

such as a low pH or varying oxidation-reduction potential which tends to

solubilize the metals. The immobilized metals will present :io adverse

environmental or health hazards in their treated state. In situ treatment

also provides a cost-effective treatment alternative to alleviate these

haza rds.

'n For

The ob;ective of the program was the laboratory evaluation of various &

treatment chenicals for the in situ immobilization of chrormim, cadmium, od

ni~:kel. copper and zinc in soils typical of those found at Air Force ition-

fciizies throughout the United States.
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B. TEST RESULTS

1. Overview of Test Program

The laboratory test program consisted of batch and column testing

for measuring the leachability and subsequent immobilization of single and

multiple heavy metals in soils. The soils used for testing were obtained

from three Air Logistics Centers. Batch equilibrium methods were used to

screen a large number of chemical additives for their ability to react with

contaminated soils. The two best treatment chemicals for each soil-metal

combination were selected for more detailed column studies. Dynamic flow

studies were conducted to obtain detailed data on the capacity and mobility

of metal contaminants in soil with and without the addition of the best

treatment chemicals. Long-term column tests on the stability and

leachability of the best treatment chemicals with and without the effects of

acid rain and solvent addition were also carried out. Tests were also

carried out in a Hazardous Waste Site Simulator to determine the

immobilization of the heavy metals, chromium, cadmium and nickel, in treated

soil againsL a dynamically changing environment.

Effluent and supernates generated during the testing program were

analyzed for the heavy metal contaminants (Cd, Cr, Ni, Cu and Zn). The total

metal contaminants were determined on a Perkin-Elmer Model 2380 Atomic

Absorption (AA) Spectrophotometer. Metal ion concentrations in test

solutions that exceed the sensitivity of the AA were determined on an EG&G

PARC 364 Polarographic Analyzer.

2. Soil Collection and Characterization

Soil types vary radically t'roughout Iic United States and soils

typical of those contaminated by heavy metals are difLcult to defirv. The

approach taken in the test program was to use soils representative of those

contaminated at Air Force Air Logistics Centers (ALC) through the United

States. Soils were characterized onsite and collected at three ALCs:

Sacramento ALC, McClellan AFB, CA; Warner Robins ALC, Robins AFB, GA; and

Oklahoma City ALC, Tinker AFB, OK. Samples of uncontaminated soil, taken in
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the vicinity of the contaminated metal disposal areas, were collected from

several locations at each site from the wall of shallow excavations.

Approximately 1500-2100 pounds (680-950 kg) of uncontaminated soil
were collected at each ALC and shipped to Foster-Miller in three 55-gallon

plastic or plastic-coated drums. Soil from McClellan and Robins AFB was

mixed by screening the entire sample through an ASTM 2-foot standard sieve

shaker. The Tinker AFB soil was mixed in a 1500-pound capacity roller mill

because the clay would not pass through the sieve shakev and could not be

mixed by hand.

Table ES-I summarizes the more important physical and chemical

properties of each soil. The Tinker AFB soil has the lowest permeability and

"highest organic content of the three soils.

TABLE ES-I. SOIL PROPERTIES.

Soil Property McClellan AFB Robins AFB Tinker AFB

Description Sandy loam Loamy Sand Clay Loam

Dry Density (lbs/ft ) 118.0 107.6-109.2 99.7-117.7

(Specific Density) 1.89 (1.73-1.75) (1.60-1.89)

Moisture (percent) 14.0 7.32-8.08 15.5-20.0

Permeability (in/hr) 1.5 1.6 0.66-1.0

(cm/hr) 3.8 4.1 1.7-2.5

Soil pH 5.8 5.3 6.6

Buffer pH 7.0 6.7 7.3

Conductivity (104 milliohms) 1.3 1.2 7.0

Cation Exchange Capacity

(mequiv/100 grams) 4.4 5.2 15.9

Readily Oxidizable Organics (percent) 1.04 0.93 2.70

3. Treatment Chemical Additives

Many chemical additives are used in the treatment of wastewaters to

reduce heavy metal concentrations. Many of these chemical additives can
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reduce the metal concentrations to levels below federal and state effluent

discharge limits, and,in some cases, to below drinking water standards.

Twenty-one candidate materials that have been used in the treatment of metal-

containing wastewaters and have the potential to be used as immobilizing

agents in contaminated soils were identified and screened in a batch test

program. These materials fell into the following classes: standard cation

exchange resin (1 type); chelate ion-exchange resins (3 types); Devoe-Holbein

metal scavenging molecules (3 types); natural materials such as clays (5

types), molecular sieves (2 types) and greensand (2 types); and other

additives consisting of hydrated lime, silylated silica gel, insoluble starch

xanthate, Metal Sorb-7 and ferrous sulfate; for a total of 21 chemical

additives. Since the four ion-exchange or chelate resins could be

conditioned in two different ways, a total of 25 chemical additives were

available for use in the test program.

4. Batch Screening Test Program

Batch testing was carried out in 18 - 1,000 mL Erlenmeyer flasks in

which soils were placed in an uncompacted, unconfined state and to which

treatment chemicals and/or contaminant metals were added. The mixtures were

reacted by mechanical shaking on reciprocal shakers. The mixtures reached

chemical equilibrium within 24 hours. Aliquots of the solutions were taken

after the tests and analyzed for each of the six contaminant metals on an

AA. The difference between the original and the measured metal values

correspond to the amount of metal adsorbed and/cr complexed by the chemical

additive and t.*e soils.

In the initial series of screening tests, each one of the 25

chemical additives was reacted with a metal salt solution containing all five

metals at a concentration of 30 milliequivalents (mequiv)/L each. Twelve

chemical additives generally having the highest capacities were selected for

further testing.

Subsequent testing involved using both the soils and chemical

additives. As a control case, the uptake capacity of the three soils

contaminated with both single and multiple metals were first determined.
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The total capacities (soil and chemical additive combined) of the
12 chemical additives for each soil contaminated with a single metal at a

concentration of 30 mequiv/L were determined in another series of tests. The

differential capacity of each chemical additive was then calculated by

subtracting the total capacity from the control capacity (contaminated soil

with no chemical additive). The chemical additives were ranked on the basis

of their cost per unit weight of heavy metal removed from the soil.

The data for all single metal contaminants, with the exception

of hexavalent chromium revealed:

0 Lime and Valfor 200 (synthetic molecular sieve) consistently

outranked all the other additives.

* The treatment chemicals generally having the lowest treatment cost

also had the highest differential capacities. A notable exception

was the bentonite clays which had low differential capacities and

low unit costs.

* The treatment costs were lower and the differential capacities were

higher for the McClellan and Robins AFB soils than for the Tinker

AFB soil. This is consistent with the higher soil capacity of the

Tinker AFB soil.

* For the two best chemical additives, the treatment costs ranged from

$O.01/equiv to $0.23/equiv for the McClellan and Robins AFB soils,

and with the exception of copper, from $0.03/equiv to $0.55lequiv

for the Tinker AFB soil.

Lime ranked first for the McClellan AFB and Robins AFB soils as a

cost-effective treatment for hexavalent chromium at $0 13/equiv, but did not

appear to be an effective treatment chemical for hexavalent chromium for the

Tinker AFB soil. The most cost-effective treatment for hexavalent chromium

in the Tinker AFB soil is the synthetic chelating resin Duolite CS-346 at

S4.45/equiv. Since Duolite CS-346 is so expensive, ferrous sulfate was

investigated as an alternative treatment chemical. In the preliminary

screening tests, ferrous sulfate addition with pL adjustment by lime, was

found to be very effective in immobilizing hexavalent chromium.
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Hexavalent chromium, Cr +6, can be reduced to the less toxic, less
+3

mobile trivalent chromium state, Cr , with ferrous sulfate. Ferrous sulfate

is a nontoxic, inexpensi-e reducing agent. Theoretically, onco in the Cr+ 3

form, it can be precipitated with lime as chromium hydroxide, Cr(OH) 3 , or

adsorbed onto Valfor 200 by ion exchange. Lime/ferrous sulfate and

Valfor 200/ferrous sulfate combinations were test.t on the three soils to

determine their effect on hexavalent chromium immobilization.

The test results showed clearly that lime/ferrous sulfate and

particularly Vaifor 2C0/ferrous s.-,fate are viable alternatives for C +6

immobilization relative to the other expensive treatment chemicals discussed

above. The costs of the two best treatments for Cr+6 immobilization for each

soil ranged from $O.08/equiv to $0.27/equiv, consistent with the treatment

costs for the immobilization of the four other metals. The test data showed

that the combination of soil and lime/ferrous sulfate treatment immobilized

50 percent of the total Cr+6 found in the soil, vhile soil and

Valfor 200/ferrous sulfate immobilized 100 percent if C:-, making this

latter immobilization method exceptionally effective and inexpensive.

For soils contaminated with only Cr6, Valfor 200/ferrous sulfate

was more effective in immobilizing Cr*6 than lime/ferrous sulfate at the

highest dosage tested.

Lime and Valfor 200, with and without the addition of ferrous

sulfate, were tested with multiple metal solutions and at various dosages.

Lime and Valfor 200, by themselves, appear to be viable for immobilizing Cu,

Ni, Cd and Zn, singly and in multiples, but do not it.mobilize hexavalent

chrozium. However, hexavalent chromium can be immobilized with the addition

of ferrous sulfate to either lime or Valfor 200.

Vith multiple metal solutions, all of the five metals were virtually

inmobilized at the highest lime/ferrous sulfate dosage tested. At a given

lime dosage, the effect of increasing the ferrous sulfate dosage reduces the

immobilization efficiency of Cd. Ni, Cu and tn, but decreases the mobility
+6

(increases the immobilization efficiency) of Cr . Cr, Cd and Ni were all

virtually immobilized with Valfor 200/ferrous sulfate, but Cd and Zn were not
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fully adsorbed on Valfor 200 at the dosage tested. Ferrous sulfate addition

at a fixed Valfor 200 dosage also decreased the immobilization efficiency of
+6Cd, Ni, Cu and Zn and :ncreased the immobili.ation efficiency of Cr

5. Dynamic-Flow Column Test Program

Dynamic-flow column studies were conducted to obtain detailed data

on the maximum capacity and mobility of the metal contaminants in soil

columns with the addition of the treatment chemicals, lime or

Valfor 200/ferrous sulfate. Control tests were carried cut by packing only

the soil in the columns. Twelve test columns were constructed of polyvinyl

chloride, each with an inside diameter of 2.0 inches (5.1 cm) and a length of 30

inches (76.2 cm). The apparatus was constructed without any metal components

contacting the fluid or soil. The soil columns were packed to the in situ

density of each soil and the total weight of soil used in each column was 600

grams.

Single and multiple metal solutions containing a total metal

concentration of 30 mequiv/L and a natural pH of approximately 4.2 were

passed through the columns and small aliquots of the effluent were gathered

at periodic intervals and analyzed for the contaminant metals on an AA. In

the case of multiple metal solutions all of the individual metal

concentrations had the same mequiv/L concentration. The tests were

terminated when the effluent concentration equaled the influent

concentration.

Only the M!cClellan and Robins AFb soils were used in the soil

columns; the Tinker AFB soil was incompatible with soil column testing

because of its very low permeability. Each soil was treated with lime and

Valfor 200/ferrous sulfate at three dk~erent dosages. The amount of lime

added to the soil correlates to soil phs 7.0. 8.5 and 10.0.

Valfor 200 ferrouw/sulfatc .as adrid at a ,eight ratio of I:. and at soil-to-

Valfor 200 weight ratios of 200:1. 100:1, and 50:1.

The test data show that the total metal capacities generally

increase as the dosage is increased. At the two highest dosages, the
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immobilizing action of Valfor 200/ferrous sulfate exceeds that of lime. The
multiple metal tests with Valfor 200"ferrous sulfate generally showed

chromium is selectively adsorbed relative to the four other contaminant

metals. Chromium, nickel and copper are selectively adsorbed relative to

cadmium and zinc.

6. Long-Term Stability Column Test Program

Long-term stability column tests were carried out to deL-rmine the

leachability of Cr+6 - contaminated soils treated with lime and

Vaifor 200/ferrous sulfate. Twelve (12) PVC columns similar to the dynamic

flow columns were constructed; the inside diameter was 2.0 inches (5.1 cm)

with a length of 12 inches (30.5 cm). The columns were packed to the in situ

density of each soil.

Six columns were prepared for each of the test soils. For each

soil, two columns were treated wit, 2im• to bring the soil pH to 10, while

three other columns were treated with the same dosage of Valfor 200/ferrous

sulfate (Valfor 200/ferrous sulfate = 1:1 ly weight; soil/Valfor 200 = 100:1

by weight). The sixth column was used as a control and was packed with soil

withcut a treatment chemical. Each column contained 600 grams of soil

contaminated with 1B milliequivalents of Cr+6 , frr a metal loading of

3 mequiv/100 grams soil.

Differepb leachate solutions were passed through the 3oil columns

for periods ranging from 24 days to 53 days. The leachate solutions included

deionized water, applied to the soil to bring it to both a saturated ard

unsaturated condition; simulated acid rain, which was deionized water

adjusted to a pH 5.3 with sulfuric acid; and water saturated with toluene.

The test data show that Valfor 200/ferrous sulfate is responsible fozr

complete in:obilization of chromium in the soil, with the chromium

concentrations generally less than the analytical detection limit of

0.25 ppm. The metal concentrations in these leachates are considerably less

tha the concentrations in the deionized water leachate from the

corresponding control colýrmns. This indicates that the three leachatke



solutions are ineffective in desorbing Cr+6 from the contaminated soils

treated with a combination of Valfor 200/ferrous sulfate.

Lime treatment was ineffective in immobilizing Cr+6 in the soil.

The metal concentrations in the simulated acid rain and deionized water

leachates were equivalent to or greater than the metal concentrations in the

deionized water leachate of the corresponding control columns. The shape of

the removnl curves indicates that most of the metal is removed in the first

two to five leachate pore volumes.

7. Hazardous Waste Site Simulator Test Program

Soil can pick up specific metal ions from waste solutions and later

give them up because of intervening conditions in the soil acting on the

passage of liquid containing the metallic waste. The hazardous waste site

simulator test program was carried out to determine the immobilization

efficiency of treated soil in a dynamically-changing soil environment.

Four columns were constructed. Each column consisted of four

sections, each having an inside diameter of 2.0 inches (5.1 cm), that were

mounted on top of each other after being packed with soil to its native

density. Sampling ports were placed between each section of the column to

monitor the passage of Cr, Cd and Ni from one section on the column to the

next section. The firsL or top section (Section A) was 2 feet long and each

of the three successive sections (Sections B, C, D) were 1 foot long.

Leachate fluid was gravity fed through the columns.

Two columns were filled with McClellan AFB soil and two with Robins

AFB soil. The top section of each column was packed with 1800 grams of soil

contamincdted with 18 mequiv each of Cr, Cd and Ni. The total metal

contamination of 3 mequiv/100 grams soi.l was the same as in the long-term

stability test. In one column, the contaminated soil was treated with

Valfor 200/ferrous sulfate soil in the same dosage as in the long-term

stabiliLy tests (Valfor 200/ferrous sulfate = 1:1 by weight; soil/Valfor 200

= 100:1 by weight). The other column was used as a control, i.e., the soil

was not treated. All of the bo.tom three 1--foot sections in each column were
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filled with uncontaminated, untreated .oil and repre-ented the virgin soil

below the contaminated soil on a hazardous waste sitc. The columns were

continuously leached with deionized water for 114 days at a flow rate equal

to their as-packed permeability.

All effluents were analyzed fo-r Cr, Cd aAnd Ni; the iron

concentrations were also analyzed in the soil columns treated with

Valfor 200/ferrous sulfate. The distribution of Cr. Cd and Ni retained by

the soil columns were determined after the leachate test was concluded by

analyzing the soil columns. Initially, the metal content in the soils was

measured by determining the concentration of readily extractable metals.

Cadmium was accounted for using this methiod in all four columns; nickel was

also determined in the two control columns by this method. However, in the
Sother columns, specifically the two treated columns for Ni and Cr+, and to

+6some extent, in the control columns for Cr , only a fraction of the original

doped metal values were observed. It was con:luded that these metals were

bound tightly to the soil as a result of treatment with Valfor 200/ferrous

sulfate. A s J. digestion method was used to analyze for Ni and Cr+ 6 in the

treated soil olui,,ns.

Immobilizition of Cr, Cd and Ni in contaminated soils treated with

Valfor 200/ferrous salfate was enhanced relative to the untreated control

co)mns. The irnobilization effects of the treatment chemicals are more

pronounced in the lower metal capacity Robins AFB soil,when compared to the

higher metal capacity McClellan AFB soil. Most of the chromium, cadmium and

nickel in the Robins AFB soil was immobilized in the treated top section

compared to the control column. With the exception of cadmium, excellent

immobilization of these metals in the top section resulted in less metal

available to challenge the lower soil sections.

Cadmium appears to be very mobile with 21.2 percent of the total

cadmium in the Robins AFB control column leachate effluent. The mobility of

cadii,iuai was further corroborated by the results of the dynamic flow and long-

term stability column tests.
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These results indicate that in situ treatment may be a viable

solution for the immobilization of Cr, Cd and Ni in contaminated soil. The

use of Valfor 200/ferrous sulfate mixtures as a treatment additive for the

immobilization of heavy metals proved effective in the McClellan and Robins

AFB soils. The treatment additives provided immobilization efficiencies

superior to the continuously leached columns.

Valfor 200 is a sodium aluminosilicate that has a high sorption

capacity for divalent and trivalent heavy metals. The high distribution of

exchangeable sodium cations in Valfor 200 accounts for its high sorptive

capacity for Cd and Ni. Valfor 200 is not selective for chromium in the

hexavalent state. The addition of ferrous sulfate reduces Cr+6 to the less

toxic, less mobile trivalent species, Cr +3 which is readily sorbed onto the

Valfor 200 surface or precipitated as insoluble chromium hydroxide. Co-

precipitation of iron and contaminant metal sulfides also occurs in the top

sectioi. of the treated colamns. Contaminant metal inmcbilization is also

derived not only from simple ion exchange consideration, but alo strong

covalent bonding responsible for precipitation and chemisorption of metal

contaminants.

C. COST ANALYSIS

The total costs of in situ immobilization consist of the chemical

additive costs and the soil application costs. The chemical costs to treat

soil crntaminated with 30 mequiv/kgram of total metal (consisting of Cr+6

and/or Cd and/or Ni) with Valfor 200/ferrous sulfate was estimated to be in

the range of $33,300/acre-ft to $81,200/acre-foot, or $23.9/ton to

$33.8/ton. The chemical dosage, i.e. soil-to-Valfor 200 was taken to be

100:1 and Valfor/ferrous sulfate = 1:1. Experimentally, this dosage was

found to completely immobilize the contaminant metals in soil columns under

varying leachate conditions. More precise estimates can be made only after

field tests.

The costs of tilling dry chemicals into the soil has been estimated at

$1,000/acre-foot or $0.42/ton and is based on the rental of tilling equipment

and labor costs. The tilling equipment would be able to apply the treatment
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chemicals to a depth of about 5 feet. The application costs can be neglected

relative to the chemical treatment costs for the illustrative example given.

As a basis of comparison, the costs of transporting the contaminated soil

to, and disposing the contaminated soil in, a secured landfill is estimated

to be in the range of $357,000/acre-foot to $595,000/acre-foot, or $150/ton

to $250/ton, depending upon the distance to the secured landfill and the

disposal and/or treatment costs. Thus, for the particular example given

here, the costs of in situ immobilization are substantially less than the

costs of transporting and securing the contaminated soil in a secured

landfill.

D. RECOMMENDATIONS

Future research work should be directed at verifying the laboratory test

results on large:: laboratory scale and on pilot scale. Laboratory tank

rtue.ies sht ld ve carried out to begin to understand the interaction between

thp Poil dynamics aud metal immobilization. Pilot field studies are required

to give a complete evaluation of immobilization/stabilization procedures

applied to a given hazardn s waste site. In particular, the degree of mixing

between the t-eatment chemicals and the contaminated soil to achieve complete

immobilization and the tequired dosages should be evaluated.
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SECTION I

INTRODUCTION

A. OBJECTIVE

This report summarizes an experimental study to determine the feasibility

of using in situ chemical additions for the treatment of soils contaminated

with heavy metals. The objective of the laboratory test program was the

evaluation of various treatment chemicals for the in situ immobilization of

chromiu.m, cadmium, nickel, copper and zinc in soils from Air Force facilities

in the United States.

The test program consisted of batch and column testing for measuring the

leachability and subsequent immobilization of single and multiple heavy

metals in soils. Batch equilibrium methods were used to screen a large

number of chemical additives for their ability to react with contaminated

soils. The two best treatment chemicals for each soil-metal combination were

selected for more detailed column studies. Dynamic-flow column studies were

conducted to obtain detailed data on the capacity and mobility of metal

contaminants in soilwith and without the addition of the best treatment

chemicals. Long-term column tests on the stability and leachability of the

best treitment chemicals with and without the effects of acid rain and

solvent addition were also carried out. Tests were al-o carried out in a

Hazardous Waste Site Simulator to determine the immobilization of treated

soil in a dynamically changing soil environment.

B. BACKGROUND

-! Various industrial operations are carried out on behalf of the U.S. Air

Force at five Air Logistics Centers and at a number of Government-Owned,

Contractor-Operated facilities throughout the United States. These

facilities conduct a variety of aircraft maintenance operations, including

aircraft depainting, parts degreasing and electroplating, which generate many

waste solutions and sludges contaminated with heavy metals. The disposal of

the waste solutions and sludges by previously acceptable means has led to

problems with the contamination of both soil and groundwater.
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The mobility of heavy metals in the soil and groundwater environment is

affected by the soil organic matter content, hydrous metal oxides, cation

exchange capacity, pH, oxidation-reduction potential (Eh), particle size, and

permeability. Surface soils typically retain the heavy metal cations in the

upper few feet of strata, which contain the highest organic matter. The

various heavy metal species have different mobilities under different pH

conditions. For example, under alkaline conditions, divalent cadmium has low

mobility but hexavalent chromium has much higher mobility. These variations

of mobility under different pH conditions have considerable impact under

multiple metal contamination conditions. Once the toxic heav? metals reach

the saturated zone, their transport in the gr',undwater is an environmental

and health hazard.

Available technologies for treating contaminated soils include excavation

of contaminated soil for drumming or soil washing and subsequent treatment of

the washwater. Purged groundwater can be treated for heavy metal removal by

pH adjustment and precipitation.

In situ immobilization of heavy metals will avoid the requirement for

excavation in soils or pumping of groundwater. The immobilized metals will

present no adverse environmental or health hazards in their treated state.

In addition, in situ treatment provides a cost effective treatment

alternative to alleviate these hazards.

C. SCOPE

This report is written in eight sections:

0 Section I - Introduction.

* Section II - Soil Characteristics. The problems created by

introducing contaminant metals into soils are discussed, -!on- u:i

the methods used for soil collection and soil analysis.
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* Section III - Treatment Chemical Additives. Methods for the in situ

application of treatment chemicals are briefly described, tcgether

with a detail3d discussion of the -zharacteristics of each of the

chemica13 used in the laboratory test program.

S Section IV - Test Apparatus and Analytical Techniques. The

components and operation of the laboratory scale batch and column

test apparatus are described, together with the analytical

techniques used frr determining the concentrations and valence

states of the contaminant metals in the influent and effluent

streais.

* Sertion V - Test Approach and Results. The rationale for the test

approach is described, along with the results of the laboratory

sca!L test program.

a Section VI - In Situ Treatment Costs. The costs of the treatment

chemicals and their application are estimated and compared to

existing methods of cleaning up hazardous waste sites.

*• Section VII - Concluslons and Recommendations.

ia Section VIII - References.
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SECTION LI

SOIL CHARACTERISTICS

The problems created by introducing metal contaminants into soils are

discussed in this section. The first subsection presents information on the

soil properties, while the second subsection defines the potential for

remobilization and migration of taie contaminant metals through soil. The

last two subsections discuss the methods used for soil collection and soil

analysis.

A. BACKGROUND

Soils are composed of the natural aggregate of mineral grains derived

"from chemical and physical weathering processes combined with constituents

derived from organic origin. Soils are generally not homogeneous and may be

stratified due to historical variations in the formation process.

Stratification is typified by several soil horizons reflecting interactions

of the soil with groundwater, atmospheric conditions and vegetation. The

nature and extent of the upper horizons are a direct function of the growth

and decay of vegetation and soil organisms which in turn are influenced by

soil chemistry, moisture content, and climatic conditions. The continual

external changes, combined with the continual process of weathering, are

reflected in the dynamic nature of the soil properties.

There are numerous systems for classifying the soil type and

constituents. The primary physical parameter used to distinguish soil

constituents is grain size and the principal constituents are gravel, sand,

silt and clay. The relative sizes of these constituents and some

classification conventions that have been developed are summarized in

Figure 1.

The void structure within the soil has a major impact on both the

transport and immobilization potential of the contaminant metals. The void

structure depends on the distribution of grain size (or soil gradation) and

degree of compaction (or consolidation), which is a function of the soil

history. The size 4nd continuity of voids determine the migration paths

4
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Figure 1. Soil Classification Based on Grain Size.

through the soil. The resistance of the migration paths to soil water flow

is called the permeability of the soil. The migration of the heavy metal

ions and the treatment chemicals is dependent on the transport paths. The

understanding and measurement of soil water movement in the soils is a

necessary part of the experimental program.

The voids can be categorized as connected macrovoids, microvoids and

isolated macrovoids. Solutions and gases within the soil move easily through

connected macro voids but require a disruption in the soil and/or a driving

force to enter or pass through microvoids or isolated macrovoids. Variation

in the soil environments and weathering with time can liberate potentially

mobile constituents trapped in these isolated voids, such as cations, which

are temporarily in solution .

Clay particles, the finest fraction of soils, are composed of both

mineral and organic constituents. Clay minerals exhibit physiochemical

propertie- ,imilar to those of plate- or sheet-like crystalline structures.

Minerals with sheet-like structures can be subdivided into the following

groups: kaolinites, illites, and montmorillonites. These minerals are
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characterized by a negative electric charge on the flat surface of the

crystal and by either a positive or negative charge on the disrupted crystal

edge. This gives the plate-like minerals the ability to weakly adsorb

cations inherently present in the soil water. This weak bond plays a role in

the overall chemical interaction of cations, organic content and hydrous

oxides present in the soil. The relative cation adsorption potential of

these minerals is given in Table 1.

TABLE 1. ADSORPTION POTENTIAL OF MINERALS

Number of Positive Charges

Mineral Adsorbed per 100 grams (x 10'20

Montmorillonite 360 to 500

.1l lite 120 to 240

Kaolinite 20 to 90

The organic content varies widely between soils. Sandy soils may contai~n

less than one percent organics; the upper 5 inches of a grassland soil

(Mollisol) contain 5 to 7 percent organics; soils in poorly drained areas

(Aquepts) up to 10 percent organics; and soils near saturation for most of

the tine (Histosois) have greater than 20 percent organics in the top 2.5

feet of soil. Many factors affect the accumulation of organic matter. As a

rule of thumb, the order of importance of environmental conditions affecting

the organic content in loamy soils in the United States is climate

vegetation >topography =parent material > age.

The chemical nature of the organic phase in soils is extremely complex.

It contains most, if not all, of the the organic chemicals or their

degradation products synthesized by living organisms. Two major categories

of organic compounds which differ in their soil-chemical cation interactions

are present in soils: high molecular weight humic substances containing

arna~ nilclei in complex polymers, and nonhumic substances of low molecular

weight containing organic acids and bases.

Humic substances have been fractionated into three general substances.

The humin fraction is insoluble in alkali and acid and has the highest

6



molecular weight. The humic acid fraction is a dark-colored extract which is

soluble in alkali but insoluble in dilute acid. The fulvic acid fraction

remains in solution after removal of humic acid by acidification. Total

acidity for the humic acids ranges from 500 to 900 mequiv (milliequivalents)

per 100 grams soil and for fulvic acids from 900 to 1400 mequiv per 100 grams

of soil.

Nonhumic substances found in the soil are of lower molecular weight and

of recent biological origin and result from plant or animal biosynthesis or

their degradation products. Nonhumic substances include aliphatic, sugar,

amino and lichen acids, carbohydrates and lipids.

An important factor in the chemical. nature of soils is the presence of

hydrous oxides and cations in soil water. The predominant, naturally

occurring exchangeable cations in soil water are Ca, Mg, K, Na, Al, H, Fe and

Mn. The first four cations are termed exchangeable bases. In acid soils Ca,

Mg, K and Al predominate, while in calcareous soils Ca and Mg are found at

most of the exchange sites. The sodium ion predominates in salty soils.

The degree of attraction or affinity of cations to the exchange sites on

fine soil particles varies between cations. The cation exchange capacity

(CEC), or the capacity of the soils to chemically adsorb cations, is measured

by displacing the exchangeable cations with neutral ammonium acetate

(NH4 OAc) and then determining the amount of ammonia (NH4 ) bound on the

exchange sites. The cation exchange capacity is determined by an analysis of

the extract and is expressed as milligram equivalents per 100 grams of soil.

Contaminant metals in the soil water can be removed by adsorption and/or

precipitation. Adsorption in soils is defined as the adhesion of dissolved

substances ýo the surface of soil solids with which they are in contact.

Precipitation involves the formation of a solid phase which has low

solubility in the soil water.

Different mechanism3 can be operative for the removal of an ion from the

soil water onto a solid surface: physical adsorption, chemical adsorption and

penetration onto a soli.d surface. Physical adsorption occurs through weak
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atomic and molecular attractive forces (van der Waal forces). This process

is important for metal retention in soils because it can lead to other

stronger attractions, such as chemical adsorption. Chemical adsorption

occurs when chemical bonds form that are more ionic in nature between an ion

in the soil solid phase and an ion that was formerly in the soil solution.

Insertion or penetration of an ion into the solid mineral phase may occur as

a consequence of chemical adsorption. This reaction is frequently

irreversible and time-dependent.

The factors affecting the interrelation between adsorption and

precipitation are the cation concentration in the soil water, pH, cation-

anion pairing and complexation by organic molecules.

The hydrous oxides of Fe, Mn and Al are common in soils and occur as

crystalline minerals or as surface coatings on other minerals. They are

characterized by a very high surface area to weight ratio and are frequently

amorphous. The Fe and Mn hydrous oxides are very labile because they form in

oxidizing conditions and dissolve under reducing conditions. This phenomenon

is very important when interpreting the role of organic matter in its

interaction with heavy metals.

The processes of soil genesis and the subsequent development of soil

horizons define zones within the soil profile that have highly

distinguishable behavior. The so-called upper A and B horizons typically

contain the greatest concentration of organic content and consequently are

responsible for the adsorption of most of the metals that are introduced into

the soil. Superimposed on these horizons are four major soil zones

associated with ground moisture. The upper two zones (or the pendicular and

funicular zones), contain unsaturated vo!.'s within the soil and thus tend to

be aerobic. However, the lower two zones (or capillary purge and phreatic

zones), contain voids which are completely filled with water and are

anaerobic.

The extent of aeration directly affects the oxidation-reduction status of

the soils. The oxidation-reduction potential, Eh' impacts the composition

and concentration of ionic species in the soil water. Fluctuations in soil
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saturation because of climatic cycles and groundwater elevation changes
create regions of leaching and precipitation of various ions within the

soil. This cyclic behavior can result in a slowly undulating concentration

of temporary cations through the soil. Furthermore, the rate of latent

migration of highly soluble constituents can be maximized with' the
capillary zone due to the combined effects of favorable moiiture aad

anaerobic conditions.

B. INTERACTION OF SOIL AND CONTAMINANT METALS

Heavy metals added to soils react with the soil components in a variety
of ways. These reactions can be generally classified as ion exchange,

adsorption, precipitation and complexation. The reaction mechanisms and
rates are dependent upon the type and amount of the organic matter, clay and

hydrous oxides present in the soil. Additional factors are the exchangeable

cations, soil reaction (pH), oxidation-reduction potential (Eh), soil water
composition, and concentration. These additional factors are dynamically

affected by the physical arid biological properties of the soil and any

meaningful investigation of soil-heavy metal interactions must consider the
whole soil continuum, as discussed in the previous subsection.

Metal ions may be bound to soil particulates by a combination of forces
ranging from electrostatic to covalent forces. When stronger covalent

bonding dominates, certain cations are specifically bound and the
reversibility of exchange decreases. This type of bonding occurs in organic

Smatter, clays and hydrous oxides.

Hydrous metal oxides are important to the retention of heavy metals in
* soils. The fact that hydrous oxides of Fe and Mn tend to dissolve in

reducing conditions is very important when interpreting the role of organic

matter in its interaction with heavy metals. Experimental results which

point to the action of organic matter with heavy metals can alternatively be
interpreted as evidence of the influence of hydrous oxides as a function of

pH and Fh (References 1, 2).
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Most heavy metals become less mobile in soils with an increase in pH.

This observation can be explained by the precipitation of heavy metal

hydroxides, changes in the carbonate and phosphate concentrations in the soil

water, adsorption and desorption of metals by hydrous oxides and organic

matter, and the formation and dissolution of Fe and Mn oyides. The heavy

metals, Cd and Zn, illustrate the effect of pH on mobility. Cadmium exists

in the divalent form to pH 7.8 and only 50 percent is converted to the

precipitate Cd(OH) 2 at pH 11. On the other hand, 50 percent of zinc is in

the Zn(OH) 2 form at pH 7.5. This comparison suggests that, at a given soil

pH, zinc will be less mobile than cadmium in a soil system.

Metals are bound to organic molecules by complexation and chelation. A

complex is formed when an electron-rich atom (such as 0, S, N or P) in an

organic molecule shares a pair of electrons with a metal ion having an empty

outer shell. The molecule combining with the metal is called a ligand and

the resulting combination is called a coordination compound.

Chelation occurs when two or more coordination positions around the metal

ion are occupied by two mor'e more donor groups from the same organic

molecule. The resulting internal organometallic ring gives the complex a

high degree of stability.

Functional organic groups which serve as electron donors in metal

complexes are enolates, alkoxides, carboxylates, phenoxides, alkyl amino,

heterocyclic N, meicaptides, phosphates, phosphonates, hydroxyalkyls,

carbonyls, ethers, esters, amides, and thioethers.

As discussed in the previous subsection, the organic phase of soils is

composed of two major compounds: humic and nonhumic. The high-molecular-

weight humic substances have a high affinity for metals and are largely

insoluble in the soil water. Nonhumic substances of low molecular weight,

such as organic acids and bases, are relatively soluble when complexed with

metals.

The humic and fulvic acid fractions account for most of the metal

immobilization attributed to the organic matter in soil. Complexation and
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chelation with metals occur through the acidic functions and,less importantly,

at the amide and heterocyclic nitrogen centers in these complex polymers
(Reference 3). The low molecular weight nonhumic compounds are usually very

good complexing agents with metal ions. The resulting complexes are far more

soluble than the humic-metal complexes. The nonhumic complexes generally

mobilize heavy metals in soils.

C. SOIL COLLECTION

One of the objectives of the test program was to determine the mobility

of contaminant metals in various types of soils with and without the addition

of treatment chemicals. However, soil types vary radically throughout the

United States and soils typical of those contaminated by heavy metals are

difficult to define. The approach taken in the test program was to use soils

representative of those contaminated at three Air Force Logistics Centers
(ALC) in the United States. Table 2 identifies the Air Force bases used as

soil collection sites. These sites were based on geological site data

supplied by the Air Force Project Officer.

TABLE 2. SOIL COLLECTION SITES AND SOIL TYPES.

Air Force Base Soil Type

Sacramento ALC Sand, Gravel Sand,

* McClellan AFB, CA Sandy Loam

Warner Robins ALC Loamy Fine Sand,

Robins AFB, GA Sandy Clay Loam

Oklahoma City ALC Sandy Loam, Silty Loam,

Tinker AFB, OK Silty Clay Loam

These soil types have the greatest potential for possible metal contamination
because heavy metals are fairly mobile in soils that do not contain much clay

and are fairly permeable. For example, clay, which is the finest fraction of
soil, consists of mineral and organic constituents that have a natural
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affinity to chemically adsorb metallic cations making the mobilization of
heavy metal contaminants very difficult. For example, the soil at San

Antonio ALC, Kelly AFB, Texas, was omitted from the above list because the
contaminated soil consisted of clay, silty clay, and clay loam soil types.

Analysis of the groundwaters at this base showed very slight traces of

contamination and supports our soil selection criteria.

Soil scientists were identified in the vicinity of each selected site.

Table 3 lists each Air Force basedtogether with the corresponding soil

specialist subcontractor. The soil specialists coordinated the collecting of
the various soil samples, performed onsite characterization tests, and
shipped the soil samples back to Foster-Miller, Inc. A soil sampling Scope

of Work defining how the samples were to be collected, analyzed and shipped

to Foster-Miller was sent to each subcontractor. At the conclusion of the
sampling program, each subcontractor submitted a detailed field engineering

report that described the sampling location and the results of all tests

performed on site and in the laboratory.

TABLE 3. SOIL SPECIALIST SUBCONTRACTORS.

"Air Force Base Subcontractor

Oklahoma City ALC Mr. Gerald W. Finn

Tinker AFB, OK Terracon Consultants, Inc.

832 Northwest 67th Street, Suite 1

Oklahoma City, OK 73116

Sacramento ALC Mr. Ronald J. Perisho

McClellan AFB, CA J.H. Kleinfelder & Associates

9795 Business Park Drive, Suite A,

Sacramento, CA 95827

Warner Robins ALC Mr. Steven Shugart

Robins AFB, GA Law Environmental Associates

2749 Delk Road

Marietta, GA 30067
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Street maps of each selected Air Force base were obtained from the Air

Force Project Officer. These maps were used in conjunction with U.S.

Geological Survey maps, local soil surveys and the subcontractor's knowledge

of the area in determining the exact location of the soil sampling site.

Permission to access each base and to use Air Force personnel and heavy

machinery (backhoe/front-end loader) to assist the subcontractors in

collecting the soil were obtained by the Air Force Project Officer. All

visits by the subcontractor to the Air Force base were coordinated with the

appropriate Air Force liaison contact.

Samples of uncontaminated soil, taken near the contaminated metal

disposal area, were collected from several locations at each site from the

wall of shallow excavations. Care was taken to avoid highly disturbed zones

such as artificial fill or landscaped areas. At each sampling location, the

in-place soil was inspected and classified in conformance with U.S.

Department of Agriculture procedures (see Figure 1). At each site where a

soil sample was taken, sand funnel tests were carried out to determine the

natural density of the collected soil. Figure 2 shows photographs of the

soil collected and tested at Robins AFB.

Approximately 1500 - 2100 pounds (680 - 950 kg) of uncontaminated soil

were collcected at each Air Force base, Soil from each base was shipped to

Foster-Miller in three 55-gallon plastic or plastic coated drums. Each soil

from Robins AFB and McClellan AFB was mixed by screening the entire base

sample through an ASTM 2-foot standard sieve shaker. Coarse soil fractions

were removed with a 0.25-inch screen. The entire soil sample was mixed

uniformly on a clean canvas tarp by repeatedly raking and folding. The soil

samples were repacked into the original three drums. The coarse fractions

were stored in separate containers and saved.

The above mixing procedure was not ipplied to the Tinker AFB soil because

the clay would nmt pass through the sieve shaker and could not be mixed by

hand. Instead, the clay samples were uniformly mixed in a 1500-pound

(680 kg) capacity roller mill.
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D. SOIL ANALYSES

1. Permeability Testing

At each site the natural density of the collected soil was

determined by a sand funnel test. The test involved weighing a small sample

of the soil and measuring the volume of the cavity created by removing the

sample. The volume is measured by filling the cavity with sand using a sand

core apparatus as specified in the ASTM D-2937 standard (Reference 4).

The grain size distribution on coarser soil fractions 02 microns)

was obtained by a sieve analysis. Particle size distributions of the finer

constituents (<2 microns) was derived by correlating the particle size to the

rate of sedimentation. The fine fraction of soil was mixed with water and a

hydrometer was used tc determine the weight of material remaining in

suspension and correlated to time. The hydrometer test pLocedures are

described in the ASTM D-422 standard (Reference 5).

In situ soil permeability (hydraulic conductivity) was measured at

each sampling site using an air-entry permeameter (Figures 2 and 3). Water

is applied under a relativity high head to a covered infiltration cylinder.

A wetted zone is created vith a predominantly positive water pressure and a

distinct wet front. When this front has reached a depth approximately equal

to the cylinder penetration, the water supply valve is closed. The flow

conditions in the wetted zone during infiltration are assumed to follow well-

established flow laws and the satuvated hydraulic conductivity is calculated

using Darcy's equation.

Table 4 sumnarizes the soil properties at each of the three Air Force

bases. The range of values ,,rc•,&-nt% da.a taken frem several pits at each

location.

2. Ele=ental Analysis and Organic Content

The test procedures and parameters for soil analysis are sum-arized

in Table 5. BotL elementai analysis and organic content testing were
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carried out. Eleenetal analyses yere carried out in two vayu to determine
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TABLE 4. SOIL PROPERTIES.

Soil Property McClellan AFB Robins AFB Tinker AFB

Description Sandy loam Loamy Sand Clay Loam

Dry Density (Ibs/ft 3) 118.0 107.6 - 109.2 99.7 - 117.7

(Specific Density) 1.89 (1.73 - 1.75) (1.60 - 1.89)

Moisture (percent) 14.0 7.32 - 8.08 15.5 - 20.0

Permeability (in/hr) 1.5 1.6 0.66 - 1.0

(cm/hr) (3.8) (4.1) (1.7 - 2.5)

in a volumetric flask with IN HCl. Metals from both the mineral and organic

constituents were determined by measuring the weight percent for each element

by atomic absorption.

An analysis of extractable metals was performed for each soil
sample. This iLIvolved treating .00 grams of soil with 200 mL of an

extractable solution of 10 percent sodium acetate in 3 percent acetic acid at

pH 4.8. The extract was analyzed with an atomic emission spectrometer.

Readily oxidizable organic matter was characterized by determining
the weight loss of the soil sample after a 30 percent hydrogen peroxide

digestion treatment. The total organic carbon (TOC) determinations were

based on the oxidation of organic carbon and thermal decomposition of
carbonates in a furnace. The carbon dioxide that was liberated was trapped

and measured and correlated to the original total carbon.

In addition to the elemental and organic content analyses, a
mineralogy assay was carried out to determine the composition of the soil

clay fraction. Scanning electron microscopy (SEM) combined with energy-

dispersive spectroscopy (EDX) was utilized to semiquantitate the miineralogy

and composition of the clay-sized fraction of each native test soil.
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TABLE 5. CHEMICAL SOIL TESTING PARAMETERS.

Test Method Parameter Tested

In water (1:1) soil paste Eh

in 0.01 M CaCl 2 (1:1) pH

SMP Buffered pH

Conductivity EC5, EC2

Calculated Cation Exchange Capacity

Colorimetrically Ammonium Nitrate

Phosphorous

Measureda'b by Plasma Emission Aluminum, Arseni.c, Boron, Cadmium,

Spectroscopy and Atomic Absorpcion Calcium, Chromium, Copper, Iron,

Lead, Manganese, Magnesium,

Molybdenum, Nickel, Potassium,

Thermal H202 Organic matter

Dry Combustion TOC

SEX EDX Mineralogy

a Extracting solution: 10 percent sodium acetate in 3.percent acetic acid at

b pH 4.8.
Second extracting solution: IN HNO 3/HC1.
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Table 6 shows the analyses of the three soils for various chemical

parameters including readily extractable trace metals. The data show that

the soils are not contaminated an4 are safe to work with. The chemical

parameters are typical of each soil type. The total elemental analysis for

the three soils are shown in Table 7. The analysis represents the total

elemental composition of the inorganic soil matrix.
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TABLE 6. CHEMICAL ANALYSIS OF TEST SOILS.

Chemical Parameter McClellan AFB Robins AFB Tinker AFB

Soil pH 5.8 5.3 6.6

Buffer pH 7.0 6.7 7.3
Conductivity (10-4 milliohms) 1.3 1.2 7.0

Cation Exchange Capacity

(mequiv/100 grams) 4.4 5.2 15.9

Readily Oxidizable Organics (percent) 1.04 0.93 2.70

Nutrient Elements_(ppm)

Ammonium, NH4  3 3 3

Calcium, Ca 709 299 1769

Magnesium, Mg 162 38 899

Nitrate, NO3  15 15 15

Phosphorus, P 2 3 0

Potassium, K 65 45 23

Trace Elements (ppm)

Arsenic, As 0.2 0.4 0.3

Aluminum, Al 11 58 47

Boron, B 0.2 <0.1 1.0

Cadmium, Cd <0.2 (0.2 (0.2

Chromium, Cr <1.0 <110 <1.0

Copper, Cu 1.7 0.1 (0.1

Iron, Fe 2.2 5.1 1.4

Lead, Pb <2.0 <2.0 <2.0

Manganese, Mn 4.1 0.4 3.4

Molybdenum, Mo (0.1 <0.1 <0.1

Mickel, Ni <0.7 <0.7 0.7

Zinc, Zn 2.9 3.3 0.6
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"TABLE 7. TOTAL ELEMENTAL ANALYSIS OF TEST SOILS

(IN PPM).

Chemical Parameter McClellan AFB Robins AFB Tinker AFB

Aluminum, Al 16765 27750 31305

Arsenic, As 31.65 58.9 64.70

Boron, B 8.55 1.69 8.04

Cadmium, Cd 0.5 0.41 0.92

Calcium, Ca 1152 328 2141

Chromium, Cr 3.4 2.0 3.3

Copper, Cu 11.99 3.8 7.93

Iron, Fe 12780 7995 17910

Lead, Pb 7.21 8.08 13.96

Magnesium, Mg 1172 504 4082

Manganese, Mn 343 24.5 434

Molybdenuw, Mo 2.01 2.17 3.06

Nickel, Ni 1.60 1.10 3.01

Phosphorous, P 266.2 237.1 281.6

Potassium, K 1098 507 3497

Sodium, Na 101.6 22.3 411.4

Zinc, Zn 30.8 23.9 31.8
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SECTION III

TREATMENT CHEMICAL ADDITIVES

A. IN SITU IMMOBILIZATION

One remedial action option available to mitigate the leaching potential

of contaminant metals into groundwater and their subsequent transport through

underground aquifers is in s itu immobilization. In sit u immobilization can

be carried out by introducing treatment chemicals into the ground by various

means. If soluble chemicals are used, they can be applied by saturating the

soil with the chemical in solution. This fluid application may be carried

out at a high rate by surface flooding the site or more gradually by spraying

and allowing the solution to drain freely into the soil. The variation in

application rate will affect the period of soil exposure to the treatment

material, the degree of void filling accomplished, and the amount of air

present in the soil during the treatment period. A complementary confinement

or pumping system may be appropriate if the soluble treatment chemical has

undesirable environmental effects or is worth recycling due to high chemical

costs.

Insoluble chemicals can be introduced into the ground by spreading,

filling, forced injection, suspension transport, or by placing it in a low-

permeability encapsulation barrier. Spreading may suffice as a means of

treating metals if the soil has a high moisture content and if the metal

contaminants lie very close to the surface. This may be most applicable to

soils with high organic content. Tilling is the most common method of

introducing a soil treatment chemical into the ground. Routine tilling can

mix dry chemical additives into the soil to a depth of 1 to 2 feet. Special

deep tilling equipment is available which can reach as deep as 5 feet into

the ground. Fine insoluble chemicals can be transported short distances

through soil voids by placing them in suspension in water or in a weak

solvent or acid. The suspended material is then injected in a fashion

similar to chemical grouting or through nozzles in close-spared probes.

Typically, fine material can be transported several feet from the nozzle in

this fashion. The particle size can be correlated to soil graiin size, iising

traditionil grouting guidelines. In formationf with high per'neability and
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low organic content, where metals have migrated to depths greater than 10

feet, mixing insoluble treatment materials into the soil may be impractical.

Under these circumstances, the treatment chemical can be made part of a

barrier material, such as bentonite soil or asphalt emulsions used for slurry

wall construction, jet grouting or block displacement.

B. TREATMENT CHEMICALS

1. Characteristics

In situ immobilization of heavy metals in contaminated soils can be

accomplished by adding natural or synthetic chemicals to the soil. These

additives must have certain desirable properties to successively immobilize

heavy metals. Treatment additives fall into two cl,:3ses of chemicals;

strongly adsorbing and weakly adsorbing.

By their nature, once strongly adsorbing insoluble chemical

additives are added and distributed throughout the soil, they will not

migrate down through the soil to groundwater. The heavy metals must be

adsorbed, complexed and/or chelated on the additive and must not hydrolyze

nor be desorbed under exposure to varying :cnditions in the soils, such as a

low pH or a varying Eh which tends to solu.ilize the metals. The chemical

additives must resist chemical and microbial deqradation in the soil

environment so that metals are not released from the additives over long

periods of time, say, for at least -. few years. Finally, the chemical

additivesi, themselves, must Lot leach any deleterious organic or inorganic

substances that could contaminate groundwater.

For weakly adsorbing -. emical additives to be effective in

immobilizing heavy metals, they must either cadse the metals to precipitate

or complex and/or chelate the metals and then attach themselves to the soil

structure. In eith, r case, the metals must not migrate down through the

soil. Complexation and/or chelation of the metals to the weakly adsorbing

additive is not sufficient since there is the distinct possibility the

complexed metal could migrate to and be transported in groundwater. In any

event, after the metals are precipitated, they must not be resolubilized
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under varying soil conditions, such as over a range of pH and EZi. Finally,
as with the strongly adsorbing additives, the weakly adsorbing additives must
be resistant to chemical and microbial degradation in the soil and must not
leach out any deleterious organic or inorganic substances to the soil water.

Today, many chemical additives are used in the treatment of
wastewaters to reduce heavy metals concentrations. Many of these chemical
additives can reduce the metal concentrations to levels below federal and
state effluent discharge limits, and in some cases to below drinking water
standards. Table 8 identifies some candidate materials that have been used
in the treatment of metal-containing wastewaters and have the potential to be
used as immobilizing agents in contaminated soils. These materials were
screened in a batch test program for their ability to immobilize metals.
Each of the treatment chemical additives are discussed in the subsequent
subsections.

2. Standard Cation Exchange Resin (References 6-8)

Amberlite IR-.24, manufactured by Rohm and Haas, is a gelatinous,
strong sulfonic acid cation exchange resin. Studies have shown that, as a
result of 12 percent divinyl-benzene crosslinking, Amberlite IR-124 exhibits
greater resistance to chemical oxidation and longer operating life relative
to other commercial standard cation exchange resins. This resin has been
successfully used to recover contaminant metals from harsh environments, such
as chrome plating baths and rinse waters.

Amberlite IR-124 exhibits the greatest seleitivity for ions of
higher valence and smaller ionic radii that its Na+ or H+ counter ion. The
adsorbing selectivity for this resin in dilute solutions is:

+6 +2 2 +2 +2 +2Cr+ >Pb ) Ni ) Cd+ >Cu > Zn

Under ideal conditions, the equilibrium ion exchange capacity of Amberlite
IR-124 is 2.20 equiv/L of wet resin. As with any resin, the operating
capacity of Amberlite IR-124 is a function of the regenerating agent,
regenerant concentration, regenerant dosage, flow rate and the composition of
the solution to be treated by ion exchange.
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TABLE 8. CANDIDATE TREATMENT CHEMICAL ADDITIVES.

Class Chemical Additive

Standard Cation Ion Exchange Amberlite IR-124

Resin

Chelate Ion Exchange Resins Amberlite IRC-718

Duolite CS-346

Dowex XFS-4195

Devoe-Holbein Metal Scavenging DH 524

Molecules DH 565

DH 566

Natural Materials

Clays Slurry BEN 125 Bentonite

325 Bentonite

HPM 20 Microfine Bentonite

Attasorb LVM

Satintone 5

Molecular Sieves Valfor Z84-326

Valfor 200

Greensand Raw Greensand

Mn Greensand

Other Addititives Hydrated Lime

Silylated Silica Gel

Insoluble Starch Xanthate (ISX)

Metal Sorb-7

Ferrous Sulfate
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3. Chelate Ion Exchange Resinz (References 9-11)

Chelating or specific ion exchangers are insoluble polymers that

have complexing groups attached which, in turn, specifically attach or

complex metal cations from solution within their structure, or form

precipitates with the ion in question. Chelate resins can be synthesized to

have a high selectivity for specific metal ions, depending on the complexing

group used on the resin (References 9,10).

Chelate ion exchange was recently evaluated for removing low

concentrations (1 to 10 mg/L) of heavy metal contaminants from plating baths

containing 10,000 to 100,000 mg/L of plating metal ions (Reference 111) . The

purpose of the test program was to determine the feasibility of using chelate
ion exchange for the purification and reuse of the plating baths. The five

heavy metals of interest in the present soils test program were the same as

some of the metal contaminants in the plating Lath evaluation. The

capacities of the resins were in the range of 1 to 2 equiv/gram of resin.

The test program demonstrated that chelate ion exchange is a viable process

for plating bath purification and reuse.

In work more closely related to the present test program, selective

cation exchangers were added to a number of soils for the purpose of

immobilizing the heavy metal ions, zinc, lead and copper, and preventing

their uptake by plants (Reference 12). The cation exchangers were applied in

powder form and loaded with exchangeable calcium, magnesium and potassium

ions; granular form exchangers with exchangeable calcium ions were also

added. The capacity of the exchangers was 2.3 mequiv/gram of cation

exchanger. Based on the capacity of the exchangers and the soil metal

content (as determined by a soil analysis), varying doses of cation

exchangers were added to the soil. Test data were taken over a 2-year period

and the uptake of the heavy metals by various plants (radishes, strawberries

and chervil) was measured. A mixture of powdered form exchangers having

exchangeable calcium and magnesium ions in a proportion of 1:1 was the most

effective combination. Test data showed a large decrease in the uptake of

the heavy metals by the plants due to their bonding to the cation exchangers.

26



The field experiments showed the persistance of the bond and application of

the exchangers did not result in additional residue problems.

a. Amberlite IRC-718 (Reference 13)

This resin, a product of Rohm and Haas Co., is a macroreticular

chelate resin with a functional group of iminodiacetic acids. The molecule

has two active groups, imino -N- and carboxylic. Its polymeric matrix

consists of a copolymer of styrene and divinylbenzene. When the resin reacts

with a divalent ion, it forms a ring structure.

The resin in the H+ form is a weak electrolyte. The maximum

degree of swelling occurs when the resin is in the salt form.
Amberlite IRC-718 is manufactured in the macroreticular form to allow for the

diffusion of larger, higher molecular weight molecules from solution. The

selectivity of the resin for various metal ions at pH 4 is given as follows:

Hg ) Cu > Pb > Ni > Zn > Cd > Co > Fe+2 > Mn > Ca

Since the resin is a complexing material, it must often compete

for the metal ion with complexing anions in solution. Thus, the selectivity

of the resin for mercury is very high when the mercury is a nitrate, but very

poor when it is a chloride because the latt : form complexes with mercury.

"b. Duolite CS-346 (Reference 14)

Duolite CS-346, a product of Diamond Shamrock (recently bought

out by Rohm and Haas), is a unique macroporous chelating resin. It is a

crosslinked copolymer whose functional groups are primarily amidoxime

(CNOHNH 2) groups. These groups exhibit excellent chelate functionality in

the lower pH (acidic) range. The resin also contains a small proportion of

hydroxamic acid (RCONHOH) groups which function in the higher pH (basic)

.anqe. Because of its three-dimensional crosslinked structure,

Duolite CS-346 is insoluble in all common organic aAd aqueous solvent

systems.
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Duolite CS-346 amidoxime groups form strong, stable complexes
with many metals, especially in acidic solutions. Under alkaline conditions,

the combination of the amidoxime and hydroxamic acid groups have proven
useful in adsorbing certain metals. Duolite CS-346 does not form chelates
with alkali or alkaline earth metal ions and will not interact with cations

commonly found in soils, such as potassium, magnesium and calcium. Chelation

properties of Duolite CS-346 have not been fully evaluated. The metals that

have been studied are classified as follows:

+2 +3 +2,+3,+4 +2+4 +3 +3 +3Very Strong Chelation: Cu , Au , V, U+2 '+, Fe , Ru , Rh
+2,+4 +2,+4 +6

Pd ,Pt ' ,MO

+2 +2 +2,+3 +4 +2,+3 +2,+3Moderate Chelation: Zn , Cd , Cr+ , Th , Co +, Ni

Duolite CS-346 is regenerated to the H+ form with a mineral acid, such as HCl

or HNO 3. Duolite CS-346 also contains weak-base ion exchange capacity and
when regenerated with a mineral acid must be converted to its salt form to

avoid hydrolysis.

c. Dowex XFS-4195 (References 15, 16)

This resin, a product of the Dow Chemical Co., is a macroporous
weak base chelate resin especially suited for copper and nickel removal. The

resin is protonated in acid solutions and is converted to the free base form
in alkali. The total capacity for copper is 1 equiv/L of resin. The
adsorption of metal ions is dependent on pH and is more rapid at low pH than

at high pH. The selectivity of the resin for divalent ions at pH 2 is as

follows:

F+3 F+2
Cu > Ni )Fe ) Cd ) Zn ) Co> ) >Ca ) Mg > Al

4. Devoe-Holbein Metal-Scavenging Molecules (References 17-19)

Recently, Devoe and Holbein of McGill University have synthesized
molecules that have a high chelating affinity for metals. They modeled
living-cell biological metal extraction and recovery mechanisms to create
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metal-scavenging molecules without actually employing living cells. The

Devoe-Holbein extractive agents, DH 524, DH 565, and DK 566, consist of

proprietary-beaded synthetic compositions incorporated into insoluble

polystyrene substrates. Varying porosity and active site composition

determines the capacity and selectivity for individual metals and related

metal groups. The extraction mechanism ensures thaz tLe metal-scavenging

molecules convert mobile metal-laden waste to a stable state, where the toxic

metal remains immobile. The Devoe-Holbein extractive agents have been

reported to resist thermal, chemical and microbial degradation.

a. DH 524. This extracdiw,, molecule has *1 2apa._'ty of
+6

20 mg Cr /gram with sharp breakthrough curves. Swelling or compaction does

not occur at throughput rates up to 50 bed volumes (BV)/hr in column

operation. DR 524 requires only 1-2 BV of regenerant.

b. Dh 565. This extractive ageLt has been found effectiv3 for
wastestreams containing Cd, Cu and Zn.

c. DH 566. This composition has been evaluated in the field for

its ability to extract Cs, Sr and Co from nuclear wastewaters, as well as Ni

in wastewater lagoons.

Other Devoe-Holvein extractive agents have demonstrated their

utility for immobilizing Pb ari Hg in a number of other wastestreams.

5. Natural Materials

a. Clays. In a series of papers, ic..kerin:-. Hatton and Farrah

(References 3, 20-23) examined the sorption of 2any heavy metals on various

natural clays, such as kaolin, illite and montmorillonite. Changes in pH and

organic content and the presence of ligands .both the composition and

concentration) influence uptake. D. Lerent theoretical models have been

proposed to explain the adsorption bel.avior of the various clays. The test

data indicate metals are adsorbe.A over a wide range of conditions. It would

appear that the addition of natural clays would be a relatively inexpensive

method to immobilize heavy metals in soils.

29



Slurry BEN 125 Bentonite (Reference 24). Slurry BEN 125

Bentonite, 325 Bentonite and HPM 20 Microfine Bentonite are sodium-

montmorillonite clays of different particle sizes and purities. Na-

montmorillonite clay is a three-layered mineral consisting of one octahedral

trivalent aluminum sheet that shares oxygen atoms with two tetrahedral silica

sheets. The presence of the sodium ion in these clays accounts for its

ability to reach heavy metal contaminants by ion exchange mechanisms. The

cation exchange capacity of the clay differs according to the amount and

distribution of the exchangeable sodium cativns. These parameters are

determined according to the particle size and purity of the clay.

Slurry BEN 125 Bentonite has a dry particle size of 125 Mesh

and a p'irity of 90 percent.

325 Bentonite (Reference 24). This clay is a powder of 325

Mesh and has a purity of 90 percent.

- -PM 20 Microfine Bentonite (Reference 24). This is a microfine

clay having a purity of 99.75 percent.

Attasorb LVM (Reference 25). Attasorb LM (low volatile

matter) is produced when a Hapulgus clay, commonly called attapulgite, is

thermally activated and milled and screened to a fine powder, with an average

particle size of 2.9 microns. Ittapulgite derives two unusual

characteristics from its unique hydrated magnesium aluminum silicate

structure. First, because the structure consists of three-dimensional

chains, the clay cannot swell like clays such as montmorillcnite, which have

three-layer sheets. Second, specific cleavage of the crystal structure

yields a porous attapulgite clay that has a high specific surlace area

"(125 m /g).

Satintone 5 (Reference 26). This clay is a calcined kaolin

with a natrix consisting of thin flat plates. Typi ally, kaolin is a complex

aluminum silicate whose constituents (SiO2, Al20 ) do not exist as tree

oxides. Kaolins exhibit pH-dependent charged surface-. For example,
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Satintone 5 is positively charged at low pH values and has a cation exchange

capacity of 27 mequiv/100 grams.

b. Molecular Sieves (References 27, 28). Valfor Z84-326 and

Valfor 200, products of The PQ Corporation (Valley Forge, PA), are high-

purity crystalline synthetic Type A aluminosilicates in the sodium form. The

aluminosilicate portion of the structure is a three-dimensional open

framework consisting of a network of A1O4 and SiO4 tetrahedra, linked to each

other through sharing of all of the oxygen atoms. The ion exchange capacity

of zeolite ion exchangers in a function of its SiO2 /Al 202 mole ratio, since

each A1O4 tetrahedron in the zeolite framework provides a single cation

exchange site.

Valfor Z84-326. This was an experimental product and is no

longer available.

Valfor 200. Valfor 200, now designated as Valfor G100, has a

capacitl of 5.6 mequiv/gram, on an hydrate basis, and 7.0 mequiv/gram, on an

anhydrous basis. Valfor 200 has the following selectivity for divalent ions:

Pb+2 > Cu+2 Cd+2 +2 Co+2 Mn+2 Ni+2 +2 Fe+2

This zeolite has a rigid strong framework stable to high temperatures and

oxidation/reduction and not subject to physical attrition due to osmotic

shock, as are many organic resin ion exchangers. Similarly, it does not

adsorb organic molecules or ions and does not become fouled as readily as

ion exchangers. Valfor 200 is a nonphosphate commercial detergent builder

and is, therefore, compatible with soil and groundwater.

c. Greensand (Reference 6). Greensand, or glauconite, is a

natural marine mineral deposit that consists of aluminum, silicon, iron,

magnesium and potassium oxides. Greensand, found in New Jersey and Texas in

the United States and in Australia, Italy and China, is distributed in the

United States by Inversand Co., ILc., a division of Hungerford and Terry

(Clayton, NJ).
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Raw Greensand. Raw greensand consists of 46 percent SiO2,

5 percent Al203 , 8 percent K20, and 5 percent of MgO and CaO, with the

remainder consisting of Fe 203 and FeO. Greeneand has fast reaction rates

(equilibrium achieved within an hour), about equal selectivity for both

calcium and magnesium, good regeneration efficiency, and good stability in

neutral solutions. The cation exchange capacity of the raw greensand is

about 0.14 equiv/L. The pH range of greensand is 6.2 to 8.4 with a maximum

temperature of 150 OF. Greensand is regenerated with a 6 to 12 percent

solution of salt.

Mn Greensand. The natural product, after being cleaned of

fine and coarse material, is treated with solutions of aluminum sulfate and

sodium silicate and kiln-dried. The treated product is called modified

greensand. Mn greensand is produced by treating modified greensand with

manganese sulfate and then with potassium parmanganate, so that films of MnO 2

are formed on the greensand granules. The MnO2 oxidizes iron and manganese

in the water or wastewater to be treated, while at the same time the

greensand filters out the hydroxides that are formed. After some period of

time, it is necessary to regenerate the greensand with potassium

permanganate.

6. Other Additives

a. Hydrated Lime

Hydrated lime changes the pH of the soil and acts as a

precipitating agent for the contaminant metals in the soil. The best

prictical technology for treating wastewaters containing heavy metals has

been pH adjustment with either lime or caustic soda to cause precipitation as

a metal hydroxide sludge (Reieretice 29). The hydroxide process is often not

ccapable of removing enough of the heavy metal contaminants to achieve

specified discharge levels. The reason for this is that the contaminant

metals have minimum so!ubility at a speciftc PH and further additions of

hydroxide can cause the metals to become more soluble. In addition the

metals require a different pH to ichieve a minimum solubility so that it is
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difficult to precipitate them to low levels. Table 9 shows the solubility of

metal hydroxides when precipitated at pH 8.0.

TABLE 9. SOLUBILITY OF METAL HYDROXIDES WHEN PRECIPITATED AT pH 8.0.

Solubility
Metal (mg/L)

Iron 2.2 x 10-15

Tin 1.7 x 10-11

Mercury 6.0 x 10-9

Copper 1.4 x 10-3

Zinc 7.8 x 10-1

Nickel 1.2 x 10+2

Lead 2.5 x 10+2

Silver 2.2 x 10+3

Cadmium 2.8 x 10+3

b. Silylated Silica Gel (Reference 30)

A silica gel containing a number of immobilized complexing and

chelating groups was synthesized for use in tihe removal of heavy metals from

electroplating .astewaters. An immobilized diamine produced from silane was

found to be relatively stable at room temperature. The capacity of the

silica gel was 23 ag Cu/gram of silica gel. The optimum performance of the

silica gels for a broad range of heavy metals was near pH 9. For the present

test progras, the silylated silica gel was synthesized by immmobilizing a

monolayer of Dow Corning Z-6020 diamine onto a vilica gel substrate.

c. Insoluble Starch Xanthate (References 31-33)

Insoluble starch xantbate (ISX) was originally developed by

R.W. Wing at the Northern Regional Research Center of the U.S. Department of

Agriculture and is used to remove heavy metal cations from various industrial

wastewaters (References 3-4 and 3-4). It is presently being marketed by

Pollution Technology Systems, Garand, TX.
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Originally, water-soluble starch xanthates were used in

combination with cationic polymers to form polyelectrolytic complexes that

were effective in removing heavy metal cations from solution. However,

Wing et al. (Reference 31) found the addition of the cationic polymer could

be eliminated by xanthating a highly cross-linked starch to give a water-

insoluble product. ISX, in the sodium form, although effective for heavy

metal removal, was difficult to isolate in a room temperature stable form.

The stability of ISX in room temperature increases if the product is

converted to other salt forms. The preseDt form of ISX uses magnesium

sulfate, which not only aids in the processing oi the product, but greatly

increases room temperature stability.

ISX is a cereal grain-based product that is chemically cross--

linked to make it insoluble in water and then xanthated to form an anionic

polymer. When used to treat wastewaters, ISX acts like a cation exchange

resin and, upon contact with the contaminant heavy metal cations, exchanges

sodium or magnesium ions. Sodium and magnesium are relatively innocuous in

groundwater, although there is a secondary drinking water limitation on

sodium of 20 mg/L. In practice, the ISX containing the adsorbed heavy m-tals

is removed from the process wastewater by gravity precipitation or

filtration. The metal-ISX can be land-filled because the metal is bound very

strongly to the xanthate and has less chance to be leached out than with an

hydroxide sludge (Reference 33).

ISX contains a sulfur group that effectively attaches to the

heavy metal. The higher the sulfur content of ISX the greater its capacity

for heavy metal bonding. Sulfur with attached functional groups are the

active sites on ISX. The sulfur-metal bonds are particularly strong,

exspecially if the metal ion is bound to the ISX by more than one sulfur ion

with the attached functional groups. The sulfur-bonding of the xanthate to

the metal and probably multiligand complexing explains why a metal ISX

sludge is more stable to leaching than an hydroxide sludge.

ISX has a heavy metal capacity of about 1.5 mequiv/gram ISX and

an affinity for the five heavy metals of interest (cadmium, chromium, copper,

nickel and zinc). For example, the capacity of ISX for chromium t+6) is

34



13 mg/gram ISX. ISX is effective over a pH range of 3 to 11 with a maximum

capacity at approximately a pH 9. In typical industriial applications, ISX

is used in a slurry form with batch treatment, or is used as a filter

precoat. ISX gives over a 99.9 percent removal efficiency even at metal

concentrations of less than 10 mg/L and reduces the effluent concentrations

down to less than 0.01 mg/L. ISX is suitable for removing heavy metals from

wastewaters when the heavy metals have different solubility characteristics

as a function of pH, or in removing heavy metals in the presence of various

metal complexing agents such as EDTA (Reference 33).

ISX contains a sulfur group that effectively attaches to the heavy

metal cation. Table 10 shows the solubility product constants for several

metal-ethyl xanthates. The solubility product values for ISX-metal complexes

should correspond closely to those listed in the table; low values of the

solubility product indicate good removal of the heavy metals. The higher the

sulfur content of the ISX, the greater its capacity for heavy metal bonding.

Sulfur-containing functional groups appear to be the active sites. The

sulfur-metal bonds are particularly strong, especially if the metal ion is

bound by more than one sulfur-containing functional group. The sulfur

bonding of the xanthate to the metal and probably multiligand complexing

explains why the metal-ISX sludge is more stable to leaching than hydroxide

sludge.

TABLE 10. SOLUBILITY PRODUCT CONSTANTS (K sp) FOR METHYL-ETHYL
XANTHATES (REFERENCE 31).

Solubility Solubility
Metal Product Metal Product

Hg+2 1.7 x 10-35 Cd+2 2.6 x 10-14

Au+1 6 x 1I30 Ni+2 1.4 x 1012

Cu+i 5.2 x 1020 Zn+2 4.9 x 109

Ag+l 5 x 10-19 Fe+2 8 x 10-8

Pb+2 1.7 x 10-17 Sn+2 1 x 10-8
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d. Metal Sorb-7

Metal Sorb-7 is a high molecular weight chelating agent to

which are attached numerous complexing sites using various functional

groups. The substance is derived from natural products originating from

biosynthesis. The chelating groups complex the heavy metals in the soil and
fix onto the soil itself, completely immobilizing the metal. Because it

is derived from natural products the chelating agent is expected to be more

resistant to chemical and microbial degradation in soil environments.

Metal Sorb-7 was synthesized by Dr. J. Swallow, a consultant to

Foster-Miller, Inc.

e. Ferrous Sulfate

Ferrous sulfate is a nontoxic, inexpensive reducing agent.

The addition of ferrous sulfate reduces the very toxic, very mobile

hexavalent chromium to its less toxic, less mobile trivalent form. In the

trivalent form, chromium can be precipitated with lime as chromium hydroxide

or can be adsorbed onto some of the ion exchangers or molecular sieves by ion

exchange.
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SECTION IV

TEST APPARATUS AND ANALYTICAL TECHNIQUES

A. EQUIPMENT AND OPERATION

1. Laboratory-Scale Batch Equipment

For the purpose of batch screening a large number of chemical

additives, the tests were carried out in a reciprocal shaker apparatus

(Figure 4). The testing apparatus consisted of up to 18-1,000 mL Erlenmeyer

flasks in which soils were placed in an uncompacted, unconfined state and to

which treatment chemicals and/or contaminant metals were added. The bulk

soils, saturated with solutions containing contaminant metals and/or

treatment chemicals were reacted by mechanical skaking on two Eberbach

(Ann Arbor, MI) 6000 Reciprocal Shakers at a speed of 120 cycles/min. One

oscillating table had a capacity of six flasks and the other a capacity of 12

flasks, with the latter one modified by mounting two six-flask trays on top

of each other, in a two-tier configuration. The tables were equipped with a

timer and relays to facilitate unattended shaking and settling cycles.

Figure 4. Reciprocal Shaker Apparatus for Batch Screening Testing.
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2. Laboratory-Scale Column Operation

The majority of the test program was conducted in column apparatus.

Three types of columns were used: dynamic flow test -olumns, long-term

stability test columns, and hazardous waste site simulation columns. The

dynamic flow column studies were conducted to obtain detailed data on the

capacity and mobility of metal contaminants in soil with and without the

addition of treatment chemicals. Tests on the long term stability of

treatment chemicals in soil with and without the effects of acid rain and

solvent addition were carried out in the long term test columns, while tests

were carried out in the hazardous waste site simulator to determine the

immobilization of treated soil in a dynamically changing soil environment.

Only the McClellan AFB and Robins AFB soils were used in the column

test program. All soils were compacted in the dynamic flow and long-term

columns and Hazardous Waste Site Simulator to their native density by means

of a controlled-drop hammer. The inside diameter of each soil column was

scored in concentric circles to reduce channeling and minimize wall effects.

Once the soil columns were packed with soil, with and without treatment

chemicals, they were saturated by pulling deaerated, deionized water through

the bottom of the soil column with a vacuum pump. This procedure reduced

channeling further by removing entrained air from the soil column.

Twelve (12) dynamic flow test columns were constructed of polyvinyl

chloride (PVC). Each of the dynamic flow test columns had an inside diameter

of 2.0 iioches (5.1 cm) and was 30 inches (76.2 cm) long (Figure 5). The

apparatus was constructed without any metal components contacting the fluid

or soil. Both ends of thcŽ columns were fitted with PVC threaded caps with

0.5 in. (1.3 cm) diameter holes. Perforated plexi1glass disks of 1.90 in.

(4.8 cm) diameter and 0.25 in. (0.63 cm) thick, as well as a ball of glass

wool, were plazed at the base of each column to prevent the loss of soil

during the tests. Teflon tubes connected to Teflon fittings threaded into

thu end caps allowed for the introduction of metal contaminant solutions and

the collection of effluent samples (Figure 6). Simulated overburden

pressures of 0 to 100 psi (0 to 0.69 MPa) can be obtained with this system.

Totally independent fluid flow pressures of 0 to 100 psi are also obtainable.
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Figure 5. Dynamic Flow Column Apparatus

To avoid soil compaction in the columns caused by pressurizing the system,

fluid was gravity fed through the columns at constant head pressures. Flow

rates approximated native soil permeabilities. The flow rates were regulated
with a peristaltic pump connected to the column's effluent stream.

The soil columns were packed to the in situ density of each soil.
One huDdred grams of each soil were packed to approximately 1 inch (2.54 cm)

lifts using the custom-made controlled-drop hammer described above. The

procedure was repeated for a total of six lifts per column to achieve a soil

height of six inches (15.2 cm), a total volume of 18.85 cubic inches
(308.9 cm 3), and a total weight of 600 grams. The soil weight, packing

depth, and the number of taps required were recorded for each soil column.

The columns were packed in this manner to achieve the desired density of

107-118 lb/ft3 (1.72-1.89 gr/cm 3) and the desired permeability rates of

approximately 0.66-1.66 in/hr (1.68-4.22 cm/hr) to simulate the original

field conditions (Table 4). The soil column was repacked if the actual soil

density varied to within ± 10 percent of the desizad in situ soil density.
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Figure 6. Schematic of Dynamic Flow Column.
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To facilitate long-term stability testing, 12 columns similar to the

dynamic flow columns, were constructed. The columns were made of the same

PVC as the dynamic flow columns and each had an inside diameter of 2.0 inches

(5.1 cm) and a length of 12 inches (30.5 cm). Fluid was gravity fed through

these columns via a reservoir above the test columns.

A four column - Hazardous Waste Site Simulator (Figure 7) was also

built. Each column consisted of four-2.0 inch inside diameter plexiglass

sections that were stacked and mounted on top of each other after they were

packed with soil. The first or top section was 2 feet long and each of the

four successive sections-was 1 foot long. The leadrate fluid was gravity

fed through the columns. The soil in each section was compacted to its

native density by the procedures already described.

Figure 7. Hazardous Waste Site Simulator.
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Both ends of the columns were fitted with a plexiglass cap with

0.5-inch diameter holes. A perforated plexiglass disk (0.44 inches diameter,

0.25 inches thick) and glass wool were fitted at the base of each column

allowing passage of leachate tc the next column while restraining soil

migration. The top caps were held in place with four wing nuts attached to

bolts runnning from a plastic collar glued to the top of the column along its

outside diameter. The column was made watertight by inserting a butyl rubber

gasket between the collar and cap. The bottom cap was cemented into place.

Teflon tubes connected to plastic fittings threaded into the end caps allowed

the introduction of water solutions. Three-way plastic valves located

between the columns provided a method of collecting effluent samples. Tubes

at the base of the columns were placed into a 500 mL glass flask for the

collection of most of the total effluent passed through the column during the

testing duration.

B. ANALYTICAL TECHNIQUES

Effluent and supernates generated during the testing program were

analyzed for the heavy metal contaminants (Cd, Cr, Cu, Ni and Zn). The total

metal contaminants were determined on a Perkin-Elmer Model 2380 Atomic

Absorption (AA) Spectrophotometer (Figure 8). Relevant test parameters for

each metal of interest are summarized in Table 11.

Metal concentrations in liquid samples above the linear range of the

instrument were appropriately diluted before measurement. Recommended

procedures for dilution, calibration, and measurement as given in the

manufacturer's handbook and in Reference 34 were followed.

Free metal ions and metal concentrations in test solutions that exceed

the sensitivity of the AA were determined on an EG&G PARC 364 Polarographic

Analyzer. Half-wave potentials and several different electrolytes for each

possible species of interest are found in Table 12. Data obtained by a

polarographic scan were quantitated by preparing a standard curve or by the

method of standard additions (Reference 34).
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Figure 8. Perkin-Elmer Model 2380 Atomic
Absorption Spectrophotometer.

TABLE 11. STANDARD CONDITIONS FOR HEAVY METAL CONTAMINANTS
WITH PERKIN-ELMER 2380 AA SPECTROPHOTOMETER.

Working
Wave Detection Range

Length Sensitivitya Limit (Max. Conc.)
Metal (nu) .. . L.(.g!-L (mg/b) (mg/L) __ Flame

Cadmium, Cd 228.8 0.025 0.1 2 Air-Ac

Chromium, Cr 357.9 0.1 0.003 5 Air Ac

Copper, Cu 324.3 0.09 0.002 5 Air-Ac

Nickel, Ni 232.0 0.15 0.005 1 Air-Ac

Zinc, Zn 213.9 0.018 0.01 1 Air-Ac

a At 1 percent absorption.
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The pH was determined by a specific ion electrode in conjunction with an

Orion Model 901 Research Microprocessor Tonanalyzer. Purchased standard

solutions and electrolytes were used for calibration and quality assurance of

the analytical proc :lures.

TABLE 12. HALF-WAVE POTENTIALS.

Metal Suprn lcrlyte

Cation

Cd+ 2  0.2M NH4 Citrate, pH 3 -0.62
+2 1M KCN 1.10

Cr+ 6  IM NaOH -0.85

Cr+ 6  0.1m KCI -0.30

Cr+ 3  0.2M KSCN, pH 3 -0.85

Cr+ 2  IM KCl -0.40

Cr+ 2  IM KSCN -0.80

Cu+ 2 0.2M NH4 Citrate, pH 3 -0.0?

Cu+2  1M NH3 - IM NH4 Cl -0.24

Ni 1N NH3 - 11 NH Cl -1.0

Ni+ 2  0.0%11 KCI -1.1

Ni+ 2  IM KSCN -0.70

Zn+ 2  0.2m NH4 Citrate, pH 3 -1.04

Anion

NO, 2M Citrate, pH 2.5 -1.06

8 0.11 NaoI -0.76-
S 0 2 O.2H NAOAC Buffer. pH 5 -0.40
2 3.

So30 O.241 NaOAc. pH 5 -0.65



SECTION V

TEST APPROACH AND RESULTS

A. PLAN OF APPROACH

The objectives of the test program were to identify, characterize, and

evaluate chemicals with the potential to immobilize contaminant metals in

soil. Variability was the biggest obstacle in implementing a reasonable and

meaningful test matrix. The major test parameters are:

] Soil type

* Variability of soil properties

. Type of metals, metal combinations and waste solutions associated

with waste-generating process

a Composition of treatment chemicals

* Variability of post treatment events and processes impacting a given

site

The large number of test parameters generated by combinations of soils,

metal contaminants and treatment chemicals makes it economically unattractive

to carry out a test program that would be required for a very rigorous

evaluation of in situ immobilization. The following approach was taken to

arrive at a reasonably sized test program that would focus on the specific

problems of the Air Force and enable a feasibility evaluation of the

treatment chemical immobilization concept:

. Three clean soils from three Air Force bues were used in the test

program. The soils reflect the generic characteristics of actual

contaminated soils of three Air Logistics Centers in the United

States.

* The metal salt solutions used to simulate the wastestreams were

limited to single meta) solutions of Cr, Cd, Cu, Ni, and Zn ind

multiple metal solutions of Cr-Cd, Cr-Ni, Cr-Cd-Ni, and Cr-Cd-Cu-Ni-

"Zn. Except for a few isolated cases: the total rietal concentration

in solution was 30 mequiv/L. In the case of multiple metal
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solutions, all of the metals had the same (milliequivalent)

conceatration with a total contaminant metal concentration of

30 mequiv/L.

0 The test procedures were designed to screen a large number of

treatment chemical additives to determine the best two to three

chemicals for further evaluation. After each series of tests, the

test data were reviewed and, if warranted, the number of parameteric

variations were reduced for the next series of tests.

Batch and column test procedures for measuring the leachability and

suosequent immobilization of heavy metal through contaminated soil were

carried out. Batch equilibrium methods were used to rapidly screen the

treatmer' chemical additives for their ability to react vith contaminant

metals in the soil. The two best treatment chemical, for each soil-metal

combination wete selected for more detailed column studies.

The data obtained by the column methods give a more realiatic

representation of the immobilization and leaching phenomena than the batch

equilibrium methods because the soil structure, pore space distribution, and

diffusion characteristics more closely mimic the natural field conditions.

The dynamic column studies were conducted to obtain detailed data on the

"capacity and mobility of metal contaminants in soil with and without the

addition of treatment chemicals. Long-term tests on the stability of the

best treatment chemicals in soil with and without the effects of acid rain

and solvent addition were also carried out in the columns. A Hazardous Waste

Site Simulator was also constructed to determine the immobilization of

treated soil in a dynamically changing soil environment. An overview of the

test prograr is shown in Figure 9.

B. BATCH SCREENING TEST PROGRAM

Twenty-one (21) chemical additives were identified as being able Zo

immobilize heavy metals in soils (Table 8). Since four of these are ion

exchange or chelate resins which could be conditioned in two different ways,

a total of 25 chemical additives were available for use in the test program.

Because these additives were too numprous to carry through a full range of
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BATCH SCREENING

TEST PROGRAM

SELECTION OF BEST

TREATMENT CHEMICALS

DYNAMIC COLUMN j LONG-TERM HAZARDOUS

TEST PROGRAM STABILITY TEST WASTE SITE

I PROGRAM SIMULATOR

Figure 9. Overview of Laboratory Test Program.

testing, a batch screening test ptogram was cond~icted and one or two of the

best additiv-ts were selected for each clmbination of soil type and

conti'minant metal. In this way, if any one chemical additive could not

immobilize all of the metals of itterest in a given soil, it was anticipated

that enough chemical additives could be found and, when mixed, could

immobilize all of the five metals, A more detailed characterization of thi

best treatment chemicals was then carried out in column tests.
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An outline of the batch testing program is shown in Figure 10. The test

program was divided into five distinct tasks:

* Task 1. Chemical Additives:Multiple Heavy Metal Contaminants

Interactions. In the absence of the soils, the capacity and

selectivity of each of 25 chemical additives were determined in a

solution containing all five metals. A little less than one-half of

the chemical additives generally having the highest capacities were

selected for further testing.

* Task 2. Soils:Single and Multiple Heavy Metal Contaminant

Interactions. As a control case, the uptake capacity cf the soils

contaminated with heavy metals both singly and in multiples, were

determined.

0 Task 3. Soils::Chemical Additives:Single Heavy Metal Contaminants

Interactions. The capacities of the 12 best chemical additives

(based on the results of Task 1) for each soil contaminated with a

single metal were determined. The differential capacity of each

chemical additive was then determined by subtracting the capacity of

the soil-single metal system from the total capacity (soil-single

metal-chemical additive system). The unit cost (S/gram) of each

chemical additive was estimated and the cost per unit weight of

heavy metal immobilized in the soil was then calculated. The two

chemical additives having the lowest cost per unit weight of metal

immobilized was selected for each soil-heavy metal combination.

* Ta-sk4. Effect of Chemical Dosage on Metal Immobilization. The

"effect of changing the dosage on the total capacity and differential

capacity of the two best chemical additives (for each soil-single

metal combination) was then determined.

S Task 5. Soils:Chemical Additives:Multiple Metal Contaminants

Interactions. The degree of immobilization, total capacity, and

differential capacity were determined as a function of dosage for

the two best chemical additives (for e.ich inil-single met~l

combination) in soils contaiated with all five metals.
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TASK 1 TASK 2
25 TREATMENT 3 SOILS

CHEMICALS +
+ SINGLE AND

1 MULTIPLE MULTIPLE METAL
METAL SOLUTIONS

SOLUTION

S~12-13 TREATMENT i

CHEMI CALS

TASK 3
13 TREATMENT CHEMICALS

+
3 SOILS

+

5 SINGLE METAL
SOLUTIONS

2-3 BEST TREATMENT
CHEMICALS

TASKS 4,5
LFF8CT OF DOSAGF

3 SOILS
+

2-3 BEST TREATMENTI CHEMICALS

TASK 4 TASK 5
SINGLE WETAL MULTIPLE METAL

SOLUTIONS

Figure 10. Overviev of Batch Screening Test Program.
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1. Chemical Additives:Multiple Heavy Metal Contaminant Interactions

All of the chemical additives were screened for their equilibrium

capacity and relative selectivity in metal salt solutions. Two grams (dry

weight) of each chemical additive were reacted with 400 cc of a metal salt

solution in a 1-liter Erlenmeyer flask. The metal salt solution consisted of

30 mequiv/L each of Cr, Cd, Ni, Cu and Zn. The exact composition and the

salts used in the solution are described in Table 13. Some of the chemical

additives and metal salt solutions were mixed for 1 hour, 6 hours and 24

hours (elapsed time) on the reciprocal shaker. At the end of each time

interval, 10-20 mL aliquots of the metal salt solution were taken and suction

filtered on a Buchner funnel through a Whatman 934 AH glass microfiber filter

having an effective retention of 1.5 microns. The filtrate was analyzed for

each of the five contaminant metals on a Perkin-Elmer 2380 Atomic Absorption

Spectrophotometer. The difference between the original concentration and the

measured concentration corresponded to the amount of metal adsorbed and/or

complexed by the chemical additive.

TABLE 13. COMPOSITION OF METAL SALT SOLUTIONS.

Concentration

Metal Rea.ent ... eL..

Ni+ 2  NiCI2 6H 20 910 31.0

"Cu+2 CuCl2 1000 31.5

Zn+ 2  ZnCl, 1040 31.8

Cd 2  CdSO4 . SH2 0 1720 30.6

Cr4 6  CrO3 252 29.1

Preliminary analyses showed that the chemical additives initially

tested reached equilibrium at different rates, but all the chemical additives

reached equilibrium within 24 hours. As a result, all the subsequent tests

were run for 24 hours.

The screening procedure for the lime and ferrous sulfate additives

were slightly modificd. A magnetic stirrer was used instead of the
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reciprocal shaker, making it easier to monitor pH during the precipitation

reaction.

The metal capacity for each additive was defined by the quantity of

metal removed from the metal solution divided by the weight of the additive

(mequiv metal/gram chemical additive). The total metal capacity for each

additive was determined by adding the chemical additive capacities for the

individual metals. The capacities were calculated from Equation (1) as

follows:

Cap = (C0 - Cf) V/W (1)

where:

Cap = Capacity of the chemical additive for single or total

metal(s) in solution (mequiv/gram)

C 0 = Initial concentration of single or total metal(s) in

solution (mequiv/L)

Cf = Final concentration of single or total metal(s) in

solution (mequiv/L)

V = Volume of metal salt solution (L)

W = Weight of chemical additive (grams).

Ine immobiliLation efficiency was defined as the quantity of

metal(s) adsorbed on the additive divided by the metal(s) initially added in

solution. The immobilization efficiency was calculated from Equation (2), as

follows:

K = (Cap x W)/(C x V) = 1 - (Cfi/C) (2)

Tables 14 through 18 show the capacities and the immobilization

efficiencies of the 25 chemical additives for each of the contaminant

metals. For each metal, the chemical additives were ranked according to

their single metal capacity and immobilization efficiency (see

Tables 14 to 18). In addition, on Table 19 each of the chemical additives

have been ranked according to their total capacity (and immobilization
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TABLE 14. TREATMENT CHEMICAL CHROMIUM CAPACITY
(MEQUIV METAL/GRAM ADDITIVE) AND
IMMOBILIZATION EFFICIENCY.

Cap (Cr)
K (mequiv/gram) Chemical Additive

0.92 5.38 Duolite CS-346

0.83 4.89 Dowex XFS-4195

0.83 4.85 Dowex XFS-4195C

0.80 4.71 Duolite CS-346-C

0.77 4.52 Hydrated Lime

0.77 4.52 Ferrous Sulfate

0.71 4.17 ISX

0.50 2.91 Valfor Z84-326

0.45 2.65 Metal Sorb-7

0.18 1.08 Silylated Silica Gel

0.13 0.77 DH 565

0.13 0.77 BEN1 1^? Bentonite

0.13 0.74 Valfor 200

0.11 0.67 325 Bentonite

0.11 0.66 Raw Greensand

0.11 0.66 Attasorb LVM

0.10 0.57 DH 524

0.05 0.30 Amberlite IRC-718C

0.02 0.11 Amberlite IRC-718

0.01 0.07 Mn Greensand

0.00 0.00 DH 566

0.00 0.00 HPM 20 Bentonite

0.00 0.00 Amberlite IR-124

0.00 0.00 Amberlite IR-124C

0.00 0.00 Satintone 5
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"TABLE 15. TREATMENT CHEMICAL CADMIUM CAPACITY
(MEQUIV METAL/GRAM ADDITIVE) AND
IMMOBILIZATION EFFICIENCY.

Cap (Cd)
K (meq~uiy/ram) Chemical Additive

1.00 6.53 Hydrated Lime

0.36 2.37 Ferrous Sulfate

0.06 0.37 Amberlite IR-124C

0.05 0.31 Valfor 200

0.04 0.28 HPM 20 Bentonite

0.03 0.21 Metal Sorb-7

0.03 0.19 Valfor Z84-326

0.03 0.18 BEN 125 Bentonite

0.02 0.14 DH 565

0.02 0.11 Amberlite IR-214

0.01 0.05 Dowex XFS-4195C

0.01 0.05 Satintone 5

0.00 0.02 Mn Greensand

0.00 0.01 Duolite CS-346C

0.00 0.00 DH 566

0.00 0.00 DH 524

0.00 0.00 ISX

0.00 0.00 Raw Greeensand

0.00 0.00 Attasorb LVM

0.00 0.00 325 Bentonite

0.00 0.00 Silylated Silica Gel

0.00 0.00 Amberlite IRC-1,3

0.00 0.00 Amberlite IRC-718C

0.00 0.00 Duolite CS-346

0.00 0.00 Dowex XFS-4195
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TABLE 16. TREATMENT CHEMICAL NICKEL CAPACITY
(MEQUIV METAL/GRAM ADDITIVE) AND
IMMOBILIZATION EFFICIENCY.

Cap (Ni)

K (mequiv/gram) Chemical Additive

1.00 6.25 Hydrated Lime

0.94 5.88 Ferrous Sulfate

0.13 0.82 Amberlite IR-124C

0.09 0.56 Amberlite IR-124

0.06 0.37 Valfor 200

0.04 0.23 Dowex XFS-4195C

0.04 0.22 BEN 125 Bentonite

0.03 0.20 Valfor Z84-326

0.02 0.14 HPM 20 Bentonite

0.02 0.12 Metal Sorb-7

0.02 0.12 Amberlite IRC-718C

0.01 0.09 Amberlite IRC-718

0.01 0.07 Raw Greensand

0.01 0.07 325 Bentonite

0.01 0.05 ISX

0.01 0.05 Satintone 5

0.01 0.05 Dowex XFS-4195

0.01 0.03 Mn Greensand

0.00 0.00 DH 566

0.00 0.00 DH 565

0.00 0.00 DH 524

0.00 0.00 Attasorb LVM

0.00 0.00 Silylated Silica Gel

0.00 0.00 Duolite CS-346

0.00 0.00 Duolite CS-346C
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TABLE 17. TREATMENT CHEMICAL COPPER CAPACITY
(MEQUIV METAL/GRAM ADDITIVE) AND
IMMOBILIZATION EFFICIENCY.

Cap (Cu)
K (mequiv/ram) Chemical Additive

0.98 6.00 Ferrous Sulfate

0.73 4.46 Valfor 200

0.66 4.02 Valfor Z84-326

"0.46 2.83 ISX

0.27 1.65 Dowex XFS-4195C

0.24 1.49 Duolite CS-346

0.20 1.23 Dowex XFS-4195

0.20 1.19 Amberlite IRC-718

0.18 1.11 Amberlite IRC-718C

0.15 0.90 Duolite CS-346C

0.13 0.78 Amberlite IR-124C

0.11 0.64 Metal Sorb-7

0 10 0.61 Awberlite !R-124

0.04 0.24 HPM 20 Bentonite

0.03 0.21 DEN 125 Bentonite

0.03 0.19 Attasorb LVM

0.02 0.11 325 Bentonite

0.01 0.06 Raw Greensand

0.01 0.03 Hydrated Lime

0.00 0.00 DH 566

0.00 0.00 DR 565

0.00 0.00 UH 524

0.00 0.00 Silylated Silica Gel

0.00 0.00 Mn Greensand

0.00 0.00 Satintone 5
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TABLE 18. TREATMENT CHEMICAL ZINC CAPACITY
(NEQUIV METAL/GRAM ADDITIVE) AND
IMMOBILIZATION EFFICIENCY.

Cap (Zn)
Kseguiv/aram) Chemical Additive

1.00 6.23 Hydrated Lime

0.95 5.92 Ferrous Sulfate

0.12 0.73 Amberlite IR-124C

0.08 0.48 Valfor 200

0.07 0.46 Amberlite IR-124

0.03 0.18 RPM 20 Bentonite

0.02 0.15 Raw Greensand

0.02 0.12 Metal Sorb-7

0.01 0.09 Valfor Z84-326

0.01 0.06 BEN 125 Bentonite

0.01 0.03 325 Bentonite

0.00 0.00 DH 566

0.00 0.00 DR 565

0.00 0.00 DR 524

0.00 0.00 ISX

0.00 0.00 Attasorb LVM

0.00 0.00 Silylated Silica Gel

0.00 0.00 Dowex XFS-4195C

0.00 0.00 Amberlitp IRC-718

0.00 0.00 Amberlite IRC-718C

0.00 0.00 Duolite CS-346

0.00 0.00 Duolite CS-346C

0.00 0.00 Mn Greensand

0.00 0.00 Satintone 5

0.00 0.00 Dovex XFS-4195
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TABLE 19. TREATMENT CHEMICAL TOTAL METAL CAPACITY
(MEQUIV METAL/GRAM ADDITIVE) AND
IMMOBILIZATION EFFICIENCY.

Cap (meuiv/gram)

K Total Ni Cr Cd Cu Zn Chemical Additive

0.77 24.69 5.88 4.52 2.37 6.00 5.92 * Ferrous Sulfate

0.74 23.56 6.25 4.52 6.53 0.03 6.23 * Hydrated Lime

0.23 7.41 0.20 2.91 0.19 4.02 0.09 * Valfor Z84-326

0.22 7.05 0.05 4.17 0.00 2.83 0.00 * ISX

0.21 6.87 0.00 5.38 0.00 1.49 0.00 * Duolite CS-346

0.21 6.78 0.23 4.85 0.05 1.65 0.00 * Dowex XFS-4195C

0.20 6.36 0.37 0.74 0.31 4.46 0.48 * Valfor 200

0.19 6.17 0.05 4.89 0.00 1.23 0.00 Dowex XFS-4195

0.18 5.62 0.00 4.71 0.01 0.90 0.00 Duolite CS-346C

0.12 3.74 0.12 2.65 0.21 0.64 0.12 * Metal Sorb-7

0.08 2.70 0.82 0.00 0.37 0.78 0.73 Amberlite IR-121C

0.05 1.74 0.56 0.00 0.11 0.61 0.46 * Amberlite IR-124

0.05 1.53 0.12 0.30 0.00 1.11 0.00 * Amberlite IRC-718C

0.05 1.44 0.22 0.77 0.18 0.21 0.06 * BEN 125 Bentonite

0.04 i.39 0.09 0.11 0.00 1.19 0.00 Amberlite IRC-718

0.03 1.08 0.00 1.08 0.00 0.00 0.00 Silylated Silica Gel

0.03 0.94 0.07 0.66 0.00 0.06 0.15 * Raw Greensand

0.03 0.91 0.00 0.77 0.14 0.00 0.00 DH 565

0.03 0.88 0.07 0.67 0.00 0.11 0.03 325 Bentonite

0.03 0.85 0.00 0.66 0.00 0.19 0.00 Attasork LVM

S0.03 0.-4 0.14 0.00 0.28 0.24 0.18 * HPM 20 Bentonite

0.02 0.57 0.00 0.57 0.00 0.00 0.00 DH 521

0.00 0.12 0.03 0.07 0.02 0.00 0.00 Mn Greensand

0.00 0.10 0.05 0.00 0.05 0.00 0.00 Satintone 5

0.00 0.00 0.00 0.00 0.00 0.00 0.00 D" 566

* Chemical additives selected for further testing.
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efficiency). Of the 25 chemical additives initially tested, 13 were celected

for further batch testing. These additives are indicated by an asterisk in

Table 19. The 13 chemical additives were selected on the basis of the

following criteria:

0 Each chemical additive must exhibit an affi-ity for at last three

metal contaminants and have a capacity greater than or equal to

0.15 mequiv/gram for each metal

or

* Each chemical additive must have a capacity of at least

0.15 mequiv/gram for each of two contaminant metals and have a total

metal capacity greater than or equal to 0.90 mequiv/gram.

Table 19 shows that ferrous sulfate and hydrated lime both exhibit

exceptional capacity for most of the contaminant metals in the combined metal

solution. However, this is not a true measure of capacity since the

mechanism of metal removal is dependent solely on pH. The formation and

precipitation of metal hydroxides occurs as a result of increasing the PH of

the metal solution to 10.75 with the addition of 2 grams of hydrated lime.

Metal sulfides precipitate with the addition of 2 grams of ferrous sulfate

and a pH adjustment to 10.75. The pH adjustment causes the formation of

ferrous sulfide and the coprecipitation of insoluble contaminant sulfides.

Ferrous sulfate also reduces the very toxic hexavalent chromium (Cr6 ) to its

less toxic trivalent form (Cr+ 1. The mechanism of contaminant removal for

the remaining chemical additives is that of adsorption and ion exchange.

2. Soils:Single and Multiple Heavy Metai Contaminant Interactions

The equilibrium capacity and immobilization efficiency of each of

"the three soils for the contaminant metals was determined by saturating 200

grams of soil (dry weight) with one pore volute (100-200 mL) of deioni:ed

water. Four hundred mL of a metal salt solution was combined vwth the

saturated soil and agitated on the reciprocal shaker at 120 cyclos/min for

24 hours. Preliminary experimentation indicated that all soils reached

equilibrium within 24 hours. At the conclusion of the experiment, 10-20 mL
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aliquots were filtered (as discussed .n the previous subsection above) and in

some cases centrifuged prior to filtration, and all the clear filtrates were

analyzed by atomic absorption spectrometry to determine each metal ion

concentration. The difference between the original metal concentration and

the measured filtrate concentration corresponded to the amount of metal

adsorbed by the soil.

In these experiments, the equilibrium capacities of the soils were

determined for single and multiple metal contaminants. The capacity of the

soil for single metal contaminants was determined by adding 30 mequiv/L of

each metal contaminant (Cr, Cd, Ni, Cu and Zn) to each soil. The multiple

metal capacity was determined >n adding three multiple metal combinations

(Cr-Cd, Cr-Ni, and Cr-Cd-Ni) to each of the three soils. In the case of the

multiple metals, the total contaminant metal concentration was equal to

30 mequiv/L, with all of the metals having the same milliequivalent

concen~tration. For example, for the Cr-Cd solution, the concentration of

each metal was 15 mnquiv/L for a total metals concentration of 30 mequiv/L.

In some cases emulsions .- ulted from contacting the soils with

chromiu.ý and multiple metal combinations containfic chromium. Polaragraphic

techniqmes were successfully used to determine th. fiee chromium in the

emulsions.

The capacity (mequiv metal/100 grams soil) of each soil for single

and multiple contaminants was calculated from Eauation (3):

Cap = [(C x V ) - (Cf x Vf)] x 100/Ws (3)

where:

Cap = Capacity of the chemical additive for single or total

metal(s) in solution (mequiv/gram)

C = Initial concentration of single or total metal(s) in0

solution (mequiv/L)

Cf = Final concentration of single or total metal(s) in

solution (mequiv/L)
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V = Initial volvme of metal salt solution (L)

Vf = Initial volume of metal salt solution + pore volume added (L)

W = Weight of soil (grams).s

The immobilization efficiency for this series of tests is defincaf ,

the quantity of metal(s) adsorbed by the soil divided by the quantity of

metal(s) initially added in solution. The immobilization efficiency was

calculated from Equation (4), as follows:

K = (Cap x W)/100(Co x Vo) 1 - (CfVf/CoVo)
= 1 - (Cf/C 0 )[1 + V(p)/Vo0  (4)

where V(p) is the pore volume added.

Table 20 shows the capacities and immobilization efficiencies for

the Tinker AFB, Robins AFB, and McClellan AFB soils for single and multiple

metal contaminants. The data shows that in many cases the capacity of the

multiple metal test is not equal to the sum of the individual metals in the

single metal capacity tests. This suggests that interaction of the multiple

metals with the soils is very complex and is not just an additive effect.

The soil capacities for the Tinker AFB soil were generally higher than the

VcClellan and Robins AFB soils because of its higher organic content (see

Table 6).

3. Soils:Chemical Additives:Single Heavy Metal Contaminant Interactions

The objectives of this series of experiments were two-told:

* To determine the capacity of the 12 best treatment chemicals for

single heavy metals for each of the three soils.

* Based on the immobilization efficiency and cost tradeoffs, to select

the two best treatment chemicals for each soil-metal combination

For these tests, 200 grams of soil were saturated with one pore

volume (100-120 mL) of deionized water and then was spiked with 400 mL of a

single metal salt solution containing a concentration of 30 mequiv/L of the
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TABLE 20. SOIL CAPACITY (MEQUIV METAL/100 GRAMS SOIL)
AND IMMOBILIZATION EFFICIENCY FOR SINGLE
AND MULTIPLE METAL CONTAMINANTS.

Metal

Solution Parameter Cr Cd Ni Cu Zn Total

McClellan AFB

Single Capacity a 0.21 2.41 2.77 3.40 2.61
Cr K 0.04 0.40 0.48 0.58 0.44

Multiple Capacity 0.51 0.94 1.45
Cr-Cd K 0.18 0.30 0.24

Multiple Capacity 0.17 1.89 2.06
Cr-Ni K 0.06 0.64 0.36

Multiple Capacity 0.29 0.95 1.30 2.54
Cr-Cd-Ni K 0.16 0.52 0.66 0.46

Robins AFB

Single Capacity 1.79 1.23 1.46 1.87 1.31
Cr K 0.32 0.20 0.26 0.32 0.22

Multiple Capacity 1.31 0.94 2.25
Cr-Cd K 0.44 0.30 0.38

Multiple Capacity 1.23 1.87 3.10
Cr-Ni K 0.46 0.62 0.54

Multiple Capacity 1.19 0.50 0.75 2.44
Cr-Cd-Ni K 0.66 0.28 0.4Z 0.44

Tin~ker, AFB

Single Capacity 1.40 4.62 4.64 5.68 4.62
Cr K 0.26 0.76 0.82 0.92 0.80

Multiple Capacity 1.30 2.55 3.85
Cr-Cd K 0.44 0.86 0.66

Multiple Capacity 2.72 1.75 4.47
Cr-Ni K 0.90 0.58 0.74

Multiple Capacity 0.95 1.45 1.63 4.03
Cr-Cd-Ni K 0.52 0.84 0.96 0.76

a (mequiv/100 grams soil).
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contaminant metal. A single treatment chemical was added to each

soil/contaminant metal combination and then reacted on the reciprocal shaker

for 24 hours. The samples were filtered, as described above, and the metal

ion concentrations were determined by atomic adsorption spectrometry. The

degree of immobilization was measured by determining tLe amount of

contaminant metal retained by the soil-chemical additive system.

The primary problem encountered for the screening tests was to
determine a suitable dosage for the treatment chemical. Preliminary tests

showed the effect of dosage was not a linear relationship making it difficult
to determine and compare the unit weight effect of each treatment chemical on

the differential capacity.

A number of methods can be used to determine the dosage rate. These

include:

0 The dosage rate is based on the capacity of each treatment chemical

for a single metal (see Tables 14 to 18) in the five multiple metal

solution shown in Table 13. This is a problem fcr some metals
because they were not adsorbed by the chemical additive and the

differential capacity is zero.

* The dosage rate is basad on the total capacity of each treatment

chemical (see Table 19) in the same five multiple metal solution

shown in Table 13.

0 The dosage rate is based on a single metal capacity for a single

metal solution. This would have involved repeating all of the tests

described previously in Task 1 with five single metal solutions and

25 chemical additives. Since the batch tests were to be used

primarily as a screening tool, it was felt that the effort to repeat
all these tests was not cost-effective.

* The dosage rate is based on an equal weight dosage for each

treatment chemical. This would enable a compirison of the degree of

immobilization for the same weight of treatment chemical in the same

quantity of soil.
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The second and fourth approaches were used to further screen the

treatment chemicals. In the second approach, a chemical dosage of 100

percent was used in one set of experiments. For example, a 100 percent

dosage of Valfor Z84-326 was calculated in the following manner. Two hundred

(200) grams of soil were spiked with a total single metal input of 12 mequiv

(400 mL of a 30 mequiv/L single metal salt solution). Table 19 shows the

total capacity of Valfor Z84-326 is 7.41 mequiv metal/gram additive, so a

100 percent chemical dosage is 12/7.41 = 1.62 grams and the soil-to-treatment

chemical weight ratio is 200/1.62 = 123 or 0.81 grams Valfor Z84-326 per 100

grams of soil.

In the initial set of experiments, ferrous sulfate was not

considered because this required pH adjustment (from 3.72 to 10.75) with

hydrated lime. Some immobilization of the contaminant metals could also be

achieved by the precipitation of metal hydroxides with just the addition of

hydrated lime. Ferrous sulfate was used later in the test program to reduce

chromium from the hexavalent state to the less toxic trivalent state.

The total soil:chemical additive system capacities and

immobilization efficiencies for the three Air Force soils and 12 chemical

additives are given in Tables 21 to 23 for 100 percent chemical dosage. The

tables show the total metal immobilized by the soil-treatment chemical system

per 100 grams of soil (mequiv/100 grams soil) and the fraction of the total

metal in solution adsorbed by the soil-treatment chemical interaction. The

capacity of each soil for each single metal contaminant is given in the last

line of each table and is repeated from Table 20.

In the fourth approach, the soil-treatment chemical weight ratio was

fixed at 114:1 (approximately 100:1), or 1.75 grams of treatment chemical per

200 grams of soil. Each soil-treatment chemical mixture was reacted with

400 mL of a 30 mequiv/L single metal salt solution. The results of these

tests are summarized in Tables 24 to 26. Some of the data points are taken

from the previous set of experiments for 100 percent dosage and approximately

100:1 soil-treatment chemical ratio. The capacity is given in terms of the

weight of metal adsorbed by the treatment chemical per 100 grams of soil. A

capacity of 6 mequiv/100 grams soil represents an immobilization efficiency
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TABLE 21. TOTAL CAPACITY (MEQUIV/100 GRAMS SOIL) AND IMMOBILIZATION
EFFICIENCY FOR MCCLELLAN AFB SOIL-TREATMENT CHEMICAL
SYSTEM (100 PERCENT DOSAGE).

Soil Para-
Treatment Dosage Chem meter

Chemical (a) (b) ( Cr Cd Ni Cu Zn

Lima 0.26 392 Cap 0.00 5.29 5.83 5.71 6.25
K 0.00 0.95 0.98 1.00 0.99

Valfor Z84-326 0.81 123 Cap 0.40 4.43 4.12 5.46 5.23
K 0.07 0.79 0.70 0.96 0.83

ISx 0.85 118 Cap 0.36 3.45 4.21 5.12 5.00
K 0.06 0.62 0.71 0.90 0.80

Duolite CS-346 0.88 114 Cap 3.81 2.34 3.03 4.08 3.93
K 0.69 0.42 0.51 0.71 0.62

Dow XFS-4195C 0.89 113 Cap 3.82 3.54 3.16 4.77 4.63
K 0.69 0.63 0.53 0.83 0.74

Valfor 200 0.95 106 Cap 0.06 4.83 5.13 5.71 6.02
K 0.01 0.86 0.87 1.00 0.96

Metal Sorb-7 1.61 62 Cap 0.70 2.96 3.60 4.39 4.01
K 0.13 0.53 0.61 0.77 0.64

Ambrlite IR-124 3.45 29 Cap 0.69 5.38 5.85 5.63 5.17
K 0.13 0.96 0.99 0.98 0.82

Amberlite IR-718C 3.92 26 Cap 2.61 3.27 4.11 5.47 4.39
K 0.48 0.58 0.69 0.96 0.70

Ben 125 Bentonite 4.17 24 Cap 0.58 3.27 4.17 4.60 4.70
K 0.11 0.58 0.70 0.80 0.75

Raw Greeasand 6.39 16 Cap 0.42 1.81 2.73 3.45 3.32
K 0.08 0.32 0.46 0.60 0.53

WP 20 Bentonite 7.15 14 Cap 0.06 4.03 4.84 5.23 5.54
K 0.01 0.72 0.82 0.92 0.88

Soil only 0.00 Cap 0.21 2.41 2.77 3.40 2.61
K 0.04 0.40 0.48 0.58 0.44

(a) (grams treatment chemical/lO0 grams soil).
(W) (grams soil/gram treatment chemical).
(c) Capacity in mequiv metal/100 grams soil; K dimensionless.
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TABLE 22. TOTAL CAPACITY (MEQUIV/100 GRAMS SOIL) AND
IMMOBILIZATION EFFICIENCY FOR ROBINS AFB SOIL-
TREATMENT CHEMICAL SYSTEM (100 PERCENT DOSAGE).

Soil Para-
Treatment Dosage Chem meter

Chemical (a) (b) (c) Cr Cd Ni Cu Zn

Li 0.26 392 Cap 1.56 5.01 5.74 4.79 6.22
K 0.26 0.90 0.97 0.86 0.99

Valfor Z84-326 0.81 123 Cap 1.79 3.67 2.20 4.89 5.08
K 0.30 0.66 0.37 0.88 0.81

In 0.85 118 Cap 3.06 2.21 2.84 2.72 3.78
K 0.51 0.40 0.48 0.49 0.60

D olite CS-346 0.88 U4 Cap 5.19 1.58 1.56 2.65 2.48
K 0.87 0.28 0.26 0.48 0.39

DOW XFS-4195C 0.89 113 Cap 4.95 2.38 2.22 3.61 3.85
K 0.83 0.43 0.38 0.65 0.61

Valfor 200 0.95 106 Cap 0.98 4.25 4.22 4.99 5.54
K 0.16 0.76 0.71 0.90 0.88

Metal Sotb-7 1.61 62 Cap 2.31 2.12 2.27 3.16 3.47
K 0.39 0.38 0.38 0.57 0.55

A•rlite IR-124 3.45 29 Cap 2.02 5.39 5.03 4.97 6.19
K 0.34 0.96 0.85 0.89 0.98

kgerlite IR-718C 3.92 26 Cap 3.70 2.30 3.12 4.90 3.10
K 0.62 0.41 0.53 0.88 0.49

Ben 125 Bmtonite 4.17 24 Cap 1.44 2.38 2.60 3.46 4.31
K 0.24 0.43 0.44 0.62 0.69

Raw Gveam 6.39 16 Cap 1.90 1.54 1.68 1.95 2.63
K 0.32 0.28 0.28 0.35 0.42

w 20 Bentonite 7.15 14 Cap 1.79 3.41 4.52 4.71 5.15
K 0.30 0.61 0.76 0.85 0.82

Soil 031y 0.00 Cap 1.79 1.23 1.46 1.87 1.31
K 0.32 0.20 0.26 0.32 0.22

(a) (grams treatment chemical/100 grams soil).
(b) (grams soil/gram treatment chemical).
(c) Capacity in mequiv metal/100 grams soil; K dimensionless.
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TABLE 23. TOTAL CAPACITY (MEQUIV/100 GRAMS SOIL) AND
IMMOBILIZATION EFFICIENCY FOR TINKER AFB SOIL-
TREATMENT CHEMICAL SYSTEM (100 PERCENT DOSAGE).

Soil Para-
Treatment Dosage Chem meter

Chemical (a) __b) (c) Cr Cd Ni Cu Zn

Lim 0.26 392 Cap 0.98 6.29 5.87 5.72 6.24
K 0.17 0.97 0.99 1.00 0.99

Valfor Z84-326 0.81 123 Cap 0.33 6.01 5.42 5.71 5.90
K 0.07 0.93 0.92 1.00 0.94

ISX 0.85 118 Cap 1.64 5.27 5.33 5.64 6.03
K 0.29 0.81 0.91 0.99 0.96

Duolite CS-346 0.88 114 Cap 3.56 5.04 5.08 5.42 5.44
K 0.62 0.78 0.86 0.95 0.86

Dow XFS-4195C 0.89 113 Cap 2.41 5.76 5.04 5.75 5.76
K 0.42 0.89 0.86 1.00 0.92

Velfor 200 0.95 106 Cap 0.00 6.11 5.59 5.72 6.16
K - 0.94 0.95 1.00 C.98

Netal Scrb-7 1.61 62 Cap 2.07 5.46 5.06 5.47 5.68
K 0.36 0.84 0.86 0.96 0.90

Amberlite IR-124 3.45 29 Cap 1.16 6.24 5.89 5.71 6.15
K 0.20 0.96 1.00 1.00 0.98

Ambelite IR-718C 3.92 26 Cap 3.61 5.89 5.59 5.80 5.85
K 0.63 0.91 0.95 1.00 0.93

Bea 125 Bentczite 4.17 24 Cap 0.56 5.50 5.33 5.49 5.76
K 0.10 0.85 0.91 0.96 0.92

Raw EGresaix 6.39 16 Cap 1.53 4.58 4.67 5.24 5.45
K 0.27 0.70 0.79 0.92 0.87

W 20 Bentcuite 7.15 14 Cap 1.04 5.78 5.58 5.70 6.06
K 0.18 0.89 0.95 1.00 0.96

Soil only 0.00 Cap 1.40 4.62 4.64 5.68 4.62
K 0.26 0.76 0.82 0.92 0.80

(a) (grams treatment chemical/1O0 grams soil).
(b) (grams soil/gram treatment chemical).
(c) Capacity in mequiv metal/100 grams soil; K dimensionless.
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TABLE 24. TOTAL CAPACITY (MEQUIV/100 GRAMS SOIL) AND
IMMOBILIZATION EFFICIENCY FOR MCCLELLAN AFB SOIL-
TREATMENT CHEMICAL SYSTEM (100:1 DOSAGE RATE).

Soil Para-
Treatment Dosage Chem meter
Chemical (a) (b) (c) Cr Cd Ni Cu Zn

ize 0.88 114 Cap 1.54 5.80 6.18 5.62 5.70
K 0.29 1.00 1.06 1.00 1.00

Valfor Z84-326 0.81 123 Cap 0.40 4.43 4.12 5.46 5.23
K 0.07 0.79 0.70 0.96 0.83

ISx 0.85 118 Cap 0.36 3.45 4.21 5.12 5.00
K 0.06 0.62 0.71 0.90 0.80

Duolite CS-346 0.88 114 Cap 3.81 2.34 3.03 4.08 3.93
K 0.69 0.12 0.51 0.71 0.62

Dow XFS-4195C 0.89 113 Cap 3.82 3.54 3.16 4.77 4.63
K 0.69 0.63 0.53 0.83 0.74

Valfo 200 0.95 106 Cap 0.06 4.83 5.13 5.71 6.02
K 0.01 0.86 0.87 1.00 0.96

Metal Sorb-7 0.88 114 Cap 1.13 3.00 3.56 3.90 3.09
K 0.21 0.52 0.61 0.6q 0.54

Aierlite IR-124 0.88 114 Cap 0.38 3.84 4.21 4.31 4.01
K 0.07 0.66 0.72 0,77 0.70

Amberlite IR-718C 0.88 114 Cap 1.54 3.04 3.58 3.68 3.24
K 0.29 0.52 0.62 0.65 0.57

Ben 125 Bentonite 0.88 114 Cap 0.52 2.24 3.50 3.46 3.09
K 0.10 0.39 0.60 0.61 0.54

Raw GreensuA 0.88 114 Cap 0.50 2.38 3.16 3.30 2.63
K 0.09 0.41 0.54 0.59 0.46

HmP 20 mttcnite 0.88 114 Cap 0.20 2.88 2.64 3.77 3.31
K 0.04 0.50 0.45 0.67 0.58

Soil only 0.00 Cap 0.21 2.41 2.77 3.40 2.61
K 0.04 0.40 0.48 0.58 0.44

(a) (grams treatment chemical/100 grams soil).
(b) (grams soil/gram treatment chemical).
(c) (mequiv metal/100 grams soil).
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TABLE 25. TOTAL CAPACITY (MEQUIV/100 GRAMS SOIL) AND
IMMOBILIZATION EFFICIENCY FOR ROBINS AFB SOIL-
TREATMENT CHEMICAL SYSTEM (100:1 DOSAGE RATE).

Soil Para-
Treatment Dosage Chem meter

Chemical (a) (b) (c) Cr Cd Ni Cu Zn

Lima 0.88 114 Cap 3.84 5.80 6.19 5.63 5.69
K 0.71 1.00 1.06 1.00 1.00

Valfor Z84-326 0.81 123 Cap 1.79 3.67 2.20 4.89 5.08
K 0.30 0.66 0.37 0.88 0.81

I•X 0.85 118 Cap 3.06 2.21 2.84 2.72 3.78
K 0.51 0.40 0.48 0.49 0.60

Dijolite CS-346 0.88 114 Cap 5.19 1.58 1.56 2.65 2.48
K 0.87 0.28 0.26 0.48 0.39

Dow XFS-4195C 0.89 113 Cap 4.95 2.38 2.22 3.61 3.85
K 0.83 0.43 0.38 0.65 0.61

Valfor 200 0.95 106 Cap 0.98 4.25 4.22 4.99 5.54
K 0.16 0.76 0.71 0.90 0.88

Metal Sorb-7 0.88 114 Cap 1.88 1.88 2.42 2.70 2.55
K 0.35 0.32 0.42 0.48 0.45

Amberlite IR-124 0.88 114 Cap 1.54 3.18 3.55 3.71 3.70
K 0.29 0.55 0.61 0.66 0.65

Imberlite IR-718C 0.88 114 Cap 2.89 1.80 2.10 2.65 2.17
K 0.54 0.31 0.36 0.47 0.33

Bea 125 Bentonite 0.88 114 Cap 1.59 1.71 2.30 2.37 2.33
K 0.29 0.29 0.40 0.42 0.41

Raw Greensand 0.88 114 Cap 1.88 1.62 1.90 2.02 2.02
K 0.35 0.28 0.3O 0.36 0.36

W 20 Bentonite 0.88 114 Cap 1.81 1.88 2.64 2.73 2.82
K 0.34 0.32 0.49 0.48 0.50

Soil only 0.00 Cap 1.79 1.23 1.46 1.87 1.31
K 0.32 0.20 0.26 0.32 0.22

(a) (grams treatment chemical/lO0 grams soil).
(b) (grams soil/gram treatment chemical).
(c) (mequiv metal/100 grams soil).
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TABLE 26. TOTAL CAPACITY (MEQUIV/100 GRAMS) AND
IMMOBILIZATION EFFICIENCY FOR TINKER AFB SOIL-
TREATMENT CHEMICAL SYSTEM (100:1 DOSAGE RATE).

Soil Para-
Treatment Dosage Chem meter

Chemical j(a)_ __b (c) Cr Cd Ni Cu Zn

Lime 0.88 114 Cap 0.90 5.80 5.86 5.63 5.69
K 0.17 1.00 1.01 1.00 1.00

Valfor Z84-326 0.81 123 Cap 0.33 6.01 5.42 5.71 5.90
K 0.07 0.93 0.92 1.00 0.94

IZX 0.85 118 Cap 1.64 5.27 5.33 5.64 6.03
K 0.29 0.81 0.91 0.99 0.96

Duolite CS-346 0.88 114 Cap 3.56 5.04 5.08 5.42 5.44
K 0.62 0.78 0.86 0.95 0.86

Dow XFS-4195C 0.89 113 Cap 2.41 5.76 5.04 5.75 5.76
K 0.42 0.89 0.86 1.00 0.92

Valfor 200 0.95 106 Cap 0.00 6.11 5.59 5.72 6.16
K - 0.94 0.95 1.00 0.98

Metal Sorb-7 0.88 114 Cap 1.74 4.74 5.06 5.35 4.97
K 0.32 0.82 0.86 0.95 0.87

Amberlite IR-124 0.88 114 Cap 0.30 5.01 5.26 5.42 5.13
K 0.06 0.86 0.91 0.96 0.90

Amberlite IR-718C 0.88 114 Cap 2.10 4.69 5.24 :-.27 4.97
K 0.39 0.81 0.90 0.94 0.87

Ben 125 Bentcnite 0.88 114 Cap 0.98 4.55 5.06 5.30 4.90
K 0.18 0.78 0.87 0.94 0.86

Raw Greensand 0.88 114 Cap 1.32 4.41 4.99 5.33 4.82
K 0.24 0.76 0.86 0.95 0.95

HWP 20 Bentonite 0.88 114 Cap 0.95 4.67 5.43 5.52 5.08
K 0.17 0.81 0.93 0.98 0.89

Soil only 0.00 Cap 1.40 4.62 4.64 5.68 4.62
K 0.26 0.76 0.82 0.92 0.80

(a) (grams treatment chemical/100 grams soil).
(b) (grams soil/gram treatment chemical).
(c) (mequiv metal/100 grams soil).
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of 100 percent, providing the concentration of the metal salt solution was

exactly 30 mequiv/L. As with the previous set of data, the capacity of each

soil for each singl. metal contaminant is given in the last line of each

table.

Based on total capacity and without considering unit treatment

chemical costs, several chemical additives seem attractive. For example,

lime immobilizes nearly 100 percent of all the single metals except

hexavalent chromium. Valfor Z84-326 and Valfor 200 also has high

immobilization efficiencies for all metals but hexavalent chromium. Two

synthetic chelate ion exchangers, Duolite CS-346 and Dow XFS-4195C exhibit a

high degree of chromium (+6) immobilization. The other chemical additives

exhibit variable and somewhat lower degrees of immobilization for the single

metal contaminants.

The total capacity or immobilization reflects the contributions from

both the soil and the treatment additives. The treatment chemicals were

ranked according to their net immobilization. The net immobilization effect

of the chemical additive for a given metal was determined by calculating the

differential capacity, which is defined as the difference between the

capacity of the soil-chemical additive system and the capacity of the soil

for the given metal (without the chemical additive). Each chemical additive

was ranked and compared for their ability to immobilize single heavy metal

contaminants according to their differential capacity and their treatment

cost, which is defined as follows:

Treatment Cost (S/equiv)

= [Unit Cost ($/kg)]h[Differential Capacity (mequiv metal/gram)P (5)

The best treatment chemicals have low unit costs and/or high differential

capacities.

The unit costs for the chemical additives given in Table 27 were

obtained from vendor quotes. Tables 28 to 30 rank the four best chemical

additives for each contaminant metal, for each soil type, and for each dosage

level, according to the treatment cost. The differential capacities are also
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shown in the second column for the four top-ranked chemical additives. The

differential capacities and treatment costs for all of the treatment

chemicals are given in Appendix A.

TAPE 27. UNIT COST ($/KG) OF CHEMICAL ADDITIVES.

Chemical Additive / k

Lime 0.198

Ben 125 Bentonite 0.297

Lime/Ferrous Sulfatea 0.31

Valfor 200/Ferrous Sulfatea 0.48

Valfor 200 0.551

Greensand 0.617

HXP 20 Bentonite 0.705

Valfor Z84-326 2.20

Metal Sorb-7 2.32

Insoluble Starch Xanthate 3.74

Amberlite IR-124 6.61

Amberlite IRC-718 11.00

Duolite CS-346 1i.00

Dow XFS-4195 11.00

a In a 1:1 ratio by weight.

The data shows for all single metal contaminants, with the exception

of hexavalent chromium:

0 Lize and Valfor 200 consistently outranked all the other additives.

* There was very little difference in the rankings between 100 percent

dosage and equal dosage by weight.

The treatment chemicals generally having the lowest treatment cost

also had the highest differential capacity. A notable exception was

the bentonite clays which had low differential capacities and low

unit costs.
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TABLE 28. RANKING OF TREATMENT CHEMICALS FOR MCCLELLAN.AFB SOIL.

100 Percent Dosage Equal Dosage by Weight

Soil- Dif Soil- Dif
Treatment Chem Cap Cost Treatment Chem Cap Cost

Rank Chemical J_(L (b) (q) Chemical __a (b) (c)

Chromium

1 Duolite CS-346 114 4.11 2.67 Lime 114 1.52 0.13

2 Dow XFS-4195C 113 4.08 2.70 Ben 125 Bentonite 114 0.35 0.84

3 Ben 125 Bentonite 24 0.09 3.34 Greensand 114 0.33 1.86

4 -1 Sorb-7 62 0.31 7.60 Metal Sorb-7 114 1.05 2.21

Cadmium

Lime 392 11.29 0.02 Lime 114 3.87 0.05

2 V-1for 200 106 2.56 0.22 Valfor 200 106 2.56 0.22

3 Valfor Z84-326 123 2.49 0.88 Valfor Z84-326 123 2.49 0.88

4 Ben 1d5 Bentonite 24 0.21 1.44 HMP 20 Bentonite 114 0.54 1.31

Nickci

1 Lime 392 12.00 0.02 Lime 114 3.90 0.05

2 Valfor 200 106 2.50 0.22 Valfor 200 106 2.50 0.22

3 Ben 125 Bentonite 24 0.34 0.88 Ben 125 Bentonite 114 0.83 0.36

4 Vilfor Z84-326 123 1.67 1.32 Valfor Z84-326 123 1.67 1.32

Coppeýr,

1 Lime 392 9.06 0.02 Lime 114 2.54 0.08

" Valfor 200 106 2.44 0.23 Valfor 200 106 2.44 0.23

3 Valfor Z84-326 123 2.54 0.87 Valfor Z84-326 123 2.54 0.87

4 Bea 12U Bentonite Z4 0.W29 1.03 hMP 20 Bentonite 114 0.42 1.67

Zinc

I Lime 392 14.27 0.01 Lime 114 3.53 0.06

2 Valfor 200 i06 3.61 0.15 Valfor 200 106 3.61 0.15

3 Ben 125 Bentonite 24 0.50 0.59 Ben 125 Bentonite 114 0.55 0.54

4 VaAfor Z84-326 123 3.23 0.68 Valfor Z84-326 123 3.23 0.68

(aW qrams so,1/gran treatment chemical.
(b) Differential capacity in mequiv metal/gran treatment chemical.
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TABLE 29. RANKING OF TREATMENT CHEMICALS FOR ROBINS AFB SOIL.

100 Percent Dosage Equal Dosage ey__iight

Soil- Dif Soil- Dif
Treatment Chem Cap Cost Treatment Chem Cap Cost

Rank Chemical (a) (b) ( Chemical _(a) (b kc)

Chromium

1 ISX 118 1.49 2.50 Lime 114 2.34 0.08

2 Duolite CS-346 114 3.89 2.83 ISX 118 1.49 2.50

3 Dow XFS-4195C 113 3.57 3.08 Duolite CS-346 114 3.89 2.83

4 Metal Sorb-7 62 0.32 7.16 Dow XFS-4195C 113 3.57 3.08

Cadmium

1 Lime 392 14.82 3.01 Linie 114 5.22 0.04

2 Valfor 200 106 3.20 0.17 Valfor 200 106 3.20 0.17

3 Valfor Z84-326 123 3.01 0.73 Ben 125 Bentonite 114 0.55 0.54

4 Ben 125 Bentonite 24 0.28 1.08 Valfor Z84-326 123 3.01 0.73

Nickel

1 Lime 392 16.78 0.ul Lime 114 5.41 0.04

2 Valfor 200 106 2.92 0.09 Valfor 200 106 2.92 0.19

3 Ben 125 Bentonite 24 0.27 1.09 Ben 125 Bentonite 114 0.96 0.31

4 HMP 20 Bentonite 14 0.43 1.65 HMP 20 Bentonite 114 1.35 0.52

co~pe

I Lime 392 11.45 0.02 Lime 114 4.30 0.05
2 Valfor 200 106 3.30 0.17 ialfor 200 106 3.30 0.17

3 Valfor Z84-326 123 3.73 0.59 Ben 125 Bentonite 114 0.57 0.52

4 Ben 125 Bentonite 24 0.38 0.78 Valfor Z84-326 123 3.73 0.59

ZAnlc

1 Lime 392 19.25 0.01 Lime 114 5.01 0.04

2 Valfor 200 106 4.48 0.12 Valfor 200 106 4.48 0,12

3 Ben 125 Bentonite 24 0.72 0.41 Bett 125 Bentonite 114 1.17 0.25

4 Valfor Z84-326 123 4.65 0.47 HHP 20 Bentonite 114 1.73 0.41

ta) (grams soil/gram treatment chemical).
(b) Differential capacity in mequiv metal/gram treatment chemical.
(c) W!equ7-)3
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TABLE 30. RANKING OF TREATMENT CHEMICALS FOR TINKER AFB SOIL.

100 Percent Dosage_ EqualDosageby__eicht

Soil- Dif Soil- Dif
Treatment Chem Cap Cost Treatment Chem Cap Cost

Rank Chemical .a) j (cq) Chemical (a) kb) (P)

Chromium

1 Duolite CS-346 114 2.47 4.46 Duolite CS-346 114 2.47 4.46

2 Metal Sorb-7 62 0.42 5.56 Metal Sorb-7 114 0.39 5.97

3 Dow XFS-4195C 113 1.14 9.64 Dow XFS-4195C 113 1.14 9.64

4 ISX 118 0.28 13.25 ISX 118 0.28 13.25

Cadmium

1 Lime 392 6.55 0.03 Lime 114 1.35 0.15

2 Valfor 200 106 1.58 0.35 Valfor 200 106 1.58 0.35

3 Valfor Z84-32L 123 1.72 1.28 Valfor Z84-326 123 1.72 1.2S

4 Ben 125 Bentonite 24 0.21 1.41 ISX 118 0.16 4.89

Nickel

1 Lime 392 4.82 0.04 Line 114 1.39 0.14

2 Valfor 200 106 1.01 u.55 Valfor 290 106 1.01 0.55

3 Ben 125 Bentonite 24 0.17 1.79 Ben I15 Bentonite 114 0.48 0.62

4 Valfor Z84-326 123 0.96 2.28 H.4f 10 Bentonite 114 0.90 0.78
Cop~pr

1 Lime 392 0.16 1.26 Valfor 200 106 0.04 13.02

2 Valfor 200 IC6 0.04 i3.02 Valfor Z84-326 123 0.04 59.40

3 Valfor Z84-326 123 0.04 59.40 Dow XFS-4195C 113 0.08 139.07

4 Dow XFS-4195C 113 0.08 139.07

zinc

1 Lime 392 6.35 0.03 Lime 114 1.22 0.16

Z Valfor 200 106 1.63 0.34 Valfor 200 106 1.63 0.34

3 Ben 125 Bentonite 24 0.27 1.09 Ben 125 Bentonite 114 0.32 0.93

4 Valfor Z84-326 123 1.58 1.39 RMP 20 Bentonite 114 0.53 1.34

(a) (grams soil/gram treatment chemical).
(b) Ditferential capacity in mequiv metal/gram treatment chemical.
(c) (S/equiv).
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a The treatment costs were lower and the differential capacities were

higher for the McClellan and Robins AFB soils than for the Tinker

AFB soil. This is consistent with the higher soil capacity of the

Tinker AFB soil (see Table 20).

0 For the two best chemical additives, the treatment costs ranged from

$0.01/equiv to $0.23/equiv for the McClellan and Robins AFB soils,

and with the exception of copper from $O.03/equiv to $0.55/equiv for

the Tinker AFB soil.

Lime ranked first for the McClellan AFB and Robins AFB soils as a

co-t-effective treatment for hexavalent chromium at $0.13/equiv, but did not

appear to be an effective treatnent chemical for hexavalent chromium for the

Tinker AFB soil. This latter effect could be related to the low dosages

used; data on higher dosages for the Tinker AFB soil is given below. The

most cost-effective treatment for hexavalent chromium in the Tinker AXB soil

is the synthetic chelating resin Duolite CS-346 at $4.45/equiv.

The next best chemic-ls for the treatment of hexavalent chromium

were BEN 125 Bentonite for the McClellan AFB soil at $0.81/equiv, insoluble

starch xanthate (ISX) for the Robins soil at $2.48/equiv, and Metal Sorb-7

for the Tinker AFB soil at $5.95/equiv. Since these chemicals, as well as

Duolite CS-346, are expensive relative to lime and Valfor 200 addition for

the treatment of the other contaminant metals, ferrous sulfate was

investigated a. an alternative treatmenL . in the preliminary

screening tests, ferrous sulfate addition with pH adjustment by lime, was

found to be very effective in immobilizing chromium (+6) isee Table 19).

+6Hexavalent chromium, Cr , can bo reducud to the less toxic, less

mobile trivalent chromium state, Cr+3. fith ferrous sulfate. Ferrous sulfate

is a nontoxic, inexpensive ($0.40/kg) reducing agent. Theoretically, once in

the Cr+3 form, it can be precipitated with lime as chromium hydroxide,

Cr(OH) or adsorbed onto Valfor 200 by ion exchange. Lime/ferrous sulfate
and Valfor 200/ferrous sulfate combinations were tested on the three soils to

determine their effect on hexavalent chromium immobilization. A quantity of

1.75 grams of lime or Valfor 200 was added to 200 grams of soil, consistent

with the other batch tests. Then 1.67 grams of ferrous sulfate heptahydrate
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was added to the mixture of soil and lime (and soil and Valfor 200). This

amount of ferrous sulfate represents the stoichiometric amount of Fe+2 needed
+6 +3

to reduce 12 mequiv of Cr to Cr

Table 31 ranks the treatment chemicals for chromiuL (+6)

immobilization and includes the lime/ferrous sulfate and Valfor 200/ferrous

sulfate test data. The results clearly show that lime/ferrous sulfate and

particularly Valfor 200/ferrous sulfate are viable alternatives for Cr+ 6

immobilization relative to the other expensive treatment chemicals discussed

above. The costs of the two best treatments for chromium (+6) immobilization

for each soil ranged from $0.08/equiv to $0.27/equiv, consistent with tine

treatment costs for the immobilization of the four other metals. The test

data showed that the combination of soil and lime/ferrous sulfate treatment

immobilized 50 percent of the total Cr+6 found in the soil, while soil and
+5

Valfor 200/ferrous sulfate immobilized 100 percent of Cr , making this

latter immobilization method exceptionally effective and inexpensive.

The preliminary screening tests showed that lime and Valfor 200,

either alone or in combination with ferrous sulfate, were the best chemical

additives capable of immobilizing single metal contaminants in each of the

three soils at the lowest treatment cost. The remainder of the test program

focused on obtaining more detailed data on the use of thc.e chemicals for

treating contaminated soils on a batch basis and in soil columns.

4. Effect of Chemical Dosage on Metal Immobilization

The single dosage tests just described were extended to include a

range of treatment chemical dosages. The single metal concentration was

again set equal to 30 mequiv/L. The dosages used in the test program

corresponded approximately to soil-to-chemical additive weight ratios of

800:1, 400:1, 100:1 and 75:1. Tables 32 and 33 show the total capacities and

immobilization efficiencies for both lime and Valfor 200 addition as a

function of the dosage rate for soils contaminated with single metals.

Baseline data showing the capacity of the soil without the addition of any

treatment chemicals is also given. The results clearly indicate at 400:1 or

less soil-to-lime weight ratios, the contaminant metals Cd, Cu, Ni and Zn are
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TABLE 31. RANKING OF TREATMENT CHEMICALS FOR CHROMIUM (+6) IMMOBILIZATION.

Tot Cap Diff Cap Cost
Rank Treatment Chemical (me-uiv/100 grams) K (mequiv/gram) ($/equiv)

McClellan AFB Soil 0.21 0.04

1 Limea 1.54 0.29 1.52 0.13

2 Valfor 200/FeSO4b 6.00 1.00 3.39 0.14

3 Lime/FeSO4 c 3.06 0.51 1.67 0.19

4 Ben 125 Bentonitea 0.52 0.11 0.35 0.84

Robins AFB Soil 1.79 0.32

1 Limea 3.84 0.71 2.34 0.08

2 Valfor 20 0 /YeSO 4  6.00 1.00 2.46 0.20

3 Lime/FeSO4 c 3.15 0.53 0.80 0.39

4 ISXd 3.06 0.51 1.49 2.50

Tinker AFB Soil 1.40 0.26

1 Valfor 20 0 /FeSo 4b 6.00 1.00 2.69 0.18

2 Lime/FeSO4C 3.38 0.56 1.16 0.27

3 Duolite CS-346a 3.56 0.62 2.47 4.46

4 Metal Sorb-7a 1.74 0.32 0.39 5.97

a 114 grams soil/gram ,reatment chemical.
b 114 grams soil/gram Valfor 200; 1.67 grams FESO4/1.75 grams Valfor 200.c 114 grams soil/gram lime; 1.67 grams FESO4/1.75 4grams lime.

118 grams soil/gram ISX. 4

over 90 percent immobilized (except for Robins AFB soil contaminanted with

copper). The data on chromium immobilization with lime addition is not as

consistent. Both the Robins AFB and Tinker AFB soils exhibit a high capacity

for chromium relative to the McClellan AFB soil without lime addition.

However, for the Robins AFB soil, the chromium capacity is generally enhanced

with increased lime dosage, while the addition of lime to the Tinker soil

enhances chromium mobility. The addition of lime to the i.XClellan AFB soil

generally increases chromium immobilization.

Each data point shown in Tables 32 and 33 correspond to generally

one test point taken per dosage. Approximately 10 percent of the tests were
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repeated for quality control. Tests were also repeated if there were any

apparent inconsistencies in data trends.

The test results for the effect of Valfor 200 dosage (Table 33) for

the immobilization of Ni, Cu, Cd and Zn are consistent with those for lime

(Table 32). However, at the same value of the chemical dosage, metal

immobilization appears to be better, with lime than with Valfor 200.

TABLE 32. EFFECT OF CHEMICAL DOSAGE ON TOTAL CAPACITY (NEQUIV/100 GRAMS)
AND IMMOBILIZATION EFFICIENCY FOR SOIL CONTAMINATED WITH SINGLE
METALS AND TREATED WITH LIME.

Soils
McClellan AFB Robins AFB Tinker AFB

Soil-
Dosage Chem Cap Cap Cap

Metal (a) (b) (c) K (c)K (c) K

Cr 0.00 0.21 0.04 1.79 0.32 1.40 0.26
0.13 800 0.02 0.01 4.33 0.79 1.24 0.23
0.26 392 0.00 0.00 1.56 0.26 0.98 0.17
0.88 114 1.54 0.29 3.84 0.71 0.90 0.17
1.30 77 2.74 0.50 5.26 0.96 0.60 0.1.

Cd 0.00 2.41 0.40 1.23 0.20 4.62 0.80
0.13 800 4.44 0.75 3.42 0.58 5.37 0.91
0.26 392 5.29 0.95 5.01 0.90 6.29 0.97
0.88 114 5.80 1.00 5.80 1.00 5.80 1.00

Ni 0.00 2.77 0.48 1.46 0.26 4.64 0.93
0.13 800 5.10 0.88 3.61 0.62 5.48 0.94
0.26 392 5.83 0.98 5.74 0.97 5.87 0.99
0.88 114 6.18 1.06 6.19 1.06 5.86 1.00

Cu 0.00 3.40 0.58 1.87 0.32 5.68 0.97
0.13 800 4.87 0.93 3.83 0.73 5.21 0.99
0.26 392 5.71 1.00 4.79 0.86 5.72 1.00
0.88 114 S 62 1.r) 5.63 1.00 5.63 1.00

Zn 0.00 2.6* 0.41 1.31 0.22 4.62 0.80
0.13 800 4.77 0.80 4.01 0.67 5.69 1.00
0.26 392 6.25 0.99 6.22 0.99 6.24 0.99
0.88 114 5.70 1.00 5.69 1.00 5.69 1.00

(a) (grams treatment chemical/iO0 grams soil).
(b) (grams soil/gram treatment chemical).
(c) (mequiv metal/100 grams soil).
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TABLE 33. EFFECT OF CHEMICAL DOSAGE ON TOTAL CAPACITY (MEQUIV/100 GRAMS)
AND IMMOBILIZATION EFFICIENCY FOR SOIL CONTAMINATED WITH SINGLE
METALS AND TREATED WITH VALFOR 200.

Soils
McClellan AFB Robins AFB Tinker AFB

Soil-
Dosage Chem Cap Cap Cap

Metal (a) (b) (c K (C)K K

Cr 0.00 0.21 0.04 1.79 0.32 1.40 0.26
0.25 400 0.00 0.00 1.35 0.25 1.12 0.20
0.95 106 0.06 0.01 0.98 0.16 0.00 0.00
1.30 77 1.06 0.19 0.00 0.00 0.20 0.03

Cd 0.00 2.41 0.40 1.23 0.20 4.62 0.80
0.25 400 3.63 0.62 2.57 0.44 5.02 0.85
0.95 106 4.83 0.86 4.25 0.76 6.11 0.94
1.30 77 5.69 0.96 5.55 0.94 5.80 0.98

Ni 0.00 2.77 0.48 1.46 0.26 4.64 0.93
0.25 400 3.54 0.61 2.47 0.43 5.15 0.89
0.95 106 5.13 0.87 4.23 0.71 5.60 0.95
1.30 77 5.25 0.90 5.37 0.93 5.64 0.97

Cu 0.00 3.40 0.58 1.87 0.32 5.68 0.97
0.25 400 4.14 0.79 2.76 0.53 1.13 0.98
0.95 106 5.71 1.00 4.99 0.90 5.72 1.00
1.30 77 5.21 0.99 5.21 0.99 5.21 0.99

Zn 0.00 2.61 0.41 1.31 0.22 4.62 0.80
0.25 400 4.08 0.61 3.01 0.50 5.54 0.92
0.95 106 6.02 0.96 5.54 0.88 6.16 0.98
1.30 77 5.89 0.98 5.84 0.97 5.97 0.99

(a) (grams treatment chemical/1O0 grams soil).
(b) (grams soil/gram treatment chemical).
(c) (mequiv metal/1O0 grams soil).

The effect of Valfor 200 dosage on the capacity (and mobility) of

hexavalent chromium is different for the three contaminated soils. Chromium

immoiillzation in the McClellan AFB soil first decreases and then gradually

increases with increasing Valfor 200 dosage. However, for the Robins AFB

soil, the addition of Valfor 200 enhances the nobility of hexavalent

chromium, while for the Tinker AFB soil the mobility of hexavalent chromium

also increases but then decreases as the dosage is increased. The difference

in the mobility of hexavalent chromium may be explained by the difference in

the soil pH. Chromium immobilization in soil is a function of soil pH.
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Chromium is amphoteric and will precipitate under certain alkaline

conditions, but will resolubilize when the pH of the environment exceeds its

isoelectric point. Valfor 200 is an alkali compound and will increase the pH

of the soil in a manner very similar to that of lime; this may account for

its ineffectiveness to immobilize hexavalent chromium. However, this

explanation was not confirmed experimentally because soil pH was not measured

as a function of dosage.

5. Soils:Chemical Additives:Multiple Metal Contaminant Interactions

The single metal tests using Valfor 200 and lime were extended to
include multiple metal solutions and the effect of ferrous sulfate addition.

For the multiple metal solutions, the total contaminant metal concentration

was equal to 30 mequiv/L with all of the metals having the same mequiv/L

concentration. Multiple metal solutions of Cr-Ni-Cd and Cr-Ni-Cd-Cu-Zn were

mixed with 200 grams of soil and the treatment chemicals in various dosages.

The capacities and immobilization efficiencies were obtained for each

treatment chemical and for each metal in solution. The test results for the
three soils contaminated with Cr-Ni-Cd and treated with lime and Valfor 200

are shown in Table 34. The test results for the soils contaminated with

Cr-Ni-Cd-Cu-Zn and treated with lime are shown in Table 35 and with

Valfor 200 in Table 36. The dosages corresponded approximately to soil-to-

chemical additive ratios of 800:1, 400:1, 100:1 and 75:1. The two dosages of
400:1 and 100:1 were applied to both lime .and Valfor 200 so that a direct

comparison of the capacity and immobilizaton efficiency as a function of

dosage could be made between the two treatment chemicals and to the results

for the soils contaminated with the single metals.

The test results for the multiple metal solutions are consistent
with those of the single metal solutions. The multiple metal tests with lime

addition indicates that chromium immobilization is greatest when the

McClellan AFB soil is slightly "sweetened" at a 800:1 soil-to-lime ratio.

Any increase in lime dosage causes a decrease in chromium capacity similar to
the Tinker soil. Lime and Valfor 200 appear to be a viable treatment

chemical for immobilizing Cu, Ni, Cd, and Zn singularly and in combination
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TABLE 34. EFFECT OF CHEMICAL DOSAGE ON TOTAL CAPACITY (MEQUIV/100 GRAMS)
AND IMMOBILIZATION EFFICIENCY FOR SOIL CONTAMINATED WITH
MULTIPLE METALS (Cr, Cd, Ni) AND TREATED WITH
LIME AND VALFOR 200.

Soils
McClellan AFB Robins AFB Tinker AFB

Soil-
Dosage Chem Cap Cap Cap

Metal (a) (b) (c){ K ()K K

Lime

Cr 0.00 0.29 0.16 1.19 0.66 0.95 0.52
0.13 800 1.90 0.99 1.39 0.73 1.41 0.74
0.26 392 1.39 0.73 1.13 0.59 0.79 0.42
0.88 114 1.13 0.59 1.43 0.75 0.36 0.19

Cd 0.00 0.95 0.50 0.50 0.28 1.45 0.84
0.13 800 1.63 0.80 1.21 0.59 1.94 0.95
0.26 392 2.01 0.99 1.99 0.98 2.01 0.99
0.88 114 2.13 1.00 2.03 2.03 2.03 1.00

Ni 0.00 1.30 0.66 0.75 0.44 1.63 0.96
0.13 800 1.80 0.91 1.67 0.84 1.96 0.98
0.26 392 1.98 0.99 1.97 0.99 1.98 0.99
0.88 114 1.98 0.99 1.98 0.99 1.98 0.99

Valfor 2U0

Cr 0.00 0.29 0.16 1.19 0.66 0.95 0.52
0.25 400 0.12 0.06 0.84 0.44 0.81 0.42
0.95 106 0.00 0.00 0.42 0.22 0.37 0.20
1.30 77 0.01 0.01 0.25 0.13 0.19 0.10

Cd 0.00 0.95 0.50 0.50 0.28 1.45 0.84

0.25 400 1.52 0.75 0.98 0.48 1.89 0.93
0.95 106 1.99 0.98 1.89 0.93 2.01 0.98
1.30 77 2.02 0.99 2.02 0.99 2.02 0.99

Ni 0.00 1.30 0.66 0.75 0.44 1.63 0.96
0.25 400 1.45 0.73 1.18 0.59 1.85 0.94
0.95 106 1.84 0.93 1.80 0.91 1.94 0.98
1.30 77 1.95 0.98 1.96 0.99 1.96 0.99

(a) (grams treatment chemical/100 grams soil).
(b) (grams soil/gram treatment chemical).
(c) (mequiv metal/100 grams soil).
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with the contaminant metals. However, lime and Valfor 200 by themselves, do

not appear to immobilize hexavalent chromium.

The effect of ferrous sulfate addition, in combination with either

lime or Valfor 200 treatment, on hexavalent chromium immobilization was also

carried out. A fixed amount (0.5 grams) o' ferrous sulfate was added to each

soil contaminated with all five metals together and with hexavalent chromium

alone. For the hexavalent chromium alone, the quantity of ferrous sulfate is

Aower than the stocihiometric amount theoretically required to reduce

hexavalent chromium to its trivalent form. A ferrous sulfate dosage of

1.67 grams represents the stoichiometric amount of Fe+2 needed to reduce
+6 +3

12 mequiv of Cr+ to Cr . For the five metals together, the quantity of

ferrous sulfate is 50 percent more than the stoichiometric amount (0.33

grams).

TABLE 35. EFFECT OF CHEMICAL DOSAGE ON TOTAL CAPACITY (MEQUIV/100 GRAMS)
AND IMMOBILIZATION EFFICIENCY 'OR 3OIL CONTAMINATED WITH
MULTIPLE METALS (Cr, Cd, Ni, Cu, Zn) AND TREATED WITH LIME.

Soils
Soil- McClellan AFB Robins AFB Tinker AFB

Dosage Chem Cap Cap Cap
metal (a) (b). Lc K cK cK

S 00 0.40 0.35 0.76 0.67 0.71 0.63
0.25 4)( 0.24 0.21 0.70 0.62 0.47 0.42
0.95 105 0.18 0.16 0.90 0.79 0.37 0.32

0.13 800 0.80 0.68 0.46 0.40 1.04 0.89
0.25 i00 1.15 0.93 1.13 0.97 1.15 0.37
0.95 105 1.17 1.00 1.17 1.00 1.17 1.00

0.13 S00 0.91 0.78 0.72 0.62 1.13 0.97
O.-5 400 1.16 0.99 1.16 0.99 1.16 0.99
0.95 105 1.16 0.99 1.16 0.99 1.16 0.99

R.O •00 1.13 0.99 1.13 0.99 1.13 0.99
400 i.13 0.99 i.13 0.99 1.1) 0.99

0.95 i"5 1.13 0.99 1.13 0.99 1.13 0.99

0.13 -00 1.00 0.89 0.50 0.79 1.11 0.98
0.5 400 1.1 l.0,13 1.00 1.13 1.00 iD

0.95 105 1.13 1.00 1.13 i.0o 1-3 1.00

(a) (grams treatment chenical/QO0 grams soil).
(b) (grans soil/gram treatment chemical).

(•b) (equv netal/iCO grams soil).
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TABLE 36. EFFECT OF CHEMICAL DOSAGE ON TOTAL CAPACITY (MEQUIV/100 GRAMS)
AND IMMOBILIZATION EFFICIENCY FOR SOIL CONTAMINATED WITH
MULTIPLE METALS (Cr, Cd, Ni, Cu, Zn) AND TREATED WITH
VALFOR 200.

Soils
Soil- McClellan AFB Robins AFB Tinker AFB

Dosage Chem Cap Cap Cap
Metal (a) ji( K (C) K q)K

Cr 0.25 400 0.09 0.08 0.58 0.52 0.59 0.52
0.95 105 0.00 0.00 0.42 0.37 0.32 0.28
1.30 77 0.00 0.00 0.19 0.17 0.11 0.10

Cd 0.25 400 0.69 0.59 0.29 0.24 1.02 0.87
0.95 105 1.11 0.95 0.95 0.81 1.14 0.98
1.30 77 1.16 0.99 1.15 0.99 1.16 0.99

Ni 0.25 400 0.78 0.C6 0,53 0.45 .L.06 0.91
0.95 105 1.06 0.90 1.05 0.90 1.14 0.98
1.30 77 1.13 0.97 1.15 0.98 1.15 0.99

Cu 0.25 400 i.ii 0.98 1.02 0.90 1.13 0.99
0.95 105 1.13 0.99 1.13 0.99 1.13 0.99
1.30 77 1.13 0.99 1.13 0.99 1.13 0.99

Zn 0.25 400 0.85 0.76 0.64 0.56 1.08 V.96
0.95 105 1.09 0.96 1.06 0.96 i.11 0.8
1.30 77 1.11 0.99 1.12 0.99 i.12 0.99

(a) (grams treatment chemical/100 grams soil).(h) (grams soil/gram treatment chemical).
(b) (nequiv tetal/100 grass soil).

The test results for th- treatment of the soils with lime/ferrous

sulfate and Valfor 200/ferrous sv'fate are shown in Tables 37 and 38. Table
+637 shows for soils contaminated with only Cr , Valfor 200/ferrous sufate is

more effective than line/ferrous sulfate at the highest dosage. Because the

quantity of ferrous sulfate is approximately one-third of the stoichiozetric

aount required for Cr +6 reduction, the i-zobilization eificiency for Cr+6 is

fairly low. As the lice dosage is increased, the soil pH increases and the

conditions under which chromium hydroxide is formed are not favorable (29).
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TABLE 37. EFFECT OF FERROUS SULFATE ADDITION ON TOTAL CAPACITY
(MEQUIV!.00 GRAMS) AND IMMOBILIZATIOU EFFICIENCY FOR SOILS

CON7AXINATED WITH CHROMIUM (+6).

Soils
McClellan AFB Robins AFB Tinker A1'

Treatment Dosage Cap Cap Cap
Chemical _(a ( ) (b) K (b) K

Lime/FeSO4 0.00/0.25 3.01 0.49 4.11 0.66 4.69 0.7f

0.13/0.25 3.47 0.56 4.09 0.76 3.88 0.r

0.25/0.25 2.55 0.41 3.53 0.57 3.42 0.5.

0.88/0.25 0.53 0.08 2.55 0.41 1.74 r ._

Valfor 200/ 0.88/0.25 2.20 0.36 3.70 0.60 3.94 0.63

FeSO4

(a) (grams treatment chemical/J00 grams soil).
(b) (mequiv metal/l00 gri.s scel).

In the multiple metal tests, where all five metals were combined,

all of the five metals were virtually immobilized at the highest lime/ferrous

sulfate dosage. Similar results also applied at the second highest dosage

except for the immobilization of cadaium. A comparison between Tables 35 and

38 shows that increasing the dosage of ferrous sulfate at a given lin- dosage

generally reduces the immobilization efficiency of Cd, Ni, Cu and Zn. but

increases the mobility of chromiun (+6). Because the ferrous sulfate dosage

is 50 percent higher than the stoichiometric requirement for Cr÷6 reduction.

almost all of the Cr÷6 is immobilized independent of the lime dosage ior pH

variation). This result is in contrast to the resul for single metal (Cr+6

soil contamination shown in Table 37, in which the ferrous sulfate dosage is

one-third of the stoichiometric asount.

Cr., Ni and Cu were virtually immobilized at the Valfor 200!ferrous

sulfate dosage used in the test progran, but Cd and :n were st:ll not fully

adsorbed on Valfor 200. This result cannot be explained by the selectivity

characteristics of Vaifor 200 shown in Section 3B.5 because Valfor 200 has a

higher selectivi'y "- Cd and Z7, thy-. fo. "i and Cu and a much higher

tm~obliization efficiency for Cd and Zn would be expected. However,

selectivity is dependent upon pH and because the pH for the data
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TABLE 38. EFFECT OF FERROUS SULFATE ADDITION ON TOTAL CAPACITY
(MEQUIV/100 GRAMS) AND IMMOBILIZATION EFFICIENCY FOR SOILS
CONTAMINATED WITH MULTIPLE METALS (Cr, Cd, Ni, Cu, Zn).

Soils
McClellan AFB Robins AFB Tinker AFB

Dosage Cap Cap Cap
Metal (a) (b) K (Lb K (b)K

Lime-Ferrous Sulfate

Cr 0.00/0.25 1.23 0.99 1.23 0.99 1.23 0.99
0.13/0.25 1.23 0.99 1.23 0.99 1.23 0.99
0.25/0.25 1.23 0.99 1.23 0.99 1.23 0.99
0.88/0.25 1.23 0.99 1.23 0.99 1.23 0.99

Cd 0.00/0.25 0.24 0.20 0.20 0.16 0.03 0.02

0.13/0.25 0.48 0.40 0.27 0.22 0.24 0.20
0.25/0.25 0.42 0.35 0.45 0.37 0.93 0.78
0.88/0.25 1.20 1.00 1.20 1.00 1.20 1.00

Ni 0.00/0.25 1.01 0.85 0.96 0.81 0.95 0.80
0.13/0.25 1.05 0.88 0.99 0.82 1.05 0.88
0.25/0.25 1.16 0.97 1.02 0.86 1.19 0.99
0.88/0.25 1.19 0.99 1.19 0.99 1.19 0.99

Cu 0.00/0.25 1.05 0.93 0.97 0.85 1.12 0.98
0.13/0.25 1.19 0.98 1.03 0.91 1.13 0.99
0.25/0.25 1.13 0.99 1.13 0.99 1.13 0.99
0.88/0.25 1,13 0.99 1.13 0.99 1.13 0.99

Zn 0.00/0.25 0.46 0.41 0.28 0.25 0.31 0.27
0.13/0.25 0.73 0.66 0.46 0.41 0.87 0.78
0.25/0.25 1.15 1.01 1.01 0.90 1.16 1.03
0.88/0.25 1.16 1.04 1.16 1.04 1.16 1.04

Valfor 200-Ferrous Sulfate

Cr 0.88/0.25 1.23 0.99 1.23 0.99 1.23 0.99

Cd 0.88/0.25 0.27 0.22 0.57 0.48 0.82 0.69

Ni 0.88/0.25 0.93 0.78 1.07 0.90 1.13 0.95

Cu 0.88/0.25 1.13 0.99 1.13 0.99 1.13 0.99

7Zn 0.88/0.25 0.64 0.57 0.02 0.01 1.14 1.01

(a) (grams treatment chemical/100 grams soil).
(b) (mequiv metal/lOG grams soil).
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given in Section 3B.5 is not known a meaningful comparison iýtween the

laboratory and selectivity data calnot be iade at this time. A comparison

between Tables 36 and 38 again showed that ferrjus zLf ate addition decreases

the immobilization efficiency of Cd, Ni, Cu and ZA, and increases the

immobilization efficiency of Cr+. At the higheat dosage, both lime/ferrous

sulfate and Valfor 200/ferrous sulfate have the same capacity for chromium

(see Table 38).

The total capacities and immobilization efficiencies of the

soil/lime/ferrous sulfate system are generally higher than the

soil/Valfor 200/ferrous sulfate system.

In summary, the addition of ferrous sulfate in combination with

either lime or Valfor 200 (with lime or Valfor 200 dosage constant) tends to

increase the mobility of Cd, Ni, Cu and Zn in the three soils tested, but

increases the immobilization of Cr+6 . At the highest lime/ferrcus sulfate

dosages tested, all of the con'taminant metals were virtually immobilized.

Although Cd and Zn were relatively mobile at the Valfor 200/ferrous sulfate

dosage ' -', it would appear that by increasing the dosage furtter, all of

the contaminant metals would also be completely immobilized.

The remainder of the test program focused on testing the

effectiveness of lime and Valfor 200 troatment with and without ferrous

sulfate addition in various soil column configurations.

C. DYNAMIC FLOW COLUMN TEST PROGRAM

As discussed in Section 4A.2, each column was packed to a height of 6

inches with soil at its native density. Before packing the columns, the

requisite amount of treatment chemicalb was added to the bulk soil and

thoroughly mixed by the standard cone and quartering method. Once the

columns were packed, each soil column was saturated under a vacuum with

deionized water to remove entrained air. Mbtal salt solutions containing the

contaminant metals were then passed through the columns. Preliminary tests

indicated the Tinker AFB soil was incompatible with soil column testing

because of its low permeability and was not used in the column test program.
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At all times, the flow rates in the Robins AFB and McClellan AFB soils were

maintained at realistic field conditions, at permeabilities corresponding to

10.6 x 10-4 to 11.4 x 10-4 cm/sec (3.8-4.1 cm/hr) (see Table 4). For the

Robins AFB soil, each of the metal solutions was gravity-fed through the

column at an average rate of 45 mL/hr. For the McClellan AFB soils,

inconsistent flow rates through the columns, due to variations in soil

packing, were rectified by regulating the flow rate at approximately 40 mL/hr

with low volume peristaltic pumps.

Sinvle and multiple metal solutions containing a total metal

concentration of 30 mequiv/L and a natural pH of approximately 4.2 were

passed through the columns and 10-20 mL aliquots of the effluent were

gathered at periodic intervals and analyzed for the contaminant metals 'n a

Perkin-Elmer Atomic Absorption Spectrophotometer. The composition and the

salts used in the solutions are given in Table 13 and were the same as those

used in the batch screening test program. In the case of multiple metal

solutions all of the individual metal concentrations had the same mequiv/L

concentration. The data collected showed the relationship between the pore

volumes pa:zsed through the soil coliuwns as a function of the effluent

concentration expressed in terms of C/C . The tests were terminated when the

effluent concentration, C, equaled the influent concentration, C , or when

C/C° = 1.0. The capacity of the soil-chemical additive system was equal to

the absolute milliequivalent difference between the influent and effluent

streams.

The pore volume, or the quantity of water within the pores of the

saturated soil samples, was calculated using the following relationship:

V(p) = V(w) - V(s) (6)

where:

V(p) = Pore volume (cc)

V(w) = Whole volume of soil in column (cc)

V(s) = Solid volume of soil (cc)

= Weight of soil added to column (cc)/specific gravity (g/cc)
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The determination of specific gravity of the soil was calculated using the

procedures outlined in ASTH Standard D-854-58 (Reference 35). The pore

volumes in the packed McClellan AFB and Robins AFB soil columns were 95 and

75 cc, respectively.

An overview of the dynamic flow column test program is shown in

Figure 11. Control tests were carried out by packing only the soil (without

the treatment chemicals) in the columns, as described above, and passing

single and multiple metal solutions through the columns. The capacity of the

soil system was equal to the absolute milliequivalent difference between the

influent and effluent streams. Table 39 summarizes the capacities of the two

scils for various multiple metal combinations and compares the results for

the column tests with the batch tests (see Table 20). The soil capacities

for the column tests are much higher than for the batch tests.

'* capacities and immobilization efficiencies of the Robins and

McClellan soils were determined for the three multiple metal contaminant

combinations, Cr-Ni-Cd, Cr-Ni and Cr-Cd. Each soil was treated with lime and

Valfor 200/ferrous s.±fate at three different dosages. Because precipitation

is the iechanism of iwmobilization in lime-treated soil, pH was the basis for

determining dcsage for t he I.ime experiments. The amount of lime added to the

soil correlates to soil pHs 7.0, 8.5 and 10.0. For McClellan AIB soil, the

lime dosage corresponds 1o 0.012, 0.042, and 0.12 grams lime/100 grams soil,

respectively, whil,, for the Robins AFB soil the dosages are 0.G44, C.I0, and

0.20 grams lime/100 grams soil, respectively. Valfor 200/ferrous sulfate was

added at a weight ratio of 1:1 and et soil-to-Valfor 200 weight ratios of

200:1, iCO:i and 50:1; the soil-to-total chemica, additive weight ratios were

100"1, 50:1 and 25:1. There disages were consiste4.t with the dosages applied

in the batch equilibrium tests.

Table 40 sum..arizes the total capacity data for soils treated with lime

and Valfor 200/fezroui sulfate at three different dosages. The data show

that the total metal capacities and .ae individual metal capacities generally

increase as the dosage is increased. Exceptions aie found in the chromium

capacity in the Cr-Cd and Cr-Ni systems with lime addition. In the Cr-Cd

system, the chromium capacity is a maximum at pH 8.5 for the Robins AFB soil
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SOILS

McClellan AFB

Robins AFBI
TREATMENT CHEMICALS

Lime Valfor 200

Dosage Dosage

pH 7.0 50:1

pH 8.5 100:1

pH 10.0 200:1

Valfor 200-FeSO4 1:1

CONTAMINANT WETALS

Cr-Cd-Ni-Cu-Zn

Cr-Cd-Ni

Cr-Cd

Cr-Ni

Cr

Figure 11. Overview of Dynamic Flow Column Test Program.

TABLE 39. SOIL CAPACITY (MEQUIV/100 GRAMS SOIL)
FOR MULTIPLE METAL CONTAMINANTS.

Soil Capacity (mequiv/100 crams)
Soil Test Cr-Cd-Ni Cr-Cd Cr-Ni

McClellan AFB Column 0.75-1.86-1.62(4.23) a 0.88-2.16(3.04) 0.97-2.1313.10)

Batch 0.29-0.95-1.30(2.54) 0.51-0.94(1.45) 0.17-1.89(2.06)

Robins AF3 Column 1.98-1.23-0.59(3.80) 2.56-1.60(4.16) 2.34-1.23(3.57)
Batch 1.19-0.50-0.85(2.44) 1.31-0.94(2.25) 1.23-1.87(3.10)

a Numbers in parenthesis indicate totals.
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TABLE 40. EFFECT OF DOSAGE ON TOTAL SOIL COLUMN CAPACITY
(MEQUIV/100 GRAMS SOIL) FOR MULTIPLE METAL
CONTAMINANTS.

Chemical Capacity (mequiv/100 grams soil)
Additive Dosage Cr-Cd-Ni Cr-Cd Cr-Ni

McClellan AFB

Soil Only 0.75-1.86-1.62 (4.2) a 0.88-2.16 (3.0) 0.97-2.13 (3.1)

Lime pH 7.0 1.97-1.23-2.45 (5.7) 2.59-3.65 (6.2) 1.26-3.68 (4.9)

Lime pH 8.5 1.41-1.72-3.47 (6.6) 2.45-4.99 (7.4) 2.03-4.62 (6.7)

Lime pH 10.0 2.50-3.89-4.77(11.2) 1.78-6.14 (7.9) 1.81-6.00 (7.8)

Val 200/FeSO4 200:1b 3.26-1.37-2.97 (7.6) 4.36-4.13 (8.5) 3.34-2.56 (5.9)

Val 200/FeSO4 100:1b 5.25-2.02-3.33(10.6) 6.70-4.82(11.5) 7.40-4.59(12.0)

Val 200/FeSO4 50:1b 16.11-7.61-7.01(30.7) 13.66-5.88(19.5) 11.38-5.71(17.1)

Robins AFB

Soil Only 1.98-1.23-0.59 (3.8) 2.56-1.60 (4.2) 2.34-1.23 (3.6)

Lime pH 7.0 2.42-0.82-1.87 (5.1) 2.56-1.60 (4.2) 3.24-2.15 (5.4)

Lime pH 8.5 3.25-1.46-2.58 (7.3) 4.23-2.71 (6.9) 4.28-3.61 (7.8)

Lime pH 10.0 4.10-2.74-4.32(11.2) 3.12-4.88 (8.0) 4.91-5.73(10.6)

Val 200/FeSO4 200:1b 3.40-0.66-1.41 (5.5) 5.39-0.59 (6.0) 3.96-1.90 (5.9)

Val 200/FeSO4 100:1b 8.44-4.62-5.08(18.1) 7.48-1.56 (9.0) 13.73-9.28(23.0)

Val 200/FeSO4 50:1b 11.75-3.04-3.70(18.5) 15.27-4.10(19.4) 14.22-3.96(L8.2)

a Numbers in parenthesis indicate totals.
b (grams soil/gram Valfor 200); Valfor 200:FeSO4 = 1:1.
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and at pH 7.0 for the McClellan AFB soil. In the Cr-Ni system, the chromium

capacity is a maximum at pH 8.5 for the McClellan AFB soil. Although the

exact mechanism is not understood, these results may be attributed to the

pH-dependent amphoteric nature of Cd and Cr hydroxides. Another exception is

Robins AFB soil contaminated with Cr-Ni-Cd and Cr-Ni and treated with

Valfor 200/ferrous sulfate, where the Ni and Cd capacities are maximum at a

dosage of 100:1. This result may be attributed to a high selectivity for the

hexavalent chromium, which is reduced to the trivalent chromium cation form,

Cr+, and a finite total metal capacity. It may be possible to increase the

Cd and Ni capacities by adding excess Valfor 200 relative to ferrous

sulfate. Additional adsorption sites would be available for contaminant

divalent metal removal in the event that iron is selectively adsorbed

relative to both Ni and Cd. The data also show that at dosages of 100:1 and

50:1, the immobilizing action of Valfor 200/ferrous sulfate exceeds that of

lime and has an exceptionml affinity for chromium relative to both Ni and Cd.

Table 41 shows the differential chemical additive capacities for the

McClellan and Robins AFB soils. The differential capacity is the difference

in the capacity of the soil with the treatment chemicals added (Table 40) and

capacity of the soil without the chemical additive (Table 39). It is

expressed in terms of mequiv/gram chemical additive and is obtained by

dividing the differential capacity in terms of mequiv/100 grams of soil by

the dosage in grams chemical additive/100 grams soil. In general, the values

of the differential capacities for the column tests are consistent with and

fall within the range of the values for the batch tests reported earlier.

Bezause the soil columns were run to exhaustion (breakthrough), the total and

differential capacities obtained will be higher than the two other column

tests that will be run during the remainder of the test program.

Additional tests were performed to determine the capacities and

immobilization efficiencies of the Robins AFB and McClellan AFB soils for the

single Cr+6 and the five multiple metal combination, Cr-Ni-Cd-Zn-Cu. The

single metal Cr+6 concentration was 30 mequiv/L and was 6 iniquiv/L for ,-ach

of the five contaminant mEtals (fo•r a total of I) :ý..quiv/L) in the multiple

metal solution. Table 42 summarizes the capacity dati for both soils treated

with lime and Valfor 200/ferrous sulfate. The numbers in parelnthcsis are the
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TABLE 41. EFFECT OF DOSAGE ON DIFFERENTIAL COLUMN CAPACITY
(MEQUIV/GRAM CHEMICAL ADDITIVE) FOR MULTIPLE METAL
CONTAMINANTS.

Chemical Capacity (mequiv/gram chemical additive)
Additive Dosage Cr-Cd-Ni Cr-Cd Cr-Ni

McClellan AFB

Lime pH 7.0 101.7- a _46.7(148)b142.5-124.2(267) 24.2-129.2(153)

Lime pH 8.5 15.7- 2.4-38,3ý -) 25.4- 67.4( 93) 25.2- 59.3( 85)

Lime pH 10.0 14.6-18.9-24.2( 58) 7.5- 33.2( 41) 7.0- 32.2( 39)

Val 200/FeSO4 200:1c 2.51- a -1.11(3.6) 3,48-1.97(5.5) 2.37-0.43(2.8)

Val 200/FeSO4  100:1 2.25-0.20-0.73(3.2) 2.91-1.33(4.2) 3.22-1.23(4.5)

Val h00/FeSO4 50:1 3.84-1.50-1.29(6.6) 3.20-0.93(4.1) 2.60-0.90(3.5)

Robins AFB

Lime pH 7.0 10.0- 5.2-14.6( 30) 0.0- 0.0( 0) 20.5- 20.9( 41)

Lime pH 8.5 12.7- 8.7-13.5( 35) 16.7- 11.1( 28) 19.4- 23.8( 43)

Lime pH 10.0 10.6-10.8-15.5( 37) 2.8- 16.4( 19) 12.9- 22.5( 35)

Val 200/FeSO4  200:1 1.42-0.07-0.18(1.7) 2.83- a (2.8) 1.62-0.67(2.3)

Val 200/FeSO4  100:1 3.23-2.02-1.93(7.2) 2.46- a (2.5) 5.70-4.03(9.7)

Val 200/FeSO4 50:1 2.44-0.61-0.62(3.7) 3.18-0.63 (3.8) 2.97-0.68(3.7)

a Differential capacity is negative; the total capacity with chemical

addition was less than the soil capacity without chemical addition.
b Numbers in parenthesis indicate totals.
c Dosage indicates soil/Valfor 200 ratio by weight; Valfor 200/FeSO4 = 1:1.

total capacity for all five heavy metals. As with the data presented above,

the total metal capacity for treated McClellan AFB soil increases with

increasing dosage rates. The maximum total metal capacity for the McClellan

AFB soil is realized at a lime-adjusted pH of 10 and at a 100:1

Valfor 200/ferrous sulfate dosage for the treated Robins AFB soil. Soils

contaminated with only chromium and treated with the Valfor 200/ferrous
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TABLE 42. EFFECT OF DOSAGE ON TOTAL CAPACITY
(MEQUIV/100 GRAMS SOIL) FOR HEXAVALENT
CHROMIUM AND FIVE METAL CONTAMINANTS

Chemical Capacity (mequiv/100 grams soil)

Additive Dosage Cr Cr-Cd-Ni-Cu-Zn

McClellan AFB

Lime pH 7.0 4.84 1.20-0.73-1.68-0.78-2.58 (6.97)

Lime pH 8.5 4.40 1.09-0.75-1.51-1.82-3.33 (8.50)

Lime pH 10.0 1.77 1.26-1.49-1.47-4.16-1.60 (9.98)

Valfor 200/FeSO4 200:1 6.49 2.39-0.29-1.18-0.57-2.13 (6-56)

Valfor 200/FeSO4 100:1 12.25 3.12-0.62-2.01-0.45-3.39 (9.59)
Valfor 200/FeSO4  50:1 17.58 10.32-4.49-1.51-2.20-3.53(22.05)

Robins AFB

Lime pH 7.0 8.33 2.50-2.14-1.31-0.95-0.66 (7.56)

Lime pH 8.5 11.52 2.83-0.77-1.26-0.92-0.83 (6.61)

Lime pH 10.0 9.99 2.31-1.44-1.43-1.53-2.08 (8.79)

Valfor 200 100:1 4.59-3.22-3.19-3.05-4.00(18.05)

Valfor 200/FeSO4 200:1 6.92 3.71-0.18-0.79-0.18-1.34 (6 20)

Valfor 200/FeSO4 100:1 14.14 6.67-1.97-2.02-1.59-5.63(17.88)

Valfor 200/FeSO4 50:1 8.70 9.45-1.49-1.46-2.49-0.n5(14.94)

sulfate additive exhibit a high capacity for chromium. The multiple-metal

test data with Valfor 200/ferrous sulfate addition generally shows chromium

and zinc are selectively adsorbed relative to cadmium, nickel and copper.

D. LONG-TERM STABILITY COLUMN TEST PROGRAM

The objective of this portion of the test program was to determine the

microbial degradation, if any, of the best treatment additives in soil, and

the leachability, if any, of test soils contaminated with hexavalent chromium

and treated with the best chemical additives, as determined from the batch

screening and dynamic flow column tests.
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Twelve soil columns were used in this test program. Six soil columns were

prepared for each one of the two soils (Robins AFB and McClellan AFB). Each

column contained soil contaminated with hexavalent chromium (Cr +6). Two soil

columns were treated with the appropriate dosage of lime to bring tLe soil pH

to a value of 10, while three other columns were treated with equal doses of

Valfor 200/ferrous sulfate. Equal parts by weight (1:1) of Valfor 200 and

ferrous sulfate were mixed together and a 100:1 dosag,' (by weight) of

soil/Valfor 200 was applied. For each soil type, )i:e column was packed with

soil and the hexavalent chromium, without a treatment chemical, ai.d used as a

control. No treatment additive was applied to thes~e two columns, but they

did receive a deionized water leachate rinse.

Each column contained 600 grams of soil which was contaminated with

0.6 liters of a metal salt solution (Cro 3 ) containing 30 mequiv/L of

hexavalent chromium. This was the same total metal concentration used in the

sorption equilibrium batch tests and the dynamic flow column tests and is

equivalent to 3 mequiv/l00 grams soil. For each column, the soil was mixed

with the metal solution and reacted to equilibrium in an Erlenmeyer flask on

the reciprocal shaker. The contaminated soils were air-dried for 48 hours

and oven-dried for an additional 24 hours at 65 0C to insure complete drying

and simulate the drying of a spill which might occur in the field. For the

columns containing Valfor 200/ferrous sulfate, six grams of Valfor 200 and

six grams of ferrous sulfate were mixed into the contaminated soils using the

cone and quartering method. Similarly, 0.75 grams of lime were mixed into

the McClellan AFB soil and 1.17 grams mixed into the Robins AFB soil to raise

the pH of the remainder of the soil columns to 10.

An overview of the long-term stability column test program is given in

Figure 12. The contaminated soils with and without the treatment chemicals

were packed to the in situ density of each soil. The columns were filled

with deaerated, delonized water and allowed to saturate the soils for 2

ddys. Following this saturation period, the stopcocks at the base of the

soil coLumns were opened while the leachate solutions were gravity-fed

through eachi soil column.
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SOIL COLUMNS

McClellan AFB

Robins AFB

CONTAMINANT METAL

Hexavalent Chromium

TREATMENT CHEMICAL TREATMENT CHEMICAL CONTROL

Valfor 200-FeSO4 Lime No Treatment

Soil:Valfor 200-100:1 pH 10.j Chemical

Valfor 200:FeSO 4-1:1 Soil:Lime-800:1 (McClel)

Soil:Lime-513:1 (Robins)

SOIL CONDITION SOIL CONDITION SOIL CONDITION SOIL CONDITION

Dilute Solvent Deionized Water Acid Rain Deionized Water

Toluene Saturated- pH 5.3 Saturated

Unsaturated

Figure 12. Overview of Long-Term Stability Column Test Program.
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Table 43 lists the test conditions and results for the long-term

stability column tests fo'.. both the McClellan AFB and Robins AFB soils. The
total throughput in liters, average flow rate in pore volumes per day, and

test duration in days are given for each treatment chemical and leachate

solution.

1. McClellan AFB Soil

Deionized water was passed through and saturated a column of
chromium-contaminated McClellan AFB soil. The soil was allowed to dry out at

least three times during the test duration (27 days) to determine the effects

of immobilization in an unsaturated condition. A total of 1.45 liters of

deionized water was passed through the McClellan AFB soil treated with
Valfor 200/ferrous sulfate in 27 days. The McClellan AFB soil column treated

with lime exhibited higher flow rates and resulted in a total throughput of

2.85 liters of deionized water.

In another column, a total throughput of 2.23 liters of water
saturated with toluene was applied to soil treated with Valfor 200/ferrous
sulfate. Similarly, 1.80 liters of simulated acid rain (deionized water

adjusted to a pH 5.3 with sulfuric acid) was applied to soil treated with

Valfor 200/ferrous sulfate and 3.08 liters to the column treated with lime.

A total throughput of 29.35 liters of deionized water was applied to the

control soil column. The McClellan AFB long-term stability columns were

tested for 22-28 days at average flow rates of 0.6 to 1.2 pore volumes per

day.

2. Robins AFB Soil

Similar tests were run for the Robins AFB soil and the results are

summarized in Table 43.

3. Test Results and Discussion of Results

Figures 13 and 14 show the effluent concentration of hexavalent

chromium in the various leachates fron the McClellan AFB and Robins AFB
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TABLE 43. LONG-TERM STABILITY COLUMN TEST CONDITIONS.

Total Average
Treatment Leachate Throughput Flow Duration
Chemicals Solution (Liters) Rate (Days)

McClellan AFB

Control Deionized Water

Saturated 2.44 1.07 24.0

Valfor 200-FeSO4  Deionized Water

Saturated-Unsaturated 1.45 0.56 27.4

Valfor 200-FeSO4 Solvent-Toluene 2.23 0.89 26.4

Valfor Q00-FeSO4  Simulated Acid Rain 1.80 0.31 21.8

pX 5.3

Lime Deionized Water

Saturated-Unsatuated 2,85 1.09 27,4

Lime Simulated Acid Rain 3.08 1.17 27.7

pH 5.3

Robins AFB

Control Deionized Water

Saturated 2.53 0.72 46.9

Valfor 200-FeSO4 Deionized Water

Saturated-Unsaturated 3.78 1.05 48.0

Valfor 200-FeSO4 Solvent-Toluene 3.66 0.92 53.0

Valfor 200-FeSO4  Simul Acid Rain 2.38 0.76 41.5

pH 5.3

Lime Deionized Water

Saturated 1.25 0.68 24.7

Line Sinulated Acid Rain 3.31 1.10 40.0

pH 5.3

a Pore volumes per day.
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soils. The leachate effluent concentrations are listed in Appendix B. The

figures show that Valfor 200/ferrous sulfate is responsible for the complete

immobilization of chiomiuu in the soil. Most of the chromium concentrations

in the various leachates of te Valfor 200/ferrous su)fate treated soils are

less than the aiialytical defeztion limit (0.25 ppm). The metal

concentrations in these leachates are considerably less than the

concentrations in the deionized water leachate from the corresponding control

columns. This indicates that acid rain, dilute solvent, and

saturated-unsaturated conditions are ineffective in desorbing hexavalent

chromium from contaminated soils treated with a combination of the

Valfoi 200/ferrous sulfate treatment chemicals.

Lime addition, to adjust the soil pH to a value of 10, was

ineffective in immobilizing hexavalPnt chromium in the soil. The metal

concentration6 in the acid rain and deionized water ie-chates are equivalent

to or greater than the metal concentrations in tL.,e deionized water leachate

of the correspondiaig coitrol columns. An increase of the hexavalent chromium

concentration in the leachate from the lime-treated Robins AFB soil following

the application of an acid rain solution indicates that the acid rain (low pH

conditions) is responsible for the increased chromium removal in this column

(see Figure 14). The shape of the removal curves indicates the majority of

the metal is removed in the first two to five leachate pore volumes.

The total capacities and immobilization efficiencies of the soil-

treatment chemical systems for various leachates are shown in Figure 15. The

* amount of immobilized chromium (+6) was determined by measuring the total

quantity of chromium (+6) found in the leachate effluent from the effluent

concentration profiles shown in Figures 14 and 15 and subtracting it from the

total chromium initially placed in the soil column. The effeutiveness of

Valfor 200/ferrous sulfate is reflected in its high total capacity and

immobilization efficiency. The chemical additives use only part of their

capacity in the leachate tests (Table 44). Therefore, the differential

capacities of the chemical additives for the leachate tests (as shown in

Table 44) are lower than the results of the dynamic flow column tests, which

were run to breakthrough or complete exhaustion (see Table 41). In the

latter case, the full capacity of the additives are utilized.
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Treatment Leachate Cap (a) K
Test Chemicals Solution McClellan Robins McClellan Robins

A Control Deionized Water

Saturated 1.09 1.74 0.362 0.579

B Valfor 200- Deionized Water

FeSO4  Sat-Unsat 2.99 2.98 0.998 0.994

C Solvent-Toluene 2.99 2.99 0.997 0.996

D Simulated Acid Rain 2.99 2.98 0.997 0.994

E Lime Simulated Acid Rain 1.26 0.21 0.419 U.069

F Deionized Water

Sat-Unsat 1.20 1.19 0.400 0,397

(a) (mequiv/100 grams soil).

SFigure 15. Total Capacity and Immobilization Efficiency
for Long-Term Stability Soil Columns.
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TABLE 44. DIFFERENTIAL CAPACITY OF TREATMENT CHEMICALS
IN LONG-TERM STABILITY SOIL COLUMNS.

Differential Capacity
Treatment Leachate (mequiv/gram chemical additive)

Test Chemicals Solution McClellan Robins

B Valfor 200-FeSO4 Deionized Water

Sat-Unsat 0.95 0.62

C Solvent-Toluene 0.95 0.62

D Simulated Acid Rain 0.95 0.62

E Lime Simulated Acid Rain 1.36 a

F Deionized Water

Sat-Unsat 0.88 a

a The differential capacity is negative; the total capacity for the

control case exceeded the total capacity with lime addition.

E. HAZARDOUS WASTE SITE SIMULATION TEST PROGRAM

Soil can pick up specific metal ions from waste solutions and later give

them up because of intervening conditions in the soil acting on the passage

of liquid containing the metallic waste. Soil columns simulating conditions

in actual hazardous waste sites were constructed to determine the

immobilization efficiency of treated soil in a dynamically changing soil

environment. An overview of the hazardous waste site simulation test program

is given in Figure 16.

Eighteen-hundred grams of each soil (McClellan AFB, Robins AFB) were

contaminated with 1.8 liters of a 30 mequlv/L total metal solution containing

equal milliequivalent concentrations (10 mequiv/L) of Cr, Cd and Ni. The

soil contamination rate of 3 mequiv (total metal contamination) per 100 grams

of soil was the same as in the long-term stability tests. Each contaminated

soil was treated with 18 grams of Valfor 200 and 18 grams of ferrous sulfate;

the soil-to-Valfor 200 dosage was 100:1, the same as for the long-term

stability tests. The treatment chemicals were addea to the soil and mixed

pricr to column packing. Eighteen-hundred grams of :ontaminated soil without

the treatment chemicals were used as a control.
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SOIL COLUMNS

McClellan AFB

Robins AFB

CONTAMINANT METALS

TCCr+ 6 , Cd, Ni

LEACHATE

Deionized Water
PH Adjusted

"• TREATMENT CHEMICAL CONTROL

Valfor 200-FeSO4 No Treatment

Soil:Valfor 200-100:1 Chemical

Valfor 200:FeSO4 -1:1

Figure 16. Overview of Hazardous Waste Site Simulation Test Program.

Four hazardous waste site simulator columns werc assembled; each column

consisted of a top 2-foot long section (Section A), followed by three bottom

1-foot long scctions (Sections B, C, D) (see Figure 17). The top 2-foot
sections of two of the columns were packed with the contaminated soil from

each AFB and treated with Valfor 200/ferrous sulfate. The top two 2-foot
sections of the other two columns were filled with contaminated soil (without

the treatment chemicals) and used, as discussed above, as controls. All of

the bottom three 1-foot sections in each column were filled with

uncontaminated, untreated soil and represent the virgin soil below the

contaminated soil on a hazardous waste site.
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Treated Column Control Column

pH Adjusted Water pH Adjusted Water

Section A (2 ft) Section A (2 ft)

Soil Soil

Contaminant Metals Contaminant Metals

Treatment Chemicals

w, Sampling Port

Section B(l ft) Section B (1 ft)

Uncontaminated Soil Uncontaminated Soil

W, Sampling Port --- i

Section C (1 ft) Section C (1 ft)

Uncontaminated Soil IUncontaminated Soilj

to' Sampling Port
iI

Section D (1 ft) Section D (1 ft)

Uncontaminated Soil Uncontaminated Soil

so Sampling Port '

Drain Drain

Figure 17. Schematic of Hazardous Waste Site Simulator.
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The soil in each section was compacted to its native density by the

procedures previously described. All the soil columns were saturated with

deionized water prior to testing. Water was used as the leachate fluid and

was gravity-fed through the columns. The hazardous waste site columns were

continuously leached with deionized water at a flow rate equal to their

Sas-packed permeability. Table 45 shows the total leachate throughput and

flow rates through the control and soil-treated columns.

TABLE 45. HAZARDOUS WASTE SITE SINULATOR TEST CONDITIONS.

Test Total Total
Duration Through- Pore Flow Perm-

Soil Column (Days) put W Vol Ratea eabilityv

McClellan AFB Control 114 3.822 4.96 0.044 19.1

Treated 114 0.858 1.11 0.01 4.3

Robins AFB Control 114 27.897 493.6 4.33 140

Treated 114 0.991 1.76 0.015 5.0

a (pore volumes per day).
b -1(cm-sec x 10-8

In the control columns, the hydraulic capacity of the McClellan AFB soil

was reduced by the gradual deposit of a sediment clay layer on top of the

soil columns, resulting in a substantially less throughput. The soil columns

receiving the Valfor 200/ferrous sulfate treatment additive experienced a

marked decrease in permeability. This permeability change indicates that the

addition of the Valfor 200/ferrous sulfate mixture causes metal

precipitation, presumably as sulfides and/or complexation with Valfor 200.

Originally, extract leachate samples for analysis were taken from

sampling ports (three-way valves) placed between each section of the column

to monitor the passage of Cr, Cd and Ni from one section of the column to the

next sectivn. Inadequate amounts of the samples were obtained from the ports

because of reduced soil permeability. Instead, the total distribution of
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metal retained by each soil column after leaching was determined by analyzing

the soil in each column.

The hazardous waste site testing program was terminatA after the columns
were continuously leached with deionized water for 114 da, . All effluents

were analyzed for Cr, Cd and Ni by the digestion metho- described in

Section II.D.2. Columns treated with Valfcr 200/ferrous su.Lfate were also

analyzed for iron.

The distributions of Cr, Cd and Ni retained by the soil columns were

determined after the leachate test was concluded by analyzing the soil

columns. Initially, the metal content in the soils was measured by

determining the concentration of readily extractable metals (Section II.D.2).

In the McClellan and Robins AFB hazardous waste site simulator treated and
control columns, all of the Cd was accounted for using this method. This was

also the case for Ni in the McClellan and Robins AFB control columns.
However, in the other columns, specifically the McClellan and Robins AFJ.

+6treated soil columns for Ni and Cr , and to some extent, in the control
+6columns for Cr , only a fraction of the original doped metal values were

observed. It was concluded that Ni and to some extent Cr+6 are bound tightly
to the soil as a result of treatment with Valfor 200/ferrous sulfate. A mass

balance for Ni and Cr+6 was determined only after a column soil sample was
entirely digested (see Section II.D.2). The quantity of metal retained by

the soil (mg metal/100 grams soil) was calculated by multiplying the

concentration (mg/L) determined in the soil extract by the volume of the

- extraction solution used (liters), divided by the weight of the soil being

extracted (grams); the data was normalized for 100 grams of soil.

The results of continuously leaching deionized water through the

hazardous waste site simulator columns are shown as the histograms of Figures
18 and 19. The height of the histogram bar labeled A (initial) represents

the quantity of the individual metal species initially added to Section A, in
mg/100 g soil, prior to leachate testing. The height of the histogram bars

labeled A, B, C, and D (treated, control) corresponds to the quantity of the

individual metal species in the 1st (A) section and each successive [2nd (B),

105



Chromium

14 C

12
12 U

rIG/tOO G

6 - _ _

4

2 C

0

Cadmium

60
C)INTIL

50

40 ___ UCOLUMN A

MG/tOO0 303 COLUMN 5

20- ____

10 ~COLUMNDC

tCo

30

110



Chromium

C9ý

MG/ 100 6 6 _ -

4

2

0 M

S~Cadmium
CdV INITIAL A

40 -

30

MG/IOO G 63 CoL" 5
20

10 0"

0 03 COcc " tv

Nickel
30 - (

25

20

-16/ 100 6 IS
NO

0 =

"INITIAL CONTROL TREATIED
COLUM

Figure 19. Concentration Profiles of Hazardous Waste
Site Simulator for Robins AFB Soil.

107



3rd (C), and 4th (D)] section of the treated and control soils at the

conclusion of the leachate tests.

The quantity of metal retained by the soil in the top section (A) changes

as the metals are leached from the section. The quantities of metals found

in the succeeding virgin soils (B, C, DI generally are different. Although

the soils in the top soil segment (Section A) start out the same, in effect

they become different soils because of the passage of continuously leached

water. The amount of metal in Sections B, C, and D depends on the amount of

metal leached from the treated section (A) and the succeeding soil section

(B, C).

The soil can also displace its naturally occuring ions for the

contaminant metal iors. In addition, the soil in the columns can pick up

certain metal ions from the leachate solution and give them up again,

changing the composition of the leachate entering successive soil columns.

The difference in the metal quantity for a given species (mg/100 grams

soil) or height of the histogram bar between A (initial) and A (treated)

multipled by the amount of soil in the section of column is the total amount

of metal (species) that challenges the next layer of soil (Section B), i.e.,

is the amount of metal that the next layer of soil initally sees. The same

situation applies for the control column. The quantity of a metal species

found in a particular soil section after leaching divided by the amount of

that metal species that challenges that section is the fraction immobilized

(immobilization efficiency) in that soil section.

The difference between the initial amount of contaminant metal added to

the top section (A) and the cumulative sum of a metal species found in each

section (Sections A, B, C, D) after leachate testing should be equal to the

amount of metal found in the leach'te from the last section (D). This

represents the mass balance for that particular metal species in the

hazaidous waste site simulator (see Table 46). The quantity of a particular

metal species did not always balance. For example, the amount of cadmium

immobilized in the Robins control hazardous waste simulator was equal to

0.812, i.e., 81.2 percent of the amount of cadmium initially added to the
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TABLE 46. HAZARDOUS WASTE SITE SIMULATOR CONTAMINANT METAL MASS
BALANCE (AS PERCENT OF INDIVIDUAL CONTAMINANT METAL SPECIES
INITIALLY ADDED TO SECTION A)

Cr(percent) Cd(percent) Ni(percent)
McClellan Robins McClellan Robins McClellan Robins

Section A

Treated 81.6 82.1 91.5 68.8 95.0 97.1

Control 41.4 38.2 68.5 26.2 83.8 54.7

Section B

STreated 4.8 5.5 8.4 15.6 2.8 1.5

Control 41.5 25.6 39.3 16.4 15.8 40.9

Section C

Treated 8.2 6.7 ND 11.8 1.7 0.8

Control '.? 23.7 0.2 20.7 0.2 22.8

Section D

Treated 5.4 5.7 ND 3.0 2.0 0.6

Control 7.2 11.3 ND 18.7 0.2 2.3

Subtoqta1-A IB-,C, P
Treated 100.0 100.0 99.9 99.2 101.5 100.0

Control 97.3 98.8 108.0 32.0 100.0 120.7

Effluent

Treated ND ND ND ND ND ND

Control ND ND ND 21.? ND ND

Total

Treated 100.0 1)0.0 99.9 99.2 101.5 100.0

Control 97.3 98.8 108.0 '03.2 100.0 120.7

ND Not detected.
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column (Section A) was retained in the soil column. Analysis showed that an

additional 0.212 (21.2 percent) of cadmium was found in the effluent, giving

a total mass of 1.024, i.e., an additional 2.4 percent of cadmium was not

accounted for. Mass balances different than 1.0 are indicative of metal

distribution inhomogeneity within the soil sampled for analysis. All of the

column leachate effluents were analyzed for Cr, Cd and Ni. Only cadmium was

detected in the Robins AFB hazardous waste site simulator columns; the

concentrations of Cr+6 and Ni were below the sensitivity of the analysis.

The difference in the heights of the histograms indicated that Cr, Cd and

Ni are not complexing in the soil to the same degree. Varying metal ion

mobilities, as indicated by the amount of metal retained in each section,

implies that eithei the free metal ion or the metal complex is immobilized to

the soil with nonuniform bonding strength. Yhether the contamiaant metal in

Sections B, C and D is in the form of a free metal ion or complexed metal is

unclear. Digestion of the soils for analysis dissolves naturally ozcuring

aluminum (found in the soil) making it difficult to distingdish it from the

aluminum found in Valfor 200.

Immobilization of Cr, Cd and Ni in contaminated soils treated wvth

Valfor 200/ferrous sulfate was undoubtedly enhanced relative to the lintreated

control columns. The immobilization effects of the treatment chemical are

more pronounced in the lower metal capacity Robins AFB soil when compared to

the higher metal capacity McClellan AFB soil (see Fiouzes 18, 19 and

Table 46). Most of the chromium (82.1 percent), cadmium (68.8 percent) and

nickel (9'7.1 percent) in the Robins AM• soil was immobilized in the treated

top section (A), compared to the untre3ted or control column [chromium (38.2

percent, cadmium (26.0) and nickel (54.V)]. With the exception of cadmium in

the Robins AFB soil, excellent imnobilizatioo of these metals in the top

section resulted in less metal available to challenge the lover soil sections

(B, C, D).

Cadaium appears to be very mobile, as characterized by finding 21.2

perccnt of the total Cadmium in the the Robins AFB control column leachate

effluent. The cobility of cadbium is further corroborated by the results of

the dynamic flow and long-ters stability column tests. Cadmium was
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immobilized by the Valfor 200/ferrous sulfate treatment additive to the

extent that none was detected in the effluent of either treated soil column.

No other metals in either soil column effluent exceeded the detection levels

of the AA.

The average pH of the McClellan and Robins AFB control suil column

effluents were 7.96 and 6.62, respectively. The average pH of the McClellan

and Robins AFB treated soil column effluents were 7.40 and 7.08,

respectively. However, the treated column effluents taken on the last day of

testing were recorded at 5.74 for the McClellan AFB soil and 4.08 for the

Robins AFB soil indicating that ferrous sulfate may be responsible for the

change in the effluent pH.

On a qualitative basis, a distinct difference Y ; observed in the quality

of the effluent streams. Trea:ment of the soils with Valfor 200/ferrous

suirate produced a light brown effluent. In contrast, the effluent from the

untreated control columns was relatively clear. Aralysis of the lrachate

showed that iron was not detected and the brown color cannot be attributed to

the ferrous sulfate treatment additive. The decrease in pH of the soil

column effluent, attributed to the ferrous sulfate, may be responsible for

extracting higher levels c! humic and/or fulvic acids in the effluent,

r•esulting in the colored effluent.

Valfor 200 is a sodium aluminosilicate that has a high sorption capacity

for divalent and trivalent heavy metals. The high distribution of

-exchan•geable sodiun cations in Valfor 200 accounts for iLs high sorptive

"-paccity for Cd and Ni. Valfor 200 is not selective for chromium in the

hexavaitnt state. The addition of ferrous sulftte reduces Cr+6 to the less

!--xic, less mobile trivalent species, Cr +3, which is readily sorbed onto the

.aifor 200 surface or precipitated as insoluble chromium hydroxide.

C, ,recipitation of iron and the contaminant metal sulfides also occurs in

Secti'lr A of the treated soils.

Q'iaitative observ'tion shows that precipitation occurs and becomes more

pzonouiced in Section A with time. The use of ferrous sulfate instead of

ferrous sulf.de virtually eliminates the problen of hydrogen sulfide
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evolution. Since sulfide itself is toxic, this process uses freshly prepared

ferrous sulfate with soils (which have intrinsic reducing characteristics) as

the source of the sulfide ions. FeS dissociates into ferrous and sulfide

ions to the degree predicted by its solubility product. The sulfide ions are

consumed as the dissolved contaminant metal ion is precipitated as a metal

sulfide. Analysis of the column effluents by polaragraphy did not detect the

presence of sulfides.

Results of the hazardous waste simulator study indicate that in situ

treatment is a viable solution for the immobilization of Cr, Cd and Ni in

contaminated soil. The use of Valfor 200/ferrous sulfate mixtures as a

treatment additive for the immobilization of heavy metals proved effective in

the McClellan and Robins AiB soils. The treatment additives provided

immobilization efficiencies superior to the leached control columns that

contained no chmical additives. Contaminant metal immobilization is derived

not only from simple ion exchange considerations, but also strong covalent

bonding responsible for precipitation and chemisorption of metal

contaminants.
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SECTION VI

IN SITU TREATMENT COSTS

The costs of treating soil contaminated with heavy metals by in situ

immobilization will be compared to the costs of contaminated soil removal and
offsite treatment. The costs of in situ immobilization consist of the

chemical additive costs and the costs of soil preparation and chemical

additive application.

The chemical additive costs are given by the following equation:

Chemical Costs (5) = W M C/1000 Cap (7)

where:

W = Soil weight (kgr)

M = Metal loading (mequiv/kgram soil)

C = Unit chemical cost ($/kgr)
Cap = Differential capacity (mequiv/gram chemical additive)

The costs will be '- sed on the treatment of 1 acre-foot of contaminated soil,
4 3 3 3 3which is equivalent to 4.4 x 10 ft (1.6 x 10 cu yd, 1.2 x 10 m ).

.The dry densities of the contaminated soils tested in the program were in

the range 99.7 to 118.0 lbs/ft3 (Table 4). For calculational purposes. the
3dry density is 110 lb/ft (specific gravity = 1.76). The weight of one acre-

foot of soil, V, is equal to 4.0 x 106 lbs (2.4 x 103 tons, 2.2 x 106 kgr).

The total metal loading, M, for the loug-term stability and Hazardous
Waste Site Simulator test programs was 3 mejuiv/100 gr:ams soil or

30 mequiv/kgram. The soil was loaded with equal milliequivalent

concentrations of the contaminant metals. Table 47 lists the concentration

of each metal in the soil in terms of mg/kgr.
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TABLE 47. METAL LOADING IN . )ILS.

Metal Contaminant Metal Loading
Contamination Metal (mequiv/kgra) {mgam/_k am

Cr Cr+ 6  30 260

Cr, Cd Cr+ 6  15 130

Cd+ 2  15 843

Cr, Ni Cr+ 6  15 130

"Ni+2  15 440

Cr, Cd, Ni Cr+6  10 87

Cd+ 2  10 562

Ni+2 10 294

The differential column capacities were obtained unde- varying

conditions. Table 48 sumarizes the total differential capaciJties for the

Valfor 200/ferrous sulfate chemical additive system for the column test

program (see Tables 41 and 44). The total differential capacity is the sum

of the differential capacities for each individual metal. The differential

capacities for the dynamic flow column testa are the maximum because they

correspond tc full saturation of the soil and Valfor 200/ferrous sulfate with

the heavy metals. They are a factor of q.2 to 11.4 ti.fes higher than those

obtained with the hazardous waste simulauor column tests.

The chemical costs to treat 1 acre-foot of soil contaminnted with

30 mequiv total metal/kgram soil (or 0.94 milligram metal/gram soil, or

940 pr-i) with Valfor 200/ferrous sulfate are given in Table 49, and are

calculated from Equation (7). The chemical dosage was taken to be 100:1.

Depending upon the value of the differential capacity used in the estimate,

the chemical treatment costs ranged from $33,300/acre-ft to $81,200/acre-ft,

or $13.9/ton to $33.8/ton. More precise estimates can only be made if the

distribution of metals in the soil is measured at a giveD site and the
chemical dosage is known as a function of the total metal loading.
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TABLE 48. SUMMARY OF DIFFERENTIAL CAPACITY DATA FOR
VALFOR 200/FERROUS SULFATE ADDITION.

Differential Capacity (mequiv/gram chem add)
Dynamic Hazardous

Metal Flow Long-Teri4 Waste
Contaminatioua Do ane b Column Stability Simulator

McClellan AFB

Cr 100:1 0.95

Cr, Cd 200:1 5.5

100:1 4.2

50:1 4.1

Cr, Ni 200:1 2,-8

100:1 4.5

50:1 3.5

Cr, Cd, Ni 200:1 3.6

100:1 3.2 0.39

50:1 6.6

RNobins AFB

Cr 100:1 0.62

Cr, Cd 200:1 2.8

100:1 2.5

50:1 3.8

Cr, Ni 2C0:1 2.3

100:1 9.7

50:1 3.7

Cr, Cd, Ni 200:1 1.7

100:1 7.2 0.63

50:1 3.7

a Total metal contamination is 30 mequiv/kgram soil.
b (grams soil/gram Valfor 200); Valfor 200/ferrous sulfate = 1:1-by weight.
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TABLE 49. CHEMICAL COSTS.

Differential
Capacity Cost

F oiI (_me~qivk_/qram chem add) (•acre-:f t ($•/ton)

McClellan AFB 0.39 81,200 33.8

0.95 33,300 13.9

Robins AFB 0.62 50,300 20.9

Tilling is the most common method of introducing dry chemicals into the

soil. Routine tilling can mix dry chemical additives into the soil to a

depth of 1 to 2 feet. Special deep tilling equipment is available which can

reach as deep as 5 feet into the ground. The costs of tilling in dry

chemicals to the soil to a depth of 5 feet has been estimated at $1,000/acre-

foot or $0.42/ton and is based on the rental of tilling equipment ani labor

costs for 1 day, the timne it would take to treat 1 acre-ft. These costs are

negligble relative to the chemical treatment costs for the illustrative

example given in this section.

As a basis of comparison, the costs of transporting the contaminated soil

to, and disposing the contaminated soil in a secured landfill has been

estimated at $357,000/acre-ft to $595,000/acre-ft, or $150/ton to $250/ton,

depending upon the lo.cation of and distance to the secured landfill and the

disposal and/or treatment costs. For the particular example given in this

section, the chemical treatment costs for the in situ immobilization of heavy

metals in soil are much lower than offsite treatment.
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SECTION VII

CONCLUSIONS AND RECOMMENDATIONS

A. CONCLUSIONS

The overall aim of this program was to evaluate the effect of cost-

effective, innovative, in situ immobilization technologies on the leaching

behavior of five heavy metals common to many contaminated soils and

groundwater (hexavalent chromium, Cr+6; cadmium, Cd +2; nickel, Ni +2; copper,

Cu +2; and zinc, Zn +2). The high level of soil contamination used in this

study, consistent with actual contaminated waste sites, possess environmental

and health hazards. In addition, the amount of soil requiring treatment is

difficult and expensive to dispose of by conventional shallow land burial.

The conclusions of this study are based on the test results of an

experimental program consisting of two phases: batch equilibirum testing and

column testing. The batch equilibrium tests were used to screen a large

number of chemical additives while the column testing was used to determine

the immobilization efficiency of the best treatment additives.

The results of this study indicate that in situ treatment is a viable

solution for the immobilzation of the heavy metals, Cr, Cd, Ni, Cu and Zn

from contaminated soils. The use of Valfor 200/ferrous sulfate combination

treatment for the immobilization of hexavalent chromium, cadmi:.m and nickel

proved very effective in the hazardous waste site simulator containing soils

exca,,ated from McClellan AFB and Robins AFB. In the control columns, the use

of a deionized water leach appears to flush the metal from the contaminated

soil as observed from the high metal content founi in adjoining soil columns,

in comparison to the treated columns.

Consideration of in situ immobilization treatment involves the fate of

the heavy metals, as well as the treatment additive itself, over long periods

of time. In situ immobilization implies that the heavy metals are strongly

bound, involving complex synergistic mechanisms that include natural soil

chelation and complex formation with the treatment additive. The mechanism
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=+3

for chromium (+6) immobilization involved reduction to Cr+3 with ferrous

sulfate and selective adsorption onto the surfaces of Valfor 200. For the

other metals, the major mechanisms involved adsorption onto the Valfor 200 by

ion exchange and coprecipitation with iron as metal sulfides.

If the treatment is to be effective, the heavy metals cannot be desorbed

from the soil-chemical additive system over long periods, given a dynamically

changing environment, particularly with respect to acid rain leaching.

Leachate (hazardous waste site simulator) tests were run over approximately a

4-month period in control columns and in columns to which the treatment

chemicals were added to the first 2 feet of the column. The heavy metals

were also added to the first 2 feet of the column. The test results

demonstrated that the heavy metals migrated down through the control soil

column at different rates, but that with chemical treatment, the heavy metals

mobility was drastically reduced and between 82 to 95 percent of the metals

(the exception being 69 percent for cadmium in the Robins AFB soil) was

confined to the part of the column containing the chemical additives.

Furthermore, Cr+6 and in particular Ni, were so tightly bound to the treated

soil that a total digestion of the soil (using concentrated acids) was

required to determine the total metal distribution within the soil columns.

Long-term stability tests with soils contaminated with only hexavalent

chromium showed that very little leaching occured, indicating that the

treatment chemicals and the metal complexes they formed were stable over a

period of 25 days after being subjected to various leach solutions.

B. RECOMMENDATIONS

The laboratory testing procedures used in this study were designed to

approach actual field conditions so that more reliable predictions of

pollutant fate and immobilization effectiveness could be made. Even with the

best designs, the magnitude of the observed effect is attributed only to

those factors purposely varied in the experiment. For example, the specific

conditions and procedures used in any leaching evaluation will play a major

role in the apparent immobilization efficiency of a particular treatment.

The test procedures used in the reported study required that most of the
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tests be run in a saturated soil environment. Constant submersion can cause

reactions of the treatment chemicals, such as hydration of Valfor 200, which

may affect their immobilization properties. In addition, .hese conditions

may support biological activity which affect the sequestering of heavy

metals.

While the results of small-scale column testing can be used in confidence

when comparing results between similarly performed tests, extrapolation to

field conditions should be made with caution. The rernrted study begins to

define the comparative effectiveness of different in situ treatment additives

as appplied to several common problem industrial heavy metals. The

difficulties and considerations necessary in designing satisfactory leaching

test protocols are apparent. Laboratory tank studies should be carried out

to begin to understand the interactions between the soil dynamics and metal

immobilization. Projects on a "pilot" field scale, reproducing actual soil

and environmental conditions are needed to give a complete evaluation of

immobilization/stabilization processes applied to hazardous waste sites.
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APPENDIX A

BATCH SCREENING TEST DATA AND ANALYSIS

The total capacity (mequiv/100 grams soil) for the batch screening test

data is repeated again (see Tables 21 through 26) for each test soil and for
each chemical dosage (100 percent, 100:1 dosage). The differential

capacities (mequiv/gram chemical additive) and chemical treatment costs

($/equiv metal)) are then calculated for each chemical additive.
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TABLE A-I. TEST DATA AND ANALYSIS FOR MCCLELLAN AFB SOIL,
100 PERCENT DOSAGE.

Soil/ Total Capacity (mequiv/100 grams) Unit
Treatment Dosage Chem Para- Cost
Chemical (a) W( meter Cr Cd Ni Cu Zn (c)

Lime 0.26 392 Cap 0.00 5.29 5.83 5.71 6.25 0.20
K 0.00 0.95 0.98 1.00 0.99

Valfor Z84-326 0.81 123 Cap 0.40 4.43 4.12 5.46 5.23 2.20
K 0.07 0.79 0.70 0.96 0.83

ISX 0.85 118 Cap 0.36 3.45 4.21 5.12 5.00 3.74
K 0.06 0.62 0.71 0.90 0.80

SDuolite CS-346 0.88 114 Cap 3.81 2.34 3.03 4.08 3.93 11.00
K 0.69 0.42 0.51 0.71 0.62

Dow XFS-4195C 0.89 113 Cap 3.82 3.54 3.16 4.77 4.63 11.00
K 0.69 0.63 0.53 0.83 0.74

Valfor 200 0.95 106 Cap 0.06 4.83 5.13 5.71 6.02 0.55
K 0.01 0.86 0.87 1.00 0.96

Metal Scrb-7 1.61 62 Cap 0.70 2.96 3.60 4.39 4.01 2.32
K 0.13 0.53 0.61 0.77 0.64

Amberlite IR-124 3.45 29 Cap 0.69 5.38 5.85 5.63 5.17 6.61
K 0.13 0.96 0.99 0.98 0.82

Amberlite MR-718C 3.92 26 Cap 2.61 3.27 4.11 5.47 4.39 11.00
K 0.48 0.58 0.69 0.96 0.70

Ben 125 Bentonite 4.17 24 Cap 0.58 3.27 4.17 4. 60 4.70 0.30
K 0.11 0.58 0.70 0.80 0.75

Ray (keensand 6.39 16 Cap 0.42 1.81 2.73 3.45 3.32 0.62
K 0.08 0.32 0.46 0.60 0.53

WU• 20 Bentonite 7.15 14 Cap 0.06 4.03 4.84 5.23 5.54 0.71
K 0.01 0.72 0.82 0.92 0.88

Soil Only 0.00 Cap 0.21 2.41 2,77 3.40 2.61
K 0.0-4 0.40 0.48 0.58 0.44

(a) Grams chemical additive/100 grams soil
(b) Grams soil/gram chemical additive
(c) S/kg
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TABLE A-I. TEST DATA AND ANALYSIS FOR MCCLELLAN AFB SOIL,
100 PERCENT DOSAGE (CONCLUDED).

Differential Capacity Treatment Cost
(mequiv/gram) ($/equiv)

Treatment
Chemical Cr Cd Ni Cu Zn Cr Cd Ni Cu Zn

Lim -0.82 11.29 12.00 9.06 14.27 -0.24 0.02 0.02 0.02 0.01

Valfor Z84-326 0.23 2.49 1.67 2.54 3.23 9.38 0.88 1.32 0.87 0.68

isx 0.18 1.22 1.69 2.02 2.81 21.19 3.06 2.21 1.85 1.33

Dmoite CS-346 4.11 -0.08 0.30 0.78 1.51 2.67 -137.50 37.02 14.15 7.29

Do XFS-4195C 4.08 1.28 0.44 1.55 2.28 2.70 8.62 24.96 7.11 4.82

Valfor 200 -0.16 2.56 2.56 2.44 3.61 -3.47 0.22 0.22 0.23 0.15

Metal Sorb-7 0.31 0.34 0.52 0.62 0.87 7.60 6.77 4.49 3.76 2.66

Pabezlite IR-124 0.14 0.86 0.89 0.6.5 0.74 47.51 7.68 7.40 10.23 8.91

Amberlite IR-718C 0.61 0.22 0.34 0.53 0.45 17.97 50.14 32.18 20.33 24.22

-Bn 125 5entcute 0.09 0.J1 0.34 0.29 0.Iz 3.34 1.44 0.88 1.03 0.59

MRaw (keensasw 0.03 -0.09 -0.01 0. 1 0.11 1o. i6 -6.57 -98.49 78.79 5.55

WEP 20 Bentixite -0.02 0.23 0.29 0.26 0.41 -33.V- .11 2.43 2.75 1.72
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TABLE A-2. TEST DATA AND ANALYSIS FOR ROBINS AFB SOIL,
100 PERCENT DOSAGE.

Soil/ Total Capacity (mequiv/100 grams) Unit
Treatment Dosage Chem Para- Cost
Chemical .a_ (bj meter Cr Cd Ni Cu Zn

Lime 0.26 392 Cap 1.56 5.01 5.74 4.79 6.22 0.20
K 0.26 0.90 0.97 0.86 0.99

valfor Z84-326 0.81 123 Cap 1.79 3.67 2.20 4.89 5.08 2.20
K 0.30 0.66 0.37 0.88 0.81

ISX 0.85 1.18 rap 3.06 2.21 2.84 2.72 3.78 3.74
K 0.51 0.40 0.48 0.49 0.60

Duolite CS-346 0.88 114 Cap 5.19 1.58 1.56 2.65 2.48 11.00
A 0.87 0.28 0.26 0.48 0.39

Dow XS-4195C 0.89 113 Cap 4.95 2.38 2.22 3.61 3.85 11.00
K 0.83 0.43 0.38 0.65 0.61

Valfor 200 0.95 106 Cap 0.98 4.25 4 22 4.99 5.54 0.55
K 0.16 0.76 0.71 0.90 0.88

v1etal Sorb-7 1.61 62 Cap 2.31 2.12 2.27 3.16 3.47 2.32
K 0.39 0.38 0.38 0.57 0.55

Am.te IR-124 3.45 29 Cap 2.02 5.39 5.03 4.97 6.19 6.61
K 0.34 0.96 0.85 0.89 0.98

Amberhte IR-718C 3.92 26 Cap 3.70 2.30 3.12 4.90 3.10 11.00
K 0.62 0.41 0.53 0.88 0.49

Ben 125 Bentote 4.17 24 Cap 1.44 2.38 2.60 3.46 4.31 0.30
K 0.24 0.43 0.44 0.62 0.69

Raw Greesai4 6.39 16 Cap 1.90 1.54 1.68 1.95 2.63 0.62

0.32 0.28 o.23 0.35 0.42

IM 20 Betonite 7.15 14 Cap 1.79 3.41 4.52 4.71 5.15 U.71
K 0.30 0.61 0.76 0.85 0.82

Soil 0xily 0.00 Cýap 1.79 1.213 1.46 1.67 1.31
K 0.32 0.20 0.26 0.32 0.Z:

(a) Grams chenical additive/100 grams soil
(b) Grams soil/gram chemical add'tive
(c) S/kg
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TABLE A-2. TEST DATA AND ANALYSIS FOR ROBINS AFB SOIL,
100 PERCENT DOSAGE (CONCLUDED).

Differential Capacity Treatment Cost
(mequiv/gram) ($/equiv)

Treatment
Chemical Cr Cý Ni Cu Zn Cr Cd Ni Cu Zn

Lime -0.90 14.82 16.78 11.45 19.25 -0.22 0.01 0.01 0,02 0.01

Valfor Z84-326 0.00 3.01 0.91 3.73 4.65 ER 0.73 2.41 0,59 0.47

Isx 1.49 1.15 1.62 1.00 2.91 2.50 3.24 2.30 3.74 1.29

Duolite CS-346 3.89 0.40 0.11 0.89 1.34 2.83 27.50 96.25 12.34 8.23

Dow XFS-4195C 3.57 1.30 0.86 1.97 2.87 3.08 8.47 12.81 5.59 3.83

Valfor 200 -0.86 3.20 2.92 3.30 4.48 -0.64 0.17 0.19 0.17 0.12

Metal •orb-7 0.32 0.55 0.50 0.80 1.35 7.16 4.18 4.60 2.89 1.72

Amberlite IR-124 0.07 1.21 1.03 0,90 1.41 99.15 5.48 6.39 7.36 4.67

Akrberlite IR-718C 0.49 0.27 0.42 0.77 0.46 22.58 40.30 25.98 14.23 24.09

Ben 125 Bentonite -0.08 0.28 0.27 0.38 0.72 -3.53 1.08 1.09 0.78 0.41

--aw Greensand 0.02 0.05 0.03 0.01 0.21 35.81 12.71 17.91 49.24 2.98

1TP 20 Bentonite 0.00 0.31 0.43 0.40 0.54 ERR 2.31 1.65 1.77 1.31
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TABLE A-3. TEST DATA AND ANALYSIS FOR TINKER AFB SOIL,
100 PERCENT DOSAGE.

Soil/ Total Capacity (mequivi100 grams) Unit
Treatment Dosage Chem Para- Cost
Chemical (a) (b) meter Cr Cd Ni Cu Zn (c

Lime 0.26 392 Cap 0.98 6.2.9 5.87 5.72 6.24 0.20
K 0.17 0.97 G.99 1.00 0.99

Valfor Z84-326 0.81 12.3 Cap 0.33 6.01 5.42 5.71 5.90 2.20
K 0.07 0.93 0.92 1.00 0.94

ISX 0.85 118 Cap 1.64 5.27 5.33 5.64 6.03 3.74
K 0.29 0.81 0.91 0.99 0.96

Duolite CS-346 0.88 114 Cap 3.56 5.M4 5.08 5.42 5.44 11.00
K 0.62 0.78 0.86 0.95 0.86

Dow XFS-4195C 0.89 113 Cap 2.41 5.76 5.04 5.75 5.76 11.00
K 0.42 0.89 0.86 1.00 0.92

Valfor 200 0.95 106 Cap 0.00 6.11 5.59 5.72 6.16 0.55
K - 0.94 0.95 1.00 0.98

Metal Sorb-7 1.61 62 Cap 2.07 5.46 5.06 5.47 5.68 2.32
K 0.36 0.84 0.86 0.96 0.90

Amberlite LR-124 3.45 29 Cap 1.16 6.24 5.89 5.71 6.15 6.61
K 0.20 0.96 1.00 1.00 0.98

Amberlite iR-718C 3.92 26 Car 3.61 5.89 5.59 5.80 5.85 11.00
K 0.63 0.91 0.95 1.00 0.93

Ben 125 Bentonite 4.17 24 Cap 0.56 5.50 5.33 5.49 5.76 0.30
K 0.10 0.85 0.91 0.96 0.92

Raw Greensand 6.39 16 Cap 1.53 4.58 4.67 5.24 5.45 0.62
K 0.27 0.70 0.79 0.92 0.87

E P 20 Bentonite 7.15 14 Cap 1.04 5.78 5.58 5.70 6.06 0.71
K 0.18 0.89 0.95 1.00 0.96

Soil Only 0.00 Cap 1.40 4.62 4.64 5.68 4.62
K 0.26 0.76 0.82 0.92 0.80

(a) Grams chemical additive/100 grams soil
(b) Grams soil/gram chemical additive
(c) $ikg
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TABLE A-3. TEST DATA AND ANALYSIS FOR TINKER AFO SOIL,
100 PERCENT DOSAGE (CONCLUDED).

Differential Capacity Treatment Cost
(mequiv/gram) ($/equiv)

Treatment
Chemical Cr Cd Ni Cu Zn Cr Cd Ni Cu Zn

Lime -1.65 6.55 4.82 0,15 6.35 -0.12 0.03 0.04 1.26 0.03

Valfor Z&4-326 -1.32 1.72 0.96 0.04 1.58 -1.67 1.28 2.28 59.40 1.39

S0.28 0.76 0.81 -0.0! 1.66 13.25 4.89 4.61 -79.48 2.25

1Dolito CS-346 2.47 0.48 0.50 -0.30 0.94 4.46 22.92 21.88 -37.02 11.74

.Do X'S-4195C 1.14 1.29 0.45 0.08 1.29 9.64 8.54 24.34 139.07 8.54

wVifor 200 -1.48 1.58 1.01 0.04 1.63 -0.37 0.35 0.55 13.02 0.34

Metal Sorb-7 0.42 0.52 0.26 -0.13 0.66 5.56 4.43 8.87 -17.73 3.51

Amberlite I-124 -0.07 0.47 0.36 0.01 0.44 -95.02 14.08 18.24 760.15 14.90

Amberlite IR-718C 0.56 0.32 0.24 0.03 0.31 19.51 33.95 45.39 359.33 35.06

Ben 125 Bentanite -0.20 0.21 0.17 -0.05 0.27 -1.47 1.41 1.79 -6.51 1.09

Raw GreenIsa 0.02 -0.01 0.00 -0.07 0.13 30.30 -98.49 131.32 -8.95 4.75

HKP 20 Bentcite -0.05 0.16 0.13 0.00 0..X) -13.99 4.34 5.36 251.86 3.50
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TABLE A-4. TEST DATA AAD ANALYSIS FOR MCCLELLAN AFB SOIL,
100:1 DOSAGE.

Soil/ Total Capacity (mequiv/100 grams) Unit
Treatment Dosage Chem Para- Cost
Chemical (a) (b) meter Cr Cd Ni Cu Zn (c)

Lime 0.88 114 Cap 1.54 5.80 6.18 5.62 5.70 0.20
K 0.29 1.00 1.06 1.00 1.00

Valfor Z84-326 0.81 123 Cap 0.40 4.43 4.12 5.46 5.23 2.20
K 0.07 0.79 0.70 0.96 0.83

ISX 0.85 118 Cap 0.36 3 45 4.21 5.12 5.00 3.74
K 0.06 0.62 0.71 0.90 0.80

Duolite CS-346 0.88 114 Cap 3.81 2.34 3.03 4.08 3.93 11.00
K 0.69 0.42 0.51 0.71 0.62

Dow XFS-4195C 0.89 113 Cap 3.82 3.54 3.16 4.77 4.63 11.00
K 0.69 0.63 0.53 0.83 0.74

Valfor 200 0.95 106 Cap 0.06 4.83 5.13 5.71 6.02 0.55
K 0.01 0.86 0.87 1.00 0.96

lMetal Sorb-7 0.88 114 Cap 1.13 3.00 3.56 3.90 3.09 2.32
K 0.21 0.52 0.61 0.69 0.54

Amberlite IR-124 0.88 114 Cap 0.38 3.84 4.21 4.31 4.01 6.61
K 0.07 0.66 0.72 0.77 0.70

Amberlite IR-718C 0.88 114 Cap 1.54 3.04 3.58 3.68 3.24 11.00
K 0.29 0.52 0.62 0.65 0.57

Ben 125 Bentcuite 0.88 114 Cap 0.52 2.24 3.50 3.46 3.09 0.30
K 0.10 0.39 0.60 0.61 0.54

Raw Greensard 0.88 114 Cap 0.50 2.38 3.16 3'30 2.63 0.62
K 0.09 0.41 0.54 0.59 0.46

HMP 20 Bentonite 0.88 114 Cap 0.20 2.88 2.64 3.77 3.31 0.71
K 0.04 0.50 0.45 0.67 0.58

Soil Only 0.00 Cap 0.21 2.41 2.77 3.40 2.61
K 0.04 0.40 0.48 0.58 0.44

(a) Grams chemical additive/100 grams so~i
(b) Grams soil/gram chemical additive
(c) $/kg
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TABLE A-4. TEST DATA AND ANALYSIS FOR MCCLELLAN AFB SOIL,
100:1 DOSAGE (CONCLUDED).

Differential Capacity Treatment Cost
(mequiv/gram) ($/equiv)

Treatment
Chemical Cr Cd Ni Cu Zn Cr Cd Ni Cu Zn

Lim 1.52 3.87 3.90 2.54 3.53 0.13 0.05 0.05 0.08 0.06

Valfor Z84-326 0.23 2.49 1.67 2.54 3.23 9.38 0.88 1.32 0.87 0.68

ISX 0.18 1.22 1.69 2.02 2.81 21.19 3.06 2.21 1.85 1.33

,Dwhxite CS-346 4.1, -0.08 0.30 0.78 1.51 2.67 -137.50 37.02 14.15 7.29

SDow XS-4195C 4.08 1.28 0.44 1.55 2.28 2.70 8.62 24.96 7.11 4.82

Valfor 200 -0.16 2.56 2.50 2.44 3.61 -3.47 0.22 0.22 0.23 0.15

Metal Sorwb-7 1.05 0.67 0.90 0.57 0.55 2.21 3.44 2.57 4.06 4.23

Amberlite IR-124 0.19 1.63 1.65 1.04 1.60 34.02 4.04 4.02 6.36 4.13

Ambwlite IR-718C 1.52 0.72 0.93 0.32 0.72 7.24 15.28 11.88 34.38 15.28

Ben 125 Bentonite 0.35 -0.19 0.83 0.07 0.55 0.84 -1.53 0.36 4.33 0.54

Raw GreensarA 0.33 -0.03 0.45 -0.11 0.02 1.86 -18.00 1.38 -5.40 26.99

mw 20 Bentcmite -0.01 0.54 -0.15 0.42 0.80 -61.69 1.31 -4.75 1.67 0.88
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TABLE A-5. TEST DATA AND ANALYSIS FOR ROBINS AFB SOIL,
100:1 DOSAGE.

Soil/ Total Capacity (mequiv/100 grams) Unit
Treatment Dosage Chem Para- Cost
Chemical (a) (b) meter Cr Cd Ni Cu Zn

Lime 0.88 114 Cap 3.84 5.80 6.19 5.63 5.69 0.20
K 0.71 1.00 1.06 1.00 1.00

Valfor Z84-326 0.81 123 Cap 1.79 3.67 2.20 4.89 5.08 2.20
K 0.30 0.66 0.37 0.88 0.81

ISX 0.85 118 Cap 3.06 2.21 2.& 2.72 3.78 3.74
K 0.51 0.40 0.48 0.49 0.60

Duolite CS-346 0.88 114 Cap 5.19 1.58 1.56 2.65 2.48 11.00
K 0.87 0.28 0.26 0.48 0.39

Dow XFS-4195C 0.89 113 Cap 4.95 2.38 2.22 3.61 3.85 11.00
K 0.83 0.43 0.38 0.65 0.61

Valfor 200 0.95 106 Cap 0.98 4.25 4.22 4.99 5.54 0.55
K 0.16 0.76 0.71 0.90 0.88

Metal Sorb-7 0.38 114 Cap 1.88 1.88 2.42 2.70 2.55 2.32
K 0.35 0.32 0.42 0.48 0.45

Amberlite IR-124 0.88 114 Cap 1.54 3.18 3.55 3.71 3.70 6.61
K 0.29 0,55 0.61 0.66 0.65

Amberlite IR-718C 0.88 114 Cap 2.89 1.80 2.10 2.65 2.17 11.00
K 0.54 0.31 0.36 0.47 0.38

Bern 125 Bentonite 0.88 114 Cap 1.59 1.71 2.30 2.37 2.33 0.30
K 0.29 0.29 0.40 0.42 0.41

Raw Greensand 0.88 114 Cap 1.88 1.62 1.90 2.02 2.02 0.62
K 0.35 0.28 0.33 0.36 0.36

HMP 20 Benta-ite 0.88 114 Cap 1.81 1.88 2.64 2.73 2.82 0.71
K 0.34 0.32 0.49 0.48 0.50

Soil Only 0.00 Cap 1.79 1.23 1.46 1.87 1.31
K 0.32 0.20 0.26 0.32 0.22

S(a) Grams chemical additive/100 grams soil
(b. Grams soil/gram chemical additive
(c) $/kg
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TABLE A-5. TEST DATA AND ANALYSIS FOR ROBINS AFB SOIL,
100:1 DOSAGE (CONCLUDED).

Differential Capacity Treatment Cost
(mequiv/gram) ($/equiv)

Treatment
Chemical Cr Cd Ni Cu Zn Cr Cd Ni Cu Zn

Lim 2.34 5.22 5.41 4.30 5.01 0.08 0.04 0.04 0.05 0.04

Valfor Z84-326 0.00 3.01 0.91 3.73 4.65 ERR 0.73 2.41 0.59 0.47

SISX 1.49 1.15 1.62 1.00 2.91 2.50 3.24 2.30 3.74 1.29
-- V

--olite CS-346 3.89 0.40 0.11 0.89 1.34 2.83 27.50 96.25 12.34 8.23

Dow XFS-4195C 3.57 1.30 0.86 1.97 2.87 3.08 8.47 12.81 5.59 3.83

Valfor 200 -0.86 3.20 2.92 3.30 4.48 -0.64 0.17 0.19 0.17 0.12

.Metal Sorb-7 0.10 0.74 1.10 0.95 1.42 22.56 3.12 2.11 2.45 1.64

Amberlite IR-124 -0.29 2.23 2.39 2.10 2.73 -23.14 2.97 2.77 3.14 2.42

Amberlite IR-718C 1.26 0.65 0.73 0.89 0.98 8.75 16.89 15.04 12.34 11.19

Ben 125 Bentonite -0.23 0.55 0.96 0.57 1.17 -1.30 0.54 0.31 0.52 0.25

Raw Greensand 0.10 0.45 0.50 0.17 0.81 6.00 1.38 1.23 3.60 0.76

HW 20 Bertotite 0.02 0.74 1.35 0.98 1.73 30.84 0.95 0.52 0.72 0.41
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TABLE A-6. TEST DATA AND ANALYSIS FOR TINKER AFB SOIL,
100:1 DOSAGE.

Soil/ Total Capacity (mequiv/100 grams) Unit
Treatment Dosage Chem Para- Cost
Chemical (_a) (h) meter Cr Cd Ni Cu Zn (c)

Lime 0.88 114 Cap 0.90 5.80 5.86 5.63 5.69 0.20
K 0.17 1.00 1.01 1.00 1.00

Valfor Z84-326 0.81 123 Cap 0.33 6.01 5.42 5.71 5.90 2.20
K 0.07 0.93 0.92 1.00 0.94

ISX 0.85 118 Cap 1.64 5.27 5.33 5.64 6.03 3.74
K 0.29 0.81 0.91 0.99 0.96

Duolite CS-346 0.88 114 Cap 3.56 5.04 5.08 5.42 5.44 11.00
K 0.62 0.78 0.86 0.95 0.86

Dow XFS-4195C 0.89 113 Cap 2.41 5.76 5.04 5.75 5.76 11.00
K 0.42 0.89 0.86 1.00 0.92

Valfor 200 0.95 106 Cap 0.00 6.11 5.59 5.72 6.16 0.55
K - 0.94 0.95 1.00 0.98

Metal Sorb-7 0.88 114 Cap 1.74 4.74 5.06 5.35 4.97 2.32
K 0.32 0.82 0.86 0.95 0.87

Amberlite IR-124 0.88 114 Cap 0.30 5.01 5.26 5.42 5.13 6.61
K 0.06 0.86 0.91 0.96 0.90

Amberlite IR-718C 0.88 114 Cap 2.10 4.69 5.24 5.27 4.97 11.00
K 0.39 0.81 0.90 0.94 0.87

Ben 125 Bentonite 0.88 114 Cap 0.98 4.55 5.06 5.30 4.90 0.30
K 0.18 0.78 0.87 0.94 0.86

Raw Greensand 0.88 114 Cap 1.32 4.41 4.99 5.33 4.82 0.62
K 0.24 0.76 0.86 0.95 0.85

HMP 20 Bentonite 0.88 114 Cap 0.95 4.67 5.43 5.52 5.08 0.71
K 0.17 0.81 0.93 0.98 0.89

Soil Only 0.00 Cap 1.40 4.62 4.64 5.68 4.62
K 0.26 0.76 0.82 0.92 0.80

(a) Grams chemical additive/lO0 grams soil
(b) Grams soil/gram chemical additive
(c) $/kg
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TABLE A-6. TEST DATA AND ANALYSIS FOR TINKER AFB SOIL,
100:1 DOSAGE (CONCLUDED).

Differential Capacity Treatment Cost
(mequiv/gram) ($/equiv)

Treatment
Chemical Cr Cd Ni Cu Zn Cr Cd Ni Cu Zn

Lime -0.57 1.35 1.39 -0.06 1.22 -0.35 0.15 0.14 -3.47 0.16

Valfor Z84-326 -1.32 1.72 0.96 0.04 1.58 -1.67 1.28 2.28 59.40 1.39

Isx 0.28 0.76 0.81 -0.05 1.66 13.25 4.89 4.61 -79.48 2.25

Duolite CS-346 2.47 0.48 0.50 -0.30 0.94 4.46 22.92 21.88 -37.02 11.74

Dow XFS-4195C 1.14 1.29 0.45 0.08 1.29 9.64 8.54 24.34 139.07 8.54

Valfor 200 -1.48 1.58 1.01 0.04 1.63 -0.37 0.35 0.55 13.02 0.34

-etal Sorb-7 0.39 0.14 0.48 -0.38 0.40 5.97 16.92 4.83 -6.15 5.80

Amberlite 2-124 -1.26 0.45 0.71 -0.30 0.58 -5.26 14.83 9.33 -22.25 1.34

-Amberlite IR-718C 0.80 0.08 0.69 -0.47 0.40 13.75 137.50 16.04 -23.48 27.50

Ben 125 Bentonite -0.48 -0.08 0.48 -0.43 0.32 -0.62 -3.71 0.62 -0.68 0.93

Raw Grcrensand -0.09 -0.24 0.40 -0.40 0.23 -6.75 -2.57 1.54 -1.54 2.70

W' 20 Bentonite -0.51 0.06 0.90 -0.18 0.53 -1.37 12.34 0.78 -3.86 1.34
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APPENDIX B

LONG-TERM STABILITY COLUMN TEST DATA

The effluent concentration of hexavalent chromium in the various

leachates from the McClellan AFB and Robins AFB soils are listed in this

section. These data are presented in graphical form as Figures 13 and 14.
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TABLE B-I. EFFLUENT CONCENTRATIONS FROM MCCLELLAN AFB,
LONG-TERM STABILITY TEST COLUMNS.

Control, Deionized Water Valfor 200/FeSO4, Solvent
PORE VOLUME PPM Cr PORE VOLUME PPM Cr

1.71 480 1.26 0
4.23 114 3.31 0
6.95 46 4.81 0
916 12 7.25 0

11.81 5.2 8.39 0
14.29 3.1 I0.33 0
16.33 3.4 12.91 0
18.59 2.5 14.51 0
21.81 1.65 16.07 0
"22.97 2.4 17.33 0
24.84 2.9 20.42 0
25.64 2.8 23.44 0

Lime, Deionized Water Valfor 200/FeSO4 , Deionized Water

PORE VOLUME PPM Cr PORE VOLUME PPM Cr

2.03 404 I 0
2.98 92 2.89 0
3.79 48 4.16 0
5.07 19 5.78 0
7.28 22 6.78 0
9.38 1.6 6.09 0

10.83 0.4 8.36 0
13.38 0 9.68 0
15.89 0 1o.72 o
17.44 0 12.42 0

_2 A61% 0 15.24 0
24.62 0
26.74 0
29.96 0

Lime. Acid Rain Valfor 200/FeSO4 , Acid Rain

"POR VOL•t-" PPM Cr PORE VOLLNIR PPM Cr
2.21 1.58
3.68 77 2.84 0,4.67 P8.5 32,8 046 853.12 0

5ý9 7.8 575 0
8.46 0 7.75 0

10.39 0 88 0
12.66 0 1106 0
15608 0 13.04 0

14.34 018.38 0 16.16 0
21.05 0 16.16 0

24.13 0 18.9 0

2685 0
9.72 0
32.4 0
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TABLE B-2. EIFLUENT CONCENTRATIONS FROM ROBINS AFB,
LONG-TERM STABILITY TEST COLUMNS.

Control, Deionized Water Valfor 200/FeSO4 , Solvent

PORE YOUA-F PPM Cr PORE VOLUM PM c-

1 79 130 1.84 0
3.96 74 371 0

5.6 53 463 0

795 41.5 7.88 0
10.19 27 9.76 0

12.71 206 11 67 u

14 15 163 1387 0

1638 136 t54 0

18.97 11.1 1835 0
2094 10.4 13.91 0

22.91 93 23.11 0

2427 7.6 26.87 0

2642 7 1 30.98 0

2773 67 3535 0

3005 63 3858 0

33.76 5 40.42 0
43.75 0
44.82 0
48.82 0

Lime, Deionized Water Valfor 200/FeSO4 , Deionized Water

P OR PPM f PM MUM PPM Cr

3 72 240 1.95 0.35
369 68 366 .0

639 54 55 0

,67 17 8.25 0
10 I9 23 998 0
1083 27 13 i1 0

t2 2 24 14 34 0
1303 188 1822 0
1644 144 1953 0

21)74 0

24 45 0
2733 0
x021 0

y304 0

402 0

4093 0
45 74 0
5027 0

Lime, Acid Rain Valtor 200/FeSO Acid Rain

pK " ' - mi C P LLtt PlfVCr

1 16 t 5") Oil
4 2? 1.2 196 0027
511 121 444 0

71t 14 603 0
7 " !4 074 0

1069 p 0i3P 0

f 1 r4 23 14 V4& 0

l345 0 1655 0S995 410•7 6 0

]•3~~~ T3t'•.;' 0
2574 187L 7t146 0

7 4 1 1) 2 3 4 9 0
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