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ROTICE

The information in this document has been funded,
wholly or in part, by the U. 5. Envirommental Fro-
tection Agency Under Interagency Agreement

Yo. AD-96~F-2-A145 with the U.5. Army Engineer Water-—
ways Experiment Station. It has been subject to the
Agency's peer and administrative review and has been
approved for publication as an EPA document .

This handbook is intended to present information om
the application of a technology for the comtrol of
gpecific problems caused by uncontrolled waste sites.
It is not intended to address all waste site problems
or all applications of this technology. Mention of
trade names or commercial products does not constitute
epdorzsement or recommendation for use.



FOREWORD

Today's rapidly developing and changing technologies and industrial
producte and practices frequently carry with them the increased ganeration of
solid and hazardous wastes. These materials, if improperly dealt with, can
threaten both public health and the envirorment., Abandoned waste sites and
accidental releases of toxic and hazardous substances to the environment also
have important emvironmental and public health implications. The Hazardous
Waste Engineering Research Lgboratory assists in providing an authoritative
and defensible engineering basis for agsessing and solving these problems.
Its products support the policies, programs and regulations of the Environ-
mental Protection Agency, the permitting and other regponglbilities of State
and local govermments and the needs of both large and small businesses in
handling their wastes responsibly and economicallv,

This report describes reagents and methodology which have been found
ugeful for stabiliration/solidification of hazardous wastes and will be uge-
ful to industrial and engineering firme which have cccasion to deal with
waste handling and disposal. It should also be of value for regulatory amd
environmental groupa to assess the technical solutions proposed for specifie
sites requiring remedial action, For further information, please contact the
Land Pollution Contrel Division of the Hazardous Waste Engineering
Laboratory.

Thomas R. Hauser, Director
Hazardous Waste Enginesring Research Laboratory



ABSTRACT

This Handbook provides designers and reviewers of remedial action plans
for hazardous waste disposal sitas with the informatiom and genmeral guidance
necessary to judge the feasibility of stabllization/solidification technology
for the control of pollutant migration from hazardous wastes disposed of on
land. Stabilization/ sclidification is an alternative technelegy that must
be identified, analyzed, and evaluated in the feasibility study process.

First reviewed is the chemical basis for this technology and for commer-
eial formulations in common use (Section 2), which is followed by a detailed
discussion of waste characterization and site considerations appropriate for
treatment process evaluation (Section 3}. Methods and techniques for deter—
mining the success of stabilization/solidification trials (including specific
laboratory testing and leaching protocels} are them described. This ensures
that adequate treatment specifications and regquired characteristics of the
final product can be included in process and permitting documentatien
(Section 4). Bench- and pilot-scale testing are recommended and considered
in Sectiom 3.

The actual processing technology used in waste stabilization projects is
quite diverse. Four stabilization/sclidification scenarios are developed
that give & good cross section of the broad spectrum af handling, mixing, and
processing equipment currently in use (Section 6%, Included are projact se-
quencing and estimated comparative costs for treating 500,000 gallons of
waste by the four treatment alternatives. These acenarics illustrate the
gtrengths and weaknesses of each alternative and give guidance as to which
processing technology is most suited to specific waste types and site
conditions.

Safety, quality control, and environmental considerations also relate to
this technology (Sectiom 7). Sampling and testing protocols for assessing
containment efficiency and uniformity are given. Final cleanup of the site
and equipment, site monitoring, and capping are also digcusged as they per-
tain to treated wastes (Sectiom 8).

This report was submitted in fulfillment of Interagency Agreemsnt AD-96-
F-2-Al45 by the Environmental Leboratory of the T.5. Army Engineer Waterways
Experiment Station under the spomsorship of the U.5. Enviromnmental Protectionm
Agency. This report covers the period of September 1982 to September 1934,
and the work was completed as of September 1984,
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Hultd US Cugtomary Units

Area:
Acres
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By
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SECTION 1

IRTREODUCTION
1.1 Background and Definitioms

The terms "stabilization" and "solidification” are used in this Handbook
aa defined in the EPA publication, "Guide to the Disposal of Chemically
Stabilized and Solidified Waste" {(Malome et al. 1980). Both stabilization
and solidification refer to treatment processes that are designed to
accomplish one or more of the following results: (1) improve the handling
and physical characteristics of the waste, as in the sorption of free
liquids; (2) decrease the surface area of the weete maee across which
transfer or loas of contaminants can occur; andfor (3) limit the solubility
of any hazardous constituents of the waste such as by pH adjustment or
sorption phencmena.

Stabilization techniques are generally those whose beneficial actiom ig
primarily through limiting the solubility or mobility of the contaminants
with or without change or Iimprovement in the physlcal characteristice of the
wagte, Examples Include the addition of lime or sulfide to a metal hydroxide
waste to pracipitate the metal ions or the addition of an sbsorbemt to am
organic waste. GStabilization uwsually involves adding materials which ensure
that the hazardous constituents are maintalned in thelr least mobile or toxie
form.,

Solidification implies that the beneficial results of treatment are ob=—
tained primarily, but not tecessarily exelusively, through the production of
a so0lid block of waste material which has high structurasl integrity——a prod-=
uct often referred to 8s 8 "momolith.™ The momolith can encompass the entire
waste disposal site==called & "monofill"==or be 2z small as the contents of a
steal drum. The contaminants do not necessarily interact chemically with
reagents, but are mechanically locked within the solidified matrix-—called
"microencapsulation.” Contaminant loss 1s limited largely by decreasing the
surface area exposed to the enviromment and/or igolating the coptaminants
from environmental influences by microencapsulating the waste particles=,
Wastes can also be "macroencapsulated," that is, bonded to or surrcunded by
an Impervious covering. These techniques are also congidered to be stabili-
zatlon/solidification processes.

The term "fixation" has fallen in and out of favor, but is widely used
in the waste treatment field to mean any of the stabilirzation/golidification
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processes as described above; "fixed"™ wastes are those that have been treated
in this manner,

Both aslidification and chemical stabilization are usually included im
commercial processes and result in the transformation of liguids or semi-
golids dnto environmentslly safer forme. For example, a metal-rich sludge
would be consldered stabilized if it were mixed with & dry abeorber such as
fly ash or dry soil. The benefits could be carried further if the sorbent
and waste were then cemented into an impermeable, monolithie block. Or =
waste would be considered chemically stabilized 1f the pH of the sludge were
raised by the addition of lime {Ga{ﬂﬂ}z} 50 that potential contaminants such

as toxic metals were less soluble and thus less easily leached.

1.2 Purpose and Scope of this Handbook

This Handbook provides guidance for the evaluation, selection, and use
of stabilizationfasolidification technology as a remedial action alternative
gt uncontrolled, hazardous wastes sites. The Handbook 18 designed to permit
engineering personnel to proceed through concept development, determination
of design requirememte, end preliminary cost estimating for selected stabili-
zation/eolidification alternatives. A flow chart for evaluating considera=
tions and procedures important to the stabilization/solidification option is
ghown in Figure l-1.

The Handbook systematically reviews the technical basis for available
stabilizationfaolidification systems, especilally those guitable for omeite
application at uncomtrolled, hazardous waste sites. The general chemical
gygtems imvolwed in waste stebilizatiom/solidification are discussed to pro=-
vide tha background information necessary for the selection of the optimum
treatment system for a specific waste. Also described are the testing and
enalysis techniques commonly used to characterize a waste to asid in the
selection of pretreatment and stabilization/seolidification processes. The
compatibility of specific classes of wastes and additives, and the testing
systems needed for the evealuation of the stabilized/sclidified wastes once
treated are also reviewed.

Specific materials and equipment that are used in waste stabilization/
golidification treatment and processing are discussed. Based on fileld
surveys, four stabilization/sclidification scenarios, including costs for
materials, equipment, end operations assovcilated with each, are developed and
compared to provide a basis for planming-level cost evaluation of the many
stabilization/solidification alternativeg. Safety, emvironmental concerns,
and cleanup and c¢losure of waste procesging and final disposal are
considerad.
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1.3 Regulatory Basis for Use of

Stabilization/50lidification

The EPA hazardous gite cleanup program, referred to as Superfund, was
authorized and established in 1980 by the enactment of the Comprehensive
Environmental Response, Compensation, and Liability fAet (CERCLA), Public
Law (PL) 96-510. This legislation allows the Pederal government (and coopen-—
ating State governmentzs) to respond dirvectly to releases and threatened
releases of hazardous substances and pollutants or contaminants that may
endanger public health or welfare or the enviromment. Prior to the passage
of PL 96=510, the Federal authority with respect to hazardous substances was
mostly regulatory through the Resource Conservation and Recovery Act (RCRA)
and the Clean Water Act and its predecessors, The gemeral puidelines and
provisions for implementing CERCLA are given in the National 0il and
Hazardous Substances Contingency Plan (HCP) (Federal Register, 40 CFR 300,
1982).

Three classes of actions are aveilsble when direct government action is
called for:

a. Immadiate removals are allowed when a prompt response isa needed Eto
preavent harm to public health or welfare or to tha environment.
These are short-term actions usually limited to 6 months and a total
expenditure of 1 million.

b. Planned removals are expedited, but not Immediate, responses. Theae
are intended to limit denger or exposure that would take place if
longer term projects were implemented and responges were dolayed.

2. Remadial actiong are longer term activities undartaken to provide
more complete remedies. HRemedisl actions are generally more axpen—
give and can only be undertaken at sites appearing on the Hational
Friorvities List of the HCP.

Remedial actions may present technicelly complex problems that are
expensive to resolve. The gelection of technicesl measures takes place only
after a2 full evaluation of all feagible alternatives based upon economic,
engineering, environmental, public health, and institutional considerations.
Dffsite transportation and disposal of waste iz gemerally an exXpensive option
and is justified only when proven cost—effective, and then only in facilities
that comply with current hazardous waste dispogal regulstions undar
Subtitle C of RCRA.

Waste stabilization is specifically included in the NCP as a method of
rémedying releases of hazardous materials and contrelling release of wagte to
surface water., Solidification and encapsulation are mentioned as techniques
avallable for onsite treatment of contaminated soils and sediments. Under

the general roquirement to evaluate all alterpatives for remedial action, it
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will be necessary to evalwate the ecost effectivensss of stabilization/
golidification systems as applied to specific sites even if the technology is
ot selected in the final ansly=is of remedial techniques. Costs and enpi-
nearing comsiderations ere critical to these evaluations.

The performance expected from stebilirzed/solidified waste must alszo ba
as accurately asszessed as possible. Coet estimates must take into considera=
tion future expenditures needed to maintain the final waste disposal site
after reaponse work is complete. The WCP emphasizes the selection of reli-
able, tested remedial technelogies. Examplea of successful applications ara
an Important part of any technical evsluation,

&4 further goal of this Handbook ia to provide data necessary for the
technical decisione required by law and for preliminary cost estimates.
Other handbooks are available to supplement this document in developing plans
for gpecific gite activities. Owerall guidance on remedial action technolo—
gies, including a survey of stabilization/eolidification. is provided in =
Technology Transfer Handbook by the EPA (U.5., EPA 1%85a). The decision to
implement the stabilization/solidification option must be preceded by the de-
talled investigation of many variables. Both waste and site characteristics
must be evaluated to ensure that the stabilization/solidification alternative
is cost-effective and environmentally acceptable. The U.5. EPA (1985b,
1985¢) has provided general guidance on the procedure to be followed in
selecting the most appropriate remedisl actlons.
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SECTION 2

BASIS OF STABILIZATION/SOLIDIFICATION TECHNOLOGY

dtabilization proce=sses and solidification processes have different
geals. Stabilization systems attempt to reduce the solubility or chemical
reactivity of a waste by changing its chemical state or by physical entrap-
ment {microencapsulation), Solidification eyatems attempt to convert the
waste itito an easily handled solid with reduced hazards from volatilization,
leaching, or spillage. The two are discussed together because they have the
common purpose of improving the contalnment of potential pollutants im
treated wastes. Combined procesges are often termed "waste fixation” or
"eneapsulation.™

Solidification of waste materisls is widely practiced in the disposal of
radicactive waste. Many developments relating to solidification originated
in low-level radisactive waste disposal. Regulatione pertalning to disposal
of radioactive waste vrequlre that the wastes be converted into a free=-
standing solid with a minor amount of free water. Most processes used for
nuclear weste include a step in which granuler, ion exchange waste and
liquids are incorporated inm a solid matrix wsing a cementing or binding agent
(for example, Portland cement, organic polymers, or asphalt). The resulting
block of waste, with relatively low permeability, reduces the surface area
across which the transfer of peollutants can occur. Neo such requirement for
producing a free-standing solid exists for hazardous waste disposal, and
solidification usually invelves only the additiom of an absorbent {(without a
binding agent) to¢ produce a finely particulate waste that has no free liquid.

Waste stabilization has also been practiced in radicactive waste dig-
posal and has invelved processes such as (1) selecting inert, nondegrading
sorbents that take up and retain specific radionueclides, (2} adjusting pH and
oxidation-reduction conditions in the waste to prevent waste solubilizstion
in ground water, and (3) using zeolites rather than bicdegradable organfc
polymers =22 ion exchange meddia.

In hezardous waste disposal, sn effort is wswally wade to have the
treated waste delisted, usually by passing the EPA Extraction Procedure (EP)
leaching test. To accomplish this go=l, a variety of strategies may be used
Lo prevent contaminant leaching, Incleding neutralizatfion, oxidation/f
reduction, physical entrapment, chemical stebilization, and binding of the
stabilized solid into a monelith. The development of an appropriate treat-
ment strategy includes the following considerstione:

4. The waste should be treated to obtain the most inert and Inseluble
form chemically and economically feasibla.
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b. Medla should be added to sbsorb any free 1liguld present.
¢. When necessary, a binding agent should alsc be added.

The binding agent may be selected to stabilize the waste further, for
example the addition of alkalinity in portland cement. In cases where the
waste is extremely soluble or no suitable chemical binder can be found, the
waste may be contained by encapsulation in some hydrophobic medium, such as
asphalt or polvethylene. This may be done either by Incorperating the waste
directly in the partially moltem material or by forming jackets of polymeric
materigl arcund bleocks of waste.

Saveral generic treatment systems have been developed for waste stabili-
zation and solidification, but not 8ll have been employed in remedial actiom
on wneontrolled wagte sites. The volumes of weaste involved at umcontrolled
waste sites generally require that only the least expensive systems that are
gffeative be ugad, The large quantitlies and varieties of wastes that are
wpsually present alsc require the use of adaptable systems that are effective
over a wide range of conditioms. The treatment systems that generally sat-
iafy these needs are the pozzolan— or Portland-cement-based systems. Inex-
pensive absorber materiale such as clay, native soil, fly ash, or kiln dust
may also be added. Under specific circumstances, it may be necessary to
select other systems that offer particular advantages such as improved waste
containment or compatibility with specific wastes. Thiz Handbook concen-
trates on the major stabllization/sclidification systems that can be applied
inexpensively to a wide varlety of wastes. Systems that have limited appli-
cation to mixed wastes {such as glassification or organic polymers) or eya-
tems that require specific waste materials (such as self-cementation in sul-
fate waste) are covered in other references such as Malene et al. (1980},
Malone and Jones (1979), and Tadevaia and Eitchena (1%80).

2,1 Types of Treatment Reagents and Processes

Most stebilization/solidification systems being marketed are proprietary
processes Involving the addition of absorbents and solldifying agents Co 2
waste. Often the marketed process 1s changed to accommodate specific wastes.
Sinece it is not possible to discuss completely all possible modifications to
a process, discussions of most processes have to be related directly to
generic process types. The exact degree of performance cbserved in a spe-
cific system may vary widely from its generie type, but the general charac-
teristica of a process and its products can be discussed. Comprehensive
general discussions of waste stabilization/solidificatiom are given In
Malome et al. (1980), Malone and Jones (1979}, and Iadevaia and Eitchens
(1980).

Waste stabillizstion/selidification systems that have potentially useful

application in remedial action activities and are discussed in detail here
inelude:
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a. Sorption

b. Lime-fly ash pozzolan processes
¢. Pozzolan=-portland cement systems
d. Thermoplastic microencapsulation
e. Magroencapsulation.

Other technologies such as fusing waste to a vitreous mass or using
self-cementing material are too specialized or not sufficiently field appli-
cable to be used at present (Malone et al. 19807%,

Sorption involves adding a solid to scak up any liquid present, and it
may produce a soil-like material. The major use of sorption is to eliminate
all free liquid. Nonreactive, nonbiodegradable materials are most suitable
for sorption. Typical examples are activated carbon, anhydrous sodium sili-
cate, various forms of gypsum, celite, clays, expanded mica, and zeolites.
Some sorbents are pretreated to increase thelr activity toward specific con-
taminants and many are sold as proprietary additives in commercial processes.

Lime/fly ash pozzolanic processes use a finely divided, noncrystalline
gilica in fly ash and the caleium in lime to produce low-strength cementa-
tion. The waste contaimment is produced by entrapping the waste in the poz-
zolan concrete matrix (microencapsulatiom).

Pozzolan-Portland systems use Portland cement and fly ash or other poz-
zolan materials to produce a stronger type of waste/concrete composite. The
waste containment is produced by microencapsulation in the concrete matrix.
Soluble sgilicates may be added to accelerate hardening and metal containment.

Thermoplagtic microencapsulation invelves blending fine particulate
waste with melted asphalt or other matrix, Liquid and wolatile phases asso-
ciated with the wastes are driven off, and the wastes are igolated in a mass
of cooled, hardened asphalt. The material can be buried with or without a
container.

Macroencapsulation systems contain a waste by isolating large masses of
waste using some type of jacketing material. The most carefully researched
systems use a 208-%L drum or a polyethylene jacket fused over a monolithic
block of solidified wastes.

2.1.1 Sorption
2.1.1.1 General

Host waste materials considered for stabilization/solidification are
liquids or sludges (semiselids). To prevent the loss of drainable liquid
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and Improve the handling characteristics of the waste, a dry, golid absorbent
is generally added to the waste. The sorbent may interact chemieally with
the waste or may simply be wetted by the liquid part of the waste {usually
water) and retain the liquid as part of the capillary liguid. TFigure 2-1
illustrates five common mechanisms by which sorbents can interact and
immobilize small, polar wolecules like water or charged ions om their surface
or interstices, or react chemically to form mew products.
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CHEMICALLY BOUND WATER STRUCTURAL WATER

HWATER
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':{ . !
CAPILLARY WATER
WATER OR PORE WATER

Figure 2-1. Mechanisms retaining water and ionic materials on and in
solid phases.
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The most common sorbents used with waste inelude soil and waste products
such as bottom ash, fly ash, or kiln dust from cement and 1ime manufacture.
In general, selection of sorbent materials involves trade-offs among chemical
effects, costs, and amounts required to produce a solid product suitable for
burial. Table 2Z-1 summarizes chemical binding properties of natural sorbents
for selected waste leach liquids. Where the ability of a sorbent to bind
particular contaminants is important to containment, sorbents with specific
chemical affinities can be selected (Table 2-2), The pH of the waste
strongly affects sorption/wsste interacticns, and pH control is an important
part of any sorption process.

Artificial materials have aleo been advocated for use as sorbents in
solidification; however, the relatively high cost of these materials has pre-
vented their widespread use. Synthetic materials have generally found use
where the binding of a specific contaminant in the waste is of parameunt im-
portance. Table 2-3 lists geveral synthetic sorbent materials that have been
developed or tested for use wilith hazardous wastes.

Several major technical consideratiens are important in selecting a
sorbent:

a. Quantity needed to satisfy the requirement for having no free
liquid.

b. Compatibility or reactivity of the waste and the sorbent.

€. Level and character of contamination that might be introduced in the
sorbent.

d. Chemical binding properties of sorbent for specific contaminants.

The quantity of absorbent necessary for sorbing =11 of the 1liquid in a
waste to ensure that no free liquid is available varies widely depending on
the nature of the liquid phase, the original solids content of the waste, the
molsture level in the sorbent, and the aveilability of any chemical reactions
that take up liquids during reaction. The ligh degree of variability seen in
gorbents, and the changes in moisture content that can be brought about by
atorage and aging of sorbents, make it necegsary ko test sorbent batches on a
bench scale rather than accepting specific ratios of sorbent-to-waste as con-
etant. Typlcally when fly ash or kilm dust is bedng wsed to sorb an oil
sludge (50% oil, 20% water), soil, fly ash, or kiln dust ratios of 1:1
{absorbent-to-sludge) up to 2,5:1 would be satisfactory. In field practice,
extra sorbent is usually supplied, A program for testing sorbed waste for
release of free liquid sgheuld be a standard part of sorpticn cperations.

The ideal sorbent is an inert, nondegradable, nonreactive material.
Though some sorbents are relatively inert, undesirasble, or even hazardous,
reactions ¢an occur unlese attentionm is paid to the potential for waste and
sorbent to react. Table 2-4 lists a few of the possible reactions that
should be considered when selecting sorbents.
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TABLE 2-1.

TYPICAL PHYSICAL AND CHEMICAL PROPERTIES OF
COMMONLY USED WATURAL SOREENTS

Cation—
exchange  Anion-
Bulk capacity exchange
density (meg/l00 (meq/l00 Slurry Major mineral species
Sorbent (kg/m®) gms) gms) pH present

Fly ash, acidic 1187 - - 4=5 Amorphous sllicates,
hematite, quartz,
mullite, free carbon

Fly ash, baslc 1187 = - 0-10 Calcite, amorphous
gllicates, quartsz,
hematite, mullite,
free carbon.

Eiln dust 641-890 - —_— 9-11 Calecite, quartz, Llime
(Cad) anhvdrite.

Limestona - —_ - 6=7 Calcite, dolomite.

sereenings

Clay minerals 1519 = Various (e.g., illita)

(soils)

Kaolinite 5=15 620 Can be relatively pure
kaolonite.

Vermiculite 100=500 & - Can be relatively pure.

Bentonite 100-120 - - fmectite, quartz,
1i11ite, gypsum,
feldspar, kaclinite,
caleite.

Zeolite 1543  100-300 - - Zeolite (e.g.,
heulondite, laumonite,
gtilbite, chabazite,
ete.)

From: GSheih (197%), Haynes and Kramer (1982), Grim and Guven (1O78).
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TABLE Z-2.

NATURAL SORBENTS AND THEIR CAPACITY FOR REMOVAL OF SPECIFIC
CONTAMINANTE FROM LIQUID PHASES OF NEUTRAL, BASIC, AND ACIDIC WASTES

Hegtral waste

Basic waste

Aeddic waste

Contaminant {caleium fluoride) {metal finishing sludge) (petroleum sludge)
Ca Zeolite (5056)% Tlliee (1280} Zeolite {1390)
Eaolinite [B57) fenlite (1250} Illite (721
Kaolinite (733} Esolinite {10.5)
Cu Zeolite (8.2} Zeoclite (B5) Zeolite (5.2)
Kaolinite (6.7 Kaolinite (24) Acidic F.A, (2.4}
Acidie F.AF (2.1} Acidic F.A. {13} EKaolinite [{1)]
Mg Basic F.A. {135} Eeolite {1328) Zeolite (746)
Tllite {1122} Tllite {110)
Basic F.A. (176) Basie F.A. (1.7}
In Zeolite (10.8)
Vermiculite (4.5)
Basic F.A. (.7
Wi Zeolite (13,5
I1lite (5.1}
Acidic F.A. (3.8)
F I11ite (175} Eaclinite (2.6) Illite {9.3)
Kaolinite (132} I1lite (2.2) Acidie F.A. (B.T)
Acidie F A, (1023 Kaolinite {3.5)
Total Illite (12.13)
CH= Vermiculite (7.6)
Acidic F.A. (2-?}
oD Acidie F A,  (690) I1lite (1744} Vermiculite (G&54)
Illite (L08)  Acidic F.A4, (10803 Illdice {4807
Vermiculite (244) Acidie F.A. (3818)

* Bracket represents sorbent capacity in microprams of contaminant removed

per gram of sorbent used.

t F.A. = fly ash.
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TABLE 2=3.

SYNTHETIC SOBBENTS USED WITH HAZARDOUS WABTES

Sorbent

Waste treated effectively

Actdivated alumina
Aptiveted carbon
Hagorh*
Locksarbt

Imbiber beadsd

Zorbs fluoride Iin neutrzal wastes

Soarbs dissolwved organice

Sorbs water and organics

0il1 emulsionsa

Inert spirits—type ligquids
{eyelohexane)

% Product of Diamond Shamrock Corp.
T Product of Radeccs Corp., Austin, TX.
#* Product of Dow Chemicel Co., Midland, MI.

Sourceg: Product litersture, Pilie et al. (1975}, and Shish ([1979).

TARLE 2-&. TUNDESIRARLE SORBENT,/WASTE REACTIONS
Sorbent Waste type Reaction
Acidie soxrbent Metal hydroxide Solubilizes metal
Acldic sorbent Cyanide Releases hydrogen cyvanlde
Acidie sorbent Sulfide Eeleases hydrogen sulfide

Allkaline sorbent

Alkaline sorbemt (with
carhomates such as
caleite or doelomilte)

Carbonaceous sorbent
{fearbon, celluloae)

filiceous sorbent
{zoil, fly ash)

Ammonium compounds  Releases ammonla gas
Acld wvaste Eeleases carbon dicxide,
which can cause frothing

Oily waste May create pyrophoric waste

Hydroflucric acid May produce scluble
fluorosilicatas
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2.1.1.2 TUgefulness

Sorption has been widely used to eliminate free water and improve han-
dling. Some sorbents have been used to limit the escape of volatile prganic
compounds. Sorbents may also be useful Iin waste contsinment when they modify
the chemical enviromment snd maintain the pH and redox potential to limit the
solubllity of the waste,

2.1.1.3 Limitations

Sorptlon eliminates the bulk flew of wastes from the site, but in many
cases leaching of waste constituents from the sorbent can be a significant
source of pollution. Sorbents are widely used in lined landfills to elimi-
nate or control the pressure head on the liner, but the liner is the major
protection for the surrounding enviromment.

2,1,1.4 Equipment Requirememts

Sorption of wastes requires only that the waste be mixed with the sor=—
bent. This can be done with nothing more than a mixing pit and a backhoe.
More elaborate equipment such as a pug mill or ribbem blender can be used if
better quality comtrol is needed and if other materials handling equipment
(pumps or conveyors) is awveilable,

2:1.1.5 Applications

Mogt large, hagzardous waste landfills are currently using sorption to
satisfy requirements prohibiting burial of liquids. A discussion of =success—
ful aspplication of sorption in waste disposel is presented it Morgan et al.
(1982) and summarized in U.S.EPA (1984). WNineteen million liters {5 million
gal) of oil sludge from a former refinerv site was landfilled onsite after
treatment with cement kiln dust. The process required 3.71 = 107 ke
(40,939 tons) of kiln dust. The mixing was done primarily with standsrd con-
struction equipment at a cost of approximately £15 per cubic meter.

2,1.2 Lime/Fly Ash Pozzolan Treatment Process
2,1.2.1 CGeneral

Fozzolanic materials are those that set to a solid mass when mixed with
hydrated lime., WNatural pozzolanic materials (called pozzolana) consist of
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either voleanic lava messes (tuff} or deposits of hydrated silicic =acid of
mostly organle origin (e.z., diatomaceocus earthl}; these are the "matural ce-
mants" used by the Romans to produce their famous, long-—enduring aqueducts.
Artifieial pozgolana sre materials such a= blast- furnace slag, ground brick,
and some fly ashes from powdered coal furnaces. &4 commen feature of all
pozzolana is the presence of silicie scid (i.e. silicic mineral components
that can react with lime) and frequently appreciable levels of aluminum
oxide, Portland cement differs from pozzolana in that it is a defined mix-
ture of powdered oxides of caleium, silica, aluminum, and iron which result
from the kilm burning (at 1400-1500° C¢) of raw material such as limestone and
elay (marl).

Solidificarionfstabilization of waste using lime and pozzolanic material
requires that the waste be mixed with a carefully selected, reactive fly ash
{or other pozzolanic material) to a pasty consistency. Hydrated lime (cal-
cium hydroxide) 1s blended into the waste-fly ash mizture. Typlcally, 20 to
30% 1ime is needed to produce a strong pozzolam. The resulting molst mate-
rizl is packed or compressed into a2 mold to cure or is placed in the landfill
and rolied.

Standard testing systems (ANSI/ASTM C-311-77) and standard specifica-
tiong TASTH CH18=80) exist for pozzolanie materials, especially for f£1¥ ash
(ASTM 1973). The specifications take into account both the chemical composi-
tion {Z8§104, E805, and moisture content) and physical properties (fineness,

pozzolanic activity with lime, specific gravity). By usisg fly ash that
meets the specification for a bituminous coal fly ash (Type F) or a sub-
bituminous coal fly ash (Type C), pozzolanic activity greater than a speci-
fied minimum can be guaranteed. Type C fly ashes have enough lime {more than
10% Ca{0H)9) that they are not only pozzolanic but are also self-cementing.

2.1.2.2 Usefulness

Lime/fly ash treatment is relatively inexpensive, and with careful selec-
tion of materisls an excellent solid product can be prepared. In general,
fly ash/lime solidified wastes are not considered as durable as pozzolan-
Portland cement composites (Malone et al. 1380). Leaching losses from
pogzolan—waste materials have been comsidered to be relatively high compared
with those for pozzolan-Portland cement waste products (Malone et al. 1983),
In diffusion-type leach testing of = variety of solidified waste produced
from a standard metal-rich weste, the 1ime-fly ash based materisl prepared
from a metal solution or a2 liquid sludge showed Levels of contailnment that
were as good as any pozzolan-Portland cement treated waste. However, the
gsample of lime/fly-ash-treated waste disintegrated in the leaching solutlon
{Cote and Hamiltom 1983).

Table ?-5 egtimates the quantity of additives requirad per unilt volume

of waste for adequate treatment of six different waste types. Thiz table 1=
furnished to provide an example of an applicatlon, not design information.
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Hote that when waste lime was used, the materials requirement incressed 60F
to 70%. Bentonite addition reduced gubstantially the amount of fly ash
required,

TABLE 2I-5. AFPROXIMATE REAGENWT REQUIREMENTS FOR SOLIDIFICATION OF VARIOUS
WASTE TYPES USING LIME AND FLY ASH#®

Lime, flv agh,

Commercial lime Waste 1lime and bentonitet
Waste (kg/ L) (kg/2) (kg/2)
Spent brine 3.2 5.4 2.2
Metal hydroxide sludge 2.9 5.6 1.1
Copper pickle 1.8 2.6 0.7
liquor sludge
FeCly pickle 2,5 4.0 1.9

liquor sludge (=1.5% HCL)

Sulfuriec acid
plating waste 3.0 5.2 2.3
(>15% Hs50,)

0ily metal 0.6 0, 84 0,54
gludge (oil and grease)

% Aftrer Stanceyk et al. (1982).
T Proportions not specified.

2.1.2.3 Limitations

Common problems with lime-pozzolan reactions invelve interference with
the cementitlous reaction that prevents bonding of materials. The bonds in
pozzolan reactions depend om the formation of caleium silicate and sluminate
hydrates. A number of materials (such as sodium borate, caleium sulfate,
potagsium bichromate, and carbohydrates) can interfere with this reaction,
Oils and greases can also physically interfere with bonding by coating waste
particles. The cementing system is strongly slkaline and can react with cer—
tain waste to release undesired materials such as ges or In leachata.

2,1.2.4 Equipment Regquirements

The uge of the lime/fly ash pozzolan processes requires more complex
equipment than systems using sorbent materials only. In one treatment Evatem
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uged for open sludge ponds, fly ash is mixed with a waste using a backhoe to
form a moist mass that can be easily handled with a shovel. The waste/fly
ash mixture is then loaded onto a welghing cooveyor, and a metered amount of
1ime 1s sdded. The mixture is run through a pug mill and loaded for place-
ment in & landfill. Other systems pump the sludge directly into a pug mill
ar ribbon blender, where the reagents are blended; they then pump the treated
product directly to the final disposal area.

2.1.2.5 Applications

Lime/fly ash stabilizationfsclidification systems have been successfully
used in managing hazardous wastes. However the comtalmment performance genér-
ally is such that a hazardous waste would still be classed as hazardous after
processing, Lime/fly ash-sorbent-based lapdfills have been established using
liner and monitoring systems to ensure safe disposal.

2.1.3 Pozzolap~FPortland Cement Systems
2.1.3.1 General

A wide variety of treatment processes Ilncorporate Portland cement as a
binding agent. Fozzolanie products (materilals with fine-grazined, nonerystal-
line, reactive silica) are frequently added to Portland cement to react with
any free caleium hydroxide and thus improve the strength and chemical resis-
tance of the concrete-like product. In waste solidification, the pozzelanic
materials (such as fly ash) are often used as sorbents. DMuch of the pozzolan
in waste processing mey be inactivated by the waste. Any reactlon that does
gocur between the Portland cement and free silica from the pozzolan adds to
the product strength and durability.

Waste-solidifying fermulations based on Portland and pozzolan-Fortland
systems vary widely, and a variety of materials have been added to change
performance characteristics. These include soluble gilicates {Falcome et al.
1983), hydrated silica gels, and clays such as bentonite, illite, or attapul=-
gite. Approximate reagent requirements for some example applications are
given in Table 2-6.

The types of Portland cement used for solidificatlon can be selected =0
as to emphasize a particular cementing reaction (Begue 1935}. Five major
types of Portland cement are commonly produced:

a. Type I is the typical cement used In the construction industry. It

constitutes more than 907 of the cement manufactured in the United
States,
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TABLE 2-6. APFROXIMATE FPORTLAND CEMENT AND FLY ASH REQUIRE-
MENTS FOR SOLIDIFICATION OF VARTOUS WASTE TYPES#

Waste

Cement/fly ash
(ka/l waste)

Spent brimne

Metal hydroxide
sludge

Copper pieckle
liquor sludge

FeCls pickle
Iiquor sludge

Sulfuriec acid
plating waste
(>15% (Hp504)

01ily metal
sludee

(>1.5% HC1)

3.8

2.5

1.9

3.5

3.8

0,96

* After Stanczyk et al. (19823,

The proportion of portland

cement to fly ash was not given.

Type I1 is designed to be used in the presence of moderate sulfate
concentrations (150 to 500 mg/kg), or where moderate heat of hydra-
tion iz required. Type II has & low-alumina-content (less than 6T
Al 3.} cement.

273
Type III has = high early strength and is used where a rapld set is
regquired,

Type IV develops a low heat of hydration and is usually preacribed
for large~mass concrete work., This type typicaelly has a long set
time,

Type V is a special low-alumine, sulfate-resistant cement uged with
high sulfate concentrations (i.e more than 1500 mg/ke) .

Type I Portland cement is widely used for waste solidification due to

its availability and low cost.

Types II and V have been used to a limited

extent. They offer the advantage of having relatively low tricaleium alumi-
nate cotitent. Higher aluminum-content cement cen underge a repid reaction
with sulfates fHaESDﬁ, Kzﬂﬂﬁ, {HH&}Eﬁﬂﬁ, and HgSD#} from a waste or sur-

rounding ground water te form crystals of hydrated calcium alumino-sulfate.
The reaction products oecupy a much larger volume than the original
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caleium sluminate hydrate and the expansion cracks the curing waste/concrete
MAES «

Cement/£ly ash processes typically are used in conjunction with sorbents
or other additives which decrease the loss of apecific hazardous materizls
from the rather porouws, solid preducts. Such adaptations of the technology
are also often necessary because some materials inhibit the binding action in
Portland cement. Additives used in Fortland cement have includad:

a. Soluble silicates, such as sodium silicate or potassium silicate.
These apents will generally "“flash set” Portland cement to produce
a low-strength concrete. Research with soluble silicataes indicates
that these materials are bemeficilal in reducing the interference
from metal ions in the waste solution {(Columbo and Weilseom 1978;
Falecone et al. 1983).

b. Selected clays to absorb liquid esnd bind specific aniens or
cations. Work with bentenite as an additive indicates that they
reduce the amount of absorbent required in low-solids mixtures
(Skanczyk et al. 1982).

c. TFoulsifiers and surfactants to allow the incorporation of immis-
cible orpesnic liquids. Research in the nuclear waste field has
indisated thet waste turbine oil and grease can be mixed into
cement blends 1f dispersing agents are used and if the proper
mixing system is employed, but process detalls were not discusseéd
(Phillipa 1981}.

d. Proprietary absorbents that gelectively bind specific wastes.
These materials include carbon, silicates, zeolitic materials, and
cellulosic sorbents; they held toxic comstituents and are encapsu-
lated with the waste.

£ Lime (CaD) to raise the pH and the reaction temperature and thereby
improve setting characteristics.

2.1.3.2 Usefilness

Cemant-based solidificstion and stabilizatlon systems have proved to be
some of the most wersatile and adaptable methods. Waste/concrete composites
ecan be formed that have exceptional strength and execellent durabllity, and
that retain wastes very effectively (Malone et al. 1980%. The addition of
aelected sorbents andfor emulsifiers often overcomes the problem of pollutant
migration through the rather porous solid matrix and consequently lowers the
leaching losses from the treated wastes.
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2.1.3.3 Limitations

Fozzolan-Portland cement wastes have limitations that relate to the ef-
fects of the waste on the setting (retardation From calcium sulfate, borates,
carbohydrates, ete.) and stability of the silicates and aluminates that form
when portland cement hydrates. Additionally other materisls such as oil and
grease or large amounts of soft, fine wastes can prevent honding of particles
in the waste and lower strength. Acidic or acld-producing materisle such ==
sulfidezs can react with carbonate and hydroxides and destroy concrete after
getting has oceurred.

The very high alkalinity of hydrating Portland cement can cause the evo-—
lution of asmonia gas if smmonium ion is present in abundance in the waste.
Some metals have increased selubility at the very high pH's that occur in the
cement hydration reaction (e.g. nickel, lead, and zinc).

2.1.3.4 Equipment Requirements

Commercial cement mixing and handling equipment can generally be uszed
with wastes. Weighing conveyors, metering cement hoppers, and mixers similar
to concrete batching plants have been adapted in some operations, Unless
savere corrosion occurs, mo adaptation of equipment is required. Where ex-
tremely dangerous materials are being treated, remote-controly in-drum mixing
equipment such as that used with nuclear waste can be emploved.

2.1.3.5 Applications

A number of commercial solidification vendors are currently eperating
using variations of pozzolan-Portland cement syetems. Many use speecific
gorbents, additives, and proprietary formulations developed to answer the
needs of specific clients,

2.1.%4 Thermoplastic Microencapsulation

2.1.4,1 General

Thermoplastic microencapsilation has been guccessfully used in nuclear
wagte disposal and can be adapted to special industrisl wastes. The tech-
nique for isclating the waste involves drying and dispersing it through a
heated, plastic matrix., The mixture is then permitted to cool to form a
rigid but deformable solid. In most casesz it is necessary to use a gcontainer
such as a fiber or metal drum to give Che material a convenient shape for
transport. The most common material used for waste incorporation is

2-15


Cheryl Taylor
2-15


asphalt; but other materials such as polyethylene, polypropylene, wax, oT
elemental sulfur can be employed for specific wastes where complete contain-
ment is important and cost is mot a limiting factor.

2.1.4.,2 TUsefulness

The mzjor advantage that thermoplastic (asphalt) encapsulation offers is
the ability to solidify wery soluble, toxic materials. This is a unique
advantage that cement and pozzolan systems cannot claim. If, for axample,
the wastes are spray-dried salt, there are few useful alternatives to micro-
encapsulation., The asphalt encapsulation process can be used with moist salt
and the mixer-extruder can be used to remove (and recover, if necessary)
water or other solvents associated with the wastes. Drying the waste results
in a substantial weight reduction over the original material and partly com-
pensates for the additional weight of the asphalt matrix.

2.1.4.3 Limitatioms

Compatibility of the waste and the matrix becomes & major consideration
{n using thermoplastic microencapsulation. Most matrices employed with
wastes are reduced materisls (solid hydrocarboms or gulfur} that ecan react
{combust) when mixed with an oxidizer at elevated temperatures. The reaction
can be self-sustaining or even explosive if perchlorates or nitrates are
involved.

Other compatibility problems relate to wnusual softening or hardening of
the wastefmatrix mix. Some solvents and greases can cause asphalt materlale
to soften and never become rigid solids. Borate salts can cause hardening at
high temperatures and can stall or clog mixing equipment. Evlema and toluene
diffuse quite rapidly through asphalt.

Salts that partially dehydrate at the elevated temperatures used in mix=
ing can be a problem. Scdium sulfate hydrate, for example, wlll loae some
water during asphaelt incorporation and if the waste/asphalt mix containing
the partially dehydrated salt ls scaked in water, the mass will swell and
crack due to rehydration, This outcome can be avelded by pliminating ea=sily
dehydrated salts or by coating the outside of the asphalt/waste mass with
pure asphalt (Doyle 1979). Chelating and complexing agents {evanides and
ammonium compounds) in waste have been shown to seriously compromise the con-
tainment of heavy metal wastes (Rosencrance and Fulkarni 1979). If care 1s
taken to pretreat the waste to eliminate oxidizers and destroy complexing
agents, the containment of the waste in asphalt is superior to poz=olan or
pozzolan-Fortland cement solidification.

Thermoplastic encapsulation requires complex, speclalized mixing equip=

ment and & trained operations staff to ensure safe, consistent operation.
The requirement for drying the waste and melting the matrix material makes
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the power consumption for waste solidification quite high compared with that
for pozzolan and pozzolan-Portland ecement avetemns.

2.1.4.4 Equipment Requirements

Specialized equipment is required to ensure thorough mixing of the wvig—
cous materlal under controlled temperature conditions. The mixers or sxtru-—
ders used in waste solidification are similar to those used in the plastic
industry where coloring and filler materials are generally added to raw
plastice. When hazardous wastes are treated, the waste materials replace the
filler. Temperatures ranging from 130° to 230° € are used during mixing,

Screw-extruders that are routinely wsed in preparation of plastics for
molding are the major type of equipment used in waste microencapsulation.
These systems have staged heating and kneading of the waste and matrix mate-
rial to ensure homogeneous blending of waste and matrix. Waste treatment
systems are adapted from standard extruders by adding fume control, gafety
equipment interlocks, and systems for handling wastes without exposing the
operators to undue hazard.

2.1,4,5 Applications

Thermoplastic microencapsulation has been widely used in nuclear waste
disposal, and application to industrial waste disposal has been projected,
for instance, in disposal of aregenical wastes. Success with nuclear waste
disposal has been well documented (Doyle 1978).

2.1.5 Macroencapsulation or Jacketing Svstems
2,1.5.1 General

Macroencapsulation systems contain potential pollutants by bonding an
inert coating or jacket around a mass of cemented waste or by sealing them in
polyethylene-lined drums or containers. Thie type of waste stabilization is
often effective when others are not because the jacket or coating of the out-—
gide of the waste block completely isclates the waste from its surroundings.
The waste may be stabilized, microencapsulated, andfor solidified before
macroencapsulation so that the external jacket becomes a barrier designed te
overcome the shortcomings of available treatment systems.

4 macroencapsulation system that has been proposed for use with hazard-
ous wastes involves dyying the wastes and bonding the dried material into a
compréssed block using polybutadiene, Polymerization of the binder requires
heating the waste sample to 120°C to 200°C under slight pressure. The block
is placed in 4 mold and surrounded with powdered polyethylene, The
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polyethylene 15 then fused into a solid jacket using heat and pressure. In
the proposed system, a 3.5-mm-thick jacket would be fused over a 450-kg
block. The polyethylene would amount to approximately 4% of the mass by
weight (Lubowitz and Wiles 1978).

2.1.5.2 TUsefulness

Macroencapsulation can be used to contaln very soluble toxie wastes.
Leaching of the waste can be eliminated for the life of the jacketing mate-
rial. This process has been used a2t remedial sites as drum over-packs te
contain wealk or leaking drums and containers.

2.1.5.3 Limitations

In some syvstems, the wastes have to be dried before they are fused into
a bloek, thus Increasing the risk of the release of wolatile towics. Fur=-
thermora, the waste must not Teact with the binder or jacket materials at the
elevated temperatures required for fusing and forming & jacket. The jacket-
ing material may have to be protected from chemical or phote degradatlon or
physical stresses after dispesal. Equipment such as special molds on pro-
cessing machinery i=s highly techndeal and requires highly skilled labor
unless loose—fitting over—-packs are used.

2.1.5.4 Equipment Requirements

HMacroencapsulation requires specisl molds and heating equipment for fus-
ing the waste and forming the jacket. Molding equipment would have to be
custom fabricated for weste handling.

2,1.,5.5 Application

Macroencapsulation has been bench tested on a number of different
wastes, but it has not been tested in a full-scale operation (Lubowitz and
Wiles 1970}, Results of bench testing ave encouraging, but larger-scale
operations have not been pursued.

2.2 Compatibility of Wastes and Treatment Processes

The chemical reactivity of the waste generally controls the selection of
waste stabilizationfsolidification options and its optimization. Table 2-7
sumarizes the major chemical considerations that direct the selection of a
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TABLE 2-7.

SULIDIFICATION TECHNIGUES

COMPATIBILITY OF SELECTED WASTE CATEGORIES WITH DIFFEHENT STABILTZATION,/

Waste component

Treatment Type

Cament based

Pozzolan based

Thermaplaztie
rlcroencapsulation

Surface encapscelation

Grganicg

Ubganic splventa
and oils

Solid organics
(e.g., plastics,
rezins, tars)

Inatganics
hedd wagptes

Ozidizers

Sulfapes

Ralides

Heavy metals

Radiancteive
materials

Hay impede setting,
may egcape as
VARRT

Gogd==pfren in-
ereases
durabiliey

Cenent will nau-
tralize acids

Compacible

May retard secting
ardl cause apal-
ling unless
special ecement is
uged

Easlly leached From
cement; may
retard seeting

Compatible

Compatible

Hay Impede setting,
WAy egcape as
Yapor

Good==gftan fncreases
durability

Comparible, will
neutralize acids

Conpatible

Compatible

May retard sek,
misE are easily
leaehed

Campatible

Compatikla

Organics may vaporize
on hearing

Pogseible wze as
hinding agent In
thiz eyscem

Can be nentralizad
bafore inearporation

Hay ecavpse matrdix
breakdown, Lire

May dehydrace and

Tahydrate causing
splitting

Hay debhydrate
ani rehydrate

Compatible

Compatible

Mugst f£irgt be absorbed op
s0lid matrix

Compatible——nany encapsulatian
materlals are plastic

Can ba meutralized before
Incorpocation

Hay cause deterloration of
encapeularion materiala

Conparcible

Compacible

Compatible

Compatible

After Malene et al, (1980].
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particular waste stebilization/solidification system. Most golidification
systems will work under adverse circumstances if adaptations arve made In the
waste or the processing train. Many compatibility problems can be overcome

by speclfying pretreatment steps to dastrovy or tie up some undesirable waste
constituent.

2.3 Pretreatment Techniques for Waste Solidification

Pretreatment systems, which overlap with stsbilization and sorption pro-
cesges, can be used to achleve a number of results that condition the waste
to engure better and more economical containment after the remaining mata-
rials have been stabilized and sclidified. These include:

a. Destruction of materials (such as acids or oxidizers) that can react
with solidification reagents (lime or Portland cement}.

b. Reduction of the volume of waste to be solidified (using processes
guch as settling or dewatering).

¢. OChemical binding of specific waste constiltuwents to solid phases
added to scavenge toxic materials from solutiom and hold them in
golids.

d. Technigues for improvimng the scele on which waste processing can ke
done—for example, bulking and homogenizing waste to allow a single
golidification system to be used without modification on a large
volume of waste.

Heutralization, oxidation or reduction, and chemical secavenging stabil-
ize the waste in that they bring the chemical waste into an inert or less
aoluble form. Dewatering, consclidstion, and waste-to-waste blending are
also useful pretreatment methods which reduce the waste volume or numbers of
different waste forms requiring treatment.

2.3.1 Weutralization

Most binder systems can operate well with wastes that are approximately
neutral {pH 7.0), though alkaline wastes are also desirable in many circum—
stances where it is necessary to minimize solubility. Many toxic metals are
smphoterie (show incressed solubility at both high end low pH's) and by ad-
Justing the pH it is possible to produce & minimum amount of matal in the
supernatant liquid (Figure 2-2}. Depending upon the metals present, the op-
timum pH is usually between 9.5 and 11, which offers the advantage of requir-
ing less treatment of the discharged water produced by subsequent dewatering.
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Figure 2-2. Theoretical solubilities of selected amphoteric metal
hydroxides.

The gelectlon of a neutralization agent is important in reducing the
emount of leachable material in the waste. A common bese used in neutraliza-
tion is sedium hydroxide; however, resulting sodium salts typically have very
high solubilities, and the gupernatant liquid and sluwdge produced in neutral-
ization will have higher levels of soluble materiale than If other bases were
uged. Calcfum hydroxide or celcium carbonate may be a better cheice for neu-
tralization because the resulting salts are generally less soluble than
godium salts. Calcium hydroxide and calcium cerbonate alse are availabls

inexpensively Iin a relatively pure form,
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Calelum carbonate offers the advantage that many carbonate metal salts
are insoluble (for example, lead carbonate has a low solubility) and the car=
bonates are compatible with both Portland cement snd pozzolan material. How-
ever, nmeutralization with carbonates ean cause frothing due to evolution of
carbon dioxide. Excess calelum hydroxide in Portland cement is thought to
make the materisl more reactive to sulfate attack (Bamachandran 1976; Bogue
1955). Im pozzolan materisle, excess lime would react with free silica and
ghould not pose a problem. DeRenzo (1978) and EPA (1982) discuss equipment
needs and design for precipitatiom eystems that use neutralizatiom.

?.3.2 QOxidation/Reduction

In some cages, the most Iinsoluble form of a toxic constituent is associ-
ated with & specific oxidationfreduction state. Tron, for example, is much
less soluble at alkaline pH's in its oxddized state. Chromium in its oxi-

dized state {Gt+ﬁ) is more mobile than the reduced chromium {Er+3) in am
alkaline solukblon.

The usuzl tachnique fnvelved in oxidizing or reducing hazardous materi-
ale to 8 =stable, insoluble state invelves addition of hypochlorite, chlorate,
persulfate chiorine or peroxide (oxidizers), or sulfides, ferrouws =salta, or
sulfur dioxide gas (reducing agents). A discussion of oxidation-reductiom
systems along with equipment design is givem in DeRenze (1978), U.S. EPA
(1982), and Hemerow (1971}.

Oxidation of toxie organic constituentz using UV—ozone or chemical oxi-
dizers can lower the toxicity of the final product and the amount of fixation
reagents reguired. And, of course, incineration can be considered an oxids-—
tive pretreatment because it usually generates s reszidue or scrubber sludge
residual which often requires further treatment and disposal.

2,3.3 Chemical Scavenging

Chemiczl scavenging invelwves the use of some s0lld chemical agent to
chemsorb or react with end bind up some specific waste constituent. This
procedure is significantly different from adscrption, where the goal of the
operation is to soak up free liquid and adsorb ions in solutiom. Chemical
gcavenging srents, many of which are proprietary, Include chemically active
adsorbents (for example, activated carbom), specific types of clays, ion
gxchange resing, natural and artificisl =zeclites, silica gels, and finely
divided metal hydroxides (ferric hydroxide or aluminum hydroxide).

In all ecazes, an attempt showld be made to ansure that the scavenging
agent iz compatible with the waste and the solidificarion resction. Selected
upe of scavengers can greatly reduce the requirement to treat the discharge
water after dewatering of the wastes. Scavenging can also assist in compli-
cated treatment problems. For example, in the solldification of & paint
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stripping waste that contained phenol and a chrome (Cr+3} paint pigment,
attempte to oxidize the phencl with permanganate also oxidized the chromium
and increased its leaching. Without treatment, the phenol leaching rate was
unacceptable. A suitable scavenging materisl such as formaldehyde would be
able to react with the phenol and reduce its leaching rate while leaving the
chromium in its lower (less soluble) valance stete.

Seavenger materials often improve golidification performance without
adding apprecisbly to the volume of the waste. Scavenging materials, such as
flocculating agents like polyelectrolytes or aluminum hydrozide or iron hy-
droxide, also assist in waste concentration or dewatering by improving the
settling characteristics of fine-grained wastes in suspension,

2.3.4 Dewatering and Consolidation

Solidification systems can be made more economical by reducing the wol-
ume of waste to be treated by dewatering. Dewatering can also be used to
lower the water content of the solidified waste which, in turn, lowers the
leachabllity of the waste, A strong correlation is found between the leach-
ability and the water content of solidified waste, which indieates diffuszion
of contaminants probably occurs through the pore liquid in solidified waste
matrices (Cote and Hamilton 1983)}; thus a dryer, solidified product will have
lower contaminant mobility.

Design of dewatering systems is discussed in DeRenzo (1978) and EFA
(1982). A comparison of stabilization of dewatered and undewstered indus—
trial sludge reported by Cote and Hamilton (1983) indicated the finsl volume
after dewatering for a typical metal hydroxide waste was about 35% of the
initial volume. Dewatering the metal waste increassed containment (2= mea—
sured by diffusion testing) and decreased costs due to lower fixation reagent
requirements and less final product requiring disposal.

2.3.5 Waste-to=-Waste Blending

Except in the case of extremely toxic wastes, it is generally not prac—
tical to set up stabllization/solidification systems to handle small volumes
of waste, especially if the wastes vary significantly in their compatibility
and containment performance in a selected process. At some point in the re-
medial action planming it is necessary to mix or bulk wastes in order to ob=
taln sufficient volume for efficlent pretreatment, stebilization, and/or
solidification. If the nature of the waste permits bulk mixing before a
treatment, then a simpler, large-scale pretreatment operation can be under-
taken and & large mass of homogeneous material (feed atock) will be available
for processing. OGuildelines for mixding or bulking of wastes are given in
Chemical Manufacturers Association (1982) and in Hatayma et al. (1981). The
water separation and blending systems depend on identifving materials that
have similar composition and pH and oxidation/reduction characteristics.
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Thizs same type of waste classificstion and blending is needed to develop feed
stocks for pretreatment as well as to provide economy by processing large
volumes.

When the reactions between differemt types of wastes (for example, acids
and bases, or oxidizers and reducers) can be comtrolled and no unwanted side
reactions oceur (such as generation of H,5 or HON zas}, the waste blending

becomes a treatment step where the wastes themselves are treatment reagents.
Blemded waste can then be further treated 1f additional pH adjustment or oxi-
dation=reduction treatment fis needed.
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SECTION 3

PHYSICAL AWD CHEMICAL CHARACTERIZATION OF UNTREATED WASTES

3.1 Physical Cheracterization

The physical characteristics of a waste material are important in deter—
mining the handling requirements for a waste. The equipment and methods for
moving, storing, and mixing the waste will be determined by the range of
physical characteristics involved. In many cases initial testing will result
in a declslon to Introduce a preliminery dewatering or sorption step to pro-
vide a wore easily handled solid with uniform phvsical characteristics. Fhy-
glcal characteristics that would be determined include:

4, Percent moisture (water content)

b. Suspended solids

¢. Bulk density

d. Grain-size distribution

#. Atterberg limirs

f. Cone index or Callfeornia bearing ratio

g. Unconfined compressive strength
Obvicusly some of these characteristics may not be useful because of the con-
ditions of a particular material. If the waste iz impounded, the testing
program should be designed to consider the condition of the waste after re-
suspension or partial dewatering or additiom of an adsorbent. A detailed
discussioen ¢f a range of physical testing procedures applicable to solidifi-

cation and stabilizatiom of hazardous materizls is presented in Bartos and
Palermoe (1977).

3.1.1 Percent Moisture or Water Content

Water content iz defined as the ratfo of the weipght of water to the
weight of solids and % expressed as & percentage. The percent moisture or
Water content i3 used to develop requirements for pretreatment {settling,
flocculating, filtering, and absorbing) and for designing solidification
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procedures for the trested materisls. Frocedures for determining water
contant are given in Appendix I of U.S5. Army (1972) and ASTM DZ2I6-71 (ASTH
1973).

3.1.2 Suspended Solids

The amount of suspended solids is used to determine the materials ham—
dling requirements for the weste-=that ia, to determine if the waste can be
pumped or whether ancther conveying system should be used. The suspended
golids can alsc be uwsed to predict volume decrease due to settling (primary
conzsolidation) or water removal. Table 3-1 pives a typical classgificstion
aystemn for the consistencies of slurrled materials based on handling and
proceseing requirements (Wysa et al. 1980).

TABLE 3-1. HAZARDOUS WASTE CONSISTENCY CLASSIFICATION

Conzistency category Characteristics

Liquid waste «1% suspended solids,* pumpable liguid, generally too
dilute for sludge dewstering operation.

Fumpable waste <10% gpuspended solids,* pumpable liquid. generally
guitable for sludge dewatering.

Flowable wasta *10% suspended solids,* not pumpable, will flow or
raelease free liquld, will not support heavy egquip=
ment, may support high flotation equipment, will
undergo extensive primary consclidation.

Henflowable waste Solid characteristica, will nmot flow or release free
liquids, will support heavy equipment. may be 100F
gaturated, may undergo primsry and secondary
conzgolidation.

# Buspendad sollds ranges are approximate.

From Wyss et al. (1980).

Suspended solids (or settleable matter) can be determined using
Method 224F(a) ss given im APHA (1971). This method i1s equivalent to EF4
Standard Method for Settlesble Matter (Storet WNo. 50088) as given in U.5. EFA
(1979). Settleable matter ie usuwally given in milliliters per liter wvolume
of waste suspension.
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3.1.3 Bulk Density

The bulk density, or bulk unit weight, is the ratio of the total weight
(solids and water) to the total volume, These basic data are needed to
convert weight to volume In materials handling calculations. Procedures for
determining bulk unit weight are given in Appendix II of U.5. Army (1972).

3.1.4 Grain=5ize Distelbution

The grain-size distribution of an industrial waste becomes important in
designing remedial actlons. Fine-grained wastes generally present more han-
dling problems and are subject to wind dispersion. Fine-prained wastes also
present problems in producing high-strength scolidified waste. Large PErCet—
tages of fines lower the ultimate strength developed in concretefwaste
compogites,

Grain-size analyses are performed using methods described in Appendixz V
of U.5. Avmy [1972) or ASTM D422-63 (ASTM 1973). Preparation of gamples for
graiti-size analysis usually follows specifications given in ASTM D421-58
(ASTM 1973).

3.1,5 Atterberg Limits

The Atterberg limits test determines the water contents of the material
at the boundaries between its plastic and liquid states. The plastic 1imit
is the water content at which the waste will start to crumble when rolled
Into & 3-mm thread under the palm of the hand. The liquid limit iz defined
as the lowest water content at which the sludge will flew as a viscous 1lig-
uld. The Atterberg limits are used in classifying fine-grained materials to
estimate their properties such ae compressibility, strength, and swelling
characteristics; these provide an indication of how the material will react
when streased.

& full discussion of the test and the equipment invelved iz given in
Appendices III and IITA of U.S. Army (1972) and ASTM tests D424=59 and
DAZ3-66 (ASTM 19733,

3.1.6 Cone Index

These teats involve forcing & standard cone into a sample of soil or
other granular material and determining the resistance offered by the medium
being tested. These tests are typically used to examine the ability of a
subgrade soil to support a load (trafficability), but they are equally walu=-
abhle in examining the stremgth of in-place wastes. Details on the test
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procedures and interpretatlon are glven in Sowers and Sowers (1970) and

U.S. Army (1972).

3,1.7 TUnconfined Compresszive Strength

Uneonfined compressive strength can only be measured on samples of cohe=-
sive or cemented waste. This tyvpe of test imvolves preparing a cylindrical
gpecimen and leading it axially to fallure. The test load iz applied at a
fixed rate of strain and compressive stresses are recorded as loading pro—
gresges. Unconfined compressive strength tests are used to determine bearing
cepacity and shear strength of cohesive materials. Shear strength ls an
important factor in determining the ultimate bearing capacity of the mate-—
risl, embankment stabilities, and pressures on retaining walls holding the
material in place.

The standard test procedure is given im Appendix XI of U.5. Army {1972)
and ASTH Standard Method D2166-66 [ASTH 1973). This type of testing requires
that an average value be determined from a series of multiple samples.

3.2 Chemicel Characterizstiom

The requirements for chemicslly characterizing wastes present at reme-—
dial action sites vary widely depending on preliminary information on the
types of waste involved., Any program of chemicsl analyses and testing should
be designed to discover the following:

8. The degree of hazard iavelved in handling and treating the wastes.
These data are used to develop requirements for protective clothing
and adaptatione required for mixing snd transporting equipment.

b. The presence of interfering materials that can complicate
stablilization/solidification, These dats are used to develop pre—
treatment alterpatives.

¢, The competibility of wastes that would permit the mixing and consol-
idation of wastes for pretreatment and stabilizatiom/
golidification. This type of testing allows more sconomical opera-
tion and continuous processing of bulked wastes.

Tegsting programs oriemted toward defining the degree of hazard involwved
in a waste material sre ocutlined in U.S5. EPA (1980). This type of testing
concentrates on guantification of potential toxicatts and screening for pri-
ority pollutante. Any program designed to evaluate the contaloment developed
during stabilization/solidification must be beased on consideration of the
bull composition of the waste. Leach testing of the treated waste will gen-
erally concentrate on the most potentially dangerous or soluble compounds
discovered in the waste.
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Chemical compounds thet can present problems during stabilization/
golidification may be relatively common, nontoxic materials. 011 and grease
may interfere with pozzolan-Portland cement based processes. High concentra=
tions of sulfate can cause swelling and apalling of pozzolan~Portland cement
solidified wastes. High sulfate concentrations can be reduced by lime addi-
tion. The testing and analysis program will vary with the sclidification
process oY processes baing considered for uwse. Teble 2=7 lists some of the
constituents that can affect the performance of different stabilized/
golidified waste materials and pretreatment options available to aslleviate
the problem.

Testing procedures for consolldating hazardous wastes have been devel-
oped to assist In segregating chemically compatible waste for storage and
transportation. These ssme protocols can be adapted for screening hazardous
waste for pretreatment and stabilization/fsolidification. A gemeral system
designed for consolidatling drummed waste is given in Chemicsl Manufacturers
Asgoclation (19832). A more general compatibility testing procedure and a
waste compatibility matrix are available in Hatayma et al. (1981).
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SECTION 4

SELECTION OF STABILIEATION/SOLIDIFICATION PROCESSES

4.1 Background

In undertaking any remedial action invelving stabilization/
golidification at an uncontrolled waste site, a number of problem areas have
to be addressed. These include:

o

Characteristics of the present waste disposal site. The geologic
and hydrolegic setting of the site determines to & great degree the
feasibility of leaving the treated waste material on the site. 4n
action could invelve closing a site in place or constructing @ new
facility to contain the solidified waste onsite, Stabilizetion and
golidification always Increases the volume and mass of material to
be disposed; therefore, solidification and transportation offsite
iz generally a more expensive option than shipping untrested wastes
to a hazardous waste landfill.

Character and wolume of the waste to be stabilized or solidified.
Wastes that are hazardous due to flammability, corrosivity, rTesctiv—
ity, infectiousnese, or other properties that would normally exclude
secure land burial usually capnot be solidified and disposed of by
landfilling without adequate pretreatment. Wastes which are hazar—
dous due to toxieity as defined by the Extraction Procedure {EE)
testing benefit by stabilization and solidification in that it can
decrease the concentration of toxic materisl in the EP leachate.
Wastes that present specific problems (such as escape of volatile
organics) may not be effectively contained using any economical
stabilization/solidification technique although new sorbents are
being developed te overcome these difficulties., Mixed wastes that
require several pretreatment ateps to produce solidification can
become too expensive to process when costs are compared with those
for transportation and seeure land burisl in a RCRA-permitted site.
Small volumes of waste are often not economical te solidify or
astabilize. At some sites where the wastes can be most easily
handled by transportation and burial in a secure landfill, the least
contaminated residual materials, such as sludges and contaminated
goils, cen be stabilized/sclidified and landfilled in place, In
every case, a cost comparisen is a prime concern in examining
stabilization/solidification options.
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¢, Degree of hazard invelved in handling the waste. The safety ve-
quirement for handling wastes in some circumstances is so great that
gtabllizationfaolidification for onsite disposal must be passad over
to reduce long~term exposure to site personnel and Iphabitants in a
loecal area. Again, In such cases, marginally contaminated, high
volume materlals (soils or sbsorbents) wmay be the only materdal
golidified and left onsite, although the bulk of the waste may he
fixed to make its handling or its ultimate disposal safer and more
economical.

d. Possible slte modifications to provide for ultimate diaposal. Where
the waste site in an unmodified condition would be unacceptable due
to an undesirable geologic or hydrologic setting, engineering modi-
fication such as liners and drainage control may overcome site prob-
lems. Waste solidifiecation can provide part of the required con-
tainment, and =site modifications can complete the safe containment
program.

A definition of how stabilization/selidification is to be employed at a
gpecific remedial action site should result from these consideratiomns. For
instance, the wastes may be solidified and ultimate disposal involve burial
onsite, or contaminated soils or absorbers may be selidified and buried on-
gite, while the waste themselves are transported. If solidification systems
alone do not provide = high encugh degree of protection, it may be necessary
to modify the site to provide improved waste isolation.

Once decisions have been made on the role of solidification and the
types and quantities of material to be solidifiled, it is possible to develop
specifications for the stablilized/solidified waste. The nature of the waste

and the containment properties required of the stabilized/sclidified material
determine the type of processing that canm be used.

4,2 Specifications for Stabilized/Se¢lidified Wastes

Specifications for stabilized/fsclidified wastes can include these
characteristics:

a, Leachability of waste compoments to contacting water.

b. Free liguid contemt of waste.

c. Physicsl stability of waste under burial conditions.

d. Reactivity of waste.

e, Ignitability or pyrophoricity.

£f. BSusceptibility to blodegradation.

g. Stremgth or bearing capacity of the waste.
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h. Permeability of the waste,

i. Durability of the waste under conditions of surface exposure
{(freeze-thaw and wet-dry testing).

Ho standards for teating of stabilized/solidified waste have been devel-
oped. The specification and testing procedures outlined in this zection are
a minimum suggested testing program, and the specificationz indicated are
desirable but not mandated.

4,2,1 Leachability

4 wide variety of extraction or leaching tests have been proposed for
hazardous waste. None have been totally satisfactory for a1l types of
stabilized/golidified wastes (Lowenbach 1978)., Three major types of test
procedures are usually invelved in any evaluation procedure: Testing for
regulatory purpoges, testing for maximum hasard assesoment, and testing for
design of landfilll facilities.

The regulatory testing procedures invelve mixing the waste with some
specified amount of extracting fludd (usually dilute aecid or distilled water)
and analyzing the resulting extractant for a required number of potential
contaminants. Regulations may require that the waste be tested as a monolith
or broken in a specific procedure such as the EPA Structural Integrity Pro-
cedure (Federal Register 1980, page 33128). The sample may or may not have
te be sieved prior to testing. A set of ecriteria usually based on meltiples
of concentrations specified In the Primsry or Gecondary Drinking Water Stan-
dards are provided. Regulatory tests vary widely but the most accepted iz
the EPA Extraction Procedure or EF Toxiecity Test Procedure (40 CFR 261,24,
Appendix IT, Federal Register 18980, page 33127). The maximum concentratiom
of contaminants allowable in the EP leachate is 100 times the National
Interim Primary Drinking Water Standard. lLeachates contalning greater than
this level ceause the waste to be defined as hazardouz and bBe subject to all
regulatory provisione; leachates with lower Ievels of gll listed contaminants
cause the waste to be classified as nonhazardous and thus not cavered by
these regulations.

Any test developed to assess the maximum hazard posed by a waste that is
landfilled must be a generally flexible procedure that can handle a wide
variety of wastes with a broad range of contaminant concentrations. This
type of test assesses the maximum concentration of contsminents that ean be
developed in water contacting the wastes to be disposed. Procedures can be
varied with the type of waste being tested. The waste is ground to a fine
powder to¢ ensure that a maximum surface area iz presented to the conteacting
1iquid. The ratio of waste to leaching medium is varied in such a way as to
achleve a solution saturated with reaspect to compounds in the waste. Thus,
the leach liquid may be separated from the waste and added to fresh wastes
untll the concentration of contaminante in the leschate ne longer increases.
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If the composition of the waste Indicates that common ion effects are
preventing some potential contaminants from appeasring in equilibrium concen-
trations as they would if the waste contained only the pure contaminant com=
pound, the waste can be leached with successive wolumas of fresh leaching
medivs until a maximum concemtration for the contaminant of interest is
found. This type of test has no fixed level for rejection of the waste as
hazardous, but concentrations of potential contamlnants that go above the
levels congidered harmful to human health and the environment are noted. One
example of this type of pretocel 1s the Maximum Pessible Concentration (MPC)
Test outlined in Melone et al. {I980).

Leaching tests developed for engineering purposes attempt Lo develop
leachate that duplicates that obtained from the landfilled wastes. This type
of vest is used to provide a basis for desipning leachate treatment Sy8tems
for proposed landfills and in evaluwating the performance of treated (zolidi-
fied) wastesz developed for lapdfill disposal.

Several engineering tests have been proposed. The 3o0lid Waste Leaching
Procedure (SWLP) tumbles ground or monolithic waste samples in ten volumes of
water per unit welght of sample (Garrett et al. I98l). A minimum of four
successive extractions are performed to determine the changing character of
the leachate.

Another proposed test for solidified industrial wastes 1s the Uniform
Leaching Procedure (ULF) outlined in Malone et al., (1980} and discussed in
detall in American Muclear Society (1981), Cote and Isabel (1953}, and Cote
and Hamilton (1983). The ULP is a static leaching test that assumes Chat
diffusion from the surface of = solidified waste is the major mechanism for
contaminant transfer to surrounding water. A specific wolume of waste is
exposed to a fixed volume of water (or other leaching medium} that is changed
on a regular schedule. If the surface area of the emplaced waste is known,
gstimates of the loss of contaminants from diffusiom can be developed.
Concentrations of contaminants In leachate can be used to postulate the
environmental impact of the emplaced wastes.

The ULP and other static leaching testa for industrial wastes have been
criticized because of the low reproducibility (omly one order of magnitude in
a leachability index) and the low levels of contaminants that must be quanti-
fied in the leachate (Cote and Isabel 1983). These problems can he overcome
by concentrating contaminant from the leachate or by using tracer or surro-
gate compounds that can be added to the waste in appreciable qguantities.
Surrogate compounds can be selected that mimic the behavior of the toxle com-
ponents in the waste and are easily determined at low concentrations; how-
ever, these newer methods of increasing the reliability of leaching tests
have not been widely used or accepted.

Current guidelines for solidified low-level nuclear waste state that
waste developed for land burial must have a leachability index greater than
eight when measured using the standard static leaching test proposed by the
American Nuelear Soeciety (Nuclear Regulatory Commission 1983). FPozzolan-
based and pozzelan-Fortland-cement-based solidified industrial wastes pre-—
pared from dewatersd imdustrial-type sludge all had leachability indices of
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ten and above for arsenic, cadmium, chromium, and lead (Cote and Hamilton
1383). Industrial waste can be prepared to meet the Nuclear Regulatory Com-
mission criteria if the waste is properly pretreated to eliminate highly
leachable constituents and solidified using carefully developed procedures.

any procedures for evaluating the leachability of stabilirzed/solidified
waste should include all three types of testing: regulatory, risk sssess-
ment, and engineering design tests. The data daveloped in each type of test
are uwaeful for specific purposez such as delisting the waste as nonhazardous
and determining the degree of containment needed in the disposal site.

4.2,2 Free Liguid Content

Free ligulds in s0lid wastes are defined as liquids which readily sepa-
rate from the solid portion of a waste under ambient temperature and pres-
sure. Current regulations prohibit disposal of solid waste cotntaining free
1iquids in landfills without pretreatment {i.e. mixing with an absorbent
materisl} or treatment by in-situ abgorption in the landfill.

A number of tests for free liquid have been proposed or can be adaptad
from other testing operations. Many test protocols, such as the inclined
plane test or = simple gravity drailnage test, do not take into account the
pressure of overburden on the waste at the bottom of a landfill, A review of
the test procedures 1s given in SMO-Martin (1981). Most solidified wastes
are degigned to be landfilled to an appreciable depth (10 to 20 m) of mate-
rial. Therefore, any test for free liquid should take into account the io—
creased pressure due to the overburden. To simulate overburden, a sample of
material can be subjected to pressure while it is in an apparatus that will
permit any exuded liguid to be collected. SMC=Martin {1981} outlines large
and small pressure cells developed to measure free liquid productiom in moist
refuse produced by overburden pressure.

4 very simple approach is to place a solidified waste sample of specific
gize and welght between weighed clean filter pads and load the block of waste
to pressures comparable to those developed in landfilling {10-m depth = about
200 kPa, or 30 psi). The exuded liguid is collected on the filter pads and
the weight difference of the pads before and after pressure is applied is
uged to quantify the amount of exudate.

Current EPA regulations indicate that no free water should be present in
the waste. The Nuclear Regulatory Commission (1983) has gpecified that

golidified low-level radicactive wastes must be free=standing monoliths and
that no more than 0.5 percent of the waste volume cen be free liguid.

4.2.3 Reactivity and Ignitability

Stabilized/solidified wastes that are to be dispesed of in a landfill
{ongite or offsite) should meet the criteria for landfilled hazardous wvaste
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in that due care must be exercised if the treated wastes are ignitable or
reactive (&40 CPR 265.312, Federal Register 1980). In most clrcumatances
wheres stabilization and solidification are used, the waste can be rendered
nonreactive or nonignitable in treatment. Tests for ignitability and pyro-
phoricity are given in Malone et al. {1980). Solidified/stabilized wastes
developed for radicactive waste burial must net only be nonignitalble, they
mist alse be monpyropherie (1.e, will not support combustion if ignited) and
must be nonreactive and nenexplosive (Nuclear Regulatory Commission 1983},
gimilar specifications for solidified industrial waste are desirable.

$.2.3.1 Reactivity.

Solidified wastes cen contain reactive compounds that remaln reactive
after treatment. The wastes should be tested for compatibllity with mate-
rials (absorbents, liners, other wastes) they would contact during land-
filling. Procedures discussed in Hatayama et al. (1981) are useful for this
purpose. Where possible, reactive materials should be desgtroved of neutra-
lized before stabilization.

If the potential for explosive reactions in waste exists, the Explosive
Temperature Test (40 CFR 250.13) can be used to wverlfy the hazard. Bureau of
Explosives impact testing (4% CFR 173.53 (b}, (e), {d) and (f)) can also be
employed with solidified waste. Explosive and reactive wastes are not accep-
table for landfilling.

4.2,3.2 Igmitability.

Solidified waste should not ceuge fires through frictiom, absorption of
moisture, or spontanecus chemical changes. If ignited the materlal should
not burn persistently (it should be gelf-extinguishing} or vigorously. Many
biodegradable wastes produce methane under anaerobic conditions.

Many solidification systems which use cement and pozzelanlc materials
are finherently nonignitable snd safe. Encapsulation systems using organiec
materizls such as asphalt or polyethylene may requirve ignitability testing.
Any 1liquid associsted with the solid should be gubjected to the test proce—
dure given in ASTM Standard D-93-79 or D-3278-78 (ASTH 1973). Haterials
having flash-points less than 60° C are unacceptable. Any gases evolved from
the waste sheuld be nonignitable snd nontoxic as specified in &5 CFR 173.300.
The solid waste itself should not be capable of sustained burning if ignited.
Tagts such as ASTM F501 can be used to evaluate this property (Malone et al.
1980} .
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g.2.4 Ph}rﬂ ical Stab 11:[1‘.']!

Physical stability of the waste under conditions of burial is necegsary
to ensure that the waste can support necessary construction equipment and
that, over the long run, it does not consolidate and cause the lLandfili COVEE
to collapse or fracture. Membrane covers can fail through shear if the
underlying waste consollidates or shrinks unevenly. Consolidation znd shrink-
age are problems that occur most often in moist, organie-rich wastes,

The amount of settlement that can be tolerated depends on the type of
cover on the landfill and any future use of the filled area. If a soil cover
iz used and no future construction occcurs on the landfill, then extensiwve
settlement may not disrupt drainage or impair performance. If the final
cover includes a membrane cover, settlement should be limited to the lowest
achievable value. Table 4-1 lists the suggested test procedures for deter=
mining characteristics that relate to settlement of stabilized waste resid-
uals. Some of these characteristics guch as particle=gize distribution and
compaction may not be measursble on strongly cemented wastes. Wyss et al.
(1980} discuss typical testing programs for consolidation.

TABLE 4-1. RECOMMENDED TESTING PROCEDURES FOR PHYSICAL
CHARACTERISTICS THAT RELATE TO WASTE SETTLEMENT

Test

Procedure

Particle=gize distribution
dengity

Compaction

Congolidation

Compressive strength
Meconfined
Triaxisl shear
Plate laosd

Permeability

ASTM D422-63 or
EM 1110-2-1906 Appendix IT#*

ASTM DARIB-T0T
ASTH D2435-70
ASTM D2166-66
ASTHM D2ES0=-T0
ASTM D1194=72

ASTH 2434-68 or
EM 1110-2-1906 Appendix IIT#

* 7.8, Army (1972).
t ASTH (1973},
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4,2.5% Blological Stability

Biologicel activity im stabilized/solidified wastes iz usually mot
degirable, Meny biologicsl resctions, such a8 gulfide axidation or decompo=
gition of hydrocerbons, can produce zcids that sttack lime-baged solidifica=-
tion processes amd Increase the potential for leaching from the wastes.
Methane gas can also be produced in large quantities under anaercbic condi-
tions, Tests such as ASTM GZ1 and ASTM G22 (ASTM 1973) can be used to
directly determine the ability of the wastes o support blological activity,.
The Nuclear Begulatory Commission (1983) requires that nuclear waste solidi-
fied with cement=bzsed processes support no bicleogical growth. Bituminous
materisle are permitted 1If only one bacterizl colony develops per sampla,
using a sample of the size gpecified im ASTM C39 or ASTM D62l (ASTH 1973).

Indirect measuring systems can aleo be uszed. In indirect systems =am=-
plas of the waste are subjected to blological testing and then followed by
strength testing so that any decyeage In strength can be documented.

4.2.06 Strength or Bearing Capacilty

The ability of the treated waste to support the cover material relates
directly to the strength and bearing capacity of the waste. Most measure-
ments made on waste have used standard procedures such as ASTM D2166-66 or
ASTM 039, where 8 zample of brittle material is tested to failure. Where
bituminous materlals containing wastesz are imcluded in the test procedure,
ASTM D621 Method A (Nuclear Regulatory Commission 1983) has been tecommetided.

The duteh conme test and plete load test have been suggested as supple—
mentary systems of testing solidified wastee (Brown and Assoc. 1981). These
tests yield less precision but are applicable in the field.

Uneonfined compressive strengths messured on solidified wastes hawve

ranged from 5.5 kPa (0.8 psi) to 3.1 10" kPa (4500 pei) (Bartes and Palermo
1977). The Wuclear Begulatory Commigeion (1983) puidelines call for & com—
prassive strength of 103.5 W/eq cm (150 psi) for rigid materials. Bituminous
matardials must show less than 20 percent deformstion at this pressure.

Where it is suspected that the increasing the water content of the waste
cauges the waste to lose strength, a program of testing unsaturated and sat-
urated specimens can be undertaken. Where soluble cementing materials like
GEED4 are being used, wet—dry eyeling should be required to demonstrate that

the solidifiled waste will not lose strength after placement.
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4£.2.7 Permeabilicy

Solidified wastes normally require the use of a falling head permeahi]l-
ity test conducted in a triaxial ecompression chamber with back pressure to
ensure complete gaturatiom (U.5. Army 1972). Permeabilities measured in

solidified waste typically range from around 10" to 10 0 cmfsec. HNo stan-
dards related to permeability have been developed for solidified waste. Such
low permeabilities indicate decreased mebility in the treated waste and a
slower transfer of contaminants from the solid masa to leaching waters.

4.2.8 Durability

Most sclidified wastes do not have high durability when subjected to
standard freeze~thaw or wet=-dry test procedures (Bartoz and Palermo 1977).
However, selidified wastes are generally buried and not subjected to varying
conditions. An adequate cover uwsually can minimize temperature and moisture
variationa in the wasteg. Durability testing becomes important where un-
covering of the waste by erceion or human aetivity is likely or where long-
term durability must be estimated.

Durability testing is wsually done using soll-cement test protocols.
These include ASTM D5360-57 for freeze-thaw testing and D559-57 for wet-dry
testing.

4,3 Example Specifications

To select or develop an optional solidification system, it 1ls necessary
to specify the performance required under the conditions of burial that are
being considered., Table 4-2 {5 an example of 8 specification that might be
developed for & solidified waste., Some features of the waste can only be
specified as landfill design is evaluated. For example, the loading under
which the free liquid test would be Tun would depend on the maximum depth or
loading proposed in the landfill. The durabiliey testing may be restricted
to the expected number of cycles that might oceur after waste placemetit and
before cover placement.
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TABLE 4-2, EXAMPLE SPECIFICATIONS FOR SOLIDIFIED WASTE FOR LAND BURIAL

Charscteristic

Recommended Value

Leachabllity

Frea liquid content

Phyeical stahility

Reactivity of waste

Ignicability
Ability to support

microbial growth
Strength

Permeability

Durability

For major toxiec components leachability is greater
than & using AMS 16.1. Must pzss EP test.

Ho liquid exuded under maxisum loading proposed in
landfill design.

Will not allow unacceptable settlement under land-
£fi11 design conditions.

WNonreactive.

Wonpyrophorde, Flash peint below 60° C using
ASTM D=93-79 or DIZT78-78.

Ho microbisl growth observed using ABTM GIL or GAZ.
Greater tham 1000 kPa (150 psi) using ASTM 39 or
ASTHM DEZ1.

Legs than 1 ® 1ﬂ”5 em/sec when measured using upflow
triaxial procedure.

As required by site design. Heasured using
ASTH D560-57 and ASTM D559-57.
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SGECTION 5

BENCH- AND PILOT-5CALE SCREENING OF SELECTED TREATMENT FROCESSES

After preliminary selection of a stabilization/solidification system, a
pilot-scale or bench-scale study can be developed to obtain detailed informa-
tion on factors such as:

a. 3Safetry probleme in handling wasta.
b. Waste uniformity and mixing and pumping properties.

€. Development of processing parameters and the level of processing
control required.

€. Volume increases associated with proceszsing.

Safety problems on larger scale stabilization/solidification operations
may involve fuming, heat development, and wvolatilization of organic mate-
rials. Allowance may have to be made to adapt equipment for wvapor control or
cooling of reaction areas. Rapld addition of & reactive golidification agent
{such as unhydrated lime) can cause rapid volatilization of organie compounds
having low boiling points, with the possibility of a flash Fire occurring. A
fire believed to be caused this way occurred when lime was added to a sludge
pit at Utica, Michigan, in 1983.

Heat transfer characteristics may be very different as a treatment or
reaction system is scaled up and dimensions increase. With leower heat
lossesg, temperatures rise, reaction rates are accelerated, and the galidi-
fication processes can become gelf-promoting. This is & common problem in
operating with any large exothermic reaction such as hydration of Pertland
cement or the solidificatlon of some organic polvmers., Standard test Proce-—
dures for heat of hydration of cements can be used in bench- and pilot-scale
evaluation to predict heat generation and calculate temperature increases. A
typlcal bench-scale procedure would be ASTM ¢ 186, Test for Heat of Hydration
of Hydraulic Cements (U.5. Army 1949).

& larger pllot-scale test invelving 0.22 n? (8 cu ft) of cement or poz=
zolan is given in the Corps of Engineers Test of Temperature Rise in Con-
crete (CRD-C 38 in U.5. Army 1949). Adaptations of this test, such as fume
collection and temperature monitoring, may be made to allow the effects of
volatilization of orgenic compounds to be considered. The insulated block
may have to be vented to simulate loss of low-boiling-peoint waste components,
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When fumes from a solidifying waste are anticipated to be a problem, it
{s necessary to examine the headspace gases that develop in a closed con-
tainer such as partially filled drums containing solldifying wastes. Stan-
dard organic vapor or gas monitoring equipment can he used to estimate the
severity of the problem. Hatayama et al. (1981) outline the usual procedures
that would be used to determine whether a potemtially hazardous reactiom will
occur when solidification or stabilization reagents are added to 8 waste.
Typical equipment includes organiec vapor analyzers of the gas chromatograph
or infra-red absorption types or detectors based on colorimetric systems.
The objective of testing would be to determine the peak eoncentrations of
irritating or toxlec volatiles that might be produced with an addition of =
given reagent. If the concentration of toxie volatiles obtained exceeds
gafety standards (after assuming a reasonable dilution for the site), then am
enclosed or vent—controlled mixing and reaction system may be required.

Mixing and pumping problems can arise from variatioms in the pumpability
of the waste onsite {c.f., Table 3-1). Mixing can become a problem if the
golidifying waste changes viscosity rapidly during setting. If a specific
mixing or pumplng technigue is to be used in the field, pilot testing can be
used to eveluate the performance of mixers and pumps. Standard test
CRD—C 55—78 cutlines technigues to be used in evaluating concrete mixer per—
formance (U.5, Army 1049).

Vhere the flowability or pumpability of a wastefsolidifier mix is
required, tests such as CRD-C £11=80 would be appropriate, or tests such as
CED-C 612-80, Test Method for Water Retentivity of Grout Mixtures, can be
uged to predict the amount of fluid separation to be expected from a waste/
solidifier mix (U.5. Army 194%3).

Proceassing parameters such as mix ratlos, mix times, set times, =and con—
ditions of treated waste curing have to be examined in each specific waste
golidification project. The detail of work involved approaches that used In
degigning concrete mixes. Much of the pilot testing can be patterned after
concrete design procedures (U.5. Army 1949}, but it is largely trial and
errer beecause of the wide warlety of waste types and reagent properties. For
instance, fly ash, which is a most common reagent, varles in sorption and
pozzolanie sctivity depending upon the coal source and firing condlitions im
the furance, and its age and moisture content. Wastes will also vary between
batches and even between the top and bottom of a single drum.

All solidificatien or abeorption procedures result im some increase in
waste volume, The volume incresse can be seriously underestimated 1f too few
messurements of additive requirements are made or if the moisture content of
the absorbent or additive is greater in field specimens than in laboratory
materials. Pilot tests with large, typicsl samples of additives usuwally pro-
wide more reliable estimstes of additive wvolumes than laboratory bench
studies, especlally if care is taken to characterize additives (bulk density,
moisture content, reactivity, ete.).

There iz no substitute for & pilot study to evaluste a solidification
program and develop production techniques in large-scale golidification
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projects. Pilot studies aleo provide large samples of material required for
more accurate, realistic testing, and permit reconciliation of the complica-
tiens with equipment and material handling. Pilot studies cen also be used
to train equipment operators on the characteristics of the waste and the
golidified product. Although quite expensive and time-consuming, pilat
gtudies can reduce the possibllity of 58 major accident, reduce work stop-
pages, and incresge product comsistency and process relisbility. Pilot
studies pay for themselves many times over in large-zcale projects.
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SECTION &

FULL-SCALE TREATMENT OFERATIONS

6.1 Preoject Planning

Planning for the application of stabilization/solidification technology
at a particular remedial action site is divided inte two distinct stages as
degcribed in Section I (see Figure 1-1). The first plamning stage considers
the specific treatment technology and reagents best suited to the particular
waste, including factors such as waste physical and chemical characteristics,
reagent cost and availability, and environmental desirability; this phase has
been considered in detaill in the first five sections of this handbook., The
gecond phase, which iz covered in this and succeeding sectioms, is concerned
with the overall operational and engineering plans for the actual completion
of the project at the specific site--i.e,, the treatment scenario. Specific
aspects of this stage concern the development of agquipment requirements,
construction sequencing, and cost estimatiom for the stabilizetion/
golidification portion of the remedial action project.

The development and selection of the selidification/stabilizstion opera-
tlons plan for a particular remedial action site are dependent on several
factors such as the nature of the waste material, the gquantity of the waste
material, the location of the site, the physical characteristics of the =ite,
end the solidification process to be utilized. When the solidification pro-
gram is being developed, the primary geal 1s to create optimum efficiency
which is constrained by both shert- and long-term envirommental and public
health comsiderations.

This section ldentifies four alternative scenarios as applied to the
solidification/stabilization of hazardous wastes at remedial action sites and
examlnes their technical feasibility and comparative costs. The treatment
here is primarily concerned with the evaluation of equipment and project se-
quencing rather than with process chemiatry. For purposes of this section,
it is presupposed that the waste solidification/stabilization process has
been gelected and optimized, and that the site 1s geographically and geolopi-
cally suitable for onsite disposal. The additiomal cost of transport and
offgite disposal of the finsl product may be Incurred if onsite digposal is
not possible, but this possibility should not affect the validity of these
discussions.

Onsite solidification/stabilization programs can be classified according

to the manner in which the reagents are added to and mixed with the materials
being treated. Four omsite solidification/stabilization alternatives are
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examined Iin this document: Iin-drum mixing, in-situ mixing, mobile plant mix-
ing, and area mixing. Hodifications to these basie operational techmiques
are identified and discussed where appropriate, The selection of an appro=
priate solidification/stabilization technique is based on an analysis of
waste, reagent, and site-specific factors. As a result, only generalized
criteriz can be developed as applied to conditions expected at any given
remedial action site.

In-drum mixing is best suited for application to highly toxic wastes
that are present in relatively small quantities, Thie technique may slso be
applicable in cases where the waste is stored in drums of sufficlent integ-
rity to allow rehandling. In-dfum mizing iz typleally the highest—cost al-
texrnztive when compared with in-situs mobile plant, and area mixing scenar=
ios,. OQuality contrel also presents seriocus problems in small bateh mixing
operations; complete mixdng is difficult to achieve, and variatioms in the
waste hetween drums can cause wariations in the characteristics of the fimal
product.

In-situ mizing is primarily suitable for clogure of liquid or slurry
holding ponds. In-situ mixing is most applicable for the addition of large
volumes of low reactiwvity, solid chemicals. The present state of technology
limits applicetion of im-situ mixing to the treatment of low solids conbtent
glurries or sludgea. Where applicable, in-situ mixing i= uswally the lowest
cost alternative. Quality control associated with in-situ mixing is limited
with present technolagy.

Mobile mixing plants can be adapted for appliecation te liquide, slur=
rieg, and =solide. This technique is most suitable for application at sites
with relatively large guantities of waste materlals to be trested. Tt gives
best results in terms of quality control. Mobile plant mixing is applicable
at zites where the waste holding area is too large to permit effective in-
situ mixing of the wastes or where the wastes must be moved to their final
disposal area.

Area mixing consists of spreading the waste and treatment reagents in
alternating layers at the final disposal site and mixing in place. This
technigue is applicable to those sites where high=golids=-content slurries or
where contaminated soils or solides must be treated. Area mixing requires
that the waste materials be handled by construction egquipment (i.e., dump=
trucks, backhoes, ete.) and is not applicable to the treatment of liquids,
Area mixing is land-area Intensive, as it requires relatively large land
areas to carry out the procese. Area mixing presents the greatest possi-
Bility for fugitive dust, organic vapor, and odor generation. Area mining
ranks below in=drum and plant mixing in terms of quality control.

6.2 Cost Analveis and Comparison

The cost analyses in this chapter are by necessity gemeral and based on
generie techniques and equipment. They are Inecluded not ag definitive num=
bers but as 1llustrations of the kinds of considerations which go into such
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analyses. They also give a feel for the applicability of the different pro-
cedures which are discussed. We wish to emphasize that specific site and/or
waste characterlstics can change these estimates by severalfold.

To increase the usefulness of comparisons the cost calculations are
bazed upon factors and assumptions which are comsistent for the different
alternatives. Further, they iliustrate the relative proportion that each
cost subcategory contributes to the overall ecost of the process and then
allow estimates of the effect of substitution of alternate reagents or
equipment on the total proecess cost. The trestment reagents chosen for all
alternatives, Portland cement and sodium silicate, are not universally
applicable as might be implied by their inclusfon in all alternatives: bt
they are used in all examples bacause they make the comparisons valid and
because their cost is typically about average or slightly higher then other
reagents. Diacussion and comparisons with other treatment reagents are
Included in the summary (Sectiom 6.7.2).

Labor costs shown in the illustrations are uniferm throughout and in—
clude 25% fringe benefits. Reagents are priced at omsite costs as shown in
Appendix A. All equipment 1= charged at & daily rate of 0.5 of market value
which includes all fuel, interest, maintenance, and depreciation {3=year
base}; this rate is wnrealistic in some cases, but it serves well for compar-—
igon purposes. The equipment rental rates thus caleulated are in line with
those quoted by Industrisl sources {see Appendix B).

6.3 In=Drum Mixing Alternative

The disposal of drums containing toxic and hazardous liquids and sludges
in landfills or open outdoor storage areas has been a common practice in the
United State=s. Many of the problems with uwncontrolled dispossl sites can, in
part, be linked to inadequate drum disposal activities. Typieally, these
drums are 53 gallons (208 liters) in size although other sizes may alsc be
encountered. In-drum solidification is an asttempt to utilize onsite assets
(i.e. drums) as both mixing vessel and container for the sclidified waste
materiala,

Handling of the druma of materials onsite and offsite bafore and after
solidification/stabilization i3 a major consideration in this alternative.
Felated problems of selection and implementation of equipment and methods for
handling drums must be independently determined. Factors that influence the
gelection of drum handling equipment or methods include worker safety, site=
gpecific variables, enviroomental protection,; and costs. An EPA (1983)
manual reviews the applicability, advantages and disadvantages of eguipment,
and methodologies for handling drums, The manual addresses detecting and
locating drums, determining drum Integrity, excavation and onsite transfer of
drumg, recontalnerization and consolidation, and stoerage and shipping.

In=drum mixing can wse exlsting or new drums. Where drum integritcy

allows, the reagents are added directly to the drum in which the waste has
been previgusgly stored. Drum réuse has the advantage that maximum usze is
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made of onsfite assets, and drum crushing and disposal considerations are
eliminated, with subsequent cost savings. However, in-drum mixing is often
precluded because the poor condition of the drums or the need for head space
in the drum does not allow for addition of the solldificationfatabilization
reagents and resulting expansion of the treated wastes. Typlcal head space
requirements range between 50% and 30% of drum volume. Thus, if all drums
have sufficient Integrity for use, 0.5 to 1 additionsl drum is requived for
gach drum of existing wastes.

Most drums found at sbandoned waste sites have only 2 bung hele in a
aplid top. These drums pose a speacial problem because the cpemning is too
small to insert bulk reagents or an adequate mixing apparatus. Testing of
the composition of the contents or of their homogenelty i1s also difficult.
The most common procedure used to overcoms these problems 1s to redrum the
contents in new or used, open—topped drums at which time the contents can be
visually inspected for uniformity or phase separation. A second slternative
is to cut a larger opening in the drum top for access. Although this proce-
dure is cost—effective with drums which are in good conditiom, the added la-
bor and equipment cost and exposure of employees lessens the benefits of the
latter method. Care should be taken to use a nonsparking cutting apparatus
{e.g., one of bronze), as the head space may contain explosive gas mixtures.

If new drums sre required, the cost of the in—drum mixing option is sub-
stantially inereased, Although the labor cost inereases because of implied
redrumming requirements, the primary inecrease in cost is that of the drums.
The cost of drums (July 1983) ranged between $10 and $60 per drum depending
on the supplier and transportation costs.

6.3.1 Project Sequancing

Project sequencing for in-drum scolidification can be divided into seven
stapss:

2. The contents af each drum to be treated must be evaluated and/or
identified. Particular care must be taken to ensure compatibllity
with the proposed solidification/stabilization process and the
wastes. Each drum should be marked with appropriate identifying
information. Costs associated with this testing asre not included In
this analysis and can be substantial.

b, The condition of each drum should also be evaluated. Drums that are
in sufficiently good condition for reuse should be marked. Head
gpace in each drum should be noted on the exterlor of the drum, and
materials should be redrummed as required to accommodate head space
and drum condition requirements.

. A materials handling location should be prepared. Chemical storage
and mixing equipment should be centrally located. A concrete pad or
gravel surface should be prepared to ensure an adequate materials—
handling facility for =211 weather conditions. Consideration should
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be given to materisls flow, including incoming empty drums, incoming
drums containing waste materials, and outgeing product drums., For
large sites, multiple materiasle handling locations may be cost—
effective,

d. BSolidification/etabllization chemicals should be asdded to and mixed
with the wastes being treated.

&. The drums of mixed materials should be placed in a secure area and
allowed to set or cure until stable enough for safe handling.

f. After curing, any remalning head space should be filled with inert
material and the top replaced.

Z. The drums should be removed for final disposal.

6.3.2 Egquipment Reguirements

Equipment requirements for the in-drum mixing process include: onsite
chemical storage system, chemical batching system, mixing system, and drum
handling system. Prior to actual solidification, a temporary encleosure for
the egquipment showuld be erected. The mixing equipment should be installed on
a prepared surface that will facilitate the cleanup of spills and ensure ease
of daily cleanup. Requirements for the mixing area depend on the size of the
remedial action process and the nature of the wastes being trested, The en—
closure serves to protect personnel from the elements and provides a con—
trolled enviromment to minimize airborne hazards.

Mixing equipment for in-drum soelidification includesz the chatge—can
mixer and the top-entering propeller. Figure 6-1 illustrates in-drum solidi-
ficatfion vusing the top=—entering propeller.

6.3.3 Casges

In—drum mixing has the highest per unit cost of the four selidification,
stabilization techniques examined (Table 6-1). The total cost of cement—
silicate solidification using the equipment, labor, and assumptions Iisted
below is over $50 per dvum holding only 40 gal of waste. Since reagent costs
are only a small part (about 12%) of the total cost per drum, using smaller
amounts of cheaper reagent would not greatly zffect the overall cost (mee
Sectiom 6G.7.1). Labor, equipment rental, and used drums each account for
between 153% and 25% of the total cost, for = total of about 60% of the total
(not ineluding the 30T for profit and overhead). The high labor and equip-
ment costs result from the very low throughput of the system-—only 4.5 drums
per hour, which iz less than 1 e¢u yd. Increasing this throughput would pro-
duce an appreciable reduction in treatment costz since over half of the cost
is sensitive to the production rate. The cost of treating 500,000 gal of
waste using this system is esbout $750,000--about $1.50 per gellon. Economic
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Figure 6=1. In=drum mixing using a top-entering propeller
mixer.

considerations slone 1limit this treatment system to small amounts of very
toxic wastes; it cannot compete with the dedrumming and bulk treatment of
compatible wastes as done in other alternative techniques to be discussed.
Even for wastes already contained in re-usable drums, the total cost would
decrease only by about 20% te about $207/ton ($40.90/drum} in this example.
Coste of imitial classificatlon, screening, and handling from remote site
locations and to the point of fimal disposal and finsl dispossl are not
included.

The procedure for estimating the cost of in-drum solidification/
stabilization i3 summarized in Table 6-1 and detailed as follows:

a. Assumptions.

{1} Solidification/stabilization process selected using Type I
Portland cement (30%) and sodium silicate (27%).

{2} Specific weight of waste to be solidified/stabllized is
85 1bfcu ft.

{3) Approximstely 40 gal of untreated waste can be placed In a drum
and leave emough head space for reagent addition.

(4) Processing rate averages 4.5 drums per hour.
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TABLE 6-1. COST ESTIMATES FOR THE IN-DRUM TREATMENT ALTERNATIVE

Hote: Stabilization/solidification with 302 (w/w) Portland cement (Type I}
and 2% sodium silicate of 40 gal of waste (85 1lb/cu ft)} im 55-gal drums at

.5 drums per hour throughput,

TREATHMENT REAGENRTS:

30F Portland cement = 137 ibfdrem = ($0,0275/1b) = $3.77 drum
2% sodium silicate = 9 1b/drum »* ($0.10/1b) = $0.90/drum

Total cost for 12,500 drums: $58,275

LABROR COST FOR TREATMENT:
l ea Project guperviser =~ $27.50/hr = $6.11/dvum
2 ea Laborers @ $12.50 = 25,00/hr = 5.55/drum
Total labor cost for 12,500 drums: £145,750

MATERIALS: Used, reconditiomed drums: 12,500 for $137,.500

EQUIFMENT RENTALj

F 4,67/ drun

£11.66/drum

F11.00/drum

Par drum

Capacit Value Fer hour
Chemical storage silo 2,000 cu yd  $20,000 513,15
Change-can mixer 5 cu yd 15,000 9,90
Forklift 1 ton 14,250 9.40
Chemical feed system 100 1b/min 8,700 5,70

Total rental for 12,500 drums: $106,000

MOBILIZATION-DEMOBILIZATION AND CLEANUP: 10% add-on = $44,750

TOTAL COST OF TREATMENT: 12,500 drums for $492,275
PROFIT AND OVERHEAD (& 30% of cost): $147,682
TOTAL CONTRACTED PRICE PER DEUM:

TOTAL CONTRACTED PRICE FOR 12,500 DREUMS
(500,000 gal or 2,850 tons of waste):

$2.92
2,20
2,09
1.37

§ 8.48/drun
% 3.58/drum
$3%.36/drum

$11.81/drum
$51.17/drum

$639,957 or $224.29 /ton

6-7


Cheryl Taylor
6-7


d.

&

(5) Onsite cost of reagents is approximately 30,0275 per pound
(355 per ton)} for Portland cement and $0.10 per pound ($200 per
ton) for sodium silicate.

{6} Onsite labor dedicated to the solidificstion procesa includes
twe general laborers at $12,.50 per hour, and ome project
supervisor at $27.50/hr.

{7} Recomditioned drums costing $11.00 each are used. HNote that
new drums can cost up to $40.00 each.

Chemicel regquirements per drum.

{1} Portland cement at 30X by weight:

(40 galfdrum) * (B5 1bfeu £r) * (0.30}
{7.48 galjcu It)

= 137 1b/drum

{2} BSodiuwm silicate at 2I by weight:

{40 gal/drum) # (85 lb/feu fr) * (0,02}
(7.&8 galfeu ft)

= 9 1b/drum

Equipment rental and operation cost. Egquipment rental and operation
costs are computed for a 2,000-cu-vd chemical storage sile (520,000},
a S5-cu-yd change-can mixer {$15,000), a l-ton forklift (§14,250), and
a 100-1b/min chemical feed system ($8,700).

Allowsnce for profit smd overhead. FProfit and overhead allowances
for this type work (based on comstruction company rates) range
between 20 and 40%. Since thiz iz assumed to be a high-risk opera-
tion, assume 30Z profit and overhead,

Costs not included. Fote that the above cost includes the
eolidification/stabilization process and handling immediately before
and after mixing, The following costs, which may be substantisl, are
not Inelueded: Identification and evaluation of drum contents,
evaluation of drums, transport of drums to treatment area and of
golidified/stabilized material to the £inal di=posal site, and site
preparation and clogure activities.

Summary of in—drum mixing. As seen in Table 6-1, the estimated
actual cost of stabilizstionfsolidification Including profit and
orerhead is around $51 per drum (%244 cu vd or 258/ /ton). Of this,
only about 10E is for the treatment reagents, while 30% goes for
labor (including mobilization-demcbilization), 21.5% for recondi-
tioned drums, and sbout 16.5% for equipment. 8ince only sbout half
of the cost of treatment i= fixed per unit of waste (drums and re-—
agents), the unit price i= gquite sensitive to production rate.
Boubling the rate from 4.5 drums per hour to 9 drums per hour with
the seme equipment essentially lowers the unit treatment cost by
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about 25% to around $148/ton ($29.32/drum) or total cost with prefit
and overhead to £192.50/ton ($38.11/drum). If original drums are
usable, the total cost of treatment will drop another 25E.

6.3.4% Safety and Environment

In-drum solidification/stebilization can provide the safest and most en-
virommentally controlled work enviromment. Equipment can be purchased and
installed to meet all Occupatlonal Safety and Health Administration [OSHA)
stendarde., & variety of standard accessories including dust hoods, dust
shields, and vacuum hoods are available for the change-can mixer (these items
are not included in costs shown in Table 6-1). In addition, the equipment can
be easily operated by personnel in protective clothing. Typical protective
clothing will include rubber gloves, safety glasses, hard hat, and dust mash
or respirators. Equipment operation can alse be accomplished in full adir
pack. Hote that Lif full air pack protective equipment is required, a 50% to
60% reduction in productive capacity can be anticipated.

6.3.5% Modifications

It—drum o in-container solidification has been used extemsively in the
disposal of low-level radiocactive waste materisls, Specialized in-drum mixing
equipment has been developed for this application. Particular attention has
been given to the safety-related aspects of such equipment. Special drum
fill~heads and remote monitoring systems have been developed €o allow the drum
to be £filled, the reagents to be added, the contents mixed, snd the drum
gealed by operators isolated from the waste. Because of the high coat of
these systems, they have not been widely used for the treatment of toxic and
hazardous waste materials. They may have applicability to the solidification/
stegbilization of extremely toxic or hazardous wastes.,

Another product of the nuclear industry is the prepackaged spill solidi-
fication kits. These systems are designed for the cleanup of small spills and
include the mixing drum, premeasured solidification reagents, and disposable
mixing blades., FKits come in a varlety of available sizes complete with in-
gtructiong. The uger must supply a driver for the nixing blades. Figure 6-2
illustrates a typical spill eleanup drum solidification system. A 1981 price
quote for a 35-gal drum system (40-gal maxioum waste volume) was $600 per
pallet af four drums f.o.b. plant of manufacture. These asystema are con=
gldered for specialty purposes only and are not economically practicable for
large=gcale pites.

A final madification of the in—drum solidification scemario iz the bullk-
Ing af drummed liguids, sclidification of the bulked liquids in = mobile or
portable plant (Bection 6.5), and repackesging of the solidified wagtes in
salvaged or new drums. This modification may be appropriate at sites with
significant numbers of broken or leaking drums containing compatible wastes,
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Figure 6=2., Typical spill clesnup system
{Courtesy Delawvare Custom Materials).

or az a method to reduce the unit cost by Increasing the production rate atnd
glmplifying the egquipment required.

6,4 In=S5itu Mixing Altermative

The simplest solidificationfstabilization alternative examined in this
gtudy ie in-eitu miying which incorporates the use of common construction
machinery (typically =2 backhoe or pull-ghovel} to sccomplish the mixdng pro-
eess. Where large lagoons are being treated, clamshells and/or draglines have
also been utilized., This technique is suitable for application to ligquids or
light flowable sludges having a high liguid comtent. The technique is suited
more to those solidification/stabilization processes incorporating the addi-
tion of large amounts of bulk powdery solids (kilm dust, fly ash, ete.) to the
waste materisls. In those cases where swmall amounts of admixture (fluidizers,
plasticizers, retardants. ete.) are to be added, the mixing efficiency of
available in-situ processes is not uniform. Data are not currently available
on the mixing efficiency of the in-situ processes when applied to large-acale
field projects.
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6.4.1 PFroject Sequencing

Two in-situ solidification/stabilization alternatives are developed. In
the first, the exlsting lagoon is used ga both the mixing vessel and the
final site for disposal of the treated wastes s¢ that the waste materials are
not removed from the existing lagoon or holding pond. In the second, the
waste materisl is removed from the holding pond and placed in specially pre-—
pared mixing plts. After mixing, the treated wastes are either removed from
the mixing pits to a prepared disposal site or are left in the mixing pits
which become the final disposal site.

Under the first alternative, the existing helding lagoons are uzed as
the fimal disposal site, The reagents are added to the lagoon by pneumatic
or mechanical means. FPheumatic addition uses blowers to distribute the
reagents over the surface of the lagoon., Mechaniesl addition incorporates
the use of dump trucks, front-end loaders, or clamshells to mechanically add
the required reagemts. Mixing of the yeagents is accomplizhed with a hack-=
hoe, clamshell, or dragline. The selection of mixing equipment is based on
the size of the lagoon being treated and general site topography. Lagoons
less than abeout 30 £t (10 m) in radius (or effective radius in the case of
rectangular or odd-shaped lagoons) are amenable to backhoe mixing. Larger
lagoons would require the use of a clamshell or dragline to eénsure an adequate
teach for mixing the contents in the middle of the lagoon.

The second alternative involwves the preparstion of gpecial, cnsite mix-
ing pits. The waste material is transferred from the holding lagoon to the
mixing pit. Pumps can be wsed to transfer liguids and light sludges whereas
clamshells and trucks can be used to transfer heavy sludges. Reagents are
added using the same methods deseribed in the first alternative. Since the
mixing pit can be comnstructed to a specified size, mixing is generally
accomplished with a backhee. After thorough mixing, the material is allowed
to gel, or set, for the required smount of time. The solldified/stabilized
material is then either capped im place (in the mizding pit) or remeved to a
prepared onsite disposal facility.

6.4.2 Equipment Requirements

Equipment required for in-situ scolidificationfstabilization waries with
the specifie site. CGenerally, an average site would require equipment In the
following categories: dump trucks, front=end loader, excavabor of backhoe,
and onsite chemical storage =nd handling facilities. The size and amount of
equipment depend on the locationm and topography of the remedial action site as
well a5 the quantity of material to be treated. TFipgure 6=3 illustrates
in=gitu mixing weing a backhoe.
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Figure 6=3. In-situ mixing with a backhoe at a large site.
{(Courtesy Albert H. Halff Asscciates)

f.4.3 Costs

The cost of in-situ selidification/stabilizacien techniques is based pri-
marily on the production rate achieved by the equipment mix selected for the
gpecific remedial action project. Field data for the cost of in-situ mixing
alternatives applied to remedial action sites are neot available. Howewver,
production xates were determined for two RCRA sites using the backhoe-mixing
pit technique. A dally (B-hr shift) produection rate ranging from 1,000 te

1,200 eu wd (approximate 1000 eu m) of wastes solidified/stabilized was Te-—
ported under the following conditiona:

a. Constyuction of an earthen mixing bzsin (5 to 10 ft deep, 40 to 530 ft
in diameter).

b. Introduction of liguid wastes received in Bulk tankers or from
de—drumming of liquids received in drumsa.

g, Additionm of 40% to BOZ (by wolume) of fresh kilm dust; mechanically
added with & front-end loader.

d. Mixing with backhoe (Caterpillar 225) until solidification/
stabilization process begins.,
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€. Setting or gelling for 24 to 43 hr in the pit.

£, Removal of solidified/stabilized material from pit with front—end
leader or backhoe and spreading in secure landfill with dozer,

another RCRA site uaing a similar acheme and equipment, except for the
subatitution of permanent concrete mixing pits {4 pites, 100 fr = 20 fr =
10 ft), reported daily (8-hr shift) production rates of 2,000 cu ¥d., This
second RCRA site also had the capability of rneumatically adding bulk solid
Teagents.

The cost of solidificatlion/stabilization at these ECRA sites was reported
to range between $10 and $20 per cubic yard of waste material treated. The
primary wvariable was the amount of kiln dust required for a gpecific waste.
This factor affected chemical costs, material handling costs, and mixing labor
costs,

The daily preduction rate for the backhoe mixing technique depends on the
material bBeing handled, size and quantity of equipment being used on a partic-
ular project, site conditions, quantity of material being treated, and quan-
tity of reagent being added. Production rates for a remedial action gite are
expected to be somewhat less than those associated with a permanent installa-
tien. An in-situ treatment scheme incorporating one backhoe (Caterpillar 225
or equivalent) is anticipated to have a daily (8-hr shift} production rate
ranging betwean 750 and 1,500 cu vd.

The procedure for estimating the cost of in-site solidification/
stabilization is presented below and summarized in Table &-2:

a. hsaumEtinna+

(1} Approximately 500,000 gal of waste liquids and light sludges is
to be solidified in situ using cement and sodium silicate.
Mixing will be accomplished with a backhoe (Caterpillar 225 or
equivalent). Wastes to he treated are contained in a
rectangular-shaped lapoon approximately 120 ft = G0 ft = 10 fr,

(2} Bench-scale studies indicate that the resgent must be added on a
weight-to-weight ratio of 30% cement and 2% sodium silicate.

(3} Waste and reagents will be mixed in the lagoon and left in
place.

(4} Onsite cost of cement is $55.00 per ton: sodium silicate is
$200 per ton.

(5) The remedial actiom site is located 200 miles from the nearest
eduipment .
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TABLE 6-2. CO0ST ESTIMATES FOR THE IN-SITU TREATMENT ALTERNATIVE

Note: Stabilization/solidification with 30% {w/w) Portland cement and 2%
sodium silicate of a pumpable waste (85 1bfeu ft) from bulk tankers or drums
mixed with a backhoe in an 8-ft-deep, 40-ft-diameter earthen mixing basin, and
remeved after 24 to 48 hr setting time. Total waste 500,000 gal (2,475 cu yd
or 2,850 tone) and production rate is 800 cu yd per B-hr shift (¢ days
required).

TREATMENT REAGEHNTS:

30% Portland cement = 855 tons * (§55/tem) = $47,015
2% godium silicate = 57 tonms * ($200/ton) = 11,400

Total cost of treatment reagents: $58,425 $20.50/ton

LABOR COST FOR TREATHMENT:

1 ea Project supervisor = §27.50/hr % 32 hr = § BED
2 ea Heavy equip. operateors @ $21. = §44,00/hr = 32 hr = 1,408
l g Lshorar = %12,50/hr = 32 hr = 400

$7_6E8 & 0.94/ton

Total labor ecost:

Expenses: @ $75/day for 4 men 4 days 1,200 % 0.42/tom

EQUIPMENT RENTAL:

Capacit Value Per hour Per 6 days
Backhog (1.5 cu yd) §93, 000 $6i/hr = EE,EFE
Front—and loader {1 eu yd) 29,000 20/ hr = G360
Total rentel cost: £3,936 % l.3%3 /ton

MOBILIZATION-DEMOBILIZATION AND CLEANUE:

Labor and expenses for 3 days: §2,016 + $500 = 52,916

Transportation: 200 mileftrip x & trips * $2/mile = 1,600
Total 4,516 $ 1.58/ton
TOTAL COST OF TREATMENT: 500,000 gal = 70,765 $24.83/ton
PROFIT AND OVERHEAD: (@ 30% of eost) = $21,230 § 7.45 ton
TOTAL CONTRACTED PRICE: 500,000 gal = §91,995 $32.28{/ton
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b. Mobilization and demobilization costs. Mobilization costs are those
incurred in preparing the equipment for shipment, transporting it to
the site, and setting it up for mixinmg. Demobilization includes
cleanup of the equipment and site and transportation back to origin.
Mobilization-demobilization will take about 1 day each. Transporta-
tion costs are those asgociated with actually transporting the
equipment o the slte. For this example, it is assumed that local
equipment rental iz not available, Two tractor trailer loads will
be required. The estimated cost of heavy equipment transport ie
$2.00 per losd mile.

c., Project duration.

(L} Based on field experience, a daily production rate (B-hr
ghift) iz estimated to be 700 cu vd/day of wastes mixed.

{2) Required project time is calculated as follows:

500,000 gal + 7.48 galfecu £t & 27 cu ftfeu vd
+ 700 cu yd/day = 3.54 deys (use 4 days).

{3) GSince processing will be accomplished at a remote site, person-
nel will be reimbursed for onalte expenses. Assume an expense
rate of $75.00 per man per day.

d. Sumpary of in-situ costs. The in-situ treatmemt altermative iz the
fagtest and least expensive of those discussed in this section. The
spead and economy are largely due to the reduection in the amount of
handling of the waste masa. Other than for mixing. the wastes are
usually moved only once, or if not hazardous, they are often mot
even removed from the original waste lagoon but mixed and left in
plagce. The method Iende iteelf best to ligquid or low-solids sludges
which are easily mixed. However, heavy sludges can be mixed with
heavy equipment like draglines or clamshells, but with lesa umiform-
ity in the treated product. The low labor and equipment require-
ments result in the highest proportion of the cost (63X} going for
the treatment reagent. Thus the cost of the method iz quite gengi-
tive to reagent cost and proportion. Major limitations of the
method are the low amount of mixing attained and the inability to
eontrol accurately the proportion of reasent to waste which can
result in a nonuniform, unevenly mixed final product. This can be
overcome to some extent by ueiog excess reagent to decreaze zones of
low reagent content, but this incresses cost and treated product
bullk.

Two new pieces of equipment which are designed and used gpecifically for
in-situ mixing have recently been introduced; they are shown in Figures 6-4
and 6=5. Thege iltems pneumatically meter and inject the reagent directly
into the wagste mass at the lower end of the cvlinders, which are used to stip
and mix the wastes. One desipgn (Figure 6-53) has augers at the ends of the
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Figure 6-4, In-situ mixing by direct reagent injection
(Courtesy ENRECO, Inc.).

Figure 6-=5. In=-situ mixing equipment
(Courtesy American Resources Corporationm).

6-16


Cheryl Taylor
6-16


cylinders which can be wsed to dig into underlying soils or sludges which may
also he contaminated and Incorporate them into the total waste mess.

B.5,4 BSafety and Environment

In-giey mixing ia the most difficule alternastive Iip terms of contral of
safety and environmental considerations. BSince the entire procesa is open to
the atmosphere, anticipated problems include the generatiom of odors, Vapors,
and fugitive dust. In addition to the standard sefety precautions associated
with the eperation of construction equipment, & strict program for minimizing
exposure of personnel and equipment to the materiala being treated should be
implemented. Equipment should be decontaminated on a daily besis and the
wash water should be collected for trestment or solidification.

Standard personnel protective procedurez should be implemented as neces-
sary, depending on the waste being handled, Reduction in production effici-
ency can be antdedipated te be = function of the degree of protective appara-
tus vequired. Level 4 protection is expected to reduce production by up to
73 percent.

The ability to control adequataely the in-situ mixing procese ie a sub-
Jjeet of concern. Quantitative measurement of the degree of mixing produced
by in=eitu processes is not aveilable. Most In-situ mixing operations are
found at RCRA waste disposal sites where the mixed waste and solidification
reagents are removed to a landfill after gelling. The rehandling of the pro=
cessed materials allows gome quality control of the adequacy of waste-reagent
mixing, This additional level of quality of control may be lacking In the
field enviromment unlesa the materials are rehandled and transported te a
separate diapo=al area. Assurance of adequate guality control requires =ip-
nificant levels of experienced, onsite inepection and supervision.

6.4.5 Modifications

The chemical addition and mixdng techniques currently ueed for in-situ
eolidification have been adopted from the construction industry and as such
are relatively unsophisticated. Hajor modifications to in-aitu
golidification/stabilization include the development of reagent addition or
mizing equipment that allows better control of the process. Equipment speci-
Fically deslgned for in-situ sclidification/stabilization operatioms st pitse,
ponds, and lagoons 18 currently being used and marketed commercially. The
equipment combines the injection of fly ash or kiln dust into the wastes by
use of an injection head wsing a hydraulic/poeumatic system with the mixing
of the materials by the injection head (Figures 6-4 and 6-5}. The fly ash or
kiln dust ia added to the hasin material at = predetermined rate until the
conslstency of the mix is sufficlent for setting to oceur within 1 to 3 days.
An alr compressor is used in conjunction with the injector head which is in-—
gtalled on & boom on & tracked vehicle. A hydraulie pump provides the drive
for hydraulic motors on the injection head.
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In one configuration (Flgure 6-4) the hydraulic pump 1s mounted on the
rear of a tracked vehicle for convenience of operation and to counterbalance
the injection head boom when the boom is fully extended. Fly ash is delivered
to the suleibarreled injection head via a compressed air system. Fesides
providing a delivery eystem, the pneumatic system alsoc prevents back flow of
the basin material into the submerged ends of the barrels., Hydraulilcally
driven augers in the lower section of the barrel force the fly ash cut of the
barral inte the basin contenta. As fly ash is forced from the barrels into
the waste, the boom sisultanecusly moves the injection head back and forth
{in the plane of the boom) as well as up and down. This motion provides mix-
ing of the fly ash and basin contents. Approximately 1,000 ¢u yd of waste
material can be solidified per day. This equipment is best applicsble to
basins deeper than approximately & ft. In shallower basins, the necessary
preumatic pressure on the fly ash delivery to the injecticm heads causes logs
of £ly ash to the air at the basin surface which results In a burat of fly
ash dust. Bezins deeper than 4 ft require a larger injection head system and
appropriately hesviar duty equipment, New adaptatiens of this equipment
which overcome these difficulties have been Introduced (see Figure 6-3).

6.5 HMobile Plant Mixing Alternative

Plant mixing refers to thoze systems which incorporate mobile or fixed
units to handle, meter, and mix the solidificationfatmbilization reagents and
the wastes baing treated, In this alternative, the wastes belng treated are
physically removed from thelr locatien, techanically mixed with the
solidification/stabilization Teagents, and then redeposited In a prepared
disposal site. Plant mixing is primarily oriented towards the treatment of
pumpable ligquids and high-liquid-content sludges; however, epecial equipment
adaptations have been utilized to handle sludges with high golids contents
and contaminated godile. A schematic of a typical plant mixing scenaric is
illustrated in Figure 6-6. Two plant miwing examples will be diacussed-—one
used with pumpable wastes and ome with high solids content wastes which must
ba handled with construetion equipment.

6.5.1 Project Sequencing

Many plant mixing aystems include all required solidification/
gtabilization equipment in one traller— or truck-mounted unit, whereas others
are transported in modular form and are put together at the remedial action
glite.

Basic project sequencing for plant mixing 1s as follows:

a. Prepare site for installatfon ¢f the mobile system. This step
includes any necessary utility hookup such as electricity., Soma
mobile systems have on-board power generatiom systems and Tequire no
onzite pover connectlone.
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Flgure 6-6. BSchemaric of plent mixing scenario.
b. Prepare final dispossl area for solidified/stabilized wastes.

¢. Imstall raw and treated waste handling systems. These usually in-
clude centrifugal or diaphragm pumps with electrical or gagoline=
powered drivers, but they may be simple construction equipment for
high=-solids waztes,

d. Transport the portable system to the remedial action site and erect
equipment, interfacing with utilities.

¢. Initiate golidification/stabilizacion procezs and momitor as
regquired,

6.5.2 Equipment Reguirements

Moblle, trailer-mounted plants may come complate with chemicel gtoraga
hoppers, chemical feed equipment, mixing equipment, and waste handling equip-
ment, Some mobile plants have on-board power generation facilities; however,
more commonly, an cnsite power hookup or separate power generetion system is
required. Although the basic concept for the systems illustrated iz identi-
cal, asignificant vardations exiet in the detsils of construction of =ach,
Varlatione found in those systems examined during this etudy were in the
mounting conflguration (trailer or elosed van), in the types of chemical faoed
aystems, in the typee of mixing epparatusz, and in tha satup requirements,
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Both weight= and volume-based chemical feed =ystems are uged,
Volumetric-based aystems are vtilized exelusively for the addicion of 1liquid
reagents, whercas the addition of bulk solid reagents may be controlled with
elither waighing conveyor systems, bateh welghing systems, or volumetriec screw
feeder systems. Flow of the waste is controlled by the capacity of the
transfer pumps used to transfer the wastes from the holding area to the mix-
ing veseel.

A variety of mixing systems have been successfully used on the mobile
plants currently in use. These inalude rikbon blenders and eingle and depble
ghaft rotor mixers. Tha type of mixer utilized appears to have little effect
on tha quality of the final product, but production efficiency may be
aFfected. TITllustratioms and photographe of currently available mobile mixing
plants in cperation are presemted in Figures f—=7 through &6-11.

The dezign of mobile plants has been oriented toward the treatment of
1iquids and light slurries. Materisle handling is most often accomplished
weing pumps. The capacity of the typical wobile plant ranges from 60,000 to
150,000 gal per 24=hr day of waste material treated. The controlling factor
in determining capacity is generally the handling chavacteristics of the
waste materials being treated. Thus the capacity of the same equipment will
vary significantly from job te job. The size of the equipment applicable to
mobile plants is limited by weipht, length, and width restrictions associated
with aver—the=road transportation requirements.

Modular plant systems consist of separate pleces of aquipment that can
be tailored more closely to £it specific site requirements. Whereas mobile
plants are usually self-contaimed on one van or trailer, modular plants are
usually delivered to the site on smeveral trailers. Typical modular plant
installaticne are illustrated in Figures 6-12 through 6-14.

The typical modulsr plant will include equipment modules for: onsite
chemleal storage, usually a sile; chemical feed system, usually a weight
batching system; & mixding system of a type dependent on the waote materials
being treated; a rew waste handling aystem of a type alse dependent on the
waste material; and & final preduct handling system.

The modular system illustrated in Figure 6-12 is dezigned primarily to
handla 1iquids end light flowable sludges up to 30% =o0lids content, Hixing
is accomplished Iin a 1-1/2-eu yd ribbon Blender. Waste materials can be
charged to the ribbon blender using pumps, a elamshell, or a front—end
ipader. Mixing time is aspproximately 1-1/2 to 2 min depending on the mate-
rial being handled. Solidifiedfgtabilized material is discharged at the base
of the ribbon blender and removed by front-end losder. Material can ba
traneported to the final disposal site by dump truck.

The modular system illustrated im Figure 6-14 is designed to handle
heavy materials such as contaminated soils and low moisture content sludges.
In this particular applicetion, the waste materials were glurried in order to
enzure reaction with the sclidificationfstabilizatien agents. A unlque
aspect of this system wae the use of comcrete transit mixers to mix the
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Figure 6-7. Schematic of a trailer-mounted mobile mixing plant
(Courtesy Beardsley & Piper).
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Figure 6-8, Schematic of a van-mounted mobile mixing plant
(Courtesy Chemfix).
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Figure 6-9. Open mobile mixing plant
(Courtesy Beardsley & Piper).
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Figure 6-10. Enclosed mobile mixing plant (Courtesy Chemfix).
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Figure 6-11. Drum handling mobile mixing plant (Courtesy
Solid Tek).

Figure 6-12. Small modular mixing plant (Courtesy Solid Tek).
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Figure 6-13. Large modular mixing plant (Courtesy IU Conversion).
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Figure 6-14. Modular mixing plant for heavy slurries
(Courtesy Solid Tek).
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wastes with the reagents. Reagents and waste materials were batched into the
trensit mixer. Mixing was accomplished while in transit to the final dis-
posal site.

6.5.3 Costs

The costs of using mobile or portable mixing plants for a particular proj-
ect are dependent on the process selected (reagent to be sdded) and the wasta
material being handled., These factors are the primary varlables in determin-
ing the production rate om & particulsr project. Project costs fnclude both
fixed costs (i.e. transportation to and from the site and getup cosats) and
varlable coets (i.e. chemicals and processing laber), which depend on tha
quantity and type of materisl treated.

General ranges of costs for application of both mobile and portabla mix=
ing plants to remedial action sites were provided by the owners of aguipment
discusged previously. Costs ranged between $20,00 and $75.00 per cublc yard
of matarial treated. These coats included handling of the waste materials
from their existing holding area to an onsite dispogal site. Costs presented
do not inelude the further handling of the material at the digpo=zal area or
capping and landscaping of the diesposal area,

6.5.3.1 Mobile Mixing Plant for Pumpable Wasten.

The procedure for estimating the cost of mobile plant
solidification/stabilization of a pumpable waste is presented below and,
Summardzed In Table &6=3.

2. Assumptions.

(1) Approximately 500,000 gal of waste liquide and pumpable
sludges in an open lagoon are to be solidified using & two
reagent process consigting of Portland cement and sodiom
gillicata.

(2) Bench-scale stwdies indicate that the reagents need to be
added in weight-to-weight ratics of 30¥ Portland cement and 2%
godium ailicata.

{3} An onsite disposal area is availsble.

{4) The onsite cost of the reagentas iz §535.00 per ton for Portland
cement and §0.10 per pound for liquid sodium silicate.

(5) The remedial action site iz located 200 miles from the nesrest
mobille upit.
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TABLE 6-3. COST ESTIMATES FOR THE MOBILE PLANT MIETNG
AT.TERNATIVE FOBE PUMFABLE WASTES

Note: GStabilizationfsolidifiecation with 30 (w/w) Fortland cement and 23
sodium silicate of 500,000 gal (2,850 toms) of pumpable sludge {85 lbfeu fr)
in a mobile mixing plant with daily throughput of 250 cu yd (10 days
required). Onsgite disposal availabla.

TREATMENT REAGEMTE:

30% Portland cement = 855 tons * ($55/ton) = $47,025
2w addum silicets = 57 tone % (H200/ton) = $11,&00

Total ecosts of treatment reagents: £08,&25 $20.50/ton

LABOR COST FOR TREATHENT

1 ¢a Project supervisor = $27.50/hr x BO hr = % 2,200
2 ag Technicians @ $I1B.50 = $37.00/hr = 80 hr = 2,960
2 aa Laborers @ $12.50 = 25.00f/hr = 80 hr = 1,000
Total labor cost! = % 7,160 & Z.5]1/ton
Expenses! @375/day for 5 men 10 days = § 3,750 & 1.32/tom

EQUIPMENT RENTAL:

Capacity Value Per hour Per 10 days
2 eg Trash pumps (6 in.) 31,000 §20/hr =  §L,600

1 es Mobile plant 180,000 120/hr = 9,600
Total rentsl cost: $I1,700 § 3.93/ton

MOBILIZATION-DEMOBILIZATION AND CLEANUF:

Labor and expenses for 3 days: §$2,148 + $1,125 = £3,273
Teansportation: 200 mileferip » 2 trips * $2/mile = 200

Total 54,073 § 1,43 ton
TOTAL COST OF TREATMENT: 500,000 gal = %34,608 $20.69 ton
PROFIT AND OVERHEAD (@ 30% pf cost) = $25,382 £ B.91/ton
TOTAL CONTRACTED FRICE: 500,000 gal = 5110,000 538.60/ton
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d.

Hobilization and demobilization cost. Mobilization costs are those
caste incurred in preparing the equipment for shipment, transporting
the equipment, and setting the equipment up for actual waste Pro=-
cessing; these costa include labor costs and transpurtetion coste.
Memobilization includes eleanup of site and equipment and transpor-
tation back to erigin, These activities are expected to take about
3 days totzl. Transportation is the ecost of actually transporting
the equipment. The estimated cost of transporting the equipment 1s
$2,00 per load mile, Aszuming that there will ba the equivalent of
twe Cractor trailer loada, we obtain a $4.00 per mile cost,

Project duration. Total processing time is based on the estimated
production rate of the mobile unit, For the material to be proces-
sed, & production rate of 250 cy yd per day (B-hr shift) is sssumed
so that 10 working days is necessary to treat the entire lagoon
{2,475 cu pd). This includes only the aolidificetion activigy.

Cost summary for plant mixing of pumpable wastes. FPlant mixing
techtiiques wsed with pumpable wastes are the least expensive of the
alternatives developed here, except for the in-situ mixing scenarip,
The efficlency is largely due to the econofical movement of the
materials by pumps rather than by loading and trucking. For appli-~
cable wastes, this method permits precise reagent addition and com~
plete and uvniform mixing, both of which are lacking in the ip-gitu
methodology at this time, This tighter control of mixing propor-
tions and duration gives the ability to precisely tailor the reagant
addicion for maximum efficiency and effectivenese. The use of less
reagent to attain adequate atsbilization results in less finsl prod-
uct to be disposed of which often makes thiz method quite competi-
tive with in-situ methadolopy,

§.5.3.2 Modular Mixing Plant for npumpable Wastes.

The procedure for estimating the cost of in-sity solidification/
gtabilization for a high solids waste is prezentad below and summari=zed in
Table 6=i4:

a,

Assumptions.

(1) Approximately 500,000 gal of nonpumpable, high solids sludge
ig to be solidified using 3 twe reagent process consisting of
Fortland cement and 1iquid sodium gllicate,

{2} Bench-scale studies indicate that the reagents musat be added in
weight—to-weight ratiog of 30F Portland cemant and 2I sodium
ailicatea.

(3) Onsite equipment will include & mobile plant that has a =ilo

for cement storage, a weilght batcher for contrel of the cement
fead, a ribbon blender for mixing, a fromt-end loader for
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TABLE 6=&. C0ST ESTIMATES FOR THE HODULAR FLANT MIXING ALTERFATIVE
FOR URFUMPABLE OR SOLID WASTES

Rote: Stabllization/sclidificstion with 30% (w/w) Portland cement and IX
godium silicate of 500,000 gal {2,850 tona) of unpumpable sludge or golid
waste (85 Ibfeu £t) in a mobile mixing plant with daily throughpuet of

180 cu yd (14 deys required). Onsite disposal avallabla.

TREATMENT REAGENTS:

40% Portland cement = 855 toms X (455 /ton) = $47,025
27 godium silicate = 57 tone * ($200/ton) = §11,400

Tatal costs for treatment reagenta: $58,425 $£20,50/ton

LAROR COST FOR TREATMENT

1 ea Project supervisor = §27,.50/hr % 112 hr = § 3,080
1 ea Technlcdan @ $18.50 = $37.00/hr ¥ 112 hr = 2,072
% g Truck drivers @ §15.00 = 30.00/he * 112 he = 3,360
2 ea Laboraers @ $12.50 = 25.00/hr * 112 hr = 4,928
Total labor cost: = §13,440 $ 4£.72/tan
Expensea: @ $75/day for 6 men 14 days = ¥ 6,300 § 2.21/ton

EQUIFHENT RENTAL:
Capacity _Value Par hour Fer 14 days

1 za Mobhile plant 125,000 $82.25 = § 9,21

1 aa Front-and losder 2 yd G4,000  29.40 = 3,203

2 aa Dump trucks 12 yd 54,000 33.60 = 3,987

1 ea Baclkhos 1.2 vd 68,000 44.70 = 5,006

Total rental cost: $21,498 § 7.54/ton

MOEILIZATTION-DEMOBILIZATION AND CLEANTE:

Labor and expenses for & days: $3,B40 + $1,800 = 5,640
Transportation: 200 mileftrip * 2 trlps * §2/mile = BOO

Total F6, 540 £ 2.26 ton
TOTAL COST OF TREATMENT: 500,000 gal = 106,103 $37.23/tomn
PROFIT AND OVERHEAD (B 30% of cost) = $31,831 $11,17fton
TOTAL CONTRACTED FRICE: 500,000 gal = §137,934 $48.400/ton
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materials handling, twe dump trucks to Eransport the raw and

treated wastes, and a backhos to load raw waste into the dump
truck.

{4} 4An onsite disposal area is available,

{5) The onsite cost of the reagente 1s $55,00 per ton for Portland
cement and $0.10 per pound for the sodium silicate.

{6} The remedial action site is located 200 milee from the nearest
portable unit,

b. Mobilization and demobilization costs. Mobilization costs are those
incurred in preparing the equipment for shipment, transporting the
equipment, and setting the equipment up for actual waste Procegsing.
Mobilization costs ineclude labors equipment, and transportation
cogts. Demobilization costs include site and equipment cleanup and
transportation of equipment back to its sourea. These activities
afe expacted to teke 4 days to complete. Tramsportation is the cost
of agtually transporting the equipment. There are two loads te be
trangported at a cost of $2.00 per load mile.

€. Froject duration. Estimated production rate for the modular mixing
plant and peripheral equipment i1s 180 cu vd per day. Thus about
14 working days are reguired to process the 2,475 cu yd
(500,000 gal). This includes only the sclidification activity.

d. Cost summary for plant mixing of unpumpable wasteg. The MITe eXpet—
sive and time-consuming handling and transportation of bigh zolids
wagte which cannot be moved by pumps, or transport distances which
make pumping impractieal, increase the cost of the plant mixing
alternative, Labor and equipment costs are about doubled in the
example given here {Table 6-4) over the more eagily handled, pump-
able wastes so that this iz the most eipensive of the bulk-handling
treatment options. This method does retain the precision of reagent
doeing and mixing uniformity so that some efficlencies can be gained
by producing treated waste with a lower proportion of treatment
Tesgentg, and therefore less total volume for disposal. This method
iz often the method of cheiee for highly toxiec or hazardous wastes
aimce the mixing process is under close control.

6.5.4 Bafety and Environment

Speclal safety and environmental concerns associated with plant mixing
include the generation of odors, organie vapors, and fugietive dusgt, Under
normzl conditions, the process 18 open to the atmosphare and thus presents a
Ereater potential for problems than pumping 1iquid wastes or in-drum mixing,
Equipment moving eround the site should he decotttaminated daily, Stationary

proceseing equipment should be cleaned as eperational requirements necesgi-
tate and decontaminated after project completion.
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Standard pereomnel protective measures should be implemented as necas—
sary, depending on the waste being handled. The reduction im productiom
afficiency can be anticipated as a direct function of the level of protective
apparatus required. Level A protection is anticlpated teo reduce producticn
rata by 50 to 75 percent.

Ouzality contrel for plant mixing scenarios is expected to be better than
that associated with area and in-situ mixiog and gimilar to that obtaimable
with in~drum mixing. The material handling and rehandling requirements give
Better control of the chemical pddition and mixing process; howewver, thay
also provide added potential for offsite contamination.

The salidification equipment proposed sbove should incorporate saveral
fail-safe design features. First, the moter for tha mixer 4 located outside
the solidification aresa and contains a hand prank. This permits emptying of
the mixer should the process be stopped in mid-stream due to metor failure or
lass of electrical powar. Maintenance on the motor can alsc be performed
without eptering a contaminated area. Second, the aystem flush is controlled
through a flush module mounted outside the solidification area, again for
maintenance purposes, The flush water 1= kept under pneumatic pressure at
all times so that it is available even duwing loss of elactrical power.
Capped containers are inapected and tested for external contemination and
decontaminated if necessary. The container is labaled and stored for ship-
ment to the finsl disposal ared.

6.5.5 HModifications

Both mobile and modular mixing systems have been developed for the
aolidification of low-level radloactive waste materials wsually associated
with the nuelear power Iindustry, These facilities ara gimiler in concept to
the mobile plants that have been developed for the treatment of hazardous
wastes: however, the attemtion glven to operator safety ia gignificantly
greater than that associated with the hazardous waste plants. The primary
eoncern is shielding of the operator and decontsmination of equipment that
has come in contaet with the waate materials. Use of remote and autematic
control systems is stresged in the muclear eovironment. The emphasis om
gafety generally raises the cost per unit of waste treated vith these systems
gignificantly above that typically found in the treatment of hazardous
wagtes. The number and kinds of modifications of mobile and modular treat—
ment facilities are as numerous as the vending companies which offer their
gservices, as cen be seen in the Illustrations {Figures B-7 to 6-14). They
vary in size from large, gemiperpanent installations at very large sites
which can treat 500 to 1,000 cu yd per day., to very gmell, portable units
which treat 10 to 50 cu yd per day. Mixing, storage, and measuring faclli-
ties nleo are sized and changed to optimize the equipment for the specific
4ob and level of hazard encounteréd.

A modification of the plamnt mixing alternative 1g the use of the plant to

add and mix the reagents with the waste materials and then package the treated
materisls in drums. This medification incorporates the bulk materials handling
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features of plant mixing with the secyre containerization features of in-drum
mixing. If containerizetion is required, this procedure offers significant
labor saving over the in-drum acenarioc. These gavings, however, are sithstesn-
tially offset by the cost of the drums. TField experience indicates that
approximately 300 drums per 8-hr shift could ba handled uzing a typical
portable mixing plant. Costs for this modification ars anticipated te range
between $30.00 and $50.00 per drum ($0.55 te $0.91 per gallom). Filgure 6=15
illustrates a portable plant being used for this purpose,

Figure 6-15. Portable plant mixing followed by drum encapsulation
(Courtesy Solid Tek).

6.6 Area Mixding or Layering Alternative

Avea mixdng. or in-place layering, provides an economical method for
stabilization/sclidification of homogenscus and nonhomogeneous waste liquids
and sludges, The system avolds the use of conventiomal, gtationary mixing
equipment. The waste iz placed in lavers over the digposal area in lifts of
from 2 in, te 24 in., depending upon its conzistency and handiing ability.
The waste Is then gverlaid with a layer of treatment reagents which have been
selected for the gpecific waste being trested., Once the two 1ifts are
placed, a mechenized vehicle lifts and turns the laver much like a roto-
tiller, using multiple pesses. The resulting mixture ig left to air dry
andfor is compacted in-place using standard earth compaction equipment.
Additional layers are then constructed over the 1ift fn an fdentical manmer
until the finsl height of material has been attalned. Typically the final
1ift 18 covered with e¢arth, seeded, and meintsined as the final cap. Alter-
natively, after mixing, the treated waste can be removed to a Final dizposal
area using etandard earth-moving equipment; but this may leave a very lasrge
area to ¢lean up Lf hazardous wastes are being treated.
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6,.,6.1 FProject Sequencing

Project sequencing for area mixing is patterned after the comstruction
techniques used for the soil cement or lime stabilization of roadway subbase
materials. A typical project imeorporstes the follewing steps:

d. BSelect and prepare the onsoite dispoeal area.

b, Excavate the untreated material from the holding lagoom and trans—
port it to the disposal area.

e¢. GSpread the untreated material in a 1ift of desired thickness on the
disposal area using standard construction techniques {Figure é=16).

d. Spread the solidification/stabilizatien reagents over the material
in the required amoumnt (Figure 6-17).

a. Mix the materials using & high-speed rotary mixer such as a pulvi-
mixer. This equipment, illustrated In Figure 6-15, wvorks it a
manney similar to a2 large rototiller and can mix layers up to 24 in.
in depth.

f. Compact the mixed material as required with* atemdard roadway compac=
tion equipment.

g. Repeat stepe b through £ mmtil all. material has been treated or
until the designed depth of material has been attained.

6.6.2 Eguipment Requirements.

Equipment reguirements are based om the nature and quantity of waste
material to be treated, An additional consideration is the location, topogra-
phy, and size of the remedial gction site. Hinimum egquipnent regquirements
would inelude a backhoe, ¢lamshell, or fromt-end loader to excavate the
matarial from the holding lagoon; one or two dump trucks to haul the materilal
to the disposal site; a2 motor grader, excavator, OT dozer to apread the mate-
risl in 1ifts; a high speed rotary mixer; a dry-chemical spreader; and a
pneumatic—-tired roller or vibratory compactor.

Depending on the size of the preject, additional equipment could be
efficiently added. Production rates will be a function of equipment size,
mix, and quantity. Production rates ranging from 400 ko 500 cu yd per day
wera obrained with the following equipment mix: two ll-yard dump trucks,
two exeavetors, two chemical spreadera, twWo high-speed rotary mixers, two
compactors, and one motor grader.
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Figure 6-16. Spreading untreated material for area mixing
(Courtesy Soil Recovery).

Figure 6-17. Adding stabilization/solidification reagent for area
mixing (Courtesy Soil Recovery).
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Figure 6-18. Mixing waste materials with stabilization/

solidification reagents in area mixing (Courtesy Soil
Recovery).

Eiﬁ e Coets

The procedure for astimating the cost of area mixing for golidification/
stabilization of an applicable waste is presented below and summarized In

Table 6-3.

a. Assumptions.

(1)

(2}

(3)

(4}

Approximately 500,000 gal {2,850 tens or 2,575 cu wd)} of non—
pumpable, high solids sludge is te be galidified using 30X
cemett and 22 sodium silicate.

The waste sludge is handleable using construction equipment
such ag a front-end loader and will support the spreading and
mixing equipment when layered on the disposal area. Sludges
oftan must be pretreated in situ with an absorbent such as fly
ash to produce such a handlesbla product, Fumping lower snlids
gludges onto the disposal site to dry to a managesbla solids
content is feasible, but the additional time required and the
lew lift haight attainable by this method often makes this
gption infeasible.

Onzite ecost of cemant is $55.00 per ton; sodium silicate is
$200 per ton.

The waste site is 200 miles from the nearast equipment.
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TABLE 6-3. COST ESTIMATES FOR THE AREA MIKING (OR LAYERING) ALTERNATIVE

Hote: Stabilizationfsolidification with 30% (w/w) Portland cement and 2%
godium silicate of 300,000 gal (2,850 tons) of high solids waste

{85 1bfeu £t} in 12-in. 1lifts of waste to which a reagent layer is added and
mixzed with a4 high speed rotary mixer. Daily capacity ie 250 cu yd (10 daye
required). Onsite disposal available,

TEEATMENT REAGENTS:

JUX Portland cement = 855 toms * ($55/ton) = $47,025
2% sodium gilicate = 57 tons * ($200/ton) = §11,400

Total cost of treatment reagents: 58,425 520,50/ ton

LABOR COST FOR TREATHMENT

! aa Froject suparvisor = $27.50/hr = B0 hr = § 2,200
2 ea Heavy eq. operators € $22 = &6.00/hr = 80 hr = 5,280
3 ea Truck drivers @ $15 = 45.00/hr = B0 hr = 3,600
1 ea Laborer = 12.50/hr * 830 hr = 1,000

$17,060 $ 4,24/ton
§ @,000 $ 2.11/ton

Tatal labor cost:

Expenses: @ $75/day for 8 men 10 days

EQUIFMENT RENTAL:
Capacitcy Valua FPer hour Fer 10 days
§ 2,352

1 2a Front-end loader 2 wd §44&, 000 $29.40 =

1 ea Dwmp truck 12 vd 27,000 17.80 = 1,424

I ea Chem. apreader g ton 22,500 14,80 = 1,184

1l es Rotary mixer 12 ft 36, 000 23,70 = 1,396

l ea Eoller compactor 14 ton 28,000 15.75 = 1.500

1 aa Motor grader 14 ton &1, 500 4d.83 = 3,250

Total rental cost: $11,606 % 4.07/ten

MOBILIZATION=-DEMORILIZATION AND CLEANUP:

Labor and expenses for 1 day: $1208 + $600 = 31,808

Trangpoytation: 200 mileferdp = &4 tripas = $2/mile = 1,600
Total £3,408 § 1L.20/¢en
TOTAL COST OF TREATMENT: 500,000 gal = § 91,51 832,11/ ton
PRUFIT AND OVERHEAD (@ 30% of cost) = § 27,456 $ 0.63/ton
TOTAL CONTREACTED FRICE: 500,000 gal = $118,975 $£1.75/ton
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£5) Sufficient land area is available at the site for the complete
treabment procesS.

B, Mobilization sod demcbillzation coets. Transportation of equipmemt
To tha site 1s estimated to require four trips of 200 miles with
flet=bed trucks 0$2.00 per mile, for $1,600 total. Other than
transportatlion costs, area mixing requires little equipment setup or
break-down at the waste site since only standard constructicm equip-
ment is required. One day should be sufficient for equipment
cleanup. Unusual preparation of the disposal site (such as grading
mneven terrain or installing leachate collection systems or final
covar} is not included in these costa.

c. Project duration. The daily production rate, considering loading,
transporting, spreading, mixdng and compacting operations, is esti-
mated to be about 250 cu yvd per day when using a single loader and
dump truck, and an eight-man crew (see 6.6.2, ghoval, Therafore,
approwimately 10 days would ba required to complete the 2,575 cu yd
of waste, Some efficiencies might bé realized by using a larger
erew with more or larger equipment.

d. Summary of area mixing ecosts. Project costs are dependent upon the
quantity of material treated, the distance to the disposal site, the
amount and size of equipment used, and the type of reagents se-
lected. Cost egtimates for area mizimg of 500,000 gal of waste ara
supmarized in Table 6=5 in a form comparable with that used for the
other alternatives., Total cost of treatment in this example is
about $32 per ton (~$28 per cu yd) of which about 652 ia for treat-
ment reagemts and about 20X each for labor and equipmemt.

Costs shown include disposal site preparations, excavation of waste
material, transportation to treatment and disposal area, treatment reagenta,
and mixing and compaction of the treated product. Not included are any pre-
treatment costg, land cost (which may be quite high), capping and revegeta-
rion of the site, treatment of any decanted liquid, or removal of the waste
to a final disposal site, if necessary. Total costs reported for actual rTe=-
medial site stabillization projects imcluding all of the above=listed param=
sters have Tun from $95 to $105 per cu wyd (110 te $E20 per cond.

6.6.4 Safety and Environment

tpecial safety and environmental concerne assoclated with the plant sras
mixing scemaric are similar to these associated with In-situ and plant mix-
ing. Of primary concexrn is the generation of fugltive dust, releage of or-
ganic vapors, release of odors, and decontamination of equipment. Each of
thase aress of concern should be gddressed in detail in the overall remedial
action plao.

To date, the use of the ares mixing scenario has generally been limitad
to the treatment of oil sludges end other semisolid wastes with relatively
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lew associated hazard levels so that little emphasi= has beasn glven to maso-
cisted safety and emvironmental concerns. The potential for offaite releage
of contaminanta, particularly fugitive dust and vapor releases, should re—
ceive additional scrutiny should this scenaric be sdopted.

6.8,5 Modiffications

Major modifications have not been identified. Modifications are
expected to be limited to the types of aclidification reagents used in the
process and the types of equipment used to handle the waste materiasls and
golidification reagents.

6,7 Summary

The number of waste processing, handling, and mixing technologies 1s as
varled as the number of treatment reagent-waste formulationa. Waste and site
characteristics, and reagent ¢ost and availability are the major factors
which must be weighed In project planning to ascertain the most cost=-
efficient and reliable comtainment strategy. This section has discussed a
representative sampling of possible stabilization/solidification scenarios,
all of which are currently available commercially. This should give the
raader 8 good understanding of the wide diversity of applicable technology
now in use. A formal decizion process outline as recommended for remedial
action altermatives 1s discussed in an EPA Guidance Manual {(U.5. EFA 1983).

6.7.1 Comparison of Treatment Alternative Costs

Attributes of the four stabilization/solidification alternatives dig-
cuszed in thie gection are summavized in Table 6-6, Similar sssumptions wWere
used in 811 of the altermative cost estimates, as were production rates from
actual equipment now in use at remedial action sites, TE is emphagized that
these egtimates are for comparison purposes only and cannot be extended to
specific wastes and/or sites, as cost aod reliability of all processing tech-
nologies are quite waste- and site—specific,

In-drum mixing is by far the most expensive and takes the greatest
amount of production time due obvieusly te the very small quantities pro-
cegged in e¢ach bateh. Mixing done inside the drum is reasonably complete but
difficulties are often encountered in the corners, especially 4if the complate
top of the drum caonot be removed. In-drum mixing is mwost applicable to
gites which have s wide variety of Incompatible and highly toxic wastes which
oceur In Individual drums. Since each drum must be analyzed individwally (an
expense Not Included in the estimates), customized formulations of reagents
and mixing times can be determined for each drum or waste type. The cost of
reagent is a small fractlon of the whole (generally less than 10%), while
labor and equipment make up about half of the total cost, If sufficient
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TABLE 6-6., SUMMARY COMPARISON OF RELATIVE COSTS FOR STABILIZATIONS
SOLIDIFICATION ALTEEMATIVES

- Flant Mix
Parameter Inm=drum In-situ  Fumpable Unpumpable Area mixing

NOTE: 1In all ceses, 500,000 gal (2,850 tons) of waste was treated with 30%
Portland cement and 2% sodium silicate with onsite dispoaalj costs include
only those operations mecessary for treatment. All costs are per Lon of waate
treated. Data taken from Tables 6-1 through 6-3.

Metering and
mixng efficiency Good Fair Fxeellent Excellent Goad
Proceasing days
required T4 4 10 14 10
Cont fton
Reagant $ 20.50 $20.50 §20.50 §20.30 $20.5D
(o) (63X} (535} (427%) (495}
Labor and per diem 51.07 1,36 3.83 6.93 § 6.35
(23%) (4%) (10%) {142 {15%)
Equipment rental 37.1% 1.38 3,493 7.54 & .07
{17%) (&E) {10%) {163} (10}
Tged drums 58,18 - - - -
@ %$11/drum (21X}
Mobilization- 15.68 l.58 1.43 2.26 1.20
demobilization (7%} (5K} {53 (52 {353
Cogt of treatment §172.57 24,B3 29.69 37.23 32.11
process

Frofit and 51.72 7.45 2.91 1L.17 9.63
overhead (30K} {(23%) (238} (235 {23y (23%)
TOTAL SO5ST/TON §225,29 32.28 38,60 5%, 40 £1.75

# ¥ of total costS/ton for that alternative.
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drums of ldentical or compatible wastes are found, it is much more economical

to bulk the wastes and use other mixing techniques, as this greatly decreaases

cogt and imcreases mizing efficiencies, This 1s also true when it is deszired

to place the treated waste back into drums, either for ease of handling or for
incressed, short-term contsinment: the output from bulk mixers wsually can be

eaglly loaded directly Inte new drums or rinsed original drums.

The remaining bulk mixing alternatives are much more consistent im cost
end preduction rates, the twe handling liquid or pumpable waates being the
less expemsive alternatives. ATl are quite sensitive to reagent cost since
it typically makes up Erom 40 to 65% of the total cost. The fo-situ tech-
nique Is the fastest and most economical of the bulk mathods because the
wagstes typlcally need to be handled only once, or mot at all if they ars to
be left in place, as is dome with most nonhazardous wastes--only the reagent
ie handled. Labor and equipment each make up less than 5% of the total
treatment coat. However, fn-sitw mixing Is the lesat reliable bacause of
difficulties in accurate reagent messurement and in getting uniform and/or
complete mixing of wastes snd treatment reagents, Also, in-situ mixing re—
quireg & liquid or s semisolid sludge. If the wastes are to be laft in
place, the waste site must be dedicated as the final waste disposal area. In
some ceseg, liquld or aludge wastes are stabilized or solidified in sity so
that they can later be removed from the site using standard earth-moving
equipment.

HMobile or modular mixing plants, although giving excellent mixing and
relatively high production rates, regquire that both the untreated waste and
the treated product be handled. The cheapest and fasteat material handling
technique iz that in which the waste can be pumped directly from the waste
lagoom, mixed, gnd then pumped to the final diaposal site, Pumpable waste
can be treated for about 15% less, in which case, labor and equipment cost
each make uwp only about 10T of the totel treatment eost, Nonpumpable waste
requires more manpower and machinery for material handling and tramsport =o
that labor and equipment costs each increase to around 15%. Plant mizing
scenarles are probably the most used alternarives for large amounts of bulk
or drusmed waste which have a high degree of hazard, a= the wastes are always
under control of the operators, and reagent dosing is the most accurate and
the mixing the most cooplete of sny of the bulk processes,

In area mixing technology, the waste is usually moved only once to the
final disposal site where it is wixed and compacted in place. The waste can
be removed to snother gite if needed, but this lessens the other benaefits of
the technique and leaves large areas to be eleated up. Vary large and stan—
dard construction equipment can be used for increased efficlency. Major dis-
advantages of this technique are that larger land areae are often necessary,
and mixing reagent dosing canmot be as aceurately comtrolled,

6,7.2 How Using Different Treatment Reagents Affects Cost

For comparison purposes, all treatment slternatives were developed using
the 30% Portland cement and 2% zodium =ilicate formuwlation which 1is aboue
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average in reagent cost. However, thi= forsulation is mot really univerzal
ag implied. It lends itself especially to in-drum and plant mixing tech-
niques with their better mixing efficiencies, amd to inorganic, aqueous
gludges with toxic heavy metals. In-situ and area mixing technlques do not
usually lend thewselves to the addition of liquid reagents (although 1t has
been done) or to formulations where uniform and/or extensive mixing are nec-
essary. The higher unit ceat of these reagents tends te limit their use o
thoae techniques with good mixing efficlencies.

Table 6=7 compares the costs of the four altermatives using different
amounts of other common treatment resgents with different delivered cost. In
these examples It iz assumed that the change in reagents will not affact
equipment requirementz or production rates. Total cost of each geltarnative
and proportional cost of thae reagent only are shovm in each case.

Changing reagent coats from $34/ton to $0fton has only a small effect on
the total cost of in-drum mixing since it is labor- and equipment-intensiva.
In-situ mixing iz the most semsitive to reagent cost, since it i3 by far tha
largest part of the total cost of this technique. Other bulk mixing tech-
niques sre alsoe quite sensitive to reagent coste; as Teagent costs decrease,
the propertional differences among tha four increase, but their ranking re-
mains the same. The senzitivity of total treatment cost to delivered reagent
price is well illustrated in these calculations.

Reagent costs for the other waste products guch as flv ash, cement oOF
1ime kiln dust, or furnace slag ere highly warlable. The majoer component of
thair eost is usually transportation to the site. The reagent used is typi=-
cally based upon the nearest source of suitable pozzolamic materials and not
through preference of one over the others. As these waste materlals have
been incorporated Into waste treatment systemsa, they have come to have appre-
ciable value in some areas.
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TABLE 6=7, COMPARISON OF TREATMENT COSTS WITH DIFFERENT REAGENTS

Reagent type, Plant Mixing
gmount, and gost Im=drum In—situ  Pumpsble UInpumpable Area mixing

1, B80% fly ash (Type F) @ $30/ton, 207 lime & $50/ton
Total reagent cost/ton of waste = $34

Reagent cost 12,52 GAT 11 52% 57z

Total cost/ton 237,086 849,49 56,15 $05.95 $59.30
2. 30% Portland cememt @ $55/ton, 2% sodium silicate & $200/ton

Total reagent costfton of waste = 520,50

Eeagent cost 9x 633 53% 523 49%

Total captfton $224,29 $23.28 $36.60 $48.40 §41.75
3. 50X £fly ash (Type C) € $20/ton

Total reagent cost/ton of waste = 510

Reagent cost 4z S4% 40% 293 36X

Total cost/ton £209 .90 $18,63 $24_95 $34.75 28,04

4, Free reagent {including delivery)
Feagent coat 0E 0x 14 0z Ox
Totel costSton $193.57 $5.63 $11.95 B21.75 £15.10

HOTE: Data are from Table f=f. They have beett recalculated for different
reagent cost, but for the same equipment, project duration, znd mobilization
costa. All reagent proportions are in wedight of reagent per weight of wasta.
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SECTION 7

QUALITY CONTROL, SAFETY, AND ENVIRONMENTAL CONSIDERATIONS
FOR WASTE TREATMENT

The waste stabilizetion and solidification processes are similar to any
chemical treatment operation in that the product must be peripdically tested
to ensure that the physical integrity and containment characteristica are ade—
quate. The treated waate must be sampled in such a way that representative
material is obtained and tested using veliable screening tests to verify
performanca.

¥.1 Sampling of Treated Wastes

Stabilization and solidification systems which are batch operationz hear
pome simllarity to batch cement blending aystems. Appreoaches similar to those
for fresh concrete can be employed for fluld waste, whereas cured material ecan
be sampled using sampling techniques employed with hardened concrete. Stan=
dard ASTM wmethod € 172-71, Standard Method of Sampling Fresh Concrete
(U.5. Army 1949; CRD-C4-71) cutlines procedures to be used in taking ssmples
from stationary and truck mixers, paving machines, and agitating and non-
agitating concrete transports. Standard method CRD-C 620=-80 cutlines tach-
niques for sampling grouts from mixers, pumps, and diecharge lines (U.5. Army
1949),

For selidified or hardened concrete, techmiques such as those recom-
mended in ASTH C B23-75 (U.5. Army 1949} or in Abdun-Nur (1978) can be uged.
In general, careful visual inspection and selected sampling can be used to
augment purely random approaches. The objective of any weate testing program
is to ensure complete treatment of all materials so that nonrandom testing in
areas of poorly performing weate (for example, materisls that fail to
aolidify or have excessive weep water) is Justified. If waste treatment is &
batch operation, each succassive batech showld be tested. Some solidification
systems that are used with flue gas cleanlng wastes have gimilar problems
with regard to producing s consistent set. Interim ponding systems where the
treated aludge is allowed to cure for 30 days have been developed to ensura
that trestment 1s complete before disposal. This approach requires double
handling of the treated wastes, but it ensures that unsatisfactory materials
can be retrieved for reprocessing (Duvel et al. 1978).
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7.2 Teeting of Stabilized and Solidified Wastes

Early testing of any product that cures alewly presents problems in that
the ability to predict the fimal properties of the cured materisal from short-
term tests f2 penerally poor (Arni 1978). This problem has been thoroughly
atudied with regard to early stremgth development in concrete, and no gepep—
ally satigfactory teesting and prediction system has evolved,

In a waste treatment system where the treated material must be placed in
a land disposal area shortly after treatment, it fs necossary to develop
testing that will ensure waste containment in 4 minimum pariod of time. This
tegsting can take the form of early strength testing (24=hr compresaive
gtrength} and leach testing of cured, ground materisl {where strength is mot
a primery coosideration). Detedils of the typea of testing thet cen be used
for these purposes are given In Sectioms 3 and & of this report.

7.3 Safety and Environment

In this handbook the solidificationfatabilization process is considerad
to be a subset of the remedial actlon plan as a whole, As such, 1t may be
agsumed that the amviromeental and safety aspects of the solidification/
gtebilization process will be addressed in development of the overall reme-
dial zctdon plan, A brief summsry of the majer safety and environmental
aspects of a solidification/atabilization project is presemted in the fol-
lowing parapraphs. Deteiled safety and envirocmmental guidance may be found
in the following publicaticns:

2, Chemfeal Manufacturer's Association, Ioc. 1%82. Hazardous Wasta
Site Mansgement Plen, Washington, D.C.

b. Enviroumental PErotectlon Agency. 1981. Hazardous Materisls Inci-
dent Response Operations: Training Mapual. Hatiomsl Traiming and
Operational Technology Center, Cincinnaci, Ohio.

z. Environmental Protection Agency. 1981. Technical Mathods for
Investigating Sites Contaiming Hazardous Substancea Training Fro—
gram. Technfcal Mooograph Wos. 2; 35 and 12,

4. Environmental Protection Agency. 1985, Remedial Action at Waste
Disposal Sites. EPA 625/6-85-006, 0ffice of Emergency and Remedial
Easponse, Washington, D.C.

g. Meluold, B, W., 3. C. Gibgon, and M. D. Bogers. 1981. Sefety Pro-
tection for Hazardous Materials Cleaning: Mansgement of TUncon-
trolled Hazardous Waste Sites. Americen Society of Clvdil Eapineatrs,
New York, Rew York.
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£, U.5. Army Corps of Engineers. 1934, Preliminary Guidelines for
Selection of Remedial Actions for Hazardous Waste Sites.
EM 1110~2=505 (Draft), Washington, D.C,

T.3.1 Safaty

Gafety concerns aesociated with solidification/stabilization of hazar-
dous wastaes are primarily related to the protection of omaite personmel.
These comcerns can be addressed through development of a Personnel Protaction
Program (FFP), At a minimum, the PPP should include the following elements:

a. Madical Surwveillance Plan.

b. Industrial Hygiene Support PFlan.

¢. Employee Training Plan.

d. Entry Control Plan.

¢. Rosgpiratory Protection Plan.

£f. Eve Protection Plan,

g. Skin Protection Flam.

h. Personnel and Equipment Decontamination Flan.
i. Emergency Response Plan,

j. Becoxd Keeping and Reporting Plan.

The detalled requirements of the PPP must be developed on a site-specific

basis. Obviously, the more hazardous the waste, the more rigorcus must ba
the FPF.

Good management and work practices, as well as lepgal requirements,
emphaslze the need for plecing top priority on the health and safety of tha
worker. Various legal and regulatory requirements establish the ninimm
guidelines for the development and ifmplementation of a comprehensive health
and safety program, The Qccupational Safety and Health Administration {OSHA)
has established regulations designed to decrease sccidents associated with
the constructlon site. Hany of thesa requirements are also applicable to the
solidification/stabllization procesa itself., The regulations may be found in
Title 293 of the Code of Federal Regulations. Examples of the specifie parts
and subparts most likely to apply to the solidificationfetabilization scenar-—
los are listed in Table 7-1. Compliance with applicable OSHA regulations
should be a mandatory requirement of the PFP, In addition, the EPA has
referenced various policies and mandatory requirements for cccupational

health and safety. A listing of pertinent documents is presented in
Table 7=2.
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TABLE 7=1. CITATIONS FOR CURBENT OSHA REGULATIONS LIKELY TO BE
APFPLICARLE AT LAWD-BASED DISPOSAL SITES

29 CTR Part 1926

Subpart D Oecupational Health and Envirommental Contreols
{Sections 1926.50 through 1926.57)

Subpart E Personal Protection
{Sections 1926.100 through 19%26,107)

Subpart F Fire Protection
{Sections 1926.150 chrough 1926.155)

Subpart & Signs and Signals
{Sections 1926.200 through 1926.203)

Subpart L Ladders and Scaffolding
{(Sections 1926.450 through 1%26,452)

Subpart 0 Mechenical Handling Equipment
{Sections 1926,600 through 1926.606)

Subpaxrtc T Excavation and Trenching
{Sections 1926.650 through 1926.633)

Subpart 5 Tumnels and Shefta
{(Sections 1926.800 through 1926.804)

Bubpart U Blasting and Explesives
(Sections 1926.900 through 1926.914)

29 CFE Part 1910

Subpart E Toxic and Hazardous Substances
{Sections 1910.1000 through 1910,1046)
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TABLE 7-2. FOLICIES APPLICADLE TO REMEDIAL ACTIONS

EM 385-1-1, Safety and Health Requirements Manual.

2% CFR 1910, Parts 16, 94, %6, 106, 109, 111, 134, 151, Occupsticpal Health
and Safety Standarde.

Executive Order 12196, Section 1-201, Sec. (k}, Occupational Health and
Safety Programs for Federal Fmployees,

29 CFR 1960.20 (1), Occupational Safety and Heaslth for the Federal Employee.
EPA Oceupational Health and Safety Manual, Chapter 7 (1),

EPA Training and Development Manual, Chapter 3, Par. 7 (h).

Occupational Health and Safety Act of 1971, PL 91-5%6, Sec. 6.

EPA Ordex on Respiratory Protection (Proposed).

4% CFR, Parts 100-177, Transportation of Hazardous Materials.

EFA Order 1000.18, Transportation of Harardous Materisls.

EPA Order 3100.1, Uniforms, Protective Clothing, and Protective Equipment.

7.3,2 Environment

Eovirommental concerns during the remedial action project are primarily
related to waste containment, to retention of the enviromment in its natural
atate to the greatest extent possible, and to the enhancement of site appear-
ance in its final condition. Environmental protection as applied to the
remedial action as = whole generally includes consideration of air, watar,
and land rescurcea. Ae specifically applied to the golidificationf
grabilization processes, environmental considerations ineclude the salimination
of the spread of contamination throuwgh minimization of orgenic vapor andfor
fugitive dust generation, decomtamination of personnel and equipment, and
pravention and control of spills.

7.3.2.]1 Jrgapic Vapor and Dugt Generation

Depending oo the mature of the wastes found st &8 site and the
solidification/stabilization reagent selected, the possibility exists for a
release of volatile organic compounde which may have an adverse impact on
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public health, Objectives of the remedial action project must include mini-
mizing the release of organic vapoers and monitoring onsite and offeite to
measure concentrations and types of vapors that may be released. The po=
tential for volatile organic wapor generation should be addressed durding the
bench or pilet study phase (Sectiom 5 of this Handbook) of the
aolidificetion/ stabilization scenario selaction process, Other than
elimination or minimization of the generatiom of erganlec vapors by & judi-
cious selection process, few technical options are available for eantrol of
vapors. The generel approach has been limited to the monitoring of crganic
wapors. Both onsite and site-perimeter monitoring are recommended. Area-
type monitoring should be conducted on a2 pericdic basis to determine whether
contaminants are migrating out of the contaminated ares.

Migration of contaminants through transport of airborne particulates
{fugitive dust) could present a significant health and environmental hazard
during remedial action activitries. BSuch hazards are particularly likely with
large-scale solidification/stabilization scemarics such as in-situ mixing and
area mixing. Fugltive dust that could csuse a hazard or nuisance to others
must ba aliminated.

The meteorologlcsl conditions at the site will strongly influence the
potential for this fugitive dust problems. Hot, dry, windy econditions pro-
duce the greatest potential for entralpment and transport ¢f contaminants.
The solidification/stabilization reagent and application scenaric, as well as
the waste being treated, will also affect the amount of fugitive dust
formation.

Techniques that c¢an be used during the golidificationfetabilization
process to mitigata airborne particulate transport include the followling:

2. Minimizing the rehandling of waste materials.
b. Eracting portable wind sereens.
c. Applying surface stabilizers ox dust palliatives.

d. Usging portable surface covers on the work area during pericds of
inactdvity.

e, Constructing temporary emclosures around the solidification/
gtabilization processing area.

7.3.2.2 Equipment and Personnel Decontamination

Although a maximum effort is made to prevent contamination of per-
gonnel and equipment, such contamination will inevitably occur as a result of
contact with the wastes being treated. Contamination may occur in a number
of waye, including the following:
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a. QContacting vapors, gases, mists, or particulstes in the alr.

b, Being splashed by msterdals while sampling, opening containers, or
conducting the gelidificationf/stsbilization process.

c. Walking through puddles of ligquids or on contaminated materials,
d. Using contaminated instruments or equipment.

To prevent the spread of contaminants, methods for reducing contamina-
tion and decontamination procedures must be developed before the initiation
of site operations. Decontamination consists of physically removing the cop-
taminants sndfor changing their chemical nature to innocuous substances. The
nature and extent of the required decontamination process depends on g number
of factors, the most important of which is the type of contaminants being
solidified. This topic is treated further in Seetion 8, Cleanup snd Closure.

7.3,2,3 8pill Control

Another important emvironmental concern is preventing the spread of
contamination through spills. A continuous effort should be mede to prevant
any spillage of contamlnated materials during the solidification/
stahilization process. A spill contrel program should as a wminimum provide
all physical controls pessible in areas where spills are 1ikely to oceur and
proceed in a deliberate and comtrolled fashion fn handling a1l hazardous
materials. Activities presenting the highest probability of material apill-
age include the transfer of liquid or solid material te a staging area, han-
dling of deteriorated drums of liquid waste, and staging of liquid waste.
During solidification/stabilization operations, preventing spllls is the Te-
gponsibility of all workmen at the site.
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SECTION 8

CLEANTUP AND CLOSURE

After completion of waste treatment and the final placement of the
astabilized and solidified waste, it will be neceBgATY to ensure that all
equipment iz adequately cleaned to prevent material from moving cffeite and
that the plans for monitoring are implemented in a timely fashion. Programs
for decontaminating equipment are generally part of the safety planning
involved In the site activity. The postclosure monitoring program is devel-
oped as part of the master plan for slte closure, Examples of cleanup and
closure activities at actual remedial sites are found in EPA (1984) .,

8.1 Cleanup of Equipment

Stabilization and solidification require extensive mixing and materisls
handling equipment. Decontaminstion of equipment may require high-pressure
washing systems and menuwal seraping., Most mixers are cleaned by putting
clean material in the mixer and cycling through seversl mixing operations.

Digcarded equipment and cleaning water must he treated as a contaminated
waste and be disposed of in an EPA-approved mamner, Where residual contami-
nation of equipment 1s suspected, a swabbing or rinsing procedure and chemi-
cal analysie of swabs and rinse water can be used te confirm the effective-
ness of the cleaning procedure.

B.2 8ite Monitoring

A monitoring system iz routinely established at any remedial actiom eite
before, during, and after cleanup operations. This system ensures that no
adverse impact to air, surface water, or ground water securs during the reme—
dial activities. These monitoring activities would normally continue after
glte closure to evaluate the effects of vemediation and eo act as an early
warning aystem for possible breakdown of liners or other containment strue-
tures (EPA 1985a),

If the remedial program involves legving stabdlized or scolidified wastes
onsite, the monitoring should be designed to ensure that the treated wastes
do not become a new esourcée of air or water pollution. The solidified wastes
are deglgned to provide the needed waste contalnment; therefore, placement of
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monitoring wells directly under or adjacent to the solidified waste should be
considered in developing the postclosure monitoring plan.

Even structursl conerete can break down from exposure and weatherlng;
therefore, the possibility of solidified materials disintegrating or chemical
grabilization systems being defeated in natural weathering processes must be
considered in monitoring. For example, sulfate-rich ground water can cauge
swelling and disintegration of Portland-cementffly-ash-solidified waste, or
leaching by rainwater can remove buffering materiale in a stabllized waste
and allow the pH to drop and metals to be taken into solution In contacting
water., If the breakdown of the treated waste is a poseible problem, the
menitoring program should include the coring and retrieval of solidified
waste for leaching tests. Test holes In the westes can alsc be filled with
clean water, and in-situ leaching rates can be determined.

8.3 Capping of Solidified Wastes

Mozt solidified wastes are mot designed for constant exposure to
weathering. Freezing and thawing and wetting and drying can cause the mate-
rial to fragment badly (Bartas and Palermo 1977). A cap that is thick enough
tn ensure that the solidified material maintesins uniform moisture and is not
subjected to freezing is necessary to ensure that the waste does not deterio—
rate, The cap also should winimize the percolatiom of water imto Ehe waste.

Details on the design of clogsures are given in Brown and Assoclates
{1982} and Wyas et al. (1980). Selection of solls and vegetation for capping
landfi1ls is diseusged in detail in Lutton et al. {197%) and for sclid haz-
ardous waste in Lutton (18932) and U.5. EPA (1985b).

A progrem for the periodic inspection and maintenance of the waste cape
iz genarally part of a remedial site waster plan.
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APFERDIX &4

ACQUISITION ARD COSTS OF REAGENTS

Une of the Iltems of concern which is associated with all onsite
solidification/stabilization alternatives is the ability to obtain the neces-
sary process chemicals and transport them to the proposed project site at
reasomable cost., Onsite cost of the required chemicals is a major portion of
overall project costs. The cost of chemicels associated with an onsite
solidification/stabilization project includes the purchase price frem the
manufacturer, trangportation cost from the point of manufacture to the point
of use, cost of onsite storage and handling of the chemicals, and the quan-
tity of chemicals requirved for 2 particular project.

L.l TPurchase Price

The purchase price of chemicals 1s usually the moet significant cost
asgociated with the total cost of chemicals for an omsite solidification/
stabilization project. EGenerally, prices are quoted as free om boagrd
{(£.0.b.) at the manufacturer’s plant. The price for chemicals varies from
day to day and is a function of a variety of factors Ineluding the cost of
raw materials and manufesctwring at a particular plant location, the current
demand for the product as reflected by general ecomomic conditions, the
quantity of chemlcals to be purchased, the nature of the ghipment (e.g. bulk
versus bag for cement), and the reactivity of the material.

The major chemicals or materials used in the solidification/
atabilization of hazardous wastes are products associated with the construc—
tion industry. For this reagon, the cost of these materials is strongly
related to construction activity, An example iz the avallability and cost of
Portland cement. Increasged construction activity resules it increassed demand
which tenda to drive prices up. Likewise, decreased construction activity
has the oppoglte effect. MNote that this effect is also noticeable in the
gecondary materisle, i.e. cement-kiln duet and lime-kiln dust.

The results of an April 1983 survey of chemilcal costs for materials com=
monly used for solidificationfatabilization are presented in Table A-l.
These costs represent telephone quotes for the materiale f.o,b. at the points
of manufactura. A wide range of prices can be noted. Thie range represents
gevgraphlic differences in material costs. Also note that these prices are
probably depressed becauge of the recent slump in major construction activ—
ity. These prices are presented for comparison purposes only,
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TABLE A=1. TYPICAL COSTS OF CHEMICALS USED FOR STABILIZATION/
SOLIDIFICATION (APRIL 1983}

Chemical Units Cost Range
Portland cement $/ton® (bulk) $40 - %65
Portland cement £/ton (bag) 70 - @5
Quick lime (Cald) £ftan (bulk) 45 - 55
Hydrated lime (Ca(OH),) $/ton (bulk) 43 = 33
Hydrated lime {Ga{ﬂH}EJ &/eon (bag) &l - 75
Cememt kilnm dust §fton 5 = 25
Waste quick lime §/ton 4 - 10
Fly acsh §/tom 1] - 40
Gypsum $/ton D 35
Sodium sildcate 3/ pound 0,05 = 0.20
Concrete admixtures $/pgallon 1,50 = 9.00

% Customary units are used because price quotations arve made in these units.
All prices f.o.b. at point of manufecture.

4.2 Trensportation Costsa

The cost of transporting chemicals from the point of manufacture to the
point of use iz generally the second most costly item ggapciated with the
total onsite chemical cost for a solidification/stabilization preject. In
those cases Where waste meaterisls (kiln dust) are used as the solidification/
atabilization agent, the cost of traosportation may actually exceed the cost
of the material itself. The materisls associated with solidification/
stabilization zre commonly shipped by rail or truck. For application at
remedial action sites, truck haulage hss the particular advantage of geogra-
phic flexibility, which limits consideration of rail transportation. There-
fore, for purposes of this discussion, the costs of chemical transportatiom
ta tha project site =re based on haulage by trucks.

The cost of chemical transportation is primarily a function of the char-
acteristics of the material being handled (specific weight, liguid versus
solid, etc.), the quantity of material belng transported, the natura of pack-
aging (bulk versus container), the distance over which the materisl iz trans-
ported, and the type of carrier performing the tremsport services.

Because of the quantity of materials required at & typical remedial
action site, bulk transpoxrt iz generally the method used for obtaining the
required chemicals. Truck typea used for the movement of bulk materials are
sggentially 1imited to two: dump trucks (open top with tarpaulin cover)
andfor tank-type trucks. Dump trucks are very commonplace end are used for
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hauling a variety of materials over relatively short distances. Tank-type
trucks are often used in the transport of lime snd cement products. The
tank-type truck is fully enclosed and is losded and unloaded pnetmatically,
The time required to unload the tank—type truck is conelderably longer than
the dump truck; however, the material is not exposed to the weather, which is
a definite advantage. Each type of truck is capable of tranaporting payloads
in the 40,000- to 50,000-pound (20,000- to 25,000-kg)} range. The actual pay=
load capacity depends primarily om the specific weight of the materigl being
transported, The tamk-type truck is the primary type of carrier emploved for
the transportation of materials associated with ongite solidification/
stabilization projects.

Transportation rates are gemerally established as a tariff in the cage
of common carriers, or they are negotiated between the carrier and the matii-—
facturer im the case of contract carriers. For plenning purposes, 1t is
easier to develop costs based on common carrier tarliffs. Mote, however, that
these tariffs can vary significantly within a regzion and eertainly across the
Hation. The basis for a tariff may vary between carriers in such areas as
minimum load and distance traveled. At the planning stage, it iz somewhat
difficult to compare tariffs directly. In eny event, the chemical manufgo-
turer of supplier generally arranges transportation to the site.

Figure A-1 presents typlcal transportation casts of major chemicale
asgoelated with golidificetion/etabilization technology. The costs presentaed
include the cost of transporting the matertal from the place of manufacture
to the project site. The manufacturer pays loading costs., In the case of
bull: ahipments, the rate includes the cost of unloading. In the case whare
packaged materials (lime or cement in bags) are transported, the person to
whom the materials are shipped Is usually regpontsibla for unloading eervices
(1.a. forklifts, ete.). Bap shipments are uswally palletized for easy
off=loading.

The basic transportation cost will generally include a free time to
effect unloeding. Typical free time renges from 1-1/2 te 3 hr. Should un—
loading fail to be accomplished in this time frama, demurrage will be
charged. These demurrage ratee are highly variable and ave a function of the
demand for transportation services. Typical demurrage rates range from $20
to 350 per hour.

4.3 Onsite Chemicsl Handling

When compared with the purchase costs and transportation costa, the on-
gite handling costs of solidification/stabilization chemicals are usitally
minimal. Onsite handling ceste incorporate those costs relating to the stor-
age and handling of the chemicals between the time of delivery and the mixing
of chemicals with the wastes being treated. The costs of onsite chemical
handling are = function of the methed of materisls delivery (containers or
bulk), the nature and gquantity of materials being hendled, the method of
storage, and the method wged to mix the chemilcals with the waste beding
treated. Many of thege factors are interrelated and difficult to defina.
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Figure A-1, Typical chemlcal transpertation coats.

Tatal coste for onsite chemical handling are expected to range from
$0.10 per ton of chemlcal handled for automated comveyor or pneumatic systems
to ag high as $0.50 per ton of added chemical for manval additiom mathods.

A.% Quantity snd Cost of Chemicals Required

The quantity of chemiecals required on a specific remedial action projact
ig the driving force behind all other cests assoclated with the total oneite
chemical cogts. The cost of chemicals can represent up to 93 percent of the
total cost of an onsite solidificationfstabilizacion remedial action project.
The quantity of reagents required to enhsure adequata performance of a partic-
ular process are usually determined through pilot- or laboratory-acale
gtudies. Reagent requirements can be determined on the basis of volume of
reagent per volume of waste, or welght of reagent to welght of waste., TFor
pilot or laboratory studies, It i= often easy to deternine requirements on &
weight/ weight basls. BResults are usually expresséd on a percentage basils
{{.a., 20 percent by weight Portland cement to be added).

In the field, it is often mora convenient to messure the quantities of
wastas on & volume basis such as gallons or cubic yards to be treated. The
ralationship between volume and weight is expressaed as a specific weight,
usually in units such as pounds per cuble foot or pounds per cubic yard or
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matric equivalenta. The specific weipht for materials may vary depending on
the conditlion of the material (i.e., natural state, disturbed Etate, com-—
pacted state, etec.). Specific weights for typical materials are presented in
Table A-2. Once the volume of waste materisl to be treated iz determinaed
from field survays, the total weight of material to be treated can ba deter—

mined by multiplying the volume by the estimated (or messured) specific
welght.

Once the total welght of waste materials to be treated 1s determined,
the total quantity of reagents required can be determined using the results
of the pilot- or laboratory=-scale studies. The weight of reagents required
is simply the reagent percent by weight obtained from the pilot or laboratory
study multiplied by the total weirsht of onaite material.
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TABLE A-2?, SPECIFIC WEIGHTS FOR COMMON MATERTALS AT REMEDTIAL

ACTION SITES
Waight in bank  Percent  Swell Loose welpht
Harerial (1b/BCY}* gwell Eactor (1b/LCY)
Ashes, hard coal Too=-1 000 0.93 650=030
Ashes, =soft ceal, ovdinary 1,080-1,215 i 0.93 1,000-1,130
Ashes, soft coal wfclinkere 1,0H0-1,515% ] Q.82 830-1,410
Cement 2,870 20 0.83 2,065
Glay, neturel bed 3,400 22 0.82 2,800
Clay, dry 3,100 21 0.8l 2,510
Clay, wet 3,500 25 0,80 2,300
Cley with grawvel, dry 2,800 18 Q.85 2,380
Clay with gravel, wet 3,100 14 .85 2,640
Earth, top soil 23350-2,550 53 .70 1,650-1,700
Earth, dry 2,450-2,600 43 0,70 1,720-1,820
Earth, molst 2,700-3,000 33 0.75 2,030=2,250
Earth; compacted 3,000 25 0.80 2,400
Earth, wisand and gravel 3,100 11 0,90 2,790
Gypsum, fractured 5,300 75 0.57 3,020
Gypsum, crushed 4,700 75 0.57 2,680
Haolin 2,800 30 0,77 2,160
Lime —_ —_ - 1,400
Lime, slaked - — - g00=1,500
Limestona, blasted 4,200 6,765 0,.570.50 2,400-2,520
Limestons, loose, crushad - - - 2,600-2,700
Hud, dry (close) 2,160-2,970 20 0.83 1,790-2,470
Hud, wet {moderately packed) 2,970-3,510 20 3.83 2,070=2,910
Peat, dry BOO=-1,300 80O 0,56 450-730
Paak, wet 1,600=1 800 BD 0,56 400-1,010
Sand, dry 2,450 12 0.89 2,180
{Continued)

# BCY = Bank cubic yards, all specifications are in customary unitsa.
LT = Loose cubic yards
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TABLE 4-2. (Concluded)

Weight in hank  Percent  Swell Looge weight
Haterial (1lb/BECT) awall factor (ib/SLCY)

Sand, dry, fine 2,700 12 0.89 2,400
Sand, dasp 3,200 12 0. 89 2,850
Sand, wet 3,500 14 0.88 3,080
Sand and gravel, dry 3,300 12 .89 2,840
Sand and gravel, wet 3,700 11 0,90 3,330
Slag, eand 1,670 12 0.88 1,490
5lag, solid 45 320=4 ,830 33 0.75 3,240=3 620
Slag, crushed — —-— - 1,900
8lag, furnace, granulated 1,600 12 0.84 1,420
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APFENDIX B

TYPICAL BTABTLIZATION/SOLIDIFICATION EQUIPMENT

Many of the solidification/stabilization alternatives use similar
equipment andfor groups of eguipment. The preocessing equipment used for the
golidification/stabilization of hazardous materisls st remedial action zites
has generally been adapted from the materials processing and constructicn
industries. The equipment or groups of equipment used for the various treat-—
ment programs identified in this study have been fabricated from readily
available, off-the-shelf equipment modules. The diascussion that follews pro-
vides information on the technical attributes, avallable capacities, and
coste asgociated with each identified equipment modula.

The equipment that has been adapted for use in golidification operatioms
is divided into four basic categories: chemlcal storage, matarisls handling,
materizls mixing, and materisls control. A wvariety of equipment modules are
available under aach category. The mors common types of equipment modules
identified during site visits of operating facilities conducted as a part of
this study are the primary focus of thie dizscugsion., WNo attempt has been
made to review all available equipment to optimize equipment sizes and mixes.

The cost information presented is based on the purchase cost or rental
gogt of equipment wodules, The costs prasented have & July 1983 hage vear
and result from interviews with equipment manufacturers. MNotae, however, that
mogst of the identified equipment modules are readily available In the used or
rental equipment market at substantial cost savings. In additiom, the type
of equipment generally wtilized i desgigned for portability. As a result, it
can ba moved from site to site with minimal loss of productive capacity.

Thua poce it is purchased, the equipment could be smortized over szeveral
projects at substantial savings when calculated on & basis of per-unit cost
of waste treated.

B,1 Chemical Storage Facilities

Onsite facilitles may be Tegquired for the storage of both dry and liquid
chemicals. The nature and size of required storage facilities are a fumction
of the solidification/stabilizstion process selected (the types of chemicals
required}, the quantity of chemicals reguired, and the method of chemical
ghipment (bulk o¢r container). Chemical deliveries should be programmed to
minimize cmsite storage requirements and ensure theilr continuous availability
at the =zite.
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The majority of remedial action projects are assumed to be large enough
to justlify the bulk purchase of chemicale; however, some specialty chemicals
uged in the wvarious solidification/stabllization processes may be purchased
in smaller, containerized quantities, Therefore, consideration must be given
toe the protection of both bulk and contalnerized chemicals during the plan-
ning pheae.

B.l.,1 Dry Chemical Storage

On a volume or weight basie, the major dry chemlicals uwsed In a solidifi-
cation/stabilization proceas will normally be either Portland cement, quick
lime, hydrated Xime, £1y ash, gypsum, cement-kiln dust, or lime-kiln dust,
The quality of these materials, measured by their reactivity, is subject to
sovare degradation by exposure to molsture from precipitation or excessive
humidity. Stoerage can be provided in one of four wayst open storage, stor-
age with fabrie or wembrane covers, storage in a warehouse envircmment, of
cloged bing and eilos.

Open gtorage cam be utilized for short perlods of time during appro-
priate weather comditions for the lass reactive dry reagents, Open storage
of the more reactive, dry reegenta, such as Portlatd cement and guick lime,
would not be appropriate. TFor example, =mall smounts of the less reackive
dry reagents (e.g., weathered kilm dust) could be stored in the eopen pending
use in en in-situ mixing program without significant loss of reactivity.
Fugitive dust may be a severe problem when using thils storage option in dry,
windy climstes. Long-term open storage of dry reagents ig not a recommended
option. A zerg-cost, not including losses of material, may be given to the
opeh stopage optiom.

Storage under a fabric or membrane cover is more appropriate than open
storage for low-regctivity materials such as kiln dust, f{ly ash, or gypsum.
Short-term storage in this menner should not result in significant deterdora-
tion in these materials. Fugitive dust, however, may still be a significant
problem when this method of storage is used. The cost of atorage with fabrie
or membrane covers is estimated to range between $2,00 and §4.00 per square
foot of storage mrea provided. The majority of this cost is invelved ino the
cost of the febric or membrane covering. This category of storage is mot
appropriate for high-reactivity reagents such as quick lime, hydrated lime,
or Portland cement.

Covered storage in a warehouse environment provides an alternative for
gngite storage. Unheated warehouse storage can be provided for a cost rang-
ing between $8.00 and $10.00 per square foot. Fupitive dust control and
goeegs to the matarials may present problems. The high reactivity chemicals
gtill may suffer dagradation from humldity effects.

Coverad atorage for the bulk solid materisla associated with sclidifica—
tion/stabilization proceases is often provided in the form of metsl storage
gilog gimilar to thoze used for the storage of Portland cememt. Storage
capacities renging from 1,000 to 5,000 cu £t are readily available. The
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estimated installed costc for thege dry chemical storage silos is presented in
Pigure B=1,

Bl —

BOLTEDETEEL LIME SILD

INSTALLED COST, THOUSANDS OF DOLLARS

3 | L | | ! I
L1 1 2 3 4 -] g

ETORAGE CAPACITY, THOUSANDS OF CUBIC FEET

Figure B~1. Installed cost of dry chemical storage.

The required size for a storage silo iz a function of the rate of chemi-
cal usage and the snticipated chemical delivery schedule. The minimum size
gile should be capable of holding at least the quantity of material ia a bulk
tank truck (approximately 500 cu ft). Material suppliers should be cotsulted
to determine delivery schedules, minimum order guantities, and delivery
times,
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Containerized dry chemicals (generally bags or drums) can be stored in
open storage or coverad storage. Some specialty chemlcals may raquire pro-
tection frem extreme cold or heat. Appropriate covered storage should be
provided for such materisls. Heated warehouse space can be provided for
approximately $10.00 to $12.00 per square foot.

Rather then providing for the construction of onsite atorage facilities,
it may be desirsble to use the bulk transport trailer for om=zite storage.
The coszt for long=term use of the bulk trensport tralilere for such usze is
subject to extreme variation. Business conditioms may preclude the use of
this option because of the demand for bulk transportation services and resul-
tant high demirrage rates for bulk trailers. Materials transporters should
be consulted during the project planning phase.

B.l.? Ligquid Chemieal Storags

Liquid reagents may be rTeceived in containers (generally drums) and in
bulk form, Containerized ligquid reagents may be placed in open storage or
covered storage. aAlthough less susceptible to degradatlion caused by moisture
{(bacause of the nature of the shipping container), liquid reagents may be
more gensitive to temperature extremes. Changes in both degradation and
handling characteristice may result frem exposure Lo Cemparatura extremas .
Open and covered storage has been discuseed wnder dry chemical storage sbove.
5imilar storzge facilitlies can be provided for liguid c¢hemical storage.

Bulk liquid storage is provided in tanks. Typically, horizontal and fox
vartical tanks may be provided. Tanks may be equipped with heating colls to
ansure the maintenance of handling characteristics when exposed to low tem-
peratures, The estimated installed costs of various tank storage facilities
are presented in Figure BE-2., As in the case of dry chemical storage, the
proper planning of chemical delivery schedules can be used to minimize oneite
gtarage requirements.

E.2 Materials Handling Equipment

One of the most important factors in the application of golidificationf
stabilization technology to waste at a remedial action site ia the form or
nature of the wastes to be processed. The forms that wastes may take
includa:

a. Ligquide frem lagooma, settling ponds, drums, and the contalner.

b. Sludees from lagooms, settling ponde, and leaking drums or other
contalners.

Ca Contaminated soils caused by leaking containers or direct dumping
of liquids and sludges on the =soil.
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Figure B-2., Installed cost of liquid reagent storage
{FRP = fiber reinforced plastic).

d. Paaty solide from breached andfor Intact containers.

[ Solids in drums or in other containers or from open contaminated
sites.

Materials handling equipment selected for a particular remedial actiom
project will depend on the forms of waste to be handled. Selection of
equipment for materlals handling 1= a funetion of the physical characterig-
tics of the waste material belng handled {percent golids, viscosity, ete.),
the packaging of the waste materials (drums, lagoons, open area, ete.), the
quantity of waste materials belng handled, and the physical characteristies
of the solidifiedfstabiligzed wastes. It 1z degirable to traneport ligquids
and high-moisture-content sludges with pumps. Some low-moisture=content
gludges can be handled with special pumps. Low-moilsture—centent and/oy
vizcous sludges may be handled with earth-moving equipment suwoh as elam-
shells, backhoes, and dump trucks., Contaminated soils are handled with
earth-moving equipment. Material conveving systems can also be ntilized for
lov-molsture—content sludges and contaminated soills, Care must be taken to
ensure compatibilicy between the materdsl to be handled and the equipment
selected to do the handling.
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B.2.1 Pumps

Either centrifugal or diaphragm pumps may be uwsed for the bulk transfer
of liguids snd high-liquid-content sludges. Centrifugal pumps have the ad-
vantage of higher capacities, whereas diaphragm pumps are capable of handling
higher-solids-content materials, but generally have higher maintenance coste,
Centrifugal pumps ueed for handling materials to be solidified or stabillized
are penerally referred to ag self-priming, centrifugal trash pumps (Hicks
1971)., Size ranges from 5 cm to 15 cm (2 in. o & in.) asre commenly avail-
able with pumping capacities, based on pumping water, ranging between 35 and
5,100 Afmin at heads of up to 56 m. Capacity reductions may be significant
for high-solids-content materials. Both motor- asnd engine—driven pumps are
available on frame and trailer-mounted systems., A trailer-mounted, gasolinme—
epgine=driven pump is illustrated in Figure B-3.

Figure B-3. Trailer-mounted centrifugal
pump (Courtesy Gorman Rupp Company).

Self-priming tresh pumps are generally limited to handling waste mate-
rials with a golids content less than 40 parcent. Recent developments In
centrifugal pumping systews, imcorporating chopper pumps and floating plat-
forme have produced syatems capable of efficiently handling slurries con-
taining uwp to 60% solids. Commonly svailable sizes range from 7 em to L5 om
{3 in. to 6 in.} with pumping capacities, based on pumping water ranginge
batween 1,000 and 5,200 &fmin at heads up to &4 m, As In the case with the
gelf-priming, centrifugal pumps, capacity reductions are significant when
puzping sludges with high solide comtent. Since the pump impeller on the
flosting system is in contact with the waste slurry, the floating system can
handle = higher-solids-content slurry. Figure B-4 illustrates a typieal
floating pump system.
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Figure B-4. Typical floating centrifugal pump (Courtesy
Vaughan Pump Company).

Diaphragm pumps can be utilized on more viscous material with higher
a0lids comtent; however, capacities and head are generally limited, and
maintenance costs are higher. Commonly available diaphragm pump sizes range
from 40 te 570 Rfmin at heads up to 8 m. Both electrie and engine-drivan
diaphragm pumps are availasble,

Figure B-5 presents the purchase costs for self-priming centrifugal
trash pumps, floating centrifugal pumps, and diaphragm pumps.

Waste materials that have been mixed with solidificationfstabilization
reagents can aleo be transported with pumping svstems. In addition to the
systems described sbove, coocrete pumps have been used to transport treated
wagte materials. Available capacities range from 40 to 120 cu ydfhr. Con=-
crete pumps can handle very high solids content slurries; however, the high
cost of these systems has prohibited their wide-zcale usg, Figure B-§ pre=
sents the purchese cost of available units.

B.Z2.2 Construction Equipment

In those cases where waste material which iz not amenable to pumping is
to be handled, reliance has been placed on the uee of conventional excavation

and earth-moving equipment. Typically, equipment used for the golidificationS

stabilization of waste materials will inelude backhoes or all=-purposge
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Figure E=5. Typical costs for pumping systems.

excavators, clamshells, or draglines; front—end loaders; and dump trucks.
Figure B=7 illugtrates a backhoe-dump—truck operaticn for remeval of contami-
nated asoils, Other types of equipment imcluding graders. dozerg, compactors,
ete. may be used in the overall remedisl action project; however, thia dis-
eussion is limited to consideration of materlals handling assoclated with the

golidification/stabilization process.

The required materials handiing equipment is available in a wide range
of sizes, The selection of quantity, types, aod size of equipment is pri-
marily a function of the quantity of materials to be handled and the working

area available.

Production rates for construction equipment used on remedisl action
projects may vary significantly. Eetimates of production rates are beyond
the scope of thiz study; however, 8 number of excellent references are
readily avalleble to assist the project plamner in preparing production and
sost egtimates (Terex 1981; Catexpillar Tracter Co. 1981, 1982%. Im addi-

tion, direct congultation will often be provided by the equipment
manufacturar.

Estimation of the production rates expected on a particular job requires
careful preparatiocn, a thorough knowledge of the materfal to be handled, and
a complete understanding of equipment capabilities. Factors to be considerad
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Figure B-6, Typicel costs for trailer-mounted concrete pumpe.

in preparation of the estimate inelude (1) cyels time of materials—moving
componenta; (2} job efficiency factors; (3) material weights, swell factors,
and handling characteristice; and (4) vehicle payleads.

The cycle time in construction activities is defined as the tima for a
machine or group of machines to complete one cyele (i.e., load, hawl, dump,
teturn, spot, and delay)., Each of these components affects the total cvele
time and is controlled by a mumber of factors. Loading factors inelude:
gize and type of leading egquipment, nature of material being handled, capa-
city of hauling equipment, and skill of the operator. Haul factors include:
capability of hauling unit, hauling distance, haul road conditions, and
grades. Dumping, or unloading, factors include: destinations of material
{f.e. fill, stockpile, mixer, etc.), conditions of unloadine area, maneuver=
ability of the hauling unlt, and nature of the material. Raturn factors in-
clude: capability of the hauling unit, return distance, haul road condition,
and grades. Spot factors include mansuverability of the hauling unit, maneu-
ver area available, type of loading machine, and location of the loading
equipment. Delay factors include time spent waiting on the loading unit amnd
time spent waiting te unloed.
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Figure B-7. Backhoe—dump-truck cperation for removal of comtami-
nated sofls {Courtesy Albert H. Halff Assoclates).

Job efficiency Ffactore are used to estimate the sustained or average
materials handling cspability over a long period of time. Job efficlency 1s
influsnced by such factors as ocperater skill, repair time, personnel delays,
and job layout (Caterpillar Tractor Co. 1382}. Bince many of these factors
are diffieult to quentify, estimates of job efficiency ara wvery complex.
Typical job efficiency factors are presented in Table B-1. HNote that a 75%
afficiency (45 min/hr) is estimated for a job with good working conditions
and pood management. Job efficiency factors as low as 25% may be anticipated
for some remediasl sction projects due to safery factors and nonoptimum work-
ing conditions.

Weight and hapdling characteristics of materials being meved are also
important facters In determining production pates. Matarials handled with
construction equipment om typilcel remedial action projects are low-mofsture-
content sludges with diffieult handling characteristica. Specifie weights of
the materials in-place are expected to vary between 700 and 1,400 kgfeu m.
The materials may also be subject to swelling snd/or hardening in the leading
equipment.

Payloads for the loading and hauling equipment must be determined from
the manufacturer or his representative. Again, it must be noted that payload
data are developed based on earth and rock loadimg and hauling capabilities.
Fow if any data are available on handling of the wasta materials that are
candidates for solidificationfstabilization.
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TABLE B-1. TYPICAL JOE EFFICIENCY FACTORS

Hanagement condition

Job conditicn Excellent Good Fair Poor
Excellent Q.84 0.81 .76 0.74
Goad 0.78 0.73 0,75 D.65
Fair 0.72 0. 569 0.69 0.60
Poor 063 0.61 0.61 0.52

Once production estimates have baen developed, the aonsite reguirement
for each piece of construction equipment can be estimated, With this time
estimate, the job cost of each item of equipment can be estimated, Equipment
can be either purchased or rented, OF couree, purchazed equipment cam be
amortized over move than one project. For planning PUrpOSeE, the normal pro-
cedura ia to estimate costs based on equipment rental rates. Table B~2 pro=-
vides information on the rental rates for various items of construction
equipment anticipated to be required on a typieal remedial action project.

B.2,3 Conveyora

Balt conveyors, or atackers, can be used to transport materials with
soll-like properties {i.e., contaminated soils or the solidifted/stebilized
waste material}. BDelt conveyors are not suitable for the trangport of
liquida, high-moisture-content sludges, or viscous materials. Portabla con-
veying systems from 15 m to 70 m in length with &0-cm through 90=cm bele
widths are readily available. Capacities range from 300 to 700 tonsfhr.
Estimated costs for an installed, portable conveyor ayetém ard presented in
Figure B-8. PFigure E~9 illustrates = typleal portable conveyor eystem,

E,2.% Drum Handling

Waste to be solidified or stabilized is often stored in drums,
Efficient drum handling hes been one of the most Jifficult problems in
materials handling aasociated with remedial action projects. Appropriate
procedures have been defined in the publication entitled "Drum Handling
Practices at Hazardous Waste Sites" (EPA 1982).
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TABLE B-2, APPROXIMATE RENTAL RATES FOR CONSTRUCTION EQUIPHENT USED
FOR STABILIZATION/SOLIDIFICATION PROJECTS

B-12

Approxf.
Far Month Per Haalk Par Day Furchasa
Equipment {176 hr} {40 hrl {8 hr} Price
Coppectors = salf-prepelled
Tikratory plates £ 1,450.00 5 &&5.00 % 140.00 25, 500. 00
3 wheel oteel {14 tom)#® 1,600 .00 535, (u 150,00 28, Gl Q0
Tanden (14 tond 1,600,.00 535.00 150,00 28,500.00
Rubbar tired {11 ton) 1,600.00 535.00 130,00 24 ,000.00
Vibratory dewmn (10 tond 2,495,000 800,00 235.00 4, 000,00
Graders %,300, 00 1,100.00 325,00 BL,500. 0%
14 ton &, 650.00 1,550.00 450,00 83, 500, G
19 ton &,350,00 2,100.00 G . D0 LG, QO 0
25 com
Front-eod loaders 1,250,000 535,00 I150.00 28, 500,00
1 eu yd 2,400.00 835,00 235,00 44, D00 .00
?ooaovd 5,250, 00 1,750.00 00, 00 %3 ,000.00
4 ay wd f, 250,00 2, 100,00 GO0, M 112,000.00
5 eu yd
Crawler trRctors
140 hp 2,950.00 1, T (4D 280,00 53, 5y, Ol
00 tp 5,700,00  1,900.00 550,00  102,000.00
460 hBp B,650.00 290000 BE35.00 156,000,100
Wheel trasbore
180 hp %, 750. e 1,250.00 360, 66,200.00
a0g hp 6, 200.00 2,050.00 HO0 00 113, 500,00
420 hp T 250,00 2,400,00 685,00 L 28,000, 0
Hydraulies poll shovel
1=1/2 co wd 5,100.00 1, 700. 00 485,00 5, 0o (e
2 cuoyd 63 3530.00 2, 100 B1D .00 115,000, 00
3 cuwvd 7,950,000 2, 650,00 Tr0.00 143,000 G0
All purpoER CICaVAabors
1/2 cu wd 3,8975.00 1,275.00 38T, 00 Ti,600.00
/4 eu 74 5,725,040 1,900,00 560,00 LDO3,000.00
1=-1/4 en yd 7.450,.00 2,500, () 715.00 133,000,00
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TABLE B-2. (Concluded}
Approx.
Far Honth Par Weaek Par Day Purchase
Efuipment {1% br) {40 hr) {E hr) Frica

Hachanical ahavelc

2 cu wod 4,%50.00 2,000.00 375,00 100, 000.00

3=1/4 eu ¥4 10, (W) 0 3,300 a0, 00 170, 00, 00

Selfy pu oyd 12, 500,00 %, 150.00 i,800.00 220,004 0D

5-1/2 ou yd L7 ,500.00 3,950.00 L, 700,60 320, 000 .00
Hydraulic crane

10 tons 3,150, 04 1,050.0¢F 200,00 26,000,009

15 boma 3,350,00 1,100.00 310,00 39,.000.00

18 Ecmg 3,550.00 1, 250.00 350,00 65 ,000,00

35 eons 6,40, 00 2,150.,.00 820,00 120, 000,00
Mechanlcal eranc—crawlar

20 tons 3,850.00 L, 250.00 375040 F1, 5040, (e

30 tons 4, 300, 00 1,550,000 410,00 Fr.000, 00

40 Eons &, 000, (K 2,000,090 57500 114,000.00

) cops &, 600, 0 2,175.00 625.00 115,000.00
Trock cTabOe

35 Eons &i?:‘l{:‘run 1|5m+nu d|5"Da.|:||:| BE}SMLDD

30 tone 700,00 2, 350,00 575,00 125, (i, 0D
Water pumps

2-in. discharge 120.90 S0 e 12, (K} Z,300.00

3=fn. dischaega 210,00 70,000 20.00 A,.730.00

f=in. diacharge 510.00 175.00 30.00 B, EDD. 00

f=1in. discharge 850.00 245 .00 B, Q0 15, 500,00

A=in. dischatge 1,000.00 330,00 95,00 18,000, 00
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INSTALLED COST, THOUSANDS OF DOLLARS

30

10

=

700 TONS PER HOUR

Figure B-8. Installed portable conveyor system costs.

Figure B-9. Typical portable conveyor system (Courtesy
The Vince Hagen Company).
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B.? Matarisle Mixing Equipment

Materiale mixing equipment is used to blend reagents with the waste
materiale to accomplish the sclidification/stabilizacion reaction.

B.3.1 Comstruction Egquipment

Backhoes, eclamshells, and draglines have been applied to the in-situ
wixing of selidification/stabilization reagents with waste materials. Since
this is not a4 "normal™ use for this equipment, 1litrle detailed informetion is
available concerning production rates and control of the mixing PrOCESE
(i.e., is mixing adequate or do pockets of unreacted waste material remain?),
Backhoe mixing has been successfully applied at Resource Conservation and
Recovery Act (RCRA) disposal sgites; however, this is usually done in rela—
tivaly small basins and the solidified/stabillized materiasl is always re-
handled. Thus adequate mixing is usually ensured.

The high—speed rotary mixer (Figure B=10) has been tsed to mix
solidification/stabilization reagents with sludges and contaminated soils.
The procedures for using this equipment places alternating layers of waste and
treatment reagents. Date for spplication tov the solidificationS/etabilization
of waste materials are not avallable; however, based on highway construction
experience, it is estimated that around 2,000 sq m (21,520 gq ft or about
1/2 acre) of surface per day could be mixed. Agsuming a 1ift of 25 cm,

500 eu mfday of waste material could be mixed with the required reagents.

A varlety of mixing and other types of materials handling equipment is
avallable from the conerete and roadway materials industry. FProducts that
can be readily adapted to the golidification/stabilization of hazardous
wastes include materlals atorage, batching, and mixing equipment. Mobile,
portable, and stationary equipment modules are readily svailable for all of
these functioms. Modules can be purchesed and assembled to meet site—
specific requirements. Equipment manufacturers provide consultatrive service
to addrese specific materials handling requirementa.

A typieal adeptation of conerete technology is the use of a bese stsbi-
lization plant for treating contaminated soils as illustrated in Figure B-11,
Sizes for such plamts range from I00 to 400 tone/hr and consist of materials
atorage, batehing, and mixing facilities. Materials mixing is generally
accamplished using & pug mill, The estimated cost of a2 hase stabilization
plant is fllustrated in Figure B-12.

Other applications from concrete mixing techoology inelude the use of
cancrete bateh plants, central mixing facilities, andfor transit mixing
trucks. These can be used for both appertioning and mixding sclidification/
stabilizaclon reagente with the waste materials being treated. The costs of
both mobile and modular batching plants are illustrated in Figure B-13.
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Figure B-10. Typical high-speed rotary mixer (Courtesy
Albert H. Halff Associates).

Figure B-1l. Typical base stabilization plant.
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Figure BE-12. TIngtalled cost for base astsbilization plant.
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Figure B=13. Installed cost for mobile and modular
concrate beatoching facility,
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Materials mixing can be accomplished by centrel mixing equipment {(rilt-
ing mixers) or in transit-mix trucks. Tilting mixers are available in sizes
ranging from & to 12 eu yd per bateh. The Instslled cost of a tilting mixer
is pregented in Figure E-~14.

180 —

INSTALLED COST, THOLUFANOE OF GOLLARS

an l 1 l I 1
i} 1] 150 160 i o) aon 80

BATCH CAPRCITY, G BT

Figire #-14. Installed cost for comcreta tilting mixera.

Transit-mlx trucke have been used to mix conteminated materials and
golidification/stabilization reagents. Typically, the materdals are batched
in a mobile batch plant and mixed during tramspert to the final dispossl
area, Trangit-mix trucks are available in capacities ranging from & to
12 cu m,

Althouph the concept for using modified equipment from the concrete
industry has been daveloped, the equipment has not recelved widespread use
because of the relatively high cost compared with equipment used in the
geenardos developed in Sections 6,3 through 6.6 of this handbook. Howevaer,
the use of concrets industry equipment shouwld be ineluded in alternative
evaluations on a site-specific basis.

B.3.2 Procesa Mixing Equipment

A wida variety of process mixing equipment has been wsed, or is theoret-
ically svailable for use in the mixing of reagents with waste materials te be

golidified or stabilized. This equipment has been adapted from either the
food or chemical proceesing industry. Basic parsmeters, which include mixing
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characteristics, avallable sizes, and costs for the more significant mixer
t¥pes, are presented below. Additional information om the specifie applica-
tion of each is provided In Sectfon 6.

The scientific design of mixing equipment is complex and uswally re=-
quires detailed enginearing study. Perry (1973} identifies properties of the
materiale to be wixed that affect the selectilon of appropriate mixing equip-
ment: particle-size distribution; bulk density; true density; particle
shape; surface characteristics; friability; atste of agglomeration; moisture
or liquid content of sclids; density, viecosity, and surface tension: and
temperature characteristics, Little if any scilentific design has been ap=
pliesd to mixming required for solidification/stsbilization processes, HMost
mixing equipment has been developed or modified by trial and error based on
field experience. One reason for this is the wide range of materials that
the typlcal system may be required to handle. The mzjor types of mixing
equipmant for weste processing Iinclude the change-can wixer, ribhon Blender,
mullar mixer, rotor mixer, and propeller mixer. Detailed engineering has net
been pexformed to optimize the design of nixing equipment currently used for
eclidification/etabilization of hazardous waste.

B.3.2.]1 Change—Can Mixar

The change-can mixer is a vertical batch mixer in which the container is
separate from the frame of the machine. Capacities ranging from 0.5 & to
1,100 % are available, The most common size used in the solidification of
hazardous wastes is the 200-2 drum, Figure B-15 illustrates a typical
change-can mixer.

The change-can mixer is ideally suited for use in drum solidification/
stabilization of wastes., The mixing head may be raised from the can {drum)
allowing the mixing blades to drain Inte the drum. If necessary, the blades
may be wiped down or cleaned by rotating them im & solvent. When the can is
removed, cleaning the blades and support is = rather simple process.

Mixing of can contents is achieved in one of two ways. TFiret, the
mixing unit assembly may rotate with a planetary motion so that the rotating
blades sweep the entire ¢ircumference of the can. Second, the can is mounted
on 4 rotating turntable so that all parts of the can will pass fixed scraper
blades on the agitation blades at a point of minimum clearance. The mixing
actiom iz primsvily in the horizontal, to and from the center of the can.
Vertical mixing results from the shape of the blades.

as mixing progresses, the flow characteristies usually change. In order
to achleve a minimm time cycle, variable speed or two—speed mixers are
desirable. A slow speed at the start of mixing will reduce dusting or
aplashing,

The estimated coats for a change-can mixer installation are presented in
Figure B-16.
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Figure B—Ll5. Typical change-
cen mikxer (Courtesy Charles
Ro=ss & Son).

BE.5.2.2 FERibbon Blendex

A ribbon blender comaists of a stationary shell and rotating horizontal
mixing elements (Figure B-17). To accommodate a wide variety of materials,
it is pessible to wmodify such featwres as ribbon cress section, ribbon pitch,
the number of ribbonsz, and the clearance between ribbone and ribbone and
shell, The tibbon blender can be wsed for continuous or batch operations.
Imatalled eosts for ribbon blenders of warious sizea are presented 1n
Figure B=18.

B.3.2.3 Mullar Mizer

The muller mixer consista of a statlonavy pan with rotating wheels and
plows (Figure B-1%). The muller is typieally used for batch operations; how-
aver, continuous—cperstion mullers are available. Installed cost for muller
mixing systems are pregentad in Figure B-20.

E.3.2.4 Roror Mixers

Eotor mixers consiet of shafts with paddles or screws comtalned Iin a
stationary trough. These mixers may be equipped with single or twin shaft
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10 =

INSTALLED COST, THUUSANDS OF DOLLARS

BATCH CAPAQITY , G FT

Figure BE-l6. Instelled coat for change—can mixers.

apsemblies, Figure B~21 illustrates a twin-shait rotor mixer. The installed
cost for a twin-ghaft rotor mixer is presented in Figure E-22.

B.3.2.5 Prapeller Mixer

The top-entering propeller mixer consists of a driver, shaft, snd pro-
peller. This mizer is lightweight and highly portable, and it can be eagily
chapged from one drum to the next. This mixer works by changing the mixar
from drum to drum rather than by changing drums in the mixer. The mixer is
mounted ot the drum with a clamp or special head frame. Typical cost of the

equipment 1a approximately $2,000.00. Figure B=-23 illustrates a typiecal pro-
peller mixer,
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INSTALLED COST, THOUBANKDS OF DOLLARS

Ak =

E
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10

Fipure B-17. Typical ribkbon blender
(Courtesy FBeardsley & Piper).

1 ] 1

Flguxe B-18.

60 B 100
BATCH CAPACITY, U FT

Installed cost for ribboti blenders.
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IMSTALLED COST, THOUSANDS OF DOLLARS

18a

120

Figure BE-19. Typical muller mixer
{Courtesy Beardsley & Piper).

| | 1

14

Fipure BE=20,

i) oL E 40

BATCH CAPACITY, CU FT

Inetalled cogt for mulley mixers.
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INSTALLED COST, THOUSANDS OF DOLLARS

10

Figure B=21. Typical twin-shaft rotor mixer
{Courtesy Beardzley & Fdiper).

1 ] 1 1 i ]
Tn 2000 0a 4a00 =it G000

DRY CAPACITY, CU PT /HOUR
Figure E-22. Installed cost for rotor mixera.
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Figure B-23. Twypical top-entering
propeller mixer (Courtesy Mixing
Equipment).

iy

U
B.4 Materisls Control Eguipment ‘)k

Solidification/stabilization processes require the addition of reagents

te waste materialas In fixed, measured guantities, generally as determined from
pilot- or laboratory-scale studies. AdJustments are subsequently made as a
tasult of onsite expeérience with the particular waste being treated. The
control of materials, both the waste to he treated and the reagents to be
added, can be accomplished using methods based on either weight or voliume.
In addition, either batch or continuous ¢ontrol systeme are avallable. The
sophistication of the materials control technique selected for a particular
project can vary from simplistic eystems Incorporating menusl feed to com=
plex, fully automated equipment.

Materials contyel (i.e., the proper propertioning of waste materisle and
solidificetion/stabilization reagents)} is one key to the proper performatca
of the treated waste materials. Numerous materlals control systems are
available off=-the=shelf, The most common types of equipment used for mate-
rials control purposes are discussed below,

B.4.1 Waste Materials Control

Wagte materisle control can be accomplished by either volume= ar welght-
based metheds. The type of contrel system selected will depend on the
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materials handling equipment and the materials mixing equipment selected to
accomplish the solidification/atabilizatiom process.

If the waste material is pumped and a continuous mixer 1s used, pump
curves can be consulted to detrsrmine the discharge under stated conditions.
S9ince manufacturers' pump curves are based on pumping clean watar and the
typical remedial action project will handle eludges or high solids content
liquids, sdjustmant to the manufacturers' curves will be required. Calibra-
tion of pumps under field conditions may be required. For those systems
uging pumps For waste material handling and batch-type mixing equipment, a
volumetric batching avatem cam be emploved. This syatem may conslst of a
saparate, level-controlled batch hopper, or the mixing vessel cem simply be
£illed to a predeteymined level. Mamual or automatic control cen be used.

IF the waste material ig handled by construction equipment, meterial
coptrol can be accomplished by wolumetric messurement, or for granular mate-
rial, aggregate weigh batches from the concrete batch plant industry can be
used. Figure BE-24 1lIustrates a weigh batcher being used to meter waste
materials. Volumetric measurements can be wsed in the same manner as for
pumped wastes; however, feeding the measuring or mixing equipment will be
more diffieult. A less sophisticated method of measurement is merely to
count the number of truckloads of material and make an estimate of the volums
of waste material on each based on the lknown triuck capacity.

Figure B-24. Waigh bateher system for waste materials
contral {Courtesy Solid Tek).
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B.4,2 Soldd Reapent Control

The control of solid reagents can be accomplished by either volumetrig-
or welght=baged methods. The type of equipment selected should be baged on
the gquantity of materfal to be fed to the waste and the sgolidification/
gtabilization scenaric selected.

The most common type of svatem for feeding dry solids 1s the screw
feeder {Figure B=25). The serew-type feeder Is Ffalrly rugged and well suited
for application in the field eoviromment. The feed rate ia controlled by
Increasing or decreasing the speed of the =screw. Assuming a constant bulk
density of materisl, the weilight of material discharged from the acrew feeder
can be accurately controlled. Screw feeders can be adapted for uwse with both
batech and continuoits mixing aystems.

"'_|—|_._|

- MATERIALS STORAGE

MATERIALS FEED HOPPER

ROTATING SCREW

TO WASTE MATERIALS MIXER
Flgure B—25. Typical screw feeder.

Batch and continucus-~feed gyatems based on measurement of welght are
alao availsble. These syetems, although somewhat more delicate than serew
feeder systems, provide for more accurate materials control. Bateh waighing
sygtema sultgble for use with bateh mixing svstems usually consist of a con=-
tainment vegzel or hopper mounted on a scale or load cell. The entire assem-
bly 15 uwsually mounted directly above the mixing unit. The material baing
weighad ig fed from a storage bin into the hopper. Tha flow of material is
controlled by =ignels from the load cell or =cale, When the set podnt is
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reached, the flow of material is stopped and the batch is ready for addition
to the mixer. Welghing accurscies withim #0.25% are available from batch
weighing systems, Figure E=26 illustrates a typical weigh feedar system.

Figure B-26, Typical weigh feeder system {(Courtesy
Rexnord)} .

Contimuous weipghing involves a syatem that is sensitive to ¢hanpezs in
tha weight of material on & continuous belt (Figure B-27). Typlcally, the
halt passes a weight-sensitive area (weually Iead cella)} that measure and
total the welght of materdals on the belt. A comtrol signal is sent to a
gate controlling the flow of materials from a storage hopper to the bele.
decuracies within £1.0% are available Erom continuous weighing feeders.

B.%.,3 Liquid Reapent Control

Tha control of liquid reagents is normally accomplished by wolumetrie
methods. Typically, liquid reagents will be proportioned with metering pumps
or flew-measuring systems sending a signal to a control valwve. A popular
installarion would include a turbine flow meter transmitter with cutput sig—
nal sent t¢ digital or anelog instruments for feed rate indication, totaling,
and flow control. Numercua other flow-measuring devices are also available,
including venturi meters, magnetic flow meters, orifice meters, etc. The
tuxbine £low meter seema, however, to effer greater sensitivity and control.
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Figure B-27. Typical belt scale system (Courtesy Rexnord) .
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Expanded Miea, 2-3

Extraction Procedure {EP}, 2-I,
4=1

Feld=zpar, 2-=5

Fllrering, -1

Fixation, Defimition, I-1
Flammability, 1-3. 4-1
Flowability, 3-2, 5=2
Flocedng, 3-1

Fly ash, 1-2, 2-2, 2-5, 2-B,
5-2, B-2

INDEX=-2

Free Liquid, 2-2, -5, 4=7, 4=5,
4-11

Fracze—thaw Test, 4-3, 4-9

Fumes, 5=2

Glageification, 2-2

Grain-8ize Distyibution, 3=-1, 3-3
Ground Briclk, 2=10

Ground Water, 4-2

Gypsum, 2-6, B2

Heavy Metal Wastea esnd Sludges,
2-11, 2-16, 2-22

Hematite, 2-6
Heulondite, Z-0
Hydreted Silica Gel, 2-=12

Ignitabilicy, 1-3, 4=2, 4=5, 4-G,
4-10

I1lita, 2=b, 2=V

In=Drum Hixing Alterpative, 6=3
In=Situ Mixing Alterpative, 6=10
Interferanca, 2=11

Ign Exchange Fezing, 2-1, 2-22
Kaolinite, 2-8, 2-7

Eiln Duet, 2=2, Z=5, 2=5, B-13,
B-2

Laumonite, 26

Lavering, Se¢ Area Mixing
Alternative

Laachability, 1-3, 4-3, 4-10

Lime, 1-2, G=2



Lime=-Fly Ash Pozzolan, 2-3
Ligquid Chemical Storape, BE=4
Mecroencapsulation, 1-1, 2Z=3, 2=17

Mieroencapsulation, I-1, 2-1, 2-&
2=15, 2=19

Mixer, Change-Can, 6=5, B-19
Construction Equipment, B-15
Muller, B=2{
Propelley, 6=5, 6=H, Bu2]
Eibbon, See Blender, Ribbon
Rotor, 6-20, B-15, B-20

Mobile Flant Mixing Altermative,
6“13} 'E—I.g:- E'-.El

Modular Plant Mixing Alternative,
6-23, 6-24, 6-27

Momofill, 1-1

Hooolith, 1-1, 2=I

Mullite, 2-6

Hational Contingency Plen, 14
Hative soil; 2=2
Heutralizstion, 2=1, 2-2{

0SHA Regulations, AB=9, 7=3, T7-=4
0il sludga, 2=5, 2=9, 2-11, 2-13
011 and Grease, 2=11, 3=4
Cpsite Chemicel Handling, A-3
Otganic Polvmers, 2-1, 2-2

Organic Vapor and Dust
Generatiom, =3

Oxidation/Feduction, 2-22

Particle—Size Distribution, 4-7

INDEE=3

Pasaivation, =4

Fercent Molsture, 3-1
Parmeability, 4=7, 4=9, 4-=10
Feraonnel Protaction Program, 73
Phenal, 2=23

Pilot Studies, 5-2; 5=3

Polyethylene, 2Z-2, 2-16, 2=18

Portland Cement, 2-2, 2-3, 2-10,
1‘—12, 2_131 B"E

Polypropylene, 2-16
Pogzolan, 2=2, Z<10, 2-12, 2-l3

Pozzolan-Portland cement, 2-=2,
=3, 2=12, 2=13%, 3-4

Pretreatment Technigues, 2=20
Pumpability, 3=2, 5=2
Pumps, B=G

Juality Contxol, 5-1, 6-30, 7-1

Begource Conservation and
Becovery Act, l-4, 4-1, 6-17

Badioactive Waste, 2-1

Reactivity, 1-3, 4=1, 4=5, 4-6,
G100

Redox Potential, Z-9
Reprecipitation, 2-4

Safety Concerng, 5-1, 6-9, 6=17,
6=2%, B=34, 7-3

Sampling of Treated Westez, 7-1
Screw-Extruder, 2=17

Screw Feeder, B-27



Self—Cementation, 2-2, 2-10
Settling, 3-1

Shear Strength, 3-4

84lieca, 2-3, 2=22

gite Honitoring, 8-1

Smectite, 2-6

Spil=cement, 4§=9
Solidificarion, Definition, l-1

Solubilities, Metal BHydroxides,
2=21

Splyble Silicetes, 2Z-3
Sprption, 2=-3, 2=5
Specifications, &4-19
Spill Control, 7-7

Stability, Physical, 4=7
Biological, 4-8

Btagbilization, Dafinitiom, 1-1

Stilbite, 2-6

W5

INDEK—%

Storage, B-2, B=3

Superfund, 1-4%

Surfactanta; 2-14

gugpended Solides, 3-1, 3-2
Taesting of Treated Wastes, 7-1

Thermoplastic Hicroencapsulation,
2-3, 2-15, 2-19

Toluene, 2=16
Trafficability, 3-3
Transportation Costs, -1

Tnconfined and Compresalve
SI'_TE]:LEthj 3-15 3"&', 4_?

Vermiculits, 2-6, 2-7
Wasgte Blanding, Z-23
Vax, Z=1&

Wet=dry Test, 4-3, 4-9
Xylene, 2-16

Zeplites, 2-1, 2-3, 2-6, 2=7, 2=14
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