
3 S/S PROCESS PERFORHANCE TESTS 

Many different tests can be applied to measure the performance of 
S/S processes. Some of these tests are mandated by federal, state, or local 
regulations, whereas others can be employed to provide additional assurance 
that a given S/S process is appropriate for its intended use. Testing can be 
expensive, especially when applied to a large number of samples and replicates 
to ensure statistical validity. On the other hand, only adequate testing can 
ensure attaining the data quality objectives (DQO). Less than necessary 
testing may lead to an unacceptable S/S-treated waste in a difficult form to 
reprocess. 

This chapter provides a comprehensive review of the types o f  tests 
applied to S/S-treated waste. 
small subset o f  the tests mentioned here, depending on the specific perfor- 
mance goals of that test program (Section 2.3). 

The purpose of this section is not to describe all possible tests in 
detail but rather to present an overview of example tests organized by type of 
test: 
terization. 
the representative tests. 
possible example method. 
soil or sludge samples, S/S-treated waste, or liquid samples. These material 
applications are denoted as U, S, or L in the column titled material applica- 
tion. The test may be required by regulation, provide general information 
about S/S processing, or support an experimental program. 
applications are noted as R, I, or E in the column titled testing application. 
Both columns provide general guidance but specific uses will vary depending on 
testing program design. 

information on performance tests. 
3.1 through 3.5 are taken primarily from U.S. EPA (1990b). 

A given test program normally would use only a 

physical, leaching/extraction, chemical, biological, and microcharac- 
For each category of test, a table lists and briefly describes 

Where possible, reference has been made to one 
Some of the tests are most applicable to untreated 

These testing 

U.S.  EPA (19899 and 1990b) provides two sources of additional 
The test descriptions offered in Sections 

3.1 PHYSICAL TESTS 

For the testing of  S/S-treated waste, many existing physical and 
construction tests were adapted. 
them to evaluate stabilized wastes. Such tests can be used to differentiate 

Thus, caution should be exercised when using 



among the attributes of different binders, to determine compliance with 
performance objectives, to establish material handling characteristics, and to 
select large-scale equipment. 
described below. The testing program should select appropriate tests based on 
the waste and site conditions and test program objectives (Section 2.7). 

Table 3-1 gives an overview of physical tests, 

3.1.1 General Prowrtv Tests 

General property tests provide information relating physical 
characteristics of treated and untreated waste to various process and opera- 
tional parameters. These tests are often performed to determine the suit- 
ability of the wastes to stabilization, to help select binders, or to help 
design treatability studies. 

3.1.1.1 Hoisture Content 

Moisture content refers to "free" or "pore" water, not water o f  
hydration. On untreated wastes, moisture content is used to determine the 
materials handling properties and to determine whether pretreatment (e.g., 
drying, dewatering) is needed. 
need to add water to the S/S binder and to convert waste weights to a dry 
basis to improve reporting consistency. 
volatiles lost under the conditions of the test. 

Moisture content is also used to estimate the 

Moisture content may include some 

3.1.1.2 Particle Size Analysis 

The size distribution o f  the particles in the waste or soil often 
indicates the potential for water movement through the material and the 
compressibility. Also, very fine-grained materials have been shown to produce 
poorly stabilized materials ( U . S .  EPA, 1986~). Presence of large particles 
may require the use of size reduction equipment. 
forming a strong interlocking matrix is well graded, with few particles in 
extreme sizes. 

The best material for 

3.1.1.3 Specific Gravity 

Specific gravity is the ratio of the mass of the dry solid portion 
o f  the waste to the mass of an equivalent volume of water. Specific gravity 
data are necessary to understand the weight-to-volume (e.g., tons to cubic 
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yards) conversion factor for the waste. Specific gravity measurements on 
waste before and after treatment can be used to calculate the extent of waste 
volume expansion due to treatment. 
can be determined by a water displacement method in which the volume o f  a 
waste sample is determined by water displacement in a volumetric flask. 

Specific gravity of insoluble materials 

3.1.1.4 Suspended Solids 

The quantity of suspended solids in a mixture is one factor in 
determining the pumpability of liquid wastes. 
waste that can be achieved by dewatering also can be estimated based on the 
suspended sol ids content. 

3.1.1.5 Paint Filter Test 

The decrease in volume of the 

The Paint Filter Test is mentioned under RCRA in 40 CFR 264.314 and 
265.314. This test is used to determine the presence of free liquids in the 
waste. 
determine the degree of treatment needed or after stabilization to determine 
if the waste may be disposed of in a RCRA-authorized landfill. 
material fails the test, further treatment is required. 

e The Paint Filter Test can be performed before treatment to help 

If the 

3.1.1.6 Liquid Release Test (LRT) 

The Liquid Release Test is also devised to measure free water 
This method uses gas pressure to force a piston against a sample to content. 

squeeze any releasable liquid from the material. A special liquid release 
test apparatus or the zero headspace extraction apparatus, also used in the 
TCLP test (Section 3.2.1), may be used for the LRT. The U.S. EPA has proposed 
the LRT as a supplement to the Paint Filter Test (51 FR 46833, December 24, 
1986). 

3.1.1.7 Atterberg Limits 

Atterberg limits are the boundaries of liquid and plastic consisten- 
cy states for a soil-like material. Another parameter is the plasticity 
index, which i s  the difference in the moisture contents at the liquid and 
plastic limits. The Atterberg limits indicate general civil engineering 
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e 

e 

e 

proper t i es  o f  a s o i l - l i k e  ma te r ia l  and are  used t o  est imate hand l ing  and 
storage cha rac te r i s t i cs .  

3.1.1.8 Visual Observation 

Careful observat ion and record ing o f  t he  general c o n d i t i o n  o f  S/S- 
t r ea ted  waste g i ve  a good i n d i c a t i o n  o f  t he  performance o f  t h e  S/S process. 
Charac te r i s t i cs  t o  check inc lude sur face spa l l ing ,  g r a i n  e x f o l i a t i o n ,  crack 
development, co lor ,  s a l t  eff lorescence, and sur face pore s i z e  and condi t ion.  

3.1.2 Bulk  Dens i ty  Tests 

I n  s i t u  un i t  weight, vo id  r a t i o ,  and degree o f  s a t u r a t l o n  are soil 
parameters used i n  most phase re1 at ionship, s o i l  pressure, sett lement, and 
s t a b i l i t y  problems. These parameters he lp  t o  de f i ne  the  cond i t i on  o r  phys ica l  
makeup o f  a s o i l .  The u n i t  weight, de f ined as t h e  r a t i o  o f  t h e  weight o f  t he  
mass t o  the  volume of the  mass, may be expressed as e i t h e r  a dry, moist,  o r  
sa tura ted  u n i t  weight. 
t o  the  volume o f  s o l i d  mater ia ls .  The p o r o s i t y  o f  a mater ia l ,  discussed i n  
Sect ion 3.1.5, i s  r e l a t e d  t o  bu lk  densi ty .  The degree o f  s a t u r a t i o n  equals 
the  r a t i o  of the  volume o f  water t o  the  volume o f  voids, a l so  expressed as a 
percent. 

The vo id  r a t i o  equals t h e  r a t i o  o f  t he  volume o f  vo ids 

3.1.3 ComDaction Tests 

Moisture-density re la t i onsh ips  de f i ne  t h e  compaction c h a r a c t e r i s t i c s  
o f  a s o i l .  
Proc tor  t es t ,  i d e n t i f i e s  the  maximum d ry  u n i t  weight t h a t  i s  achieved by us ing  
a spec i f i ed  compactive energy. 
mois ture content t o  achieve the maximum d r y  u n i t  weight. 

The labora tory  compaction t e s t ,  genera l l y  r e f e r r e d  t o  as t h e  

Compaction t e s t s  a lso i d e n t i f y  the  optimum 

3.1.4 Permeabil f t v  lHvdraul i c  Conduct iv i  t v l  Tests  

Permeabi l i ty  i s  a measure o f  f l o w  o f  a f l u i d  through the  to r tuous  
pore s t r u c t u r e  o f  the  waste o r  S/S-treated waste. Typ ica l  values o f  s tab i -  
l i z e d  wastes range f r o m  
compared t o  c lay  (used f o r  l i n e r s ) ,  which i s  t y p i c a l l y  less  than cm/s. 
A value o f  <lo-* cm/s i s  recommended f o r  s t a b i l i z e d  wastes planned f o r  l and  
b u r i a l  (U.S. EPA, 1 9 8 6 ~ ) .  However, high permeab i l i t y  i s  n o t  as great  a 

t o  IO-' cm/s (U.S. EPA, 19899). Th is  can be 
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problem if the contaminants in the waste do not easily leach to water. High 
permeability can also be addressed through engineering solutions (U .S .  EPA, 
19899). It may be advisable in some cases to perform a permeability test on 
samples that have already undergone durability testing to determine whether 
this property changes under environmental stresses. 

3.1.5 Porosity Tests 

The porosity indicates the void space i n  the solid that may or may 
not be available to retain liquids. The methods available for measuring 
porosity are based on determining the volume of fluid that can be forced into 
the pores. 
493) is unlikely to dissolve the solid, but high pressure is needed to push 
mercury into the pores, possibly altering the pore size. Water- or mineral 
oil-based methods (ASTH C 830) use lower pressure, but the fluid may dissolve 
part of the solid. 
1986) avoids both high pressure and dissolution. 
penetrating fluid than water, so helium intrusion can overestimate the 
effective water porosity. 

Each fluid has unique strengths and weaknesses. Mercury (ASTM C 

Using helium as the displacement fluid (Hannak and Liem, 
However, helium is a more 

3.1.6 Strenqth Tests 

Strength testing indicates how well a material will hold up under 
mechanical stresses caused by overburden or earth-moving equipment. Strength 
testing is usually done on the stabilized waste, although testing the untreat- 
ed waste can provide a baseline. A common mistake in S/S is to equate treated 
waste strength with the degree of contaminant stabilization. 
between strength testing and contaminant leachability has not been estab- 
lished. However, in general, better strength provides better physical 
barriers for the containment o f  contaminants. 

A correlation 

3.1.6.1 Unconfined Compressive Strength (UCS) 

The UCS test measures the shear strength of a material without 
lateral confinement. 
not release water during loading (ASTM D 2166) or to molded cylinders (ASTM D 

1633 or C 109). 

It is applicable to cohesive soil-like materials that do 

It is not applicable to crumbly or fissured materials. The 
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ASTM 0 1633 or C 109 tests for various binder mixes can also indicate the 
optimum water/additive ratios and curing times for the setting reaction. 

For ASTM D 2166, the U.S. EPA generally considers a stabilized 
material as satisfactory if it has a compressive strength of at least 50 psi. 
However, the minimum required strength should be determined from the design 
loads to which the material may be subjected. 
generally around 1 psi per foot of depth. 

test (ASTM 0 2435) and compressive strength o f  hydraulic cement mortars 
(ASTM C log), are sometimes used. 

Overburden pressures are 

Variations of these methods, such as the one-dimensional stability 

3.1.6.2 Inmersion Compressive Strength 

Soil and soil-like materials can exhibit good strength when dry and 
yet become unconsolidated when saturated with liquid. 
compressive strength test, a sample is soaked in water prior to compressive 
loading to simulate performance in a saturated disposal environment (Kasten 

In the innnersion 

et al., 1989, p. 22). 

0 
I 

3.1.6.3 Tri axi a1 Compression 

The triaxial compression test determines the strength of a specimen 
encased in an impervious membrane and axially loaded to failure in compres- 
sion. Triaxial compression testing is applied to unconsolidated soil and 
granular S/S-treated waste. 

3.1.6.4 Flexural Strength 

In contrast to the UCS, in the flexural strength test, loads are 
applied on the short axis o f  the sample. 
material’s ability to withstand tension or its resistance to cracking due 
either to settlement o f  the underlying fill or to surface loads (U.S. EPA, 

This test gives a measure of a 

19899). 

3.1.6.5 Cone Index 

The cone index test is a quick screening evaluation for compressive 
strength (Myers, 1986). 
needle-shaped device into the stabilized waste and measuring the penetration 

This test involves forcing a standard cone- or 

3-11 



resistance. Three types of cones are available: the U.S. Army, pocket, or 
ASTM. 
The cone index test can be used instead o f  the UCS sometimes, but not exclu- 
sively, if results are required quickly. 
and load-bearing capacity of the stabilized waste (Cullinane and Jones, 1992). 
It can be used to determine the kind of earth-moving equipment needed to move 
the stabilized waste and the curing time required before other construction 
equipment can move over the stabilized waste (U.S. EPA, 19899). 

Selection depends on the strength of the material and the application. 

This test indicates the stability 

3.1.7 General Concrete/Soil-Cement Tests 

The test methods used to determine the heat of hydration and other 
factors involved in making and curing concrete test specimens can be used to 
evaluate the performance of cement/waste mixtures. Heat of hydration can be a 
useful measurement, particularly when the waste contains volatile organic 
compounds (VOCs). Although the standard test intervals for industrial 
applications are 7 and 28 days, it is recommended that the heat of hydration 
be measured at more frequent intervals for S/S testing. 

In addition to the heat of hydration procedure, it also can be 
useful to prepare and cure samples of the S/S-treated waste under both field 
and laboratory conditions. In this way, the S/S-treated waste can be measured 
for physical parameters after having been subjected to real istic environmental 
variables. In the laboratory, process variables can be varied and controlled 
to simulate a wide variety of environmental conditions. Preparing and curing 
S/S specimens under a variety of potential environmental conditions makes it 
possible to apply the durability tests described in Section 3.1.8 and to 
assess the effects o f  both the curing process and the environmental factors in 
relation to the ultimate integrity of the S/S waste. 

3.1.8 Durability Testing 

Durability testing evaluates the ability of a material to withstand 
environmental stresses such as freezing and thawing (ASTM D 4842) or wetting 
and drying (ASTM D 4843). Weight loss or the number of such cycles that the 
material can withstand without failing is an indication o f  its physical 
stability. Other performance tests such as UCS, flexural strength, and 
permeability can be conducted on the material after each cycle to determine 
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the change in Performance due to climatic stresses. No standards have been 
established for determining acceptance after durability testing, in part 
because the tests are accelerated and calibration to real disposal environ- 
ments has not yet been achieved. Hence, the test is more useful for comparing 
one stabilization process with another (U.S. EPA, 19899). Engineering design 
can be used to address stabilized wastes with poor durability. 

3.2 LEACHING/EXTRACTION TESTS 

The performance of stabilized wastes is generally measured in terms 

However, 
of leaching and extraction tests. 
available, and one or more may be required for regulatory approval. 
no single test program would use more than two or three of the leach- 
ing/extraction tests described below. 

release contaminants to the environment. 
to a leachant and the amount of contaminant in the leachate (or extract) is 
measured and compared to a previously established standard, which may be a 
regulatory standard of baseline leaching data for the untreated waste. When 
using leaching tests to evaluate immobilization performance of SjS-treatment, 
potential effects of the reduction in contaminant concentration per unit mass 
of waste due to binder addition should be considered. The treated waste may 
give reduced contaminant concentration in the leachate due to waste dilution 
independent of any immobilization mechanism. 
leaching tests that can be done to evaluate stabilization, along with informa- 
tion about the standard method, regulatory requirement, and purpose of each 
test. The extraction conditions of the leaching/extraction tests are sumna- 
rized i n  Table 3-3 and Sections 3.2.1 through 3.2.16. Note that none of the 
tests described in this section have actually been field validated to verify 
the prediction o f  contaminant release. 

S/S-treated waste develops over a period o f  several days. 
chemical reactions that cause immobilization occur more rapidly. 
curing a sample for 28 days is not as critical for leaching tests, particular- 
ly those that require sample size reduction. 

The major issues 
in selecting a size reduction approach are (1) avoid contamination of the 

A number of different leaching tests are 

Leaching tests measure the potential o f  a stabilized waste to 
In all tests, the waste is exposed 

Table 3-2 lists a number o f  the 

As illustrated in Figure 4-1, the physical strength of cement-based 
Many o f  the 

Therefore, 

Many leaching tests require sample size reduction. 
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sample, (2) avoid partitioning of contaminants into a specific size fraction, 
and (3) avoid loss of contaminants, particularly volatile organics. The 
typical steps in size reduction are sample fragmentation, grinding, and 
sizing. 
minimized to avoid metal contamination of the waste. 
with agate, dense alumina or tungsten-carbide equipment. Mortar and pestle or 
mechanical grinder can be selected based on the sample throughput o f  the 
laboratory. Sizing should be done with nylon or other nonmetal screens. 

Fragmentation i s  best done with a hammer and anvil and should be 
Grinding can be done 

3.2.1 Toxicity Characteristic Leachina Procedure (TCLP] 

In the TCLP test, waste samples are crushed to particle size less 
than 9.5 mm and extracted with an acetate buffer solution with a pH o f  5 or an 
acetic acid solution with a pH of 3, depending on the alkalinity o f  the waste. 
Note, however, that the TCLP leachate is poorly buffered and that pH of the 
leachate upon contact with the waste may be much greater, as high as pH 10-11 
or more, depending on the initial alkalinity of the waste. The acetate buffer 
is added only once at the start o f  the extraction. A liquid-to-solid ratio of 
2O:l is used for an extraction period of 18 hours. The leachate is filtered 
prior to conducting the contaminant analyses. This test is used to evaluate 
the leaching of metals, volatile and semivolatile organic compounds, and 
pesticides from wastes that are categorized under RCRA as characteristically 
toxic and can be used on other wastes as well. 

agencies to evaluate the leaching potential of stabilized wastes, and TCLP is 
the test required by RCRA implementing regulations (40 CFR Part 261) for 
determining toxicity. 
pH-dependence o f  contaminant leaching. 

tion 4.7). 
on both TCLP results and the chemical structure of the stabilized waste, as 
evidenced by spectroscopic analyses (Akhter and Cartledge, 1971; Cartledge, 
1992). These observations underline the limitations o f  the TCLP test as an 
indicator of the long-term leaching of stabilized waste and emphasize the need 
for other types of leaching data. 

The TCLP test has been most comnonly used by U.S. EPA and state 

Measurement of pH in the extract can help elucidate the 

The TCLP does not provide data on long-term stability (see Sec- 
In fact, recent studies show a significant effect of curing time 
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3.2.2 Ex t rac t i on  Procedure T o x i c i t y  (EP Tox) Test 

The EP Tox t e s t  i s  t he  precursor o f  and i s  s i m i l a r  t o  the  TCLP. 
Only one concentrat ion o f  ace t i c  ac id  s o l u t i o n  (pH o f  5) i s  used. The l i q u i d -  
t o - s o l i d  r a t i o  s t a r t s  a t  16:l and may increase as add i t i ona l  a c i d  s o l u t i o n  i s  
added as needed t o  ad jus t  the  pH dur ing  t h e  24-hour t e s t  durat ion.  Resul ts  o f  
the EP Tox t e s t  are genera l l y  comparable t o  r e s u l t s  o f  TCLP t e s t s  a t  pH 5 bu t  
may d i f f e r  s i g n i f i c a n t l y  a t  pH 3.  As w i t h  the  TCLP, the  measurement o f  pH i n  
the  e x t r a c t  can help determine the  pH-dependence o f  contaminant leaching. EP 
Tox cannot be used t o  assess v o l a t i l e s .  

3.2.3 TCLP 'Case' R o d i f i c a t l o n  

The standard TCLP (Sect ion 3.2.1) requi res t h a t  a l l  samples be 
passed through a 9.5-mm screen ( o r  meet sur face area requirements) before 
leaching. 
wastes t h a t  have been s o l i d i f i e d  t o  wi thstand the  environmental stresses 
encountered i n  a l a n d f i l l .  Studies i n  1988 (53 FR 18792) us ing a mod i f i ca t i on  
wherein the  S/S-treated waste was tumbled i n  a cage ind ica ted  t h a t  we l l -  
s t a b i l i z e d  wastes may remain more o r  l e s s  i n t a c t ,  whereas poor ly  s t a b i l i z e d  
wastes are  s i g n i f i c a n t l y  degraded. TCLP "cage" modi f icat ion,  proposed as a 
modi f ied TCLP, requ i res  no p re l im ina ry  s i z e  reduct ion o f  samples. 
r e s u l t i n g  leachate can be used fo r  a n a l y t i c a l  determinat ions o f  organics and 
metals. 

l y  has no regu la to ry  status. 

However, t h i s  requirement may n o t  be appropr ia te f o r  S/S-treated 

The 

The TCLP .cage" mod i f i ca t i on  i s  s t i l l  under development and cur ren t -  

3.2.4 C a l i f o r n i a  Waste Ex t rac t i on  Test ICal WET1 

The Cal WET i s  used by the S t a t e  of C a l i f o r n i a  t o  c l a s s i f y  hazardous 
wastes. The leachate i s  a sodium c i t r a t e  bu f fe r ,  the l i q u i d - t o - s o l i d s  r a t i o  
i s  lO:l, and t e s t i n g  l a s t s  48 hours. The Cal WET t e s t  app l ies  a so lub le  
th resho ld  1 i m i t  concentrat ion (STLC) as t h e  regu la to ry  standard. 
standards f o r  metal concentrat ions i n  the  leachate are s i m i l a r  t o  those f o r  
t he  TCLP. However, Ca l i f o rn ia  regulates several add i t i ona l  metals, such as 
copper, bery l l ium,  n i cke l ,  and z inc,  and a number o f  organic  compounds, such 
as PCBs and pes t ic ides .  
L i m i t  Concentrat ion (TTLC) which i s  equiva lent  t o  a Tota l  Waste Analys is  

STLC 

The Cal WET t e s t  a lso develops a Tota l  Threshold 
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(TWA). The TWA g ives  t h e  concentrat ion o f  p r i o r i t y  po l lu tan ts ,  organics, 
metals, and o the r  substances o f  i n t e r e s t  i n  the  waste. 

EP Tox and almost always ex t rac ts  h igher  l e v e l s  o f  contaminants. 
aggressive c h a r a c t e r i s t i c  o f  t he  Cal WET has led  t o  the  development o f  a 
category o f  hazardous waste s p e c i f i c  t o  the  S ta te  o f  Ca l i f o rn ia ,  r e f e r r e d  t o  
as "Ca l i fo rn ia -on ly "  hazardous waste. 
t h a t  f a i l s  t he  Cal WET but passes t h e  TCLP. If t he  waste f a i l s  bo th  t h e  Cal 
WET and the  TCLP, then the  requirements o f  bo th  C a l i f o r n i a  and t h e  U.S. EPA 
must be met. 

The Cal WET i s  a much more aggressive t e s t  than e i t h e r  t h e  TCLP o r  
This  

This  s p e c i f i c a l l y  r e f e r s  t o  a waste 

3.2.5 R u l t l D l e  Ex t rac t i on  Procedure fREPI 

L ike  the  EP Tox, t he  MEP involves a f i r s t  e x t r a c t i o n  w i t h  a c e t i c  
acid, fo l lowed by a t  l e a s t  e i g h t  ex t rac t i ons  w i t h  a syn the t i c  ac id  r a i n  
s o l u t i o n  ( s u l f u r i c / n i t r i c  ac id  adjusted t o  pH 3). 

s imulate leach ing  i n  an improperly designed l a n d f i l l  where t h e  waste could 
come i n t o  contact  w i t h  l a r g e  volumes o f  ac id i c  leachate. One advantage o f  the  
MEP over the  TCLP i s  t h a t  t he  MEP g radua l ly  removes excess a l k a l i n i t y  i n  t h e  
waste over time. Thus, t he  leaching behavior o f  the  contaminants ( p a r t i c u l a r -  
l y  metal contaminants) can be evaluated as a f unc t i on  o f  decreasing pH, where 
t h e  s o l u b i l i t y  o f  most metals increases. 

U.S. EPA-listed wastes. 

The MEP i s  intended t o  

The MEP has been used i n  the  regu la to ry  environment for d e l i s t i n g  

3.2.6 Synthet ic  Acid P rec iD i ta t i on  Leach Test  

The TCLP (Sect ion 3.2.1) and the  EP Tox t e s t  (Sect ion 3.2.2) apply  
t o  d isposal  i n  a san i ta ry  o r  municipal l a n d f i l l ,  a scenario t h a t  does n o t  
match the  d isposal  s e t t i n g  o f  many S/S-treated wastes. 
environment i s  character ized by la rge  concentrat ions o f  low-molecular-weight 
organic  acids, such as ace t i c  acid, t h a t  r e s u l t  from anaerobic fermentat ion o f  
organic  waste. 
TCLP, but  the i n i t i a l  l i q u i d - s o l i d  separation s tep  has been e l im ina ted  and the  
acetate b u f f e r  e x t r a c t i o n  f l u i d  has been replaced by a d i l u t e  n i t r i c  ac id /su l -  
f u r i c  ac id  mixture. The Synthet ic  Acid P r e c i p i t a t i o n  Test simulates ac id  r a i n  
as opposed t o  s imu la t i ng  a leachate i n  a san i ta ry  o r  municipal l a n d f i l l .  

A san i ta ry  l a n d f i l l  

The Synthe t ic  Acid P r e c i p i t a t i o n  Leach Test i s  s i m i l a r  t o  the  
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3.2.7 Nono f i l l ed  Waste Ex t rac t i on  Procedure flrlWEPL 

The MWEP involves m u l t i p l e  ex t rac t i ons  o f  a mono l i th  o r  o f  crushed 
waste w i t h  d i s t i l l e d / d e i o n i z e d  water. The sample i s  crushed t o  l e s s  than 9.5 
m, o r  i t  can be l e f t  i n t a c t  i f  it passes the  U.S. EPA SW-846 S t ruc tu ra l  
I n t e g r i t y  Test. 
ed w i t h  water f o u r  times a t  18 hours per  ex t rac t ion .  The MWEP i s  intended t o  
de r i ve  leachate compositions in' monof i l led  disposal  f a c i l i t i e s  o r  t o  o b t a i n  
leachate f o r  t e s t i n g  the  c o m p a t i b i l i t y  o f  l i n i n g  ma te r ia l s  w i t h  the  leachate.  
Note t h a t  t h i s  procedure has not  y e t  been approved by EPA. 

The l i q u i d - t o - s o l i d  r a t i o  i s  1 O : l .  and t h e  sample i s  e x t r a c t -  

3.2.8 American Nuclear Society  leach Test /ANSI/ANS/16.11 

The ANSI/ANS/ lS. I  leaching t e s t  i s  intended main ly  t o  develop a 
f igure-of -mer i  t f o r  comparing the  leaching res is tance o f  S/S-treated waste. 
The r e s u l t s  o f  t h e  leaching t e s t s  are recorded i n  terms o f  cumulat ive f r a c t i o n  
leached r e l a t i v e  t o  the  t o t a l  mass o f  the  waste sample. Then, r e s u l t s  can be 
used t o  der ive  an e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t  and a l e a c h a b i l i t y  index, or 
f igure-of -mer i t .  The ANSI/ANS/ lC. l  i s  conducted over a pe r iod  o f  90 days and 
i s  intended t o  i n d i c a t e  contaminant re lease ra te ,  u n l i k e  t h e  batch t e s t s  
descr ibed i n  preceding sections. Typ ica l l y ,  the  leachant i s  d i s t i l l e d  water, 
bu t  o ther  so lut ions,  such as simulated groundwater, may a l s o  be used. 

3.2.9 Dynamic leach Test IDLTI 

The DLT i s  a modi f ied vers ion o f  the  ANSI/ANS/16.1 t e s t  (Sec- 
t i o n  3.2.8). 
volume-to-sol i d  r a t i o  a r e  adjusted based on an estimated o r  ca lcu la ted  
d i f f u s i o n  c o e f f i c i e n t  and r e s u l t s  from batch e x t r a c t i o n  t e s t s  such as t h e  
Equ i l i b r i um Leach Test (ELT) (Section 3.2.11). The s o l u t i o n  renewal frequency 
i s  chosen t o  ensure t h a t  equ i l i b r i um has no t  been reached. 
volume-to-sol id r a t i o  i s  chosen t o  ensure t h a t  the contaminant can be de tec t -  
ed. Da ta  f rom the  DLT can be used t o  determine a d i f f u s i o n  c o e f f i c i e n t  t h a t  
can be used t o  p r e d i c t  long-term leaching performance (Stegemann and C6t6, 
1991). L i ke  a l l  the  t e s t s  descr ibed i n  t h i s  section, f i e l d  v a l i d a t i o n  has n o t  
y e t  been done t o  v e r i f y  the leaching p red ic t i on .  

The renewal frequency o f  the  leaching s o l u t i o n  and the leach ing  

The leaching 
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3.2.10 Shake Ex t rac t i on  Test 

The shake ex t rac t i on  t e s t  i s  app l i cab le  on ly  t o  inorgan ic  compounds. 
It involves the ex t rac t i on  o f  a s o l i d  waste w i t h  Type IV reagent water i n  a 
r o t a r y  a g i t a t o r  f o r  18 hours. 
ob ta in ing  an aqueous e x t r a c t  and i s  not intended t o  s imulate s i t e - s p e c i f i c  
leaching condi t ions.  

The procedure i s  intended as a r a p i d  means o f  

3.2.11 E a u i l i b r i m  leach Test fELT) 

The ELT involves s t a t i c  leaching o f  hazardous cons t i t uen ts  by 
d i s t i l l e d  water. The p a r t i c l e  s i ze  o f  t h e  crushed sample ((150 jm) i s  much 
smal ler  than t h a t  f o r  TCLP and EP Tox t o  a l l ow  grea ter  contact  sur face area 
and t o  reduce the  t ime needed t o  achieve equ i l ib r ium.  Water i s  added once a t  
a l i q u i d - t o - s o l i d  r a t i o  o f  4:1, and the  sample i s  ag i ta ted  f o r  7 days. 
HWEP (Sect ion 3.2.7), ELT can be used t o  determine equ i l i b r i um leachate 
concentrat ions under m i l d  leaching condi t ions.  

L i k e  

3.2.12 Seauential Ex t rac t i on  Test (SET1 

The SET i s  used t o  evaluate the  waste b u f f e r i n g  capac i ty  and 
a l k a l i n i t y  o f  cement-based S/S-treated waste. Un l ike  ac id  n e u t r a l i z a t i o n  
capaci ty  (Sect ion 3 .3 .7 ) ,  the SET invo lves 15 sequent ia l  ex t rac t i ons  o f  one 
sample o f  crushed w a s t e  w i t h  p a r t i c l e  s izes between 2.0 and 9.5 mn. Each 
e x t r a c t i o n  i s  performed on a shaker t a b l e  f o r  24 hours w i t h  the  same type o f  
e x t r a c t i o n  s o l u t i o n  (0.04 M ace t i c  ac id  so lu t ion)  and l i q u i d - t o - s o l i d  r a t i o  o f  
50:l. 
The pH i s  measured and the  leaching so lu t i on  i s  f i l t e r e d .  A f t e r  t he  f i f t e e n t h  
ex t rac t i on ,  the remaining s o l i d s  are d igested w i t h  th ree  more ex t rac t i ons  i n  
which more concentrated ac id  so lu t ions  a r e  used. These l a s t  th ree  ex t rac t i ons  
are  combined f o r  analysis.  

With each ex t rac t ion ,  2 meq/g o f  ac id  i s  added t o  the  ground waste. 

3.2.13 Seauential Chemical Ex t rac t i on  fSCEl 

The ob jec t i ve  o f  the SCE t e s t  i s  t o  evaluate the  na ture  and bonding 
s t rength  o f  metals and organics i n  S/S-treated waste. 
l y  developed f o r  sediments and adapted t o  evaluate inorganic  waste cons t i t u -  
ents i n  a s t a b i l i z e d  matr ix .  L ike  SET, t he  t e s t  invo lves sequent ia l  ext rac-  
t i o n  o f  a sample. 

This t e s t  was o r i g i n a l -  

Un l ike  SET, however, the  leaching s o l u t i o n  increases i n  
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a c i d i t y  f rom neu t ra l  t o  very a c i d i c  with each sequent ia l  ex t rac t ion .  The 
p a r t i c l e  s i ze  o f  t he  sample i s  a l so  very  small ( l ess  than 45 jm). 

3.2.14 S t a t i c  Leach Test  Method [Ambient- and Hiah-Temperature) 

The Ma te r ia l s  Charac ter iza t ion  Center (MCC) a t  P a c i f i c  Northwest 
Laboratory (PNL), under a p r o j e c t  f o r  the Un i ted  States Department o f  Energy 
(U.S. DOE) developed t h e  s t a t i c  ambient- and high-temperature leach t e s t s  as 
p a r t  o f  a se r ies  o f  standard methods designed t o  evaluate t h e  chemical 
d u r a b i l i t y  o f  S/S-treated nuc lear  waste. The s t a t i c  leach t e s t s  use represen- 
t a t i v e ,  mono1 i t h i c  specimens o f  t h e  S/S-treated waste. Specimens o f  known 
geometric sur face area are  immersed i n  a re ference leachant h e l d  a t  a speci- 
f i ed  temperature. The immersion p e r i o d  can vary  from 3 days t o  many years. 
Temperatures ranging from 40°C t o  19O'C are  used. 
a g i t a t e d  du r ing  t h e  immersion per iod .  
res is tance o f  mono l i t h i c  S/S-treated waste. 

The leachant  i s  n o t  
Th is  t e s t  i s  used t o  evaluate t h e  leach 

3.2.15 Aqi ta ted  Powder Leach Tes t  Method 

The MCC a lso  developed the  ag i ta ted  powder leach t e s t  as p a r t  o f  a 
se r ies  o f  standard methods designed t o  evaluate the  chemical d u r a b i l i t y  o f  
nuc lear  waste forms. The ag i ta ted  leach t e s t  uses representa t ive  powdered 
waste specimens o f  t he  waste form. The powder i s  immersed i n  a reference 
leachant a t  a constant r a t i o  o f  leachant  volume t o  specimen mass o f  10 ml/g. 
Test  temperatures range from 40°C t o  190°C. 
ag i ta ted  by constant r o l l i n g  o f  t h e  specimen holder .  The t e s t  i s  used t o  
determine t h e  maximum concentrat ion o f  chemical elements i n  s o l u t i o n  from the  
waste form under steady-state condi t ions,  i n  closed, ag i ta ted  systems. 

The powder and leachant  a re  

3.2.16 Soxhlet  Leach Tes t  Method 

The MCC developed the Soxhlet  leach t e s t  as p a r t  o f  a ser ies  o f  
standard methods designed t o  evaluate t h e  chemical d u r a b i l i t y  o f  S/S-treated 
nuc lear  waste. 
the Soxhlet  leach t e s t  i s  app l i cab le  t o  any mono l i t h i c  S/S-treated waste and 
the i n d i v i d u a l  components o f  macroscale phys ica l  composite S/S-treated waste. 
Mono l i t h i c  specimens o f  known geometric sur face area are suspended i n  a con- 
t i n u o u s l y  f l ow ing  stream o f  r e d i s t i l l e d  water. The prec ise  t e s t  temperature 

Although designed p r i m a r i l y  f o r  g lass and ceramic waste forms, 
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is determined by the barometric pressure in the laboratory but i s  near 1OO'C. 
The test measures the normalized mass losses from the specimen due to a con- 
stant flow of redistilled water at its boiling point under local conditions. 

- 

3.3 CHEHICAL TESTS AND ANALYSES 

Treatability testing usually involves collecting chemical data to 
define waste compositions and to assess binder performance. 
describes a number of these chemical parameters and their applicability to 
evaluating untreated waste, S/S-treated waste, and aqueous samples. Total 
waste analyses of metals, VOCs, and BNAs can be applied to characterize 
untreated waste, S/S-treated waste, or leachate. Other chemical tests may be 
needed for optional information or to support research. 
be necessary to screen for chemicals that interfere with S/S treatment, if 
historical information or other sources of information indicate that such 
chemicals may be present. The chemical test program should be developed based 
on specific waste and site characteristics. 

Table 3-4 

For example, it may 

3.3.1 &I 

The pH is a measure of the hydrogen ion activity and indicates the 
acid-to-base balance of a material. The pH o f  untreated and S/S-treated 
wastes, waste leachates, or soils from the intended disposal site can be 
analyzed by U.S. EPA SW-846 Method 9045. 
deionized water are mixed and allowed to settle for 1 hour. 
supernatant liquid is then measured electrometrically. 
many metals is a function of the pH. 
of some base, neutral, and acid (BNA) fraction compounds. 

Equal weights of soils/solids and 

The leachability o f  
The pH of the 

The pH may also affect the leachability 

3.3.2 Oxidation/Reduction Potenti a1 fEhl 

The oxidation/reduction potential, Eh, characterizes the electro- 
chemical state of the media being measured. Data on the Eh of the untreated 
or treated waste, waste leachates, or soils from the intended disposal site 
can be very useful. 
can exist i n  multiple oxidation states. For example, chromium can exist as 
Cr(II1) or Cr(V1) and arsenic as As(II1) or As(V). The leachability o f  these 

The Eh can be determined by ASTM 0 1498. Numerous metals 
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e 
metals depends on t h e i r  ox ida t i on  s ta te .  Therefore, Eh can i n d i c a t e  the  
s t a b i l i t y  o f  var ious chemical species i n  t h e  waste’s chemical environment. 

3.3.3 Najor Oxide Cmbonents 

The major ox ide components can be used t o  charac ter ize  the  mineralo- 
gy o f  t h e  S/S-treated waste. A n a l y t i c a l  techniques f o r  determin ing SiO,, 
Fez$, A1,0,, CaO, MgO, and l o s s  on i g n i t i o n  are  descr ibed i n  ASTM C 114. 
Between 10 and 30% o f  cement i t ious s o l i d s  w i l l  be i n  the  form o f  oxides. 

3.3.4 Tota l  Oraanic Carbon fTOC1 

The TOC ana lys is  measures t h e  o v e r a l l  l e v e l  o f  organic  compounds 
present  i n  a l i q u i d ,  sludge, o r  s o l i d  sample. TOC i s  measured by U.S. EPA 
SW-846 Method 9060. This  method uses combustion w i t h  in f ra red ,  thermoconduc- 
t i v i t y ,  o r  o ther  detect ion.  
l e v e l s  o f  nonpurgeable organic carbon and t o  est imate the  p o t e n t i a l  f o r  
organic  in te r fe rence i n  the  S/S process. 

The TOC r e s u l t s  can be used t o  approximate t h e  

3.3.5 O i l  and Grease 

O i l  and grease analys is  determines the  t o t a l  con ten t  o f  o i l  and 

The determinat ion before and a f t e r  t reatment p rov ides  a method o f  
grease i n  a sample. This  ana lys is  can be done by U.S. EPA SW-846 Method 9070 
o r  9071. 
assessing the  e f fec t i veness  o f  t he  S/S process i n  immobi l iz ing o i l  and grease 
i n  the  waste. 
impor tant  f o r  determining whether the  S/S process a ids i n  s t a b i l i z i n g  o i l  and 
grease o r  whether the  asphal t  increases o i l  and grease l e a c h a b i l i t y .  
t i o n ,  o i l  and grease i n t e r f e r e  w i t h  cement o r  pozzolan-based S/S t reatment.  

O i l  and grease ana lys is  o f  aspha l t i c  s o l i d  leachates i s  

I n  addi- 

3.3.6 E l e c t r i c a l  Conduct iv i t y  

The e l e c t r i c a l  conduc t i v i t y  o f  a s o l u t i o n  i s  a measure o f  i t s  

So lu t i on  c o n d u c t i v i t y  can be measured by U.S. EPA Method 
a b i l i t y  t o  ca r ry  cur ren t .  
o f  ions present.  

Conduct iv i t y  var ies  w i t h  the  concent ra t ion  and type 
* 

120.1 o r  U.S. EPA SW-846 Method 9050. 
ed and S/S-treated wastes can be compared t o  f i n d  the  r e l a t i v e  i o n i c  concen- 
t r a t i o n s  i n  the t w o  so lu t ions .  I n  add i t i on ,  t e s t  r e s u l t s  from untreated and 

Conduct iv i t y  o f  leachates from un t rea t -  



surface and subsurface waters i n  the  v i c i n i t y  o f  t h e  demonstration s i t e  and/or 
p o t e n t i a l  disposal s i t e .  Wide d i f fe rences  i n  the  conduc t i v i t y  o f  leachate and 
na tu ra l  waters create the  p o t e n t i a l  f o r  t he  waste leachate t o  cause conductiv- 
i t y  f l u c t u a t i o n s  i n  adjacent rece iv ing  waters. 
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3.3.7 Acid N e u t r a l i z a t i o n  Capacity fAMC and SANCl 

These b u f f e r i n g  capac i ty  t e s t s  i nd i ca te  the  capac i ty  o f  t h e  S/S- 
t r ea ted  waste t o  mainta in  an elevated pH when exposed t o  a c i d i c  so lut ions.  
The ANC t e s t  invo lves  separate e x t r a c t i o n  o f  S/S-treated waste samples w i t h  
leach ing  so lu t i ons  o f  vary ing  l e v e l s  o f  a c i d i t y .  
p red r ied  and crushed t o  a p a r t i c l e  s i z e  o f  -100 mesh. 
ed f o r  24 hours i n  one o f  10 n i t r i c  a c i d  so lut ions.  
gram o f  s o l i d  increases inc rementa l l y  from sample 1 t o  sample 10. 
the  ex t rac t ion ,  t he  pH o f  each s o l u t i o n  i s  measured. 
i n  pH o f  the  leach so lu t i ons  w i t h  each increase i n  ac id  concentrat ion i n d i -  
cates the b u f f e r i n g  capac i ty  o f  t he  S p t r e a t e d  waste. 
i n d i c a t e  h igher  bu f fe r i ng  capacity. The h igher  t h e  b u f f e r i n g  capacity, t h e  
grea ter  t he  p o s s i b i l i t y  of ma in ta in ing  a l k a l i n e  cond i t ions  conducive t o  metal 
re ten t i on .  The GANC i s  a s i m i l a r  t e s t  developed t o  be cons is ten t  with t h e  
TCLP t e s t  (Isenburg and Moore, 1992). 

Ten waste samples are 
Each sample i s  ex t rac t -  

The ac id  equiva lents  per  
Fol lowing 

The amount o f  decrease 

Smaller decreases 

3.3.8 A l k a l i n i  t v  

A l k a l i n i t y  i n d i c a t e s  the  capaci ty  o f  a s o l u t i o n  such as a leachate 
t o  n e u t r a l i z e  a c i d  so lu t i ons  t o  spec i f i c  pH l eve l s .  
U.S. EPA Method 403. 

It can be measured by 

3.3.9 To ta l  Dissolved Solids {ToSl 

The TDS ana lys is  i nd i ca tes  the  t o t a l  q u a n t i t y  o f  s o l i d  mater ia l  
d isso lved i n  a so lu t ion .  
l e v e l s  i n  leaching so lu t i ons  can be used t o  t r a c k  the  degradation o f  S/S- 
t r ea ted  waste s o l i d  o r  leach ing  o f  cons t i tuents  f r o m  the  sample. 
a d r i n k i n g  water standard. 

It can be measured by U.S. EPA Method 2098. The TDS 

TDS i s  a l so  

. 



3.3.10 Reactive Cyanide and Sulfide 

The analyses for  react ive cyanide and su l f ide  apply t o  waste 
containing cyanide- o r  sulfide-bearing material. 
t he  waste e i the r  as a natural waste constituent or  as  a binder additive. I f  
waste exposed t o  a pH i n  the  range of 2 t o  12.5 can generate tox ic  gases, 
vapors, o r  fumes i n  suf f ic ien t  quantity t o  present a danger t o  human health o r  
the  environment, i t  i s  deemed t o  contain reactive cyanide or  sulf ide.  
t e s t s  for  reactive cyanide and su l f ide  a re  described i n  U.S. EPA SW-846 
( 1 9 8 6 ~ )  Section 7.3. 
f o r  some RCRA wastes under regulation 40 CFR 261.23-(a)(5). 

Sulfide can be present in 

The 

Testing fo r  react ive cyanide and su l f ide  may be required 

3.3.11 Reactivity of Si l i ca  Aqareoates 

The t e s t  f o r  reac t iv i ty  of s i1  ica  aggregates measures the propensity 

The potential fo r  s i l i c a  i n  suspect 
of s i l i c a  in the waste to  react  w i t h  a lkal ine components of Portland cement/ 
concrete mixtures or  similar S/S binders. 
aggregates t o  react w i t h  alkaline compounds i s  determined by ASTH C 289. 
Reactive s i l i c a  and alkaline compounds combine to  f o m  s i l i ca t e -a lka l i  ge ls  
t h a t  expand t o  cause internal s t r e s s  i n  the S/S-treated waste. 
s t r e s s  can result i n  cracking or  spalling. 

The internal 

3.3.12 Wetal Analwla 

Metal analyses can be applied t o  aqueous leach solut ions t o  deter- 
Metal mine the concentrations of metals leached from the S/S-treated waste. 

analysis t e s t s  can a l so  be used, following a su i tab le  strong acid digestion 
s tep ,  t o  measure the to t a l  metal concentrations i n  the untreated o r  S/S- 
t rea ted  waste. Metals can be determined i n  accordance w i t h  U.S. EPA SW-846 
Methods 6010 (analysis  by inductively coupled plasma atomic emission spectro- 
scopy [ I C P ] )  or 7000 and associated 7000 se r i e s  methods (analysis  by atomic 
absorption spectroscopy [ A A ] ) .  The material should be pretreated w i t h  the 
appropriate digestion procedure (U.S. EPA SW-846 Methods 3005, 3010, 3020, 
3040, and 3050). 

3.3.13 Volatile Orqanic CornDounds 

The VOC t e s t  evaluates the types and concentrations of low-boiling- 
point organic materials present i n  a sample. U.S.  EPA SW-846 Method 8240 
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describes the  e x t r a c t i o n  and analys is  o f  VOCs by gas chromatographylmass 
spectrometry (GC/MS) techniques. Th is  method w i l l  quan t i f y  most o rgan ic  
compounds wi th  a b o i l i n g  p o i n t  below 200" C. Concentrat ions o f  VOCs i n  
so lvent  ex t rac ts  o f  unt reated and S/S-treated wastes can be used t o  i n d i c a t e  
i f  the  compounds have been s t a b i l i z e d  du r ing  the  S/S process, prov ided 
measures were taken t o  account f o r  v o l a t i l i z a t i o n  o r  degradation. Concentra- 
t i o n s  o f  VOCs i n  TCLP ex t rac ts  can i n d i c a t e  the  aqueous l e a c h a b i l i t y  o f  t h e  
VOCs from S/S-treated wastes. Extreme caut ion  must be pa id  t o  t h e  poss ib le  
re lease o f  VOCs dur ing  waste sampling, hand1 ing, storage, t r e a t a b i l i t y  t e s t -  
ing, o r  analys is .  The p o t e n t i a l  f o r  v o l a t i l i z a t i o n  o f  t he  organic  contami- 
nants i s  so g rea t  t h a t  a mass balance i s  genera l l y  needed t o  demonstrate t h a t  
a reduc t ion  i n  v o l a t i l e  organic content a f t e r  t reatment  i s  t ru ly  due t o  
immobi l i za t ion  as opposed t o  v o l a t i l i z a t i o n .  Although organic  leach ing  mdy be 
low i n  aqueous leaching tes ts ,  t h i s  may a lso  be a r e s u l t  o f  low s o l u b i l i t y  o f  
t he  organic  i n  water ra the r  than immobi l i za t ion  o f  the  organic. 

3.3.14 Base. Neutra l .  and Acid (BNAI Orpanic CmDounds 

The analyses f o r  basic, neut ra l ,  and a c i d i c  organic  compounds are  
performed by e x t r a c t i o n  (U.S. EPA SW-846 Method 3510, 3520. o r  3540) fo l lowed 
by GC/MS ana lys is  (U.S. EPA SW-846 Method 8270). Cer ta in  BNAs can be t a r g e t  
contaminants f o r  S / S .  Measurements o f  BNAs i n  so lvent  ex t rac ts  o f  un t rea ted  
and t rea ted  wastes can determine the f a t e  o f  organics du r ing  the  S/S process, 
provided measures were taken t o  account f o r  v o l a t i l i z a t i o n  o r  degradation. 
Data on concentrat ions o f  8NAs i n  aqueous ex t rac ts  can be used t o  assess t h e  
e f fec t i veness  o f  the  S/S process i n  reducing the  amount o f  aqueous leachable 
BNAs. However, l i k e  VOCs, c e r t a i n  8NAs have low aqueous s o l u b i l i t y .  Thus, 
t he  immobi l izat ion o f  such compounds should be evaluated i n  organic  so lvent  
ex t rac ts  o f  appropr ia te p o l a r i t y .  

3.3.15 Pol vch l  o r i na ted  Biphenyl s [PCBsl  

The PCB ana lys is  measures the  concentrat ion o f  po l ych lo r i na ted  
biphenyls. 
3520), fo l lowed by GC/MS analys is  (U.S. EPA SW-846 Method 8080) o r  by U.S. EPA 
Method 608. Q u a n t i t i e s  o f  PCBs i n  so lvent  ex t rac ts  o f  unt reated and S/S- 
t rea ted  wastes can determine the  f a t e  o f  the  PCBs du r ing  t h e  S/S process, 

PCBs are determined by e x t r a c t i o n  (U.S. EPA SW-846 Method 3540 o r  
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provided that measures were taken to conduct mass balances and account for any 
PCB volatilization during the treatability study. Conducting aqueous leaching 
tests on PCB-contaminated wastes is generally fruitless because of the low 
aqueous solubilities of PCB compounds. 

3.3.16 Other Contaminant Analyses 

Several o f  the more common waste contaminants not specifically 
included in Sections 3.3.1 through 3.3.15 are mercury, pesticides, and 
herbicides. 
in either aqueous or organic solvent extracts (see Table 3-4). 

Analytical methods are available for measuring such constituents 

e . 

3.3.17 Anion Measurements 

Anions can be measured by ion chromatography, as described by Water 
and Wastewater Standard Method 4110 or by U.S. €PA Method 300. This analysis 
is used to determine the concentration of anions in leach solutions. 

3.3.18 Interferants Screen 

Interferants screening tests involve a series o f  analyses for 
concentrations of materials that can interfere with S/S treatment. 
i s  tested for oil and grease, potassium, sodium, fluoride, chloride, ortho- 
phosphate, ammonia, nitrate, and sulfate. 

The waste 

3.4 BIOLOGICAL TESTS 

Biological tests applicable to S/S processes include biodegradation 
tests and bioassays. 
presents information about the standard methods for each. 
are typically conducted only in special circumstances such as testing the 
potential biodegradability o f  organic binders or the aquatic toxicity o f  the 
treated waste. 

Biological testing can be used to measure either the degradation of 
the matrix leading to release of contaminants or the alteration of contaminant 
properties to increase their mobility or toxicity. Standard tests for matrix 
degradation exist, but none are available for biologically induced changes i n  
the contaminants. 

Table 3-5 shows some representative biological tests and 
Biological tests 
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Biodegradation t e s t s  are used t o  measure the  b iodegradab i l i t y  o f  
var ious  waste mater ia ls ,  almost exc lus i ve l y  organic b inders such as asphal t  o r  
p l a s t i c .  Biodegradation i s  one poss ib le  degradation mechanism f o r  such 
b inders.  A t  present, the  U.S. EPA recomnends no p a r t i c u l a r  methods f o r  evalu- 
a t i n g  the  biodegradat ion o f  S/S-treated wastes. 
produce an a1 ka l  i n e  environment (e.9. , Port1 and cement-based processes) are 
n o t  favorab le  f o r  mic rob ia l  a c t i v i t y ;  however, t h i s  may no t  be t r u e  f o r  
p rop r ie ta ry  binders and processes t h a t  a re  t a i l o r e d  t o  t r e a t  organic  wastes. 

Bioassays a r e  performed on ly  when the  p rox im i t y  o f  t he  t r e a t e d  waste 
d isposal  s i t e  poses a t h r e a t  t o  an aquat ic  comnunity. I f  a s i t e  undergoing 
S/S t reatment has a p o i n t  source discharge, such as from a leachate c o l l e c t i o n  
system, bioassays may be requi red t o  meet federa l  o r  s t a t e  ARARs. However, 
note t h a t  t he  a l k a l i n e  nature of many S/S b inders may e l i c i t  a t o x i c  response 
du r ing  the  bioassay, which may f a r  outweigh any acute t o x i c  response from the  
contaminants i n  the waste. 

t o x i c i t y  a f t e r  S/S treatment, p red ic t i ons  o f  t o x i c i t y  f r o m  bioassays are 
h i g h l y  s i t e - s p e c i f i c  and must be combined w i t h  da ta  on exposure pathways f o r  a 
s p e c i f i c  s i t e .  
they do no t  p r e d i c t  the response o f  t he  t e s t  organism t o  chronic,  low- leve l  
contaminat ion.  
environmental e f f e c t s  a r e  expensive and time-consuming. 

I n  general , binders t h a t  

Although the r e s u l t s  of bioassays may prov ide  evidence o f  reduced 

Acute bioassays may be performed r a p i d l y  and a t  low cost, bu t  

The bioassay techniques t h a t  most accurate ly  p r e d i c t  l o n g - t e n  

3.5 MICROCHARACTERIZATION 

Special  methods developed f o r  minera log ic  and ma te r ia l s  science 
t e s t i n g  are appl icable t o  spec ia l ized,  d e t a i l e d  cha rac te r i za t i on  o f  ma te r ia l s  
f o r  S/S t reatment (Hannak and Liem, 1986). These nonrout ine t e s t s  can be 
app l ied  f o r  d e t a i l e d  analys is  o f  t he  s t ruc tu re  o f  S/S-treated waste o r  t o  
b e t t e r  understand the physicochemical f o r m  o f  t he  t a r g e t  contaminants. 
Table 3-6 l i s t s  a few o f  t he  many t e s t s  t h a t  can be appl ied t o  microcharac- 
t e r i z a t i o n .  However, no te  a lso t h a t  mic rocharac ter iza t ion  t e s t s  p rov ide  
spec ia l  research and problem-solving t o o l s  t h a t  would no t  be used i n  t h e  vast  
m a j o r i t y  o f  S/S t r e a t a b i l i t y  s tud ies.  
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TABLE 3-6. MICROCHARACTERIZATION TESTS 

Test Procedure Method 

~ ~~ 

Purposeca’ 

X-Ray Powder Diffraction To identify crystalline matrix 
and contaminant phases 

Fourier Transfonn Infrared ASTM E 1252-88 
(FTIR) Spectroscopy ASTM E 168-88 absence of functional groups 

To identify the presence or 

in a molecule 

Scanning Electron Microscopy 
(SEM) and Energy-Di spersive 
X-Ray Analysis (EDAX) 

Nuclear Magnetic Resonance 
(NMR) Spectroscopy 

To examine the physical 
. structure and chemical makeup 

o f  the surface o f  a material 
on the microscopic scale 

To identify and characterize 
mol ecul es 

Optical Microscopy ASTM C 856-83 To study microstructure o f  
Transmitted Light, Reflected ASTM C 295-90 S/S-treated waste 
Light, and Polarized Light 

(a’ Microcharacterization tests are typically applied to treated waste as 
part o f  an experimental program. 

3.5.1 X-Rav Diffraction 

X-ray diffraction examines the crystal structure of a material. 
X-rays are scattered and diffracted by the lattice structure o f  crystals, 
yielding patterns characteristic to various crystals based on the lattice 
spacing. 
phases o f  the contaminant or contaminants, in amounts of 1% or more can be 
identified individually by the X-ray diffraction patterns produced. 
noncrystalline components are not detected. 

The crystal1 ine components of a mixture, including crystalline 

However, 

3.5.2 Fourier Transform Infrared (FTIR)  SwctroscoDY 

The FTIR spectroscopy analytical technique can identify the presence 
or absence of functional groups within a molecule. The class or type o f  
compound can be deduced, although positive identification of the exact 
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composition of the unknown is not always possible. 
useful in determining the physicochemical form of the contaminant in either 
treated or untreated waste. 

This technique can be 

3.5.3 Scanning Electron Microscow (SEN1 and 
Enerw-Dispersive X-ray Analysis NOM 

SEM is a technique for examining the surfaces of solid materials. 
The method provides a large depth o f  field, so it is frequently possible to 
observe three-dimensional structures in a sample. 
to the SEM, it is possible to obtain simultaneous, multi-element analysis. 
This technique can be useful in determining the physicochemical form of the 
contaminant in either treated or untreated waste. 

By adding an EDXA detector 

3.5.4 Nuclear Hametic Resonance fNWR1 SDectroscooy 

NMR spectroscopy identifies and characterizes molecules. Data from 
NMR analysis delineate complete sequences o f  groups or arrangements of atoms 
in a molecule. This technique has been used successfully to characterize the 
physicochemical form o f  the contaminant in the treated waste and to help 
elucidate the mechanism of contaminant immobilization. 

e 
3.5.5 Optical kfiCrOSCODy 

The arrangement of phase structures in a solid sample can be 
observed and measured by thin section transmission microscopy or reflected 
light microscopy. Optical properties, such as refractive index, also can be I 
measured. Additional petrographic information can be obtained by using 
polarized light microscopy. This is another possible analytical tool for 
characterizing Contaminant speciation and physicochemical form. 
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4 STATUS OF SOLIDIFfCATION/STABILIUTION TECHNOLO6Y 

This chapter o f  the TRD reviews and sumnarizes existing literature 
on a wide variety o f  subjects and issues pertaining to S/S technology. 
number o f  books and sumnary-reports on various aspects of S/S are available. 
These resource documents include the following: 

A 

e 

e 

0 

0 

0 

0 

0 

e 

ASTM (1989) ,STP 1033, Environmental Aspects o f  
S t a b i l i z a t i o n  and S o l i d i f i c a t i o n  o f  Hazardous and 
Radioactive Wastes, American Society for Testing and 
Materials. 

ASTM (1992), STP 1123. S t a b i l i z a t i o n  and 
S o l i d i f i c a t i o n  of Hazardous, Radioactive, and Nixed 
Wastes, American Society for Testing and Materials. 

Conner, J.R. (1990), Chemical F i x a t i o n  and 
S o l i d i f i c a t i o n  o f  Hazardous Waste, Van Nostrand 
Reinhol d. 

Czupyrna, 6., et al. (1989), In S i t u  I a o b i I i z a t i o n  
o f  Heavy-Hetal-Contaninated S o i l s ,  Noyes Data 
Corporation 

Pojasek, R. (1979). Toxic and Hazardous Waste 
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Overview-type information on specific S/S issues can be found in Sections 4.1 
through 4.10. 
their binding mechanisms. 
cussed in Section 2.2.3.2. 

Sections 4.1 and 4.2 describe the types of S/S binders and 
Applicable waste and contaminant types are dis- 
section 4.3 outlines the interferences to S/S that 
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arise from waste constituents. 
organic contaminants. 
constituents, particulates, and other emissions. Sections 4.6 and 4.7 
describe leaching mechanisms and long-term stability. Sections 4.8 and 4.9 
discuss reuse and disposal issues. Section 4.10 gives cost estimates for S/S 
testing, materials, and processes. The pub1 ications referenced in Chapter 7 
provide additional technical details. 

Section 4.4 deals with S/S treatment of 
Section 4.5 discusses air emissions from organic 

4.1 S/S PROCESSES AND BINDERS 

Sol idification/stabil ization processes are "nondestructive" methods 
to immobilize the hazardous constituents in a waste. 
nondestructive in the sense that they do not remove or reduce the quantities 
of these constituents. Typically, S/S processes physically sorb, encapsulate, 
or change the physicochemical form o f  the pollutant in the waste, resulting in 
a less leachable product. Concentrations of contaminants in the treated waste 
are often lower than in the untreated waste, primarily because of incidental 
dilution by the binder rather than by destruction or removal of the contami- 
nants. 

(cement and pozzolanic) and organic processes (thermoplastic and thermosetting 
polymers). 
binders, some systems combine organic with inorganic binders. For example: 

S/S processes are 

S/S processes can generally be grouped into inorganic processes 

In addition to the individual use o f  inorganic and organic 

I 

Diatomaceous earth with cement and polystyrene 

Polyurethane with cement 

Polymer gels with silicate and lime cement 

The basic S/S processes are generic, and many o f  the basic materials are 
readily available. 
of specific chemical or physical properties. 

A variety of additives are used to promote the development 
Pretreatment may also be used to 

better prepare the waste for treatment by an S/S process. 

The specifics of vendor technology are in most cases protected as proprietary 
and are not disclosed to the potential user except under agreement of confi- 
dentiality. The majority of vendors use conventional S/S technology supple- 

S/S technology is offered commercially by a large number of vendors. 
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mented by a v a r i e t y  o f  add i t i ves  and know-how frola prev ious experience i n  
apply ing t h i s  technology. 

4.1.1 fnoraanic  Binders 

The two p r i n c i p a l  types of inorganic  binders a re  cement b inders and 
pozzolanic b inders (l ime, k i l n  dust, f l y  ash). A pozzolan i s  a ma te r ia l  
con ta in ing  s i l i c a  o r  s i l i c a  and alumina t h a t  has l i t t l e  o r  no cementation 
value i t s e l f  but, under some condi t ions,  can reac t  w i t h  l i m e  t o  produce 
cement i t ious ma te r ia l .  Cement-based and pozzolanic processes o r  a combination 
o f  cement and pozzolans are the  methods o f  choice i n  the  S/S i ndus t r y  today. 
This probably i s  a t t r i b u t a b l e  t o  the  low cos t  o f  t he  mater ia ls ,  t h e i r  appl ica- 
b i l i t y  t o  a wide v a r i e t y  o f  waste types, and the  ease o f  operat ion i n  the  
f i e l d .  The most common inorgan ic  b inders are: 

Por t land cement 

L ime/ f l y  ash 

K i l n  dust  ( l ime and cement) 

Por t land cement/ f ly  ash 

Por t land cement/lime 

Por t land cement/sodium s i l i c a t e  

These binders are r o u t i n e l y  used t o  s o l i d i f y  water-based waste 
l i q u i d s ,  sludges, and f i l t e r  cakes. The l i m e l f l y  ash process probably has 
been used most ex tens ive ly  i n  the United States, i n  terms o f  the  t o t a l  volume 
o f  waste t rea ted .  The treatment o f  f l u e  gas desu l fu r i za t i on  (FGD) sludges 
from c o a l - f i r e d  power p lan ts  accounts f o r  much o f  the l i m e / f l y  ash process 
app l ica t ion .  
pozzolanic mater ia ls .  

Spec i f i ca t i ons  are ava i l ab le  f o r  a wide v a r i e t y  o f  cement and 
ASTM standards f o r  these ma te r ia l s  include: 

C311: Nethod for Sampling and Testing Fly Ash or 
Natural Pozzolans for Use as a Mineral Admixture i n  
Portland Cement Concrete 

Hydrated Lime for Neutralization o f  Waste Acid 
C400: Test Methods of Test ing Quick7ime and 
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C593: specification for Fly Ash and Other Pozzolans 
for Use with Lime 

C618: Specification for Fly Ash and Raw or Calcined 
Natural Pozzolan for Use as a Mineral Admixture in 
Port land Cement Concrete 

C821: Specification for Lime for Use w i t h  Pozzolans 

C911: Specification for Quicklime, Hydrated Lime, 
and Limestone for Chemical Uses 

. .  

C977: Specification for Quicklime and Hydrated Lime 
for ki 1 Stabi 1 izat ion 

Most concentrated industrial or Superfund wastes contain complex 
mixtures of contaminants, and a generic inorganic binder will frequently 
stabilize one contaminant to a greater extent than another. 
ents, such as oils and anions, can retard or prevent the setting of the 
binder. 
are discussed in greater detail in Section 4.3. Complications in the stabili- 
zation o f  certain types of contaminants are discussed in Sections 4.2 and 4.4. 

4.1.1.1 Cement Processes 

Certain constitu- 

Chemicals that interfere with cement- and pozzolan-based processes 

Of the inorganic binders, Portland cement has probably had the 

Because cement is a comnon construction 
greatest diversity of application to a wide range of hazardous wastes, 
especially combined with fly ash. 
material, the materials and equipment are mass-produced and generally inexpen- 
sive compared with energy-intensive treatment processes such as vitrification 
and incineration (McDaniel et al., 1990). Many types of cement have been used 
for a variety of purposes, but only those classified as Portland cement, which 
is primarily composed of anhydrous calcium silicate, have seen substantial use 
in S j S  technology (Conner, 1990). Other types of cement, such as alumina or 
Sore1 cement, have not been used extensively for S/S, primarily because of 
their high cost. 

and Conner, 1990): 
Advantages of cement-based processes include (McDaniel et a1 . , 1990 

Availability of materials locally on a worldwide basis 

Low cost of materials and mixing equipment 
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Use of naturally occurring minerals as raw materials 
for the matrix 

Ability to make a strong physical barrier under adverse 
conditions 

Flexibility of tailoring the properties for different 
applications 

Low variability in composition 

Well-known setting and hardening reactions and some 
existing data on the inmobilization o f  metals 

The disadvantages of cement-based processes include: 

Sensitivity o f  product quality to presence of 
impurities at high enough concentrations. (Specific 
examples of impurities are discussed in detail in 
Section 4.3.) 

Porosity of the S/S-treated waste. 

Waste volume typically increases due to binder 
addition, although not necessarily m r e  than with 
other inorganic binders. 

Expertise needed for successful application, 
although process appears deceptively simple. 

The major performance objectives o f  S/S treatment are to reduce the 
mobility of contaminants, minimize free liquids, and, occasionally, to 
increase the strength of the waste. 
objectives by forming a granular or monolithic solid that incorporates the 
waste materials and imnobil izes contaminants. The sol id matrix forms because 
of hydration of silicates i n  the cement, yielding calcium-silicate-hydrate. 
Sufficient free water may be present in the waste material, or additional 
water may be needed. 
ents are provided as an added cement binder. 

ASTM provides specifications for eight types o f  Portland cement. 
Type I is the least expensive and i s  the most widely used for S/S treatment. 
Tricalcium and dicalcium silicates are the major crystal1 ine compounds present 
in Portland cement, while tricalcium aluminate and a calcium alumnoferrite are 
present in smaller quantities. The cementation process binds free water, 

Cement-based processes accomplish these 

In most cases, the bulk of the strength-forming ingredi- 
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increases the pH and alters other chemical properties of the mixture, reduces 
the surface area, and increases strength. All these mechanisms contribute to 
improved performance characteristics of the treated waste. 

Cementation of the waste/binder mixture begins when water is added, 
either directly or as part of the waste. 
water, tricalcium aluminate immediately hydrates, causing the rapid setting 
which produces a rigid structure. 
the calcium silicates and aluminates in the cement to form calciun-silicate- 
hydrate. 
grains and interlace to harden the mixture entrapping inert materials and 
unreacted grains of cement. 
results in the formation of tobermorite and crystalline calcium hydroxide. 
These compounds account for strength development after the initial setting. 
The setting rate is controlled by the amount of gypsum added to the cement. 
If sufficient gypsum is present, sulfates combine with tricalcium aluminate to 
form calcium aluminate sulfate, which coats the cement particles and retards 
hydration reactions. 

The ratio of free water to cement (W/C) i s  a major factor control- 
ling the porosity and strength of the final product. With a U/C weight ratio 
of about 0.48, the cement will fully hydrate, leaving some water adsorbed in 
the pore spaces. If the W/C ratio increases greatly above 0.48, the porosity 
increases rapidly and the strength declines. 
water addition, it is important to note that the total water content of the 
waste is not always available to hydrate the cement. Water that i s  held by 
hydration in the waste material may be unavailable or 'bound" and thus not 
available to hydrate the cement. 

In many applications, the binder i s  supplemented by additives to 
tailor the S/S process to waste-specific conditions. The additives may be 
used to modify the characteristics o f  the fresh mix to improve processing. 
For example, lignosulfonic or carboxylic acids can reduce the viscosity and 
retard the set of the mix. Low concentrations o f  calcium chloride accelerate 
setting. 
improve the performance of the treated waste. 

water. 
difficult they are to wet. Some additives may even have hydrophobic surfaces 

Once the cement powder contacts 

In an idealized setting, the water hydrates 

Thin, densely-packed fibrils of silicate grow out from the cement 

Hydration of tricalcium and dicalcium silicates 

When estimating the required 

In other cases, additives may be needed to reduce interferences or 

For cementation reagents to react, they must become wetted with 
In general, the higher the surface area of the particles, the more 



e 

a 

i n i t i a l l y .  Many wastes, such as f i n e  p a r t i c u l a t e s  and o i l s ,  may i n h i b i t  the 
s e t t i n g  and cu r ing  o f  t he  cement by i n t e r f e r i n g  w i t h  the  we t t i ng  process 
through coat ing of the  reac t i ng  surfaces. Add i t i on  o f  su r fac tan ts  t o  the  

waste may a i d  i n  the  wet t ing  o f  reagents, a l l ow ing  thorough mix ing  o f  a l l  
components. Compounds such as alcohols,  amides, and s p e c i f i c  su r fac tan ts  a i d  
i n  we t t i ng  s o l i d s  and d ispers ing f i n e  p a r t i c u l a t e s  and o i l .  Flocculants  have 
a s i m i l a r  e f f e c t  by aggregating f i n e  p a r t i c l e s  and fi lm-formers. 

con t r i bu t i ons  t o  the  strength-forming react ions.  Uastes w i t h  f r e e  ca lc ium 
hydroxide can con t r i bu te  t o  t h e  s t rength- forming react ions,  b u t  excess 
hydroxide w i l l  increase the  pH and increase the  s o l u b i l i t y  o f  amphoteric 
metals. Alcohols and g l yco l s  decrease d u r a b i l i t y ,  wh i le  a l i p h a t i c ,  aromatic, 
and ch lo r i na ted  organics increase se t  t ime and o f ten  decrease d u r a b i l i t y .  
Inorganic  compounds such as b o r i c  acid, phosphates, iodates, su l fa tes ,  and 
s u l f i d e s  can slow o r  prevent se t t i ng .  
t i n ,  z inc,  copper, and lead can increase se t  t ime and reduce strength.  
p a r t i c u l a t e s  such as s i l t ,  clay, o r  coal  dus t  can coat cement p a r t i c l e s  and 
prevent the  growth o f  ca lc ium-s i l icate-hydrate c r y s t a l s  from the  cement grain. 
I n e r t s  such as s o i l s  o r  calcium f l u o r i d e  do no t  d i r e c t l y  p a r t i c i p a t e  i n  the 
cementation reac t ions  bu t  do become trapped i n  the  s o l i d  ma t r i x .  

v e r s a t i l e  and adaptable. 
have good s t rength  and d u r a b i l i t y  and t h a t  r e t a i n  wastes e f f e c t i v e l y .  
Sorbents and/or emu ls i f i e rs  can be added t o  reduce contaminant migra t ion  
through the porous s o l i d  matr ix ,  thus improving the leaching res is tance o f  t he  
t rea ted  wastes (U.S. EPA, 1 9 8 6 ~ ) .  

The waste cons t i tuents  can e x h i b i t  pos i t i ve ,  negative, o r  i n e r t  

S a l t s  o f  some metals such as manganese, 
Fine 

Cement-based s o l i d i f i c a t i o n  and s t a b i l i z a t i o n  processes have proven 
It i s  poss ib le  t o  form waste/cement composites t h a t  

4.1.1.2 Pozzolanic Processes 

Pozzolanic processes genera l l y  i nvo l ve  s i 1  iceous and a lum inos i l i ca te  
mater ia ls ,  which do not d isp lay  cementing ac t i on  alone but  form cement i t ious 
substances when combined w i t h  l ime o r  cement and w a t e r  a t  ambient tempera- 
tures.  
immobi l izat ion o f  the contaminant i n  the  pozzolan ma t r i x .  Common examples o f  
pozzolans are f l y  ash, pumice, l ime  k i l n  dusts, and b l a s t  furnace slag. 
add i t i on  o f  benton i te  can s u b s t a n t i a l l y  reduce the amount o f  f l y  ash requ i red  
(U.S. EPA, 1986c, p. 2-11). 

The pr imary containment mechanisms are p r e c i p i t a t i o n  and phys ica l  

The 

Pozzolans conta in  s i g n i f i c a n t  amounts o f  s i l i -  
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cates, which distinguish them from the lime-based materials (U.S. EPA, 19899). 
Typical tests of pozzolanic activity with lime and the strength of lime/ 
pozzolan mixtures use hydrated lime-to-pozzolan ratios in the range of 1:2 to 
1:6 on a weight basis (ASTH C 311 and ASTM C 593). Typically, pozzolanic 
reactions occur more slowly than do cement reactions. 

(ASTM C 593 and ASTH C 618) exist for pozzolanic materials, especially for fly 
ash. The specifications take into account the chemical composition (percent 
SiO,, percent SOJ, moisture content, and physical properties (fineness, 
pozzolanic activity with lime, and specific gravity). Pozzolanic activity 
greater than a specified minimum can be expected if the material used meets 

Standard testing systems (ASTH C 311) and standard specifications 

the specification for fly ash normally produced from burning either anthracite 
or bituminous coal (Type F) or lignite or sub-bituminous coal (Type C). Some 
Type C fly ashes have enough lime to be not only pozzolanic but also self- 
cementing (U.S. EPA, 1986~). 

selection of materials, can reliably convert waste to a solid material. 
general, lime/fly ash-solidified wastes are not considered as durable as 
Portland cement-treated wastes. 

Common problems with lime/pozzolan reactions involve interference 
with the cementitious reaction that prevents bonding of materials. 
in pozzolan reactions depend on the formation of calcium silicate and alum- 
inate hydrates. 
cement-based processes (Sections 4.1.1.1 and 4.3). 

Lime/fly ash treatment i s  relatively inexpensive and, with careful 
In 

e 
The bonds 

Therefore, the interferences are broadly the same as for 

4.1.1.3 Ettringite Formation Effects 

Formation o f  a calcium aluminate sulfate hydrate (i.e., ettringite) 
is typically required early in the curing process to control setting rate. 
However, the ettringite then dissolves and reprecipitates as calcium sulfate. 
Due to the high content o f  water o f  hydration, ettringite increases the volume 
o f  solids when it forms. 

plastic, the material can accommodate the expansive salt. 
ettringite forms after the grout has become rigid, cracking can occur and will 
reduce the strength of the product. 
large amount of water of crystallization and consequently large increase in 

If the ettringite is formed while the S/S-treated waste is still 
However, if the 

The formation of this salt, with its 

e 
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volume, can be des t ruc t i ve  t o  the  S/S-treated product.  

i dea l i zed  representat ion o f  the  progress o f  cementation reac t ions .  

F igure 4-1 i s  an 

4.1.2 Oroanic Binders 

App l i ca t i on  o f  organic binders i s  u s u a l l y  l i m i t e d  t o  specia l  waste 
types. 
favored over organic binders because o f  cos t  and ease o f  app l i ca t ion .  
pr imary niche o f  organic S/S processes i n  the  c o m r c i a l  sec tor  i s  t o  s o l i d i f y  
rad ioac t i ve  wastes o r  hazardous organics t h a t  cannot be destroyed thermal ly .  

Organic binders t h a t  have been tes ted  o r  used f o r  S/S i nc lude the  
f 011 owing : 

Inorganic  binders are used much more f requent ly  and are  genera l l y  
The 

Asphalt (bitumen) 

Polyethylene 

Polyesters 

Polybutadiene 

Epoxide 

Urea formaldehyde 

Acrylamide gel  

P o l y o l e f i n  encapsulations 

The bas ic  types o f  organic S/S processes are:  (1) thermoplast ic  and 
(2) thermosett ing w i t h  organic polymers. 
b lending waste w i t h  m e l t e d  asphalt, polyethylene, o r  o ther  thermop las t ic  
binders.  
and the  waste i s  contained in a mass o f  cooled, hardened thermop las t ic  (U.S. 
EPA, 1 9 8 6 ~ ) .  

Immobi l izat ion i n  thermosett ing polymers invo lves mix ing  waste w i t h  
r e a c t i v e  monomers, which j o i n  t o  form a s o l i d  i nco rpo ra t i ng  the  waste. Urea 
formaldehyde i s  one thermosett ing r e s i n  t h a t  has been used f o r  S/S processes. 

binders,  which are not  compatible with water-based wastes unless t he  waste i s  
f i r s t  converted t o  an emulsion o r  a so l i d .  

Thermoplastic processes i nvo l ve  

L iqu id 'and v o l a t i l e  phases associated w i t h  the  waste are  d r i v e n  o f f ,  

One problem w i t h  organic processes i s  t h a t  many use hydrophobic 

Many hazardous wastes are 
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Source: Dole, 1985; figure used with permissiom of author and symposium 
proceedings publisher, WM Symposia, Inc., Tuscon, Arizona. 

CSH = Calcium Silicate Hydrate 

FIGURE 4-1 PROGRESS OF CEMENTATION REACTIONS 
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water-based and require special pretreatment to form an emulsion prior to 
treatment by an organic binder. 

Organic binders are also subject to deterioration from environmental 
factors such as biological action or exposure to ultraviolet light. There- 
fore, the long-term stability of organic binders for S/S processes will depend 
on the physicochemical characteristics of the disposal or reuse environment 
(as in the case of asphalt cement for roadways). 

4.1.2.1 Thermoplastic Processes 

Thermoplastic processes are used in nuclear waste disposal and can 
be adapted to special industrial wastes. The thermoplastic technique for S/S 
treatment of waste involves drying and dispersing waste through a plastic 
matrix. The waste is mixed into a hot plastic mass which then cools, incorpo- 
rating the waste in a rigid but deformable solid. In most cases, the hot 
waste/thermoplastic mix is extruded into a container, such as a fiber or metal 
drum, to give the final waste form a convenient shape for transport. The most 
common thermoplastic material used for waste incorporation is asphalt. When 
cost is not a limiting factor, other materials such as polyethylene, poly- 
propylene, or wax can be employed for specific wastes to provide containment 
in an impermeable medium (U.S. EPA, 1986~). 

One advantage of thermoplastic processes is their ability to treat 
soluble, toxic materials. 
the few alternatives applicable to S/S treatment o f  spray-dried salt (U.S. 
EPA, 1986~). 

factor in using thermoplastic processes. Most thermoplastic S/S binders are 
chemically reduced materials (e.g., sol id hydrocarbons) that can react 
(combust) when mixed with an oxidizer at elevated temperatures. 
can be self-sustaining or even explosive with perchlorates or nitrates (U.S. 
EPA, 1986~). 

waste/binder mix. Some solvents and greases can prevent asphalt hardening. 
Borate salts can initiate hardening at high temperatures, leading to stalled 
or clogged mixing equipment. Xylene and toluene can diffuse through asphalt 
(U.S.  EPA. 1986~). Other interferences have been documented for salts that 
dehydrate at elevated temperature and for chelating and complexing agents. 

For example, thermoplastic processing is one of 

However, compatibility of the waste with the matrix i s  a limiting 

The reaction 

Other compatibility problems relate to softening or hardening of the 
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Unlike inorganic S/S processes, thermoplastic processes require more 
complex, specialized melting and extrusion equipment. 
inorganic processes require a trained operations staff to ensure safe, 
consistent operation. The power consumption for organic processes is higher 
than that for inorganic processes because of the need to dry the waste and 
melt the matrix material (U.S. EPA, 1986~) .  

Both organic and 

4.1.2.2 Thermosetting Processes 

Another type of organic S/S processes uses thermosetting resins such 
as urea formaldehyde. This type of process relies on polymer formation to 
immobilize the waste (U .S .  EPA, 19899). This technology has been evaluated 
for stabilizing radioactive wastes and largely abandoned due to problems with 
excess free water and radiolytic decomposition. Thermosetting processes have 
also been tested on a limited basis on hazardous wastes such as organic 
chlorides, phenols, paint sludges, cyanides, and arsenic as well as flue gas 
desulfurization sludge, el ectropl at i ng sl udges, nickel /cadmium battery wastes, 
kepone-contaminated sludge, and chlorine product wastes that have been 
dewatered and dried (U.S. EPA, 19899). 

Usually, there is no direct reaction between the waste constituent 
and the polymer. 
bilize, modify, or destroy the hazardous constituents. Rather, the effect of 
most thermosetting processes is to microencapsulate the waste, and the process 
is potentially applicable to a wide variety of waste types (Conner, 1990). 

That is, thermosetting processes do not usually insolu- 

4.1.3 Additives 

S/S processes may be used in conjunction with sorbents or other 
additives to improve immobilization of specific contaminants. 
be particularly useful for cement or pozzolan processes to decrease the 
mobility of contaminants in the porous, solid products. 
or pozzolan processes can also be incorporated to mitigate the effects o f  
certain inhibitors. 
as follows: 

Additives can 

Additives to cement 

Some previously used additives and their applications are 

Soluble silicates, such as sodium silicate or potassium 
silicate. These agents will generally "flash set' 
Portland cement to produce a low-strength concrete. 
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Soluble silicates can also be beneficial in reducing 
interferences from metal ions. 

Selected clays to sorb liquid and bind specific anions 
or cations. 
required in -low-solids mixtures. 

Emulsifiers and surfactants to allow the incorporation 
of imniscible organic liquids. Yaste turbine oil and 
grease can be mixed into cement blends if dispersing 
agents are used and if the proper mixing system is 
employed. 

Certain sorbents (e.g., carbon, silicates, zeolitic 
materials, and cellulosic sorbents) can help retain 
toxic constituents. 

Activated carbon in particular has been used primarily 
as a sorbent for organics, although this material will 
also sorb at least some metal ions and other 
inorganics. 

Bentonite can reduce the amount of sorbent 

Lime (CaO or Ca(OH),), soda ash (sodium carbonate, 
Na,C%), fly ash, sodium hydroxide (NaOH) and, less 
commonly, magnesium hydroxide (Mg(OH),) are added for 
maintaining a1 kal ine conditions. 

Ferrous sulfate, sodium metabisul fi te/bisul f ite, sodium 
hydrosulfite, sulfides, blast furnace slag, sodium 
borohydride, reductive resins, and hydrazine are added 
as reducing agents. 

Organaphiiic clays have been used to increase the 
imnobilization of certain organic contaminants within 
hydrophobic binders. Organophilic clays are clay 
minerals, such as montmorillonite, that have been 
modified by treatment with a quaternary ammonium 
compound that expands the spacing between clay 1 ayers, 
thus promoting the absorption of organic constituents 
between these layers. After treatment, the layer 
spacing is reduced by treatment with an alkaline 
substance, such as sodium chloride, to immobilize the 
absorbed organic constituents in the clays. 

Organosil anes have been appl ied to increase the binding 
o f  metals. 

T h i s  list i s  not comprehensive but rather provides examples of additives used. 
Note that many additives may work for one constituent but have the opposite 
effect for a different constituent. 
of the additive needs to be conducted. 

An evaluation of the system performance 
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4.1.4 Pretreatment 

Frequently, the ultimate performance of an S/S process can be 
improved by pretreating the waste. 
physical characteristics of the waste, to alter metal speciation. to improve 
metal immobilization, or to remove problematic organics. 

Improvements can sometimes be made to the 

4.1.4.1 Adjustment of Physical Characteristics 

Treatment by S/S involves extensive handling and mixing of the 
contaminated material. 
handl ing characteristics o f  the waste can interfere with sampling, analysis, 
and S/S processing (Barth, 1991). 

Some amount of debris or large solids will be encountered in waste 
at almost any site. Debris such as wire, broken brick, timbers, tires, scrap 
metal, or scrap cloth can be encountered at many industrial or waste disposal 
sites. 
pieces at a creosote wood preserving site. Large pieces o f  material present 
considerable obstacles to obtaining a representative sample and to character- 
izing the waste as well as to performing the treatment. 

o f  debris. Sample collection should be planned to allow collection o f  
meaningful characterization data o f  the waste and the debris. The debris can 
either be removed by screening and processed separately or can be broken down 
with size-reduction equipment to a size compatible with the S/S processing 
equipment . 

can damage the mixing equipment and/or prevent good mixing. Excess free 
liquid, high viscosity, or caking properties can all present problems in 
materials handl ing. 
drying, pelletizing, or adding sorbents to control liquids. 

The presence o f  large pieces of debris or poor 

Other sites may have waste-specific debris, such as wood or bark 

The preliminary site characterization should identify the presence 

Mixing requires the ability to handle the waste material. Debris 

Possible pretreatment methods to improve handl ing are 

4.1.4.2 Pretreatment for Inorganic Constituents 

Properly formulated inorganic binders can often incorporate metals 
and their inorganic salts without extensive pretreatment. 
however, pretreatment can significantly improve the performance of the S/S 
treatment system. Examples include (Conner, 1990): 

In some cases, 
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Chemical reduction o f  hexavalent chromium to the less 
soluble and toxic trivalent state 

Elimination of problem constituents, for example, 
destruction of cyanide or stripping of ammonia 

Degrading soluble nickel complexes to ionic nickel 

Removing hygroscopic salts such as sodium sulfate by 
aqueous extraction. 

4.1.4.3 Pretreatment o f  Organic Constituents 

Organic constituents can complicate stabilization in both inorganic 
and organic-based S/S treatment systems. 
necessary to use expensive off-gas collection and treatment systems. As 
described in Section 4.3, organic materials incorporated into the S/S-treated 
waste can prevent setting or degrade product quality. 

A variety o f  pretreatment options are available to remove volatiles 
and semivolatiles or to control the effects of the organic material prior to 
S/S treatment: 

Volatile organics can make it 

Soil washing 

Thermal removal 

Chemical oxidation 

Extraction 

Biodegradation 

Addition of a sorbent (such as limestone, 
diatomaceous earth, clays, activated carbon, 
or fly ash) prior to mixing 

A study of RODS for Superfund sites where S/S was one component in the 
treatment program showed that wastes contaminated with VOCs undement pre- 
treatment more often than any other wastes (U.S. EPA, 1989a). 

4.1.4.4 Treatment Trains Involving S/S 

In many cases, treatment of wastes containing multiple and diverse 
contaminants becomes so complex that S/S treatment becomes just one step in a 
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t reatment system o r  a t reatment t r a i n .  For example, t h e  BDAT t reatment  fo r  
several RCRA nonwastewater waste types inc ludes one o r  more o the r  processes 
fo l lowed by S/S t reatment  (Table 1-1). The most comnon BDAT treatments t h a t  

prepare waste f o r  S/S are i n c i n e r a t i o n  and chemical p r e c i p i t a t i o n .  I n  o ther  
cases S/S t reatment can-be t h e  i n i t i a l  s tep i n  a t reatment train. 
example, i t  can be used t o  improve ma te r ia l s  handl ing c h a r a c t e r i s t i c s  o r  t o  
i nmob i l i ze  metals p r i o r  t o  a d i f f e r e n t  type o f  t reatment.  

Pretreatment t o  m i t i g a t e  one problem may g i v e  r i s e  t o  problems o f  
another nature. 
ganate leaves a permanganate res idue i n  the  waste, and permanganate w i l l  
ox id i ze  organic b inders  such as asphal t .  
o f  so lvent  t h a t  must be removed from the  waste p r i o r  t o  S/S t reatment.  
I n c i n e r a t i o n  can leave c e r t a i n  metals (e.g., chromium) i n  the  ash i n  t h e i r  
h igher  and more mobi le  o x i d a t i o n  s ta tes .  

Se lec t i on  o f  t he  appropr ia te combination o f  b inders,  add i t i ves ,  and 
pretreatment op t ions  f o r  a p a r t i c u l a r  waste requ i res  ca re fu l  cons idera t ion  o f  
t he  waste mater ia l ,  t he  contaminants, and the  performance ob jec t i ves  o f  t he  
p r o j e c t  (Sect ions 2.3 and 2.4) .  

For 

For  example, ox ida t i on  o f  organic  contaminants w i t h  perman- 

Washing w i t h  so lvent  leaves t races  

4.2 IMMOBILIZATION HECHANISMS 

Waste s t a b i l i z a t i o n  may invo lve  phys ica l  mechanisms, chemical 
mechanisms, o r  a combinat ion o f  the  two. Physical s t a b i l i z a t i o n  ( s o l i d i f i -  
c a t i o n  o r  encapsulat ion)  changes the  phys ica l  form o f  t he  waste bu t  does no t  
necessar i l y  cause chemical b ind ing  o f  t he  waste cons t i tuents .  Chemical 
s t a b i l i z a t i o n  changes the  chemical s ta tes  o f  waste cons t i t uen ts  t o  forms w i t h  
l o w e r  aqueous s o l u b i l i t i e s .  
discussed separate ly  f o r  convenience, under actual  S/S t reatment  cond i t ions ,  
these mechanisms u s u a l l y  do n o t  work independently. 

Although the  mechanisms o f  immobi l i za t ion  are 

4.2.1 Physical  Mechanisms 

Physical  mechanisms o f  S/S operate by con f in ing  waste cons t i t uen ts  
t o  a c e r t a i n  a r e a  o r  zone i n  the waste. That i s ,  the  waste c o n s t i t u e n t  may o r  
may no t  occur i n  a so lub le  form, but  one o r  more phys ica l  b a r r i e r s  prevent i t s  

mob i l i za t i on .  Containment by a b a r r i e r  i s  a s a t i s f a c t o r y  method as l o n g  as 
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the barrier remains stable. 
containment, superseding earlier use of sorbents. 

in the form o f  stable solids, preferably as a monolith with high cohesive 
strength and low leachability. Waste constituents are dispersed throughout 
an inorganic or organic binder matrix (Section 4.1) that physically isolates 
them from groundwater and air. The effectiveness of isolation depends on the 
permeability and long-term stability of the matrix and on the degree o f  mixing 
of waste constituents throughout the matrix. In practice, mixing may be less 
than ideal, resulting in some of the waste material occupying cavities in the 
matrix. Encapsulation of inorganic wastes is generally accompanied by 
chemical stabilization, but encapsulation of organic wastes such as oil and 
grease, PCBs. pesticides, and volatile compounds usually occurs without 
accompanying chemical interactions (Conner, 1990). Encapsulation can be 
further described at three 1 eve1 s: microencapsulation, macroencapsul ation, and 
embedment (Conner, 1990). 

trapping contaminants i n  the pore spaces o f  a cementitious material. 
contaminants are fine waste particles that may not be visible to the naked 
eye. As the system ages, the waste and matrix may eventually become a 
homogeneous material, although this might occur in a time frame of thousands 
of years or more (Conner, 1990). 

or cemented waste with an impermeable layer, such as bitumen (thermoplastic) 
or amorphous silica ( U . S .  EPA, 1990e). The success of this method depends on 
both effective coating reactions and thorough mixing. 
may also refer to the containment of large waste solids, as in a sealed drum. 

waste masses into a sol id matrix before disposal. 
contaminated debris from remedial actions, laboratory protective equipment, 
solid medical wastes (e.g. syringes), and radioactive objects (Conner, 1990). 
Embedment is used in situations where it is impractical to reduce the bulk of 
the waste but where the waste is hazardous enough to be treated prior to 
disposal. 
strength, water permeability, and long-term stability properties of the 
matrix. 

Encapsulation is the most comnonly used method of 

Encapsulation techniques use materials that trap waste constituents 

The term "microencapsulation' describes a process o f  adsorbing or 
The 

The term "macroencapsulation' describes a process o f  coating a solid 

"Macroencapsulation" 

The term "embedment" describes a process o f  incorporating large 
Examples of such wastes are 

In addition, special consideration may also have to be given to the 
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Finally, sorbents once were used extensively to prevent the loss of 
liquid wastes and to improve handling characteristics. 
expanding-layer clays and vermiculite were considered attractive for liquid 
waste disposal because of their low cost and easy handling. However, the use 
o f  sorbents has greatly diminished since the 1985 landban on bulk liquids in 
landfills, a1 though sorbents are currently permitted for certain applications 
(Conner, 1990). 
leachable under certain circumstances, for example, if oversaturation should 
occur and load levels become too high. 

Materials such as 

The main problem with sorbents is that they may become highly 

' 

4.2.2 Chemical Mechanism 

Different chemical mechanisms o f  S/S are operable for inorganic and 
organic wastes. Also, the aqueous chemistries of most inorganic and organic 
compounds are fundamentally different, leading to different leaching behav- 
iors. 

I 
4.2.2.1 Inorganic Hastes 

4.2.2.1.1 Basic Chemical Eauilibria. The chemistry of inorganic 
waste constituents is dominated by hydrolysis reactions. The term "hydroly- 
s i s "  implies that a substance, usually a metal, reacts with water. Hydrolyzed 
products can react in the aqueous phase to form new ionic or neutral species, 
or they can form precipitates of hydroxides, oxides, or salts (connnonly 
carbonates, sulfates, and sulfides). 

pounds. 
It is useful to compare the solubilities o f  different metal com- 

Consider the dissolution reaction of a generic compound MP,: 

v*c*, - N c q ,  + aA"cq, 

where M" is the cation and A" is the anion. The solubility product constant 
for this reaction is : 

I KsP = [M"]"[A*]' 

where square brackets indicate concentration (activity) and K,, depends only 
on temperature and pressure. The solubility product is therefore a constant 
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if temperature and pressure of the solid and solution phases remain fixed, for 
example, a t  the ambient conditions of  a disposal site. Frequently, the 
solubi l i ty  product is written as pK,, where pX = -log,,(X). 

Table 4-1 l i s t s  solubili ty product values for  the hydroxides, 
carbonates, sulfates, and sulfides of some regulated metals (higher pKv means 
lower solubili ty).  Table 4-1 shows t h a t  the following metals salts have very 
low solubi l i ty  products: Cr(II1) hydroxide and sulfides of Cd(II), Pb(II), 
Hg(I), and Hg(I1). The least  soluble barfum solid is barium sulfate (barite).  
T h i s  type of information can be important for  deciding which form of a given 
hazardous metal i s  most stable and which metal compounds may be attainable 
given specific s i t e  conditions and available technology. 

Actual concentrations of dissolved species depend on a number o f  
solution parameters, such as pH, redox potential, and solution composition. 
The simplest and most connnon method of controlling speciation and precipita- 
t i o n  i s  pH adjustment. To i l lus t ra te  this process, consider the role of a 
strong acid in the solubili ty of a simple metal hydroxide, M(OH),. According 
t o  the equilibrium expression above, the solubili ty o f  M(OH), i s  described by 
the following reaction: 

TABLE 4-1. PK,, VALUES FOR SELECTED METAL PRECIPITATES'.) 

Metal Hydroxide Carbonate Sulfate Sul f ide 

Ba 2.30 8.09 9.97 _- 
Cd 14.30 11.60 -- 28.44 
Cr(II1) 30.20 -- 0.50 -- 
Pb 19.90 13.48 7.71 27. 47cb'(C1 
Hg(II) 
H9(I) 

25.52 -- 1.43 48.70 
-- 16.05 6.17 51.42 

(') Data apply to  equilibria a t  25'C except where otherwise noted. 
(b' Equilibria a t  18'C. 

Sources: Means e t  al .  (1991~) and Oragun (1988). 

Galena. 
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To show the dependence on pH directly, the following equation must be sub- 
tracted from the preceding one, n times: 

Where pK,, = 14 the result is 

The solubility constant for this reaction is 

r = rH"l/rH+ln 

or upon rearranging terms: 

[M"] = 10- Ka 

The concentration of M" ions clearly increases as pH decreases. However, M"' 
ions are not necessarily the dominant aqueous species of the metal M at all pH 
values and solution compositions. The total dissolved metal is the sum of all 
hydrolysis species [M(OH)"-', M(OH),"-2, etc.] and complex species [MC&"-', 
MSO,"-', etc.] that form in solution. 
aqueous species can be hydroxylated or protonated. Therefore, these species 
are sensitive to pH and they affect the solubilities of the solid phases. 
task of determining which species are present and in what concentrations is 
often time consuming and expensive. As an alternative, speciation calcula- 
tions can be made if bulk solution compositions are known. Compilations of 
thermochemical data that are needed to perform these calculations are avail- 
able in the chemistry literature (Means et al., 1 9 9 1 ~ ) .  

lead (U.S. EPA, 1990f) found that, even though Cd(OH), and Pb(OH), have 
comparable and very low solubilities, the degree of leaching from cement 
treated wastes differed for the two metals. In leaching tests, cadmium 
concentrations were very low, whereas lead concentrations were considerably 
higher and could potentially pose a threat to groundwater. The differences 

At sufficiently high or low pH, some 

The 

An investigation o f  immobilization mechanisms for S/S of cadmium and 

were attributed to the fact that the Cd/cement system involves early formation 

0 
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of Cd(OH), which provides nucleation sites for precipitation o f  C-S-H and 
calcium hydroxide and results in Cd being in the form of an insoluble hydrox- 
ide with an impervious coating. The Pb/cement system was more complicated in 
terms of precipitation reactions. Mixed salts containing hydroxide, sulfate, 
and nitrate ions were precipitated. These salts retard the cement hydration 
reactions by forming an impervious coating around the cement clinker grains. 
Also, as pH in the cement pore water fluctuated during hydration, the Pb salts 
undergo solubilization and reprecipitation, resulting in Pb salts on the 
surface of cement minerals that are readily accessible to leach water and 
apparently are more soluble under basic conditions than a pure lead hydroxide. 

4.2.2.1.2 Effect o f  Alkaline Conditions. Numerous compatible ionic 
species form solids by coprecipitation. Therefore, the application of 
chemical equilibria based on pure end-members may not be completely valid. 
Ferric iron has long been recognized for its ability to flocculate and 
coprecipitate toxic metals from solution (Sittig, 1973; LeGendre and Runnells, 
1975; Swallow et a1 ., 1980). Coprecipitated metals may have solubilities that 
are substantially lower than those of either of the pure end-member phases. 
For example, the Cr(II1) concentrations are many times lower in solutions that 
are in equilibrium with coprecipitated Cr(OH),-Fe(OH), than those that are in 
equilibrium with pure chromium hydroxide (Sass and Rai, 1987). 

approximate pH range of 7.5 to 11. 
under extremely alkaline conditions as well as under acidic conditions 
(amphoteric behavior). Uhen the waste material under consideration for S/S 
contains a number of different metals, it is possible that their solubility 
minima may not entirely overlap. 
minima are not too different, it may be sufficient to choose an average pH, 
but in cases where pH values are very different, the best recourse may be to 
attempt to precipitate the contaminants in a phase or phases other than a 
hydroxi de. 

hazardous constituents in a waste system. 
pH - 11 to 11.5 for Cd(OH), (Brookins, 1988) and pH - 8.5 for Cr(OH), (Baes 
and Mesmer, 1976). 
insoluble CdS by adding a soluble sulfide, such as Na,S, and to precipitate 

The minimum solubility of most metal hydroxides occurs within the 
This implies that solubility increases 

In cases where pH values at these solubility 

As an example, suppose that Cd and Cr(II1) are the predominant 
Solubility minima occur at 

In this situation, one might elect to precipitate highly 
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Cr(OH), by adjusting the pH to 8.5. Note, however, that if barium is present 
in the same waste, it has a high solubility in the presence of sulfide. This 
example illustrates the need for understanding the waste chemistry as well as 
the pertinent chemical equilibria in order to achieve a maximum degree of 
chemical stabilization. 

lime [either CaO or Ca(OH),], sodium carbonate, or sodium hydroxide. 
solidification reagents are alkaline and can substitute in part or entirely 
for traditional alkalies, acting both as pH controls and as binding agents. 
Alkaline binders include Portland cement, cement and lime kiln dusts, Type C 
fly ash, and sodium silicate (Conner, 1990). 

Buffers provide resistance to rapid changes in pH upon exposure to 
acid or base. 
maintain the pH at the target value for the long term, thus promoting long- 
term stability. 
Na-montmorillonite is also used for this purpose. 

Any alkali may be used to control pH, but the comnon choices are 
Most 

The presence of pH buffers in stabilized waste is desirable to 

Limestone (primarily CaCq) is used to buffer waste acidity; 

4.2.2.1.3 Effect o f  Redox Potential. Redox potential is another 
important solution parameter in S/S technology. An oxidation-reduction, or 
redox reaction, is one that involves the transfer of electrons between 
products and reactants. Experimentally, the redox potential of a half-cell 
reaction is measured by a quantity called "Eh." High Eh voltages indicate 
that the solution is oxidizing and low Eh voltages indicate that the solution 
is reducing. The redox potential of a waste form can be controlled to convert 
the valence states of hazardous metals to valence states that are more 
favorable for precipitation. 

than one common oxidation state. The table shows that trivalent chromium 
species precipitate as a low-solubility hydroxide. However, Cr(V1) forns 
mainly chromate and dichromate species, such as CrOt- and Cr,%*-, which do 
not form precipitates with low solubility (Eary and Rai, 1987). The table 
also shows that mercury in both oxidation states forms very-low-solubility 
sulfides. Redox potential has particularly important effects on the regulated 
semimetals, such as As and Se, which exhibit a number of different oxidation 
states. 

Among the regulated metals listed in Table 4-1, Cr and Hg have more 
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Table 4-2 l i s t s  se lected s t a b l e  s o l i d s  o f  As and Se f o r  reference. 
A l i t e r a t u r e  rev iew by Means e t  a l .  (1991~)  shows t h a t  calcium arsenate 
Ca,(AsO,), i s  t h e  most s tab le  metal arsenate [As(V)] i n  o x i d i z i n g  a l k a l i n e  
condi t ions.  Under a c i d i c  condi t ions,  ca lc ium arsenate becomes uns tab le  
because i t s  ca lc ium source ( c a l c i t e )  i s  leached away. 
s tab le  phase f o r  t h e  imnob i l i za t i on  o f  As(V) appears t o  be b a s i c  f e r r i c  
arsenate FeAsO,.xFe(OH),, which forms r e a d i l y  i n  the  presence o f  f e r r i c  
hydroxide. However, bas ic  f e r r i c  arsenate i s  most s t a b l e  a t  lower  pH. 

predominates i n  both a c i d i c  and bas ic  so lu t i ons  (Means e t  al., 1991~) .  
selenate appears t o  be the  most s tab le  s o l i d  (E l rash id i  e t  al., 1987) but i s  
f a i r l y  so lub le  (4mM a c t i v i t y ) .  Other metal selenates a re  even more so lub le.  
I n  moderately o x i d i z i n g  condi t ions,  manganese se len i te ,  MnSeO, [Se(IV)], i s  
the  most s tab le  s o l i d  t h a t  p e r s i s t s  i n  bo th  neu t ra l  and a c i d i c  environments 
(E l rash id i  e t  a l . ,  1987); a t  pH 5 the  a c t i v i t y  o f  the dominant species HSe03- 
i s  2.5pMM. According t o  (E l rash id i  e t  a l . ,  1987), PbSeO, has a s o l u b i l i t y  
minimum near pH 8. Under high1.y reducing condi t ions,  se len ide [Se(II)J 
species predominate (E l rash id i  e t  al. ,  1987); l e a d  se len ide PbSe and t i n  
se len ide SnSe are the  most s tab le  s o l i d s  i n  both neu t ra l  and a l k a l i n e  condi- 
t i ons .  
most o f  t h e  metal selenides (E l rash id i  e t  al., 1987). 

Conner (1990). 
b i s u l  f i te,  Na- hydrosul f i  te ,  sul f ides ,  Na-borohydri de, hydrazine, and reduc t i ve  
res ins .  

su l fa te ,  which i s  used p r i m a r i l y  t o  reduce hexavalent chromium. 
disadvantage i s  t h a t  pH must be adjusted below 3 i n  order  f o r  t he  chromium 
reduc t ion  reac t i on  t o  go t o  completion. 
t he re fo re  be q u i t e  large,  p a r t i c u l a r l y  i f  the  waste ma te r ia l  conta ins appre- 
c i a b l e  amounts o f  a1 k a l i n e  bu f fe rs .  
su l f i des ,  such as Na,S, work s i m i l a r l y  t o  fe r rous  s u l f a t e  but r e q u i r e  l e s s  
ac id  and a l k a l i  t o  complete a reduction/reprecipitation process. However, Na- 
m e t a b i s u l f i t e / b i s u l f i t e  is expensive, and Na,S i s  unsafe t o  use a t  very  l ow  pH 
because o f  the  poss ib le  evo lu t i on  o f  t o x i c  H,S. 
hydride, hydrazine, and f resh ly  p r e c i p i t a t e d  FeS ( the  Sulfexm process) work 
under a l k a l i n e  condi t ions,  which may be more convenient f o r  p re t rea ted  wastes. 

Another p o t e n t i a l l y  

Under h i g h l y  o x i d i z i n g  cond i t ions  the  se lenate i o n  SeOt-  [Se(VI)] 
Barium 

Elemental Se a lso has a s t a b i l i t y  region, but i t  i s  more so lub le  than 

The major reducing agents and t h e i r  a t t r i b u t e s  a re  descr ibed by 
The most C O ~ O R  agents are fe r rous  su l fa te ,  Na-metab isu l f i te l  

The most w ide ly  used reducing agent i n  S/S technology i s  f e r rous  
I t s  main 

The amount o f  ac id  needed can 

Na-metabisulfite/bisulfite and so lub le  

Na-hydrosul f i te ,  Na-boro- 
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TABLE 4-2. p& VALUES FOR SELECTED As AND Se PRECIPITATES‘” 

Compound PKV E l  enent 

As(V) (arsenates) 

As( I I1)  

As(I1) ASS 

50.11 
18.17 
32.66 
19.7 
35.39 
20.24 

29.6 

12.3 

Se(V1) 

Se( I V )  

Se(- I1 f 

(selenates) 

BaSeO, 
CaSeD, .2H,O 
CdSeO, 
PbSeO, 

(se len i tes)  

Base03 
CaSe03 .H,O 
CdSe03 
HgSe03 
Hg Se03 
MnseO3 
PbSe03 

(se len ides)  

Base 
Case 
CdSe 
CuSe 
FeSe 
HgSe 
PbSe 
SnSe 

7.46 
3.09 
2.27 
6.84 

6.57 
5.44 
8.84 

13.90 
14.23 
7.27 

12.12 

21.86 
10.87 
35.20 
48.10 
26.00 
64.50 
42.10 
38.40 

(” Data apply t o  e q u i l i b r i a  a t  25’C. 
Source: Means e t  a l .  (1991~) .  
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e 
Reductive resins (e.g., Amborane'") are selective for certain metals and are 
used for precious metal recovery. 
hazardous metals such as silver, arsenic, mercury, and antimony (Conner, 
1990). 

soluble oxidation state is an important aspect of chemical stabilization, this 
objective eventually will be defeated if the treated waste is placed in a 
disposal or reuse environment having a very different oxidation state. 
term stability can only be ensured if the oxidation states of the treated 
waste and the disposal or reuse environment are similar. 

They have potential uses for recovering 

Blast furnace slag, a common binder, can serve as a reducing agent. 
While adjustmentof the redox-sensitive contaminant to its least 

Long- 

4.2.2.1.4 Metal Silicates. The behavior of hazardous metals in the 
silicate system is critical to cement-based S/S technology. 
understanding of the chemical processes involved may be difficult to achieve 
because the waste constituents are often heterogeneous mixtures of solutions, 
suspended solids, and imniscible liquids. Reactions between metal salts in 
solution and soluble silicates have been studied extensively, but their 
insoluble products usually have not been well characterized. Metal silicates 
are generally nonstoichiometric and poorly crystallized. In fact, their 
chemical and physical properties depend considerably upon the conditions under 
which they are formed, for example, temperature, concentration, addition rate, 
and ionic speciation. 
readily soluble silicate (or colloidal silica) adsorbs metal ions. It has 
been found that adsorption occurs when the pH is 1 to 2 units below the 
hydroxide precipitation point (Iler, 1979). 

Just how the metal ions are incorporated into the cement structure 
is still a matter of debate. Using Portland cement as an example, the 
cementitious phase of calcium silicate hydrate, or CSH, forms by a hydration 
reaction that takes f rom 28 days to 1 year to complete (Kantro et al., 1962): 

However, full 

The pH is also very important because it affects how 

2Ca,SiO, + 6H20 - Ca,Si,0,.3H20 + 3Ca(OH), 

It is believed that CSH incorporates metal ions into the silicate matrix 
during the hydration reaction (Bhatty and Greening, 1978). 
metal ions retained decreases as the CaO:SiO, ratio in CSH increases (Bhatty, 
1987). 

The number of 

m 
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If metals have already been precipitated as low-solubility solids,  
they may gradually react with the s i l i c a t e  ( i f  such a reaction is favorable) 
as long as f ree  s i l i c a t e  is available; i.e., before i t  reacts w i t h  other ions 
i n  the system, such as calcium. The probable resul t  is that  the cementitious 
matrix will encapsulate the metal solids as hydroxides, sulfides, carbonates, 
etc. (see Section 4.2.1 on physical mechanisms). 
ions with s i l i c a t e  will only occur i f  a continuous source of soluble s i l i c a  
can be created within the matrix or  i f  the waste i s  pretreated t o  dissolve the 
metal hydroxides. 

Continued reaction o f  metal 

4.2.2.1.5 Other Low-Solubility Phases. Another alternative t o .  
precipitating metals as hydroxides i s  t o  bind them using insoluble substrates. 
Insoluble starch xanthates have been widely used for  t h i s  purpose since they 
became commercially available in 1980 (Conner, 1990). 
by reacting an organic hydroxyl-containing substrate (R-OH), such as starch, 
cellulose, o r  alcohol with carbon disulfide i n  the presence of a strong base 
such as NaOH (Bricka and Hill ,  1987). 
represented by 

Xanthates are produced 

The structure of a Na-xanthate i s  

R-O-C-S-Na 
II 
S 

Xanthates remove metals from solution by exchanging the base metal (Na) for 
generally heavier metals, which are bound more strongly. 
metal removal increases i n  the following order (Flynn e t  a l . ,  1980): 

The select ivi ty  for 

Na << Ca-Mg-Mn < 2n < Ni < Cu-PHg 

Wastes stabilized by xanthates are less  sensitive t o  pH and have better sludge 
dewatering properties than metal hydroxides. However, the xanthates produce 
large quantities of sludge that must be handled l ike  any RCRA material (Bricka 
and Hill ,  1987). 

The effects of typical S/S techniques for  binding heavy metals using 
cellulose and starch xanthates were investigated by Bricka (1988) and Bricka 
and Hill (1987), who found: 
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1. Xanthates of Cd, Cr, Hg, and Ni effectively inmobilize 
these metals when bound with Portland cement. 

2. Mercury precipitated by starch xanthate has lower 
leachability than mercury precipitated by hydroxide, 
even after sol idi f icat ion. 

3. Starch xanthate binds mercury better than cellulose 

4. Cd-, Cr-, and Ni-xanthates alone do not have 

xanthate. 

sufficiently low solubilities for direct disposal; thus 
solidification is necessary to achieve acceptable 
leachabil i ty levels. 

4.2.2.2 Organic Wastes 

Aqueous wastestreams containing small amounts (10 to 1000 ppm) of 
organic hazardous contaminants are the most treatable organic waste forms 
under S/S technology (Conner, 1990). With regard to normal cement-based 
methods, containment will be most effective for imniscible liquids and least 
effective for soluble liquids (Conner, 1990). It is unclear, however, whether 
appreciable chemical reactions take place in the matrix. Losses may be caused 
by other factors, such as volatilization, which may be especially important in 
S/S processes that involve elevated temperatures (Weitzman et a1 ., 1987). 

including hydrolysis, change of oxidation state, and precipitation as some 
form of salt. 
in exchange for another functional group. 
strong base to proceed at reasonable rates. 
can occur naturally in soils, with clays performing the role as catalysts 
(Warren et a1 ., 1986). Many substituted aromatics undergo free radical 
oxidation. According to Dragun and Helling (1985), this group includes 
benzene, benzidine, ethyl benzene, naphthalene, and phenol. 
hand, chlorinated aromatics and polynuclear organics are unlikely to be 
oxidized under natural conditions (Conner, 1990). 
made to occur by treating the waste with strong oxidizing agents such as 
potassium permanganate. 
additives, such as the mobility or toxicity o f  the additive itself, must be 
weighed against the advantages. 
will apply only to the ionized or ionizable organic fraction; it is not 

As with inorganic wastes, organic constituents can undergo reactions 

Hydrolysis normally involves the loss o f  a hydroxyl group (-OH) 

Oxidation and reduction reactions 
Reactions must be catalyzed by a 

On the other 

Of course, oxidation can be 

However, the possible disadvantages of using such 

The mechanism of salt formation by organics 
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directly applicable to nonpolar species. The formation of organic salts in 
S/S technology is a possible significant mechanism, but it has not been 
studied extensively. 

of nonpolar organics in organophilic additives such as modified clays and 
activated carbon. Modified clays are clays that have been modified by ion 
exchange with selected organic compounds that have a positive charged site 
hence rendering the clay/organo complex hydrophilic. The binding capacity for 
such materials with certain types of organics has been well demonstrated. For 
example, Sell et al. (1992) found that sodium bentonite clay, modified with 
dimethyl di (hydrogenated tallow) amonium chloride (LOCKIT@) can be used to 
remove phenol and chlorinated phenols from aqueous solutions. 
for organophilic additives, however, centers on whether the binding mechanism 
entails simple absorption or adsorption, or whether the formation of stronger 
covalent bonds between the additive and the contaminant is occurring. 
Additional evaluation 'is necessary. 

One additional-area o f  recent research is the S/S binding mechanisms 

The question 

4.2.3 ConceDt o f  Surface Sealinq 

The concept of 'surface sealing" pertains to the situation where the 
surfaces of stabilized waste products are sealed, limiting the release of 
contaminants and the uptake of matrix-unfriendly components such as salts. 
Hockley and van der Sloot (1991) found that "self-sealing" may occur in some 
stabilized wastes. They examined the precipitation and dissolution processes 
in waste blocks formed from stabilization of coal combustion wastes with 
Portland cement and lime that had been exposed to seawater for up to 8 years. 
Results indicated that dissolution of  calcium hydroxide, calcium sulfite, and 
ettringite began at the block surface and proceeded as a moving boundary 
toward the interior. Some calcium released by dissolution was reprecipitated 
as a carbonate phase, and the remainder was lost to the surrounding seawater. 
Magnesium ions infiltrating from the seawater were precipitated, apparently as 
a hydroxide phase. Concentration profiles of As, Sb, and B showed that minor 
elements also exhibit moving boundary effects, perhaps through association 
with the mineral phases. These alteration and leaching processes were 
confined to within 10 to 20 mn of the block surface, and many concentration 
profiles showed sharp discontinuities at the 10- to 20-mn region. 
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These d i s c o n t i n u i t i e s  could no t  be explained by t h e  s imple 
d i f fus ion-based models c u r r e n t l y  used t o  i n t e r p r e t  leaching data. 
d i s c o n t i n u i t i e s  i n  the  concentrat ion p r o f i l e s  o f  nonreact ive sea s a l t s  l e d  t o  
the hypothesis t h a t  the p r e c i p i t a t i o n  o f  small c r y s t a l s  i n  pores near t h e  
b lock 's  surface r e s t r i c t e d  d i f f u s i o n ,  a process s i m i l a r  t o  t h e  concept of 
"pore ref inement" p rev ious ly  i d e n t i f i e d  i n  the  l i t e r a t u r e  on concrete du rab i l -  
i t y .  Th is  process causes a s lowing of a l l  d i f f u s i o n - c o n t r o l l e d  processes, 
i nc lud ing  the  degradation o f  the b lock  m a t r i x  and the  leach ing  o f  contami- 
nants. 

S im i la r  phenomena have been observed i n  b o r o s i l i c a t e  glasses. 
leaching, these glasses develop an a l t e r a t i o n  l a y e r  a t  t he  glass/water 
i n te r face .  
p r e c i p i t a t e  and impede g lass d i s s o l u t i o n  and d i f f u s i o n  o f  g lass  cons t i t uen ts  
i n t o  the  aqueous phase (Doremus, 1979). 

The sharp 

Upon 

The a l t e r a t i o n  l a y e r  cons is ts  o f  numerous growths (grouts)  t h a t  

4.3 POTEWIAL INT€RFEREMCES 

S/S processes can be a f fec ted  by the  chemical cons t i t uen ts  present 
i n  the  waste being t rea ted  and by many other  f a c t o r s  (e.g., binder-to-waste 
r a t i o ,  water content, o r  ambient temperature). The in te r fe rences  caused by 
the chemical cons t i tuents  o f  the waste can a f f e c t  the  s o l i d i f i c a t i o n  processes 
and/or t he  chemical s t a b i l i z a t i o n  o f  t h e  t rea ted  product as discussed i n  
Sect ions 4.3.1 and 4.3.2. 
i d e n t i f y  and overcome such in ter ferences.  General types o f  i n te r fe rence  
caused by the  chemical cons t i tuents  inc lude (U.S. EPA, 19909): 

Waste-speci f ic  t r e a t a b i l i t y  s tud ies  a r e  needed t o  

I n h i b i t i o n  o f  bonding o f  t he  waste ma te r ia l  t o  the 
S/S mate r ia l  

Retardat ion o f  s e t t i n g  

Reduction o f  s t a b i l i t y  o f  t he  m a t r i x  r e s u l t i n g  i n  
increased p o t e n t i a l  f o r  l e a c h a b i l i t y  o f  the  waste 

Reduction o f  phys ica l  s t rength  o f  t he  f i n a l  product  

The exact mechanisms f o r  i n te r fe rence  a re  no t  known, and because d i f f e r e n t  
wastes respond d i f f e r e n t l y  t o  var ious types o f  in ter ferences,  1 i m i t s  on 
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various interfering agents cannot be set. 
acceptable levels for interfering agents, both singly and in combination. 

More study i s  needed to establish 

4.3.1 Interferences with Solidification 

The contaminated materials usually treated by S/S processes are 
widely fluctuating, complex mixtures. Even with one waste source, the 
concentrations can vary by a factor o f  ten or more from batch to batch. 
waste constituents affect cementation chemistry by altering the setting rate 
or the properties of S/S-treated waste. 
concentration, setting rate may be increased or decreased. As an example of 
concentration effects, mild accelerators such as chloride or nitrate anions 
can slow setting at higher concentrations. Treated waste properties such as 
porosity or flexural and compressive strength may be reduced by contaminants. 

measurable effect. 
interactions of waste material and binder, it is usually not possible t o  
quantify the threshold. 
feasibility of treating a specific waste. 

Many 
o f  these substances can reduce the ultimate mechanical strength o f  the waste 
form by producing cracking and spalling. 
tics reported to interfere with sol idification/stabil ization processes and 
indicates their potential impacts. 

Many 

Depending on the contaminant type and 

There is typically a threshold below which the contaminant has no 
Because S/S treatment performance i s  influenced by complex 

Treatability studies are required to determine the 

Table 4-3 lists substances found to affect cement reactions. 

Table 4-4 compiles the characteris- 

4.3.2 Interferences with Stabilization 

Table 4-5 summarizes some typical waste characteristics found to 
interfere with the stabilization processes. 
of waste constituents on immobilization mechanisms, in contrast to Table 4-4, 
which addresses the effects on formation o f  a solid product. Interferences 
with stabilization include chemical incompatibilities and undesirable reac- 
tions. Generally, the types of effects reported in Table 4-5 are releases of 
noxious gases or effects resulting in the increased leaching potential of the 
contaminants. 

This table focuses on the effects 
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TABLE 4-3. SUBSTANCES THAT MAY AFFECT CEMENT REACTIONS: 
INHIBITION AND PROPERTY ALTERATION 

Substance o r  Factor Inhibition Property Alteration 

Fine particulates 
~1 ay 
S i l t  

I o n  exchange materials 

Metal l a t t i c e  substitution 

Gel1 ing agents 

Organics, general 
Acids, ac id  chlorides 
A1 coho1 s, glycol s 
Aldehydes, ketones 
Carbonyls 
Carboxylates 
Chlorinated hydrocarbons 
Grease 
Heterocycl ics  
Hydrocarbons, general 
Lignins  
O i  1 
Starches 
Sulfonates 
Sugars 
Tannins 

Organics, specific 
Ethylene glycol 
Hexachlorobenzene 
Phenols 
Trichloroethylene 

Inorganics, general 
Acids 
Bases 
Borates 
Chlorides 
Copper compounds 
Lead compounds 
Magnesium compounds 
Metal s a l t s  
Phosphates 
Salts,  general 

X 
X 
X 

X 

X 

X 

X 

X 

X 
X 
X 
X 

X 
X 
X 
X 
X 
X 

X 

X 
X 
X 
X 
X 
X 
X 
X 

X 

X 
X 

X 

X 

X 
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TABLE 4-3. SUBSTANCES THAT MAY AFFECT CEMENT REACTIONS: 
INHIBITION AND PROPERTY ALTERATION (Continued) 

Substance or Factor Inhibit ion Property Alteration 

Inorganics, general (cont’d) 
Silicas X 
Sodi um compounds X 
Sulfates X X 
Sul fides X 
Tin compounds X 
Zinc compounds X 

Inorgani cs , specific: 
Calcium chloride X 
Copper hydroxide X 
Copper nitrate 
Gypsum, hydrate X 
Lead hydroxide X 
Lead nitrate X 
Sodium arsenate X 
Sodium borate X 
Sodi urn hydroxide 
Sodium iodate X 
Sodium sulfate 
Sulfur X 
Tin 
Zinc nitrate 
Zinc oxide/hydroxide X 

Adapted from: Conner, J. R. 1990. Chemical Fixation and Solidification o f  
Hazardous Wastes. Van Nostrand Reinhold, New York. pp. 349-350. Used with 
permission o f  Van Nostrand Reinhold. 
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4.4 ISSUES DEALING WITH THE STABILIZATION OF OR6ANIC WASTES 
AND OF HIXED ORGANIC AND I N O R W I C  WMTES 

4.4.1 I n t r o d u c t i o n  

Th is  sec t i on  focuses on issues r e l a t e d  t o  S/S processing o f  wastes 
i n  which the  pr imary contaminants are organics o r  where s i g n i f i c a n t  q u a n t i t i e s  
o f  organic contaminants are mixed with o ther  types o f  waste, such as inorgan- 
i cs .  
discussed i n  Sect ion 4.3. 

Issues r e l a t i n g  t o  in te r fe rences  caused by low l e v e l s  o f  organics a re  

Threshold l e v e l s  for  organlc  i n te r fe rence  w i t h  S/S processes e x i s t .  
However, t h e  actual  l e v e l  depends on t h e  na ture  o f  t h e  organic, t h e  waste 
matr ix ,  and the  b inder .  D i f f e r e n t  types o f  i n te r fe rences  and some guidance, on 
th resho ld  l e v e l s  are discussed i n  g rea te r  d e t a i l  i n  Sec t ion  4.3. 

processes than are inorganics such as meta ls  and metal compounds. 
Organic contaminants are more d i f f i c u l t  t o  t r e a t  w i t h  i no rgan ic  S/S 

Organics 
genera l l y  do not  reac t  w i t h  an inorgan ic  m a t r i x  b u t  ins tead are  sorbed o r  
encapsulated w i t h i n  pores. 
t h a t  many o f  them are nonpolar and hydrophobic, whereas inorgan ic  S/S b inders  
are po la r  and hydroph i l i c .  
groups are sometimes added t o  b inders t o  increase t h e  b ind ing  a f f i n i t y  f o r  t he  
organic contaminants. Inorganics may be e i t h e r  entrapped o r  incorpora ted  i n t o  
the  chemical s t ruc tu re ,  depending on the  treatment process. 

a r e  genera l l y  b e t t e r  su i ted  f o r  treatment by d e s t r u c t i v e  processes such as 
i nc ine ra t i on ,  biodegradation, chemical ox idat ion,  and dech lo r ina t ion .  Another 
problem w i t h  organic contaminants i s  v o l a t i l i z a t i o n .  Releases o f  v o l a t i l e  
organics t o  the  a i r  du r ing  S / S  treatment w i l l  occur whenever v o l a t i l e s  a re  
present. 
exothermic reac t ions  i n  inorganic  processes o r  ex te rna l  heat i n p u t  i n  thenno- 

p l a s t i c  processes) w i l l  con t r i bu te  t o  the  loss o f  v o l a t i l e  organics. Sec- 
t i o n  4.5 discusses a i r  emissions i n  g rea ter  d e t a i l .  

Honever, many i n d u s t r i a l  wastes and contaminated m a t e r i a l s  con ta in  
organics a t  low concentrat ions, mixed with inorganics,  o r  i n  a v iscous  waste 
mat r ix .  
wastes may be very expensive compared t o  the  bene f i t s  and may, i n  some cases, 
be ine f fec t i ve  (Conner, 1990). 
es t h a t  have been tes ted  on o r  app l ied  t o  var ious organic  cons t i t uen ts  a re  

The reason organic  contaminants do n o t  r e a c t  i s  

Therefore, add i t i ves  w i t h  hydrophobic func t iona l  

Wastes w i t h  very  h igh  concentrat ions o f  hazardous organic  compounds 

Both the  mix ing requ i red  i n  treatment and t h e  heat input (from 

App l i ca t i on  o f  treatment processes t o  dest roy the  organics i n  such 

S/S can be a very v i a b l e  op t ion .  S/S process- 

i 
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l i s t e d  i n  Table 4-6. Note, however, t h a t  an e n t r y  i n  t h i s  t a b l e  i nd i ca tes  
on ly  t h a t  t he  b inder  has been success fu l l y  app l ied  a t  l e a s t  once i n  the  
s t a b i l i z a t i o n  o f  t he  ind ica ted  contaminant. The degree o f  s t a b i l i z a t i o n  and 
the  long-term s t a b i l i t y  ._ o f  the  product a re  no t  ind icated.  Also, an e n t r y  i n  
t h i s  t a b l e  does n o t  imply  t h a t  the  issue o f  v o l a t i l i z a t i o n  (as opposed t o  
imnobi l  i z a t i o n )  o f  t he  a i r  emissions was proper ly  addressed. 

t i o n  4.2.2). 
t i o u s  systems. 
decreased contaminant m o b i l i t y  i s  caused by so rp t i on  e f f e c t s ,  d i l u t i o n  by 
reagent addi t ions,  sample heterogenei ty,  o r  v o l a t i l i z a t i o n .  

Q u a n t i f y i n g  t h e  degree o f  i m n o b i l i z a t i o n  o f  organic contaminants i n  
S/S-treated waste i s  no t  as s t ra igh t fo rward  as f o r  inorgan ic  contaminants. 
Aqueous leach t e s t s  may prov ide an est imate o f  the  propens i ty  f o r  t he  organic  
contaminant t o  be t ranspor ted i n  groundwater as a so lute,  bu t  t hey  do n o t  
prov ide a good measure o f  organic  immobi l i za t ion  f o r  nonpolar organics t h a t  
have low s o l u b i l i t y  i n  water. For nonpolar organics, t h e  use o f  nonpolar 
so lvent  e x t r a c t i o n  (e.g., t he  Tota l  Waste Analysis,  o r  TWA) has been recom- 
mended. However, t h i s  recommendation i s  s t i l l  under cons idera t ion  by EPA 
because i t  i s  unc lear  how the  r e s u l t s  o f  a so lvent  e x t r a c t i o n  r e l a t e  t o  the  
environmental m o b i l i t y  o f  a contaminant i n  groundwater. Also, t h e r e  are  few  
i f  any da ta  t h a t  demonstrate t h a t  t he  chemical i n t e r a c t i o n  between an S/S 
b inder  and an organic  contaminant i s  s t rong enough t o  r e s i s t  leach ing  by an 
aggressive nonpolar ex t rac tan t .  Therefore, one o f  t he  p o t e n t i a l  p i t f a l l s  o f  
us ing  S/S technology t o  t r e a t  waste w i t h  s i g n i f i c a n t  nonpolar organic  contami- 
nants i s  the  i n a b i l i t y  t o  adequately assess the  ex ten t  o f  contaminant imnobi- 
l i z a t i o n  a t t r i b u t a b l e  t o  S / S  t reatment.  

Mechanisms t h a t  s t a b i l i z e  organics are n o t  w e l l  understood (Sec- 
Some s t a b i l i z a t i o n  o f  t he  organics appears t o  occur i n  cementi- 

However, i t  has been d i f f i c u l t  t o  determine whether apparent 

4.4.2 S f S  Addi t i ves  ComDatible with Oraanics 

Test ing o f  add i t i ves  t o  improve immobi l i za t ion  o f  organic  compounds 
w i t h  inorgan ic  b inders has shown promising r e s u l t s .  These add i t i ves  i nc lude  
ac t i va ted  carbon, charcoal, mod i f ied  c lays ,  and condensed s i l i c a  fumes ( f i n e  
s i l i c a  p a r t i c u l a t e  prepared by condensing s i l i c a  fumes). 

(WTC, 1989, p. 3) i nves t i ga ted  the use o f  S/S systems w i t h  the  a d d i t i o n  o f  
ac t i va ted  carbon and condensed s i l i c a  fumes. The S/S process was based on 

Ontar io  Waste Management Corporat ion ’s  Wastewater Technology Centre 
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Portland cement and proprietary additives. The waste was metal-finishing 
sludge spiked with 500 mg/kg each of acenaphthene, aniline, bis(2-chloroethyl) 
ether, phenol, benzene, and trichloroethylene. KTC found both physical and 
chemical mechanisms to be important in containing the contaminants. Activated 
carbon was found to be the best additive for immobilizing organic contami- 
nants. With the exception of phenol, none of the contaminants tested in this 
study were detected in the aqueous leachate. Condensed silica fumes were the 
best additive to entrap organic contaminants physically, and the formulation 
tested resulted in small increases in waste mass and volume. The physical 
containment factor was about ten times better than that of the other cement- 
based processes. Further investigation of both additives is needed to define 
dosages, applicability to various waste constituents, and long-term stability. 

mobility of organic wastes. Investigations by Lagoutte et al. (1990) indicat- 
ed that S/S processes using modified clays show promise as an effective 
treatment for hazardous waste containing such organic contaminants as penta- 
chlorophenol. 
quaternary ammonium compounds into the spaces between the alumina and silica 
layers. 
but they can be made more hydrophobic and less polar by introducing quaternary 
ammonium compounds with long-chain alkyl groups or aromatic groups attached. 

One common S/S formulation combines Portland cement, treated clay, 
and coal fly ash. The addition of coal fly ash produces a high-strength 
solid, although the combination generally requires longer curing times than 
with Portland cement alone. The residual carbon content of the coal fly ash 
has been shown to have an ability comparable to that of activated carbon for 
adsorption of organics (Lagoutte et al., 1990). Thus, both the modified clays 
and the coal fly ash act to immobilize the organics. 

Sheriff et al. (1989) investigated the use o f  activated charcoal and 

Modified clays can be added with inorganic processes to reduce the 

Some clays, such as bentonite, can be modified by introducing 

These aqueous spaces in the clay are normally hydrophilic and polar, 

tetra-alkylammonium-substituted clays as prestabilization adsorbents for 
phenols and chlorinated phenols prior to application o f  cement-based S/S 
processes. Charcoal is a well-known adsorbent, whereas the use of the 
substituted clays exploits the hydrophobic properties of the alkyl groups to 
fix organic materials within the clay matrix. Wyoming bentonite substituted 
w i th hex adecyl tr i met hyl a m o n  i um bromide and benzyl dimethyl tetradecyl ammon i um 
chloride (Chemical Abstracts Registry Number 139-08-2) was found to be very 

e 
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effective in adsorbing chlorinated phenols with adsorption capacities of 
-150 mg o f  chlorinated phenol per gram o f  clay. 
relationship between the chain length of the alkyl amnonium ion in the 
exchanged clay and the ability of the clay to adsorb a particular phenolic 
compound. 
or chlorinated phenols per gram of charcoal. 

modified clays and activated charcoal. 
binders such as cement. 
can be prohibitive. 
concentrations. 
Section 4.10. 

binders rely on sorption mechanisms. 
carbon, is at least partially reversible. 
S/S-treated waste is an important issue that is not fully resolved (Sec- 
tion 4.7). 
examined with particular attention. 

The results indicated a clear 

Activated charcoal was found to adsorb effectively 180 mg of phenol 

Cost is an important consideration in using additives such as 
Most additives are more expensive than 

If a large quantity o f  additive is needed, the cost 
However, the additives frequently are effective in low 

Costs o f  S / S  processes are discussed in greater detail in 

Many o f  the additives used to reduce organic mobility in inorganic 
Sorption, especially with activated 

The long-term performance o f  any 

Long-term performance of binders that rely on sorption should be 

4.4.3 ADDrOaCh to Evaluatinp Feasibilitv o f  SIS 
for Hastes Containina Oraanics 

Figure 4-2 presents a proposed approach in the form of a decision 
tree for evaluating the feasibility o f  S / S  for treating organic-bearing 
wastes. This decision tree provides guidance for determining whether S/S is 
an acceptable alternative for treating a particular waste containing organics. 
At the outset of the process, the following information is needed (Wiles and 
Barth, 1992): 

The quantity o f  organic material relative to inorganic 
contaminants and other materials, including information 
on chemical and physical characteristics. 

The type and amount o f  inorganic compounds that would 
remain if all organics were destroyed or removed. 

The chemical and physical characteristics of residuals 
from the destroyed or removed organics. 
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FIGURE 4-2. GENERAL D E C I S I O N  T R E E  FOR S/S A P P L I E D  TO ORGANIC CONTAMINANTS 
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The first step in the decision tree is to evaluate whether the 
organic contaminants present in the waste pose a significant hazard or threat 
to human health or the environment. This evaluation i s  carried out as 
follows: 

Determine whether the waste i s  either a listed or 
characteristic RCRA hazardous waste. If the waste is 
not RCRA hazardous, then the following conservative 
ri sk-based approach assuming no containment of the 
waste by the S/S process is proposed. 

Determine the concentration of the organic present in 
the waste to be treated. Determine the compound that 
poses the highest health or environment risk (quantity 
and toxicity). Then, determine the level and/or 
concentration of the highest risk compound that can be 
allowed without creating a health or environmental risk 
at the given site. 

This conservative approach assumes that: 

The S/S process will not treat or contain the selected 
compound. Therefore, all of it will be released from 
the solidified waste; and/or 

All of the compound will be released as air emissions 
during the S/S process (Wiles and Barth, 1992). 

0 

I f  the concentration of the highest-risk compound is above the level 
determined to pose a health or environmental risk at the given site, then 
pretreatment to remove or destroy the organic(s) will be required and/or air 
emission controls and treatment will be needed on the S/S treatment train. 

After determining that the waste contains organic contaminants that 
require treatment, then the decision tree in Figure 4-2 addresses the follow- 
ing four important issues pertaining to the feasibility and practicality of 
using an S/S treatment approach on the organic-bearing waste: 

1. Is there an applicable technology that wi1.l either 
destroy or remove the organic contaminants? 

2. Are the organic contaminants volatile and likely to 
be released as air emissions during S/S treatment? 

3 .  Do the organic contaminants have low solubility in 
water? If so, the inherent potential for migration 
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i n  groundwater i s  low and w i l l  i n v a l i d a t e  t h e  
meaningfulness o f  aqueous leach tes ts .  

degrade o r  t ransform i n t o  t o x i c  by-products? 
4. W i l l  S/S t reatment cause the  organic contaminants t o  

These f o u r  issues are discussed f u r t h e r  below. 

4.4.3.1 Des t ruc t i ve  or Removal Technologies Versus SfS 

The concern over the  use o f  S/S versus a d e s t r u c t i v e  o r  removal 
technology f o r  t r e a t i n g  organic-bear ing wastes r e l a t e s  t o  t h e  h ie rarchy  o f  
waste t reatment - t h a t  i s ,  a l l  o ther  f a c t o r s  being equal, technologies t h a t  
dest roy o r  reduce the  amount o f  contaminants are p r e f e r r e d  over  technologies 
t h a t  s imply  i m o b i l i z e  the  contaminants (see Sect ion 1.1.2). Technologies 
t h a t  a re  capable o f  degrading organic cons t i t uen ts  t o  innocuous components 
such as CO, and H,O, o r  o f  separat ing organic  contaminants f rom inorgan ic  
cons t i tuents  based on thermal o r  chemical proper t ies,  a re  p r e f e r r e d  over 
i m o b i l  i z a t i o n  technologies.  Degradation and separation-based remedies are  
permanent, whereas immobi l i za t ion  may l o s e  i t s  e f fec t i veness  over t ime (see 
Sect ion 4.7 on Long-Term Performance). 

contaminated w i t h  organic wastes (Wiles and Barth, 1992). A l t e r n a t i v e  
technologies (e.g., i n c i n e r a t i o n ,  steam s t r i pp ing ,  vacuum ex t rac t i on ,  
b ioremediat ion) should be considered f i r s t .  However, S/S t reatment i s  
f requent ly  appropr ia te  f o r  the  residues remaining a f t e r  t h e  use o f  one o f  
these other  technologies,  o r  f o r  s o i l s  o r  sludges con ta in ing  low 
concentrat ions o f  organics.  
should be conducted t o  assess S/S e f fec t i veness  and t o  s e l e c t  and design a 
proper S/S process (see Sect ion 2).  

Consequently, S/S t reatment t y p i c a l l y  i s  no t  used a t  s i t e s  h e a v i l y  

A well-designed and c o n t r o l l e d  t r e a t a b i l i t y  study 

4.4.3.2 V o l a t i l e  Organic Contaminants 

A wide v a r i e t y  o f  organic cons t i tuents  i n  hazardous waste are  
v o l a t i l e  t o  vary ing  degrees. 
comprise the dominant cons t i tuents ,  a des t ruc t i ve  o r  removal technology i s  
usua l l y  p re fe r red .  However, there  a r e  many cases where v o l a t i l e s  are present  
as a r e l a t i v e l y  minor contaminant, but  i n  concentrat ions h igh  enough t o  pose a 
p o t e n t i a l  hea l th  o r  environmental r i s k .  F o r  example, some v o l a t i l e s ,  mixed 

As i nd i ca ted  i n  F igure 4-2, when v o l a t i l e s  
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w i t h  metals, s a l t s ,  o r  semivo la t i l e  organics, may respond t o  S/S w i t h o u t  
p r e t r e a t i n g  t o  remove the organics. 
s i g n i f i c a n t l y  t o  the  cos t  and the  t ime needed t o  complete t h e  cleanup. The 

d i f f i c u l t y  i s  t h a t  v o l a t i l e  contaminants a re  n o t  always e f f e c t i v e l y  t r e a t e d  
us ing  S/S. 

Demonstration t h a t  t he  v o l a t i l e  organic  contaminants a re  be ing  
inunobil i z e d  du r ing  t r e a t a b i l i t y  s tud ies  g r e a t l y  complicates t h e  t r e a t a b i l i t y  
study. Special precaut ions have t o  be made du r ing  t r e a t a b i l i t y  t e s t i n g  t o  
assess v o l a t i l e  organic  emissions. Th is  means t h a t  proper c o n t r o l s  must be 
used t o  perform a complete mass balance, i n  which a l l  organic  a i r  emissions 
are c o l l e c t e d  and analyzed du r ing  the  t r e a t a b i l i t y  study, from t h e  p o i n t  o f  
waste composit ing and mix ing  through the cu r ing  o f  the  t r e a t e d  waste specimen. 
The requ i red  containment, sampling, and ana lys i s  equipment and a c t i v i t i e s  can 
more than t r i p l e  t h e  cost  o f  t he  t r e a t a b i l i t y  study. The t e s t i n g  should be 
s t ruc tu red  t o  a l l ow  a closed mass balance t o  f u l l y  account f o r  t h e  organ ic  
mater i  a1 s. 

Unfor tunate ly ,  a i r  emissions mon i to r ing  du r ing  t r e a t a b i l i t y  t e s t i n g  
i s  i n f r e q u e n t l y  c a r r i e d  out  as needed, and numerous s tud ies  have repo r ted  the  
apparent i m n o b i l i z a t i o n  o f  v o l a t i l e  contaminants when t h e  post-treatment 
reduc t i on  i n  contaminant concent ra t ion  was, i n  a c t u a l i t y ,  caused by 
v o l a t i l i z a t i o n .  
be and have been success fu l l y  t rea ted  us ing S/S when precaut ions are taken t o  

minimize v o l a t i l i z a t i o n .  Well-designed t r e a t a b i l i t y  s tud ies  us ing  technology 
t h a t  can be implemented i n  the  f i e l d  are needed. 

Pretreatment or treatment t r a i n s  can add 

Nevertheless, v o l a t i l e  contaminants i n  low concentrat ions can 

I 4.4.3.3 Nonpolar Organic Contaminants 

The t h i r d  issue pe r ta ins  t o  the  low aqueous s o l u b i l i t i e s  o f  numerous 
organic  contaminants, bo th  v o l a t i l e  and n o n v o l a t i l e .  
contaminants such as ca rboxy l i c  acids, alcohols, and phenols are t y p i c a l l y  
very  so lub le  i n  water. 
standards f o r  se lected organic  contaminants w i t h  adequate s o l u b i l i t y  i n  water. 

However, nonpolar organics such as polyaromatics, benzene, 
te t rachloroethane,  and hydrocarbons are genera l l y  i nso lub le  i n  water. Hence, 
f o r  t h i s  l a t t e r  group o f  compounds, an aqueous leach t e s t  i s  a meaningless 
i n d i c a t o r  of t h e  degree o f  i m n o b i l i z a t i o n  caused by S/S. 
of a nonpolar so lvent  e x t r a c t i o n  ( e . 4 . .  t h e  TWA) has been reconmended. 

Po la r  organic  

Accordingly, the  TCLP aqueous leach ing  t e s t  de f i nes  

Therefore, t h e  use 
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However, this recommendation is still under consideration by EPA because it is 
unclear how the results of a solvent extraction relate to the environmental 
mobility o f  a contaminant in groundwater. Also, there are few if any data 
that demonstrate that the chemical interaction between an S/S binder and an 
organic contaminant is strong enough to resist leaching by an aggressive 
nonpolar extractant. Therefore, one o f  the potential pitfalls o f  using S/S 
technology to treat waste with significant nonpolar organic contaminants is 
the inability to adequately assess the extent o f  contaminant immobilization 
attributable to S/S treatment. 

4.4.3.4 Degradation and By-Product Formation 

The final issue in Figure 4-2 pertaining to the inmobflitation of 
organic contaminants applies to all types of organic contaminants - volatile 
and nonvolatile, polar and nonpolar - in all ranges o f  concentrations. 
Because organic constituents readily undergo chemical transformation reactions 
and S/S binders are associated with fairly aggressive chemical environments 
(such as increased temperature and alkaline pH), the potential for chemical 
transformation or degradation always exists; and a post-treatment reduction in 
the concentration o f  an organic contaminant may be erroneously interpreted as 
evidence for immobilization when it, in actuality, may be attributable to 
contaminant transformation. Moreover, chemical transfornation or degradation 
may result in the formation of by-products which can be more or less toxic 
than the parent compound. Therefore, it is not sufficient to demonstrate the 
extent to which transformation is occurring. The identities of the by- 
products and their toxicities must also be characterized. Unfortunately, the 
process of detecting and analyzing by-products can be extremely expensive and 
can therefore be.a deterrent to considering S/S as an option for the treatment 
of organics-bearing wastes. 

4.5 AIR EMISSIONS AND CONTROL 

In considering S/S options, the possibility of air emissions must be 
taken into account. Many wastes contain VOCs that can escape into the 
atmosphere. Even compounds not generally considered volatile can be released 
by the mixing and heating operations involved in S/S. 
ization, other forms o f  air emissions, such as fugitive dust or particulates, 

In addition to volatil- 
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must be taken into account. The cost of installing and operating equipment to 
e 

prevent air emissions can be significant. The local air board or other 
cognizant regulatory agency should be consulted to define air emissions 
issues. 

4.5.1 Volatile Oruanic CmDounds 

Volatile organic compounds can escape into the atmosphere during the 
mixing and heating steps o f  the S/S process, and even during sampling, sample 
handling, and sample preparation prior to analysis. For example, one study of 
volatilization during S/S processing found that an average o f  0.11% o f  the 
feed into the process was emitted to the air (Ponder and Schmitt, 1991). As a 
general rule, sites contaminated with only volatile contaminants should not be 
considered as candidates for S/S (Wiles and Barth, 1992) (see also Sections 
4.4 and 2.4). 
frequently present as secondary components in wastes that contain mostly 
metallic or other inorganic contaminants. 

will occur with remediation activities that involve exhumation o f  the waste. 
In situ S/S technology that produces a monolithic product is capable of 
reducing VOC losses but not of eliminating them (Spence et al., 1990). Also, 
volatiles can continue to escape from a solidified waste form, regardless of 

However, volatile and/or semivolatile organic compounds are 

In wastes containing VOCs, significant VOC losses to the atmosphere * 
the reduction in pore space and increase in tortuosity. 

assessment for the given site and/or on the result of a treatability study 
that includes a mass balance of the organics before, during, and after 
treatment. As a worst-case scenario, the risk assessment should assume that 
none of the highest risk compounds will be retained by the S/S process and/or 
that all the compounds will be lost via air emissions during S/S processing 
(Section 4.4). 

ing processes such as those used in S/S activities is currently under develop- 
ment. 
VOC emission rates ranging from less than 1 milligram per minute up to tens of 
grams per minute, can be used at the laboratory scale to measure organic 
emissions both from the S/S process and from the S/S-treated waste during 
curing. Such equipment can also be used in conjunction with a full-scale 

The quantities of VOCs acceptable for S / S  should be based on a risk 

A system for measuring the emissions o f  organic compounds from mix- 

This "modified headspace" sampling system, having been demonstrated at 
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remediation effort by testing samples of the treated waste from the field in 
the laboratory (Weitzman et a1 ., 1990). 

4.5.2 Particulates and Other Emissions - 
In addition to gaseous emissions from volatile organics, particulate 

releases to the atmosphere from operations associated with S/S treatment can 
also be a concern. Possible sources of air pollutants and fugitive dust in a 
field S/S project include excavation, the movement of trucks and other heavy 
equipment, and the loading and processing of waste and binder materials in the 
mixing device. In the study cited in Section 4.5.1 for VOC volatilization, it 
was also found that an average of more than 0.01% of the waste feed being 
processed was released as particulate emissions (Ponder and Schmitt, 1991). 
Care must frequently be taken to reduce the escape of both contaminated 
particulates and fugitive dust during treatment. Typical engineering controls 
include scrubbers for certain types of air pollutants and wetting the waste or 
ground to reduce dust. 

Various guidelines exist for determining maximum air emissions of 
contaminants and fugitive dust during remediation projects. For example, Tox ic  
Air P o l l u t a n t  Source Assessment Manual f o r  C a l i f o r n i a  Air P o l l u t i o n  Control 
D i s t r i c t s  and Applicants f o r  Air P o l l u t i o n  Control D i s t r i c t  Permits specifies a 
risk-screening methodology for evaluating air emissions and a fugitive dust 
concentration limit for remediation projects in California (Interagency 
Working Group, 1987). The risk-screening methodology is a simple, conservative 
estimation o f  the maximum possible health impacts associated wi€h air emissiow 
during the duration o f  the project. 
screening calculation, then a much more detailed risk assessment may have to be 
conducted prior to initiating field treatment. 

If the project fails the initial risk 

4.5.3 Controllina Air Emissions 

Depending on the nature o f  the anticipated air emissions, it may be 
necessary to adopt control measures to ensure that volatile and particulate 
emissions are within acceptable levels. Equipment such as air scrubbers or 
large enclosures around the treatment area may have to be employed as an 
adjunct to the S/S treatment pracess, thus increasing the complexity and costs 
associated with S/S. The U.S. EPA’s Office of Air Quality Planning and 
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0 
Standards (OAQPS) is developing guidance for controlling air emissions at RCRA 
treatment, storage, and disposal facilities (TSDs). 
require many S/S processes to incorporate capture and control mechanisms for 
volatile constituents. Even those projects involving relatively low levels o f  
volatile constituents may be affected (Wiles and Barth, 1992). However, apart 
from this guidance for TSD facilities, air emissions and controls are 
currently assessed on a project-by-project basis. 

This guidance will 

4.5.4 Siqnificance of the Amended Clean Air Act 

The purpose of the Clean Air Act (CAA) is to: 

protect and enhance the quality of the nation’s air 
resources so as to promote the public health and 
welfare and the productive capacity of its population 

development program to achieve the prevention and 
control of air pollution 

provide technical and financial assistance to state 
and local governments in connection with the 
development and execution of their air pollution 
prevention and control programs 

regional air pollution control programs 

initiate and accelerate a national research and 

encourage and assist the development and operation o f  

Within these purposes, waste minimization or pollution prevention is encour- 
aged but, in most cases, is not mandated. Under the CAA, regulations have 
been promulgated that give industry the choice of either preventing or 
control1 ing air emissions. 
Quality Standards (NAAQS); National Emission Standards for Hazardous Air 
Pollutants (NESHAP), which control emission of specific pollutants for 
specific industries; and permitting requirements. 

Just as the forthcoming RCRA-related guidelines for TSD facilities 
will affect S/S operations, the amended Clean Air Act portends increased use 
of capture and control mechanisms. 
careful screening of candidate sites for the application of S/S technology. 
This screening will be based on the potential to achieve regulatory compliance 
and the cost of achieving regulatory compliance. 

These regulations include the National Ambient Air 

Stricter regulations will require more 
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4.6 LEACHING HECHANISHS 

After disposal , the S/S-treated waste may eventually come into 
contact with water. The S/S processes are aimed at either reducing the 
mobility of the contaminants or reducing access of water to the contaminant, 
or both. However well the S/S waste is stabilized and isolated from the 
hydrosphere in disposal, some transpnrt of contamination from the S/S-treated 
waste into the groundwater will eventually occur. Complete immobilization of 
contaminants is not a realistic expectation (Bishop, 1988). 

waste by water or some other solvent is called "leaching." 
discussed in Section 3.2. Leaching can occur when the S/S-treated waste is 
exposed to stagnant leachant or to a flow of leachant through or around the 
waste. Leaching is the general term for complex physical and chemical 
mechanisms. 
from the waste. 

Leaching occurs when the contaminants in the S/S-treated waste come into 
contact with the groundwater. 
mined by the physical properties of the disposal area and any engineered 
barriers at the disposal site. Leaching tests may use water, aqueous 
solutions of acids or salts, or organic liquids to model various disposal 
scenarios, determine waste composition, measure diffusion coefficients, or for 
other specific test purposes. 

lized by cement or similar pozzolanic materials is exposed to acidic water, 
significant matrix dtssolution occiirs. 
nants from stabilized waste will be a function of both the dissolution rate as 
well as the diffusion rate of contaminants into the leachate. 

organize, and analyze information about the leaching of contaminants from 
waste and waste-containing materials (de Groot and van der Sloot, 1992). 
Organization of the information into a database is intended to assist identi- 
fication of systematic trends in leaching behavior and mechanisms. 

This process of slow extraction of contaminants from the S/S-treated 
Leaching tests are 

These mechanisms mobilize a contaminant and transport it away 

In a disposal scenario, the solvent will usually be groundwater. 

The leachant flow and composition are deter- 

There is significant experimental evidence that, when waste stabi- 

Thus, the leaching rates of contarai- 

In the Netherlands, a database has been developed to collate, 
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4.6.1 Leachina Associated w i t h  Inoraan ic  S I S  Processes 

The t y p i c a l  S/S-treated waste r e s u l t i n g  from use o f  an inorgan ic  

b inder  i s  a porous s o l i d .  

gas, so many d i f f e r e n t  phases can be present. 
so l  i d  phases, each conta in ing  contaminants. 
present  i n  the  cement minera l  phases because o f  s u b s t i t u t i o n  i n  t h e  c r y s t a l  
s t r u c t u r e  o r  as a separate phase, such as a p r e c i p i t a t e d  s o l i d .  There can 
a lso  be one o r  more aqueous phases such as an adsorbed l a y e r  of f l u i d  as we l l  
as t h e  b u l k  pore f l u i d .  The sorbed l a y e r  may have a d i f f e r e n t  contaminant 
composition than the  bu lk  f l u i d .  There can a l s o  be one o r  more nonaqueous 
phases i f  organic  contaminants a re  present  (UTC, 1990a). 

P r i o r  t o  i n t r o d u c t i o n  o f  t he  leachant, t he  pore system will have 
approached e q u i l i b r i u m  cond i t ions  w i t h  t h e  surrounding s o l i d  phase. That is ,  
the  contaminants are associated w i t h  a s p e c i f i c  phase, and t h e r e  i s  no n e t  
t r a n s f e r  between the  phases. 
system and d i s rup ts  the  chemical equ i l ib r ium,  r e s u l t i n g  i n  the  m o b i l i z a t i o n  o f  
contaminants. 
c i e n t  t ime passes w i t h  no leachant renewal. 

The pore space conta ins some mix tu re  o f  water and 
There may be severa l  d i f f e r e n t  

For  example, contaminants may be 

The leachant changes the  composit ion o f  t h e  

The new system may evo lve  towards a new e q u i l i b r i u m  i f  s u f f i -  

The two bas ic  mechanisms i n  t h e  leach ing  process are  m o b i l i z a t i o n  
l and t ranspor t  o f  t he  contaminant. The leachant mob i l i zes  contaminants w i t h i n  

the pores by d i s s o l v i n g  the  contaminant. D i s s o l u t i o n  r e s u l t s  from a combina- 
t i o n  of chemical and phys ica l  mechanisms. Examples inc lude b u l k  d i s s o l u t i o n  

0 

I 

0 

o f  minera l  phases i n  the  S/S-treated waste, washoff o f  sur face contaminants, 
changing chemical parameters such as pH o r  Eh d i s s o l v i n g  a fo rmer ly  i nso lub le  
phase, desorpt ion of contaminants, o r  o ther  mechanisms (deGroot and van der  
S loot ,  1992). fac to rs  that  a f f e c t  t h e  ex ten t  o f  e q u i l i b r i u m  concentrat ions 
inc lude the  s o l u b i l i t y  o f  t he  cons t i t uen t  and the  chemical makeup o f  t h e  pore 
water. 
d i f f u s i o n  o f  t he  s o l u b i l i z e d  species. However, i f  the  leachant  induces ac id  
condi t ions,  the  r a t e  w i l l  a lso  depend on the  r a t e  o f  back d i f f u s i o n  o f  t h e  
hydrogen ion  because the  pH determines the  chemical spec ia t ion  w i t h i n  t h e  S/S- 
t r ea ted  waste (Cheng, e t  a l ,  1992).  

As more so lub le  cons t i t uen ts  are leached from a r e l a t i v e l y  i nso lub le  
s o l i d  mat r ix ,  a l a y e r  d e f i c i e n t  i n  the  leached cons t i tuents  develops. 
low pH condi t ions,  both H' and the leachable cons t i t uen ts  must d i f f u s e  through 

t h i s  l a y e r  i n  opposi te  d i r e c t i o n s .  The leaching r a t e  i n  the  leached l a y e r  

Under n e u t r a l  condi t ions,  t h e  leaching r a t e  i s  c o n t r o l l e d  by molecular 

Under 
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should eventually be 1 imited by diffusion of constituents, because I? diffuses 
much faster than other species. However, this layer may not be rate-limiting 
in the overall process (Cheng and Bishop, 1990). As constituents leach, the 
layer may become more porous compared to the unleached solid, so that molecu- 
lar diffusion in the pore water and boundary layer phenomena become the 
limiting factors (Conner, 1990). 

Transport of the mobilized contaminants occurs by bulk advective 
flow or diffusion. I f  water flows within the S/S-treated waste, advective 
transport causes contaminants that have been mobilized by reactions in the 
pores to flow through the  waste. The velocity of leachant moving through the 
pores will vary considerably in both magnitude and direction due to the small 
size and the tortuosity o f  the pores (WTC, 1990b). In most S/S-treated waste, 
the pores are small and tortuous, so the advective transport is small. 
However, contaminant movement still occurs by molecular diffusion (Crank, 
1967). 

Only a fraction of the pores within the S/S-treated waste are linked 
to each other and to the outside to form what is referred to as "connected 
porosity." The pores that are not linked to this network are referred to as 
"closed porosity." A l s o ,  large pore spaces may be connected by small-diameter 
pathways, resulting in "occluded porosity." The micromorphology of the matrix 
- including the number, size, and degree of connection of the pores - will 
determine how quickly water can permeate through an S/S waste (i.e., hydraulic 
conductivity) and will influence the leaching process. 
leaching occurs most quickly through the connected pores. 

ty, which limits the amount of leaching water contacting the matrix. 
it has been shown that the hydraulic conductivity of S/S waste may vary over 
several orders of magnitude, from low values typical of compacted clay to 
higher values typical of silty soils (Cbte et al., 1986). Hydraulic conduc- 
tivity of the waste determines whether leaching rates will be controlled by 
advection or by molecular diffusion. Advection is more important than 
diffusion when hydraulic conductivity is larger than lo-' cm/s. 
hand, slow diffusion limits transport rates when hydraulic conductivity is 

0 

As might be expected, 

In most cases, cement-based monoliths have low hydraulic conductivi- 
However, 

On the other 

lower than lo-' cm/s. 
lower than that o f  the surrounding material, infiltrating water such as 
rainwater or groundwater follows the path o f  least resistance and flows around 

If the hydraulic conductivity of the waste is much 

I 
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a 
t he  waste. I n  th is  case, leaching i s  l i m i t e d  by molecular d i f f u s i o n  i n  the 
connected po ros i t y  o f  t h e  S/S waste ma t r i x  because, when contaminants reach 
t h e  i n te r face  o f  t he  S/S waste and surrounding mater ia l ,  they  are c a r r i e d  away 
by the  groundwater. If, on the  o ther  hand, the  hyd rau l i c  c o n d u c t i v i t y  o f  t he  
s o l i d i f i e d  waste i s  on the  same order o f  magnitude o r  h ighe r  than t h a t  o f  t he  
surrounding mater ia l ,  water flows around and through t h e  waste. I n  t h a t  case, 
t h e  pore water s o l u t i o n  is displaced, and leach ing  takes p lace  l a r g e l y  by 
advect ion (Cat6 and Br id le ,  1987, p. 60). 

in f luences  the  re lease o f  p o t e n t i a l l y  harmful elements t o  t h e  environment. A 
smal le r  SA/V r e s u l t s  i n  a lower r a t e  o f  release. The leach ing  percentage 
r e l a t i v e  t o  the  t o t a l  amount of an element present  i n  a waste form i s  r e l a t e d  
t o  t h e  SA/V, f o r  a g iven exposure time. Therefore, a l l  measures l ead ing  t o  
products  wi th  a smaller SA/V lead  t o  a p ropor t i ona l  decrease i n  leach ing  
percentage bu t  the  long-term q u a n t i t i e s  released a re  n o t  decreased (van der  
S loo t  e t  al. ,  1989). 

(1989) found t h a t  elements leached from cement-based waste products  are main ly  
an ion ic  species such as MOO:-, B4’-, VO:-, F-, and Sob2-. 
associated with c a t i o n i c  species t y p i c a l  o f  cement-based waste forms such as 

The surface-area-to-volume r a t i o  (SA/Y) o f  a waste product  g r e a t l y  

Chemical spec ia t ion  a l s o  in f luences  leaching. Van de r  S loo t  e t  a l .  

These anions are  e 
calcium. 
i s  l i m i t e d  when the  pH i n  t h e  pore s o l u t i o n  remains above 8 o r  9, bu t  can 
increase a t  very  h igh  pH (above 11.5 o r  12). Van der  S loo t  e t  a l .  (1989) 
concluded t h a t  chemical spec ia t ion  o f  p o t e n t i a l l y  hazardous elements within a 
waste product  and the  i n t e r a c t i o n  o f  these elements w i t h  m a t r i x  components 
within the  pore system are  c r u c i a l  f o r  determin ing t h e  re lease  r a t e  t o  the  
environment. Also, they suggested that more i n fo rma t ion  on d i f f e r e n t  ways o f  
con tac t  with water i s  needed, p a r t i c u l a r l y  i n  r e l a t i o n  t o  pH, t o  a l l o w  
u t i l i z a t i o n  of i n t r i n s i c  leach parameters i n  a wide range o f  environmental 
cond i t ions .  

The onset of t he  leach ing  r a t e  increase may be delayed, however, so t e s t  
r e s u l t s  immediately a f t e r  s e t t i n g  may be misleading. S u l f a t e  e i t h e r  i n  t h e  
cement o r  present  i n  the  waste causes format ion o f  e t t r i n g i t e ,  which s lowly  
hydrates and expands, causing an increase i n  p o r o s i t y  and poss ib le  breakdown 

Leaching o f  metals such as copper, cadmium, z inc,  and lead  t y p i c a l l y  

For cement-based S/S processes, s u l f a t e  can increase leach ing  r a t e .  

of t he  waste form. S u l f i t e s  and s u l f i d e s  are a l so  a problem because they may 
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s lowly  ox id ize  t o  su l fa te ,  inc reas ing  the  s o l i d  volume and causing the  waste 
t o  crack. 

Poon e t  a l .  (1985) found t h a t  the  mic ros t ruc ture  o f  the  s o l i d i f i e d  
waste was important i n  leaching metals f r o m  the  cement i t ious mat r ix .  They 
assessed mechanisms o f  z inc and mercury leaching f r o m  cement /s i l i ca te  s t a b i l i -  
za t i on  processes using extended leaching tes ts ,  scanning e l e c t r o n  microscopy, 
and powder X-ray d i f f r a c t i o n .  
breakdown o f  the  m a t r i x  occurred w i t h  a subsequent dramat ic increase i n  
leachate concentrat ion.  Once the  s t r u c t u r a l  i n t e g r i t y  o f  t h e  s t a b i l i z e d  waste 
was removed, massive leaching o f  z inc  and mercury occurred. 

A f t e r  an extended leach ing  per iod,  massive 

4.6.2 Leachina Associated with Oraanic S/S Binders 

The thermoplast ic  and thermosett ing r e s i n  b inder  processes operate 
mainly by encapsulat ing the waste. The S/S-treated waste i s ,  therefore,  less  
porous than the  mater ia l  r e s u l t i n g  f rom S/S processes us ing inorgan ic  binders. 
The leaching process requi res the  same two fundamental mechanisms discussed i n  
Sect ion 4.6.1, m o b i l i z a t i o n  and t ranspor t .  
systems rely more on denying the  leachant access t o  the  contaminant than on 
i m o b i l  i za t i on .  

However, the  organ ic  b inder  

4.6.3 Leachina Hodelt 

Several models o f  leaching mechanisms have been developed t o  p r e d i c t  
t h e  r a t e  o f  re lease f r o m  the s t a b i l i z e d  waste mat r ix .  
e x i s t i n g  method f o r  p r e d i c t i n g  long-term performance because it i s  imprac t ica l  
t o  conduct empi r i ca l  leaching t e s t s  f o r  hundreds o r  thousands o f  years and 
because accelerated t e s t s  are no t  we l l  developed. 

Modeling i s  the  on ly  

a 

e 

4.6.3.1 Dissol  u t i  on/Di f f u s i o n  K i n e t i c s  

The problem o f  k i n e t i c s ,  w i t h  regard t o  the  aqueous d i s s o l u t i o n  o f  a 
s o l i d  o r  t o  the p r e f e r e n t i a l  d i s s o l u t i o n  o f  a chemical species from a so l i d ,  
has long been studied. Severa l  f ac to rs  may be involved.  For  example, if more 
than one k i n e t i c  process takes  place, i t  must be determined which ( i f  any) o f  
the processes con t ro l s  the  o v e r a l l  r eac t i on  ra te .  The shape o f  the  so l i d ,  the  
existence o f  any surface-connected poros i ty ,  the charge s t a t e  o f  t h e  d isso lv -  
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i n g  species, and t h e  chemist ry  o f  t h e  aqueous medium i n t o  which the  so l i d  is 
d i s s o l v i n g  are  a lso  considered. 

The d iscuss ion  t h a t  f o l l ows  considers two k i n e t i c  processes from a 
l a r g e l y  q u a l i t a t i v e  p o i n t  o f  view: t h e  d i s s o l u t i o n  reac t i on  i t s e l f ,  which 
cons is ts  o f  mass t ranspor t  across t h e  so l  i d / l i qu id  in te r face ,  and chemical 
d i f f u s i o n  away from t h i s  i n t e r f a c e  i n t o  the  surrounding aqueous medium. 
assumed f o r  t h i s  s p e c i f i c  example t h a t  t h e  r a t e  o f  supply o f  d i s s o l v i n g  
mater ia l  from t h e  b u l k  o f  t h e  s o l i d  t o  t h i s  i n t e r f a c e  occurs qu ick ly .  
a lso  assumed t h a t  t h e  s o l u t i o n  i s  quiescent, so t h a t  convect ive f l o w  does n o t  
con t r i bu te  t o  t h e  mass t ranspor t .  
systems are considered w i t h i n  t h i s  context: a nonporous s o l i d  d i s s o l v i n g  i n t o  
an e s s e n t i a l l y  i n f i n i t e  aqueous medium and a porous s o l i d  f o r  which d isso lu -  
t i o n  takes p lace  p r i n c i p a l l y  i n t o  t h e  in terconnected so lu t ion-conta in ing  
pores, coupled w i t h  d i f f u s i v e  t ranspor t  through t h e  pores t o  t h e  s o l u t i o n  
ou ts ide  the  ma te r ia l .  
Sections 4.6.3.1.1 and 4.6.3.1.2 t o  i l l u s t r a t e  t h e  concepts i n  leach ing  
model s. 

I f  t h e  d i s s o l v i n g  chemical species i s  e l e c t r i c a l l y  charged, consid- 
e ra t i ons  o f  charge n e u t r a l i t y  i n  t h e  s o l u t i o n  become impor tant ,  as does mass 
t ranspor t  i n  t h e  s o l u t i o n  by e lec t romigra t ion .  
chemical ly  w i t h  o ther  species w i t h i n  the  aqueous medium. D i f f u s i n g  i ons  may 
a lso  reac t  w i t h  the  ma t r i x  i n  the  leach ing  zone, adsorbing o r  p r e c i p i t a t i n g ,  
which can slow t h e i r  release. D i f f u s i n g  ions may a lso  r e a c t  w i th  the  m a t r i x  
i n  t h e  leaching zone, adsorbing o r  p r e c i p i t a t i n g ,  which can slow t h e i r  
release. 
o f  i o n i c  t ranspor t  w i t h i n  a c r e v i c e - l i k e  region, which could be app l ied  t o  
d i s s o l u t i o n  and d i f f u s i v e  t ranspor t  i n  a porous so l i d ,  has been presented by 
Markworth and Kahn (1985). 

It i s  

It i s  

Two fundamental ly d i f f e r e n t  types o f  

I dea l i zed  models o f  these two systems are descr ibed i n  

The species a l so  may r e a c t  

These f a c t o r s  are no t  considered here. However, a general t reatment  

4.6.3.1.1 NonDorous So l id .  For a nonporous so l i d ,  t h e  two k i n e t i c  
processes, i.e., d i s s o l u t i o n  a t  the  s o l i d / l i q u i d  i n t e r f a c e  and chemical 
d i f f us ion  of t he  d isso lved species away from the  in te r face ,  occur sequent ia l -  

l y .  
"source" of the  d i sso l v ing  species. 

d i s s o l u t i o n  r e a c t i o n  must be equal, p o i n t  by p o i n t ,  t o  t he  d i f f u s i v e  f l u x  i n  

For t h i s  case, the  i n t e r f a c e  may be regarded as a s p a t i a l l y  l o c a l i z e d  

A t  t he  s o l i d / l i q u i d  in te r face ,  the  f l u x  o f  mat ter  due t o  the  
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the solution to avoid a nonphysical accumulation or depletion of matter at the 
interface. Consequently, the slower of the two processes is the one that 
dominates the overall kinetics. 

dissolved species are important in describing the overall kinetics for this 
case: 

Three characteristic values for the aqueous concentration of the 

1. C,, the concentration that would exist at the 
interface under conditions of thennodynamic 
equilibrium. 

2. Ci, the actual, instantaneous concentration at 
the interface. 

3. C,, the far-field concentration, i.e., the 
value at distances far from the interface. 

The "driving force" for the dissolution reaction depends upon the 
difference C, - C,.. 
face occurs from solid to liquid as the solid dissolves, while the opposite is 
true for C; > C,. If these two concentrations are equal, there is no net 
transport across the interface. 
diffusion is the difference C; - C,, assuming monotonic variation of the 
concentration from the interface to the far field. 
diffuses away from the solid/liquid interface, the converse is true for 

If C,. < C,, the net transport of matter across the inter- 

Likewise, the driving force for chemical 

If C; > C,, matter 

c; < c,. 
Two limiting or extreme cases exist for the overall kinetics; one or 

the other of these cases is often satisfied in nature. 

1. In the dissolution-controlled case, diffusion occurs 
rapidly compared to the dissolution reaction so the 
driving force required to maintain the diffusive flow 
is very small and C, P C,. 

2. In the diffusion-controlled case, diffusion occurs 
slowly compared to the dissolution rate. For this 
case, dissolution is rapid but a concentration 
gradient is needed to drive the diffusion process so 
ci = c,. 
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For dissolution-controlled kinetics, dependence on diffusion-re1 ated rate 
constants is virtually nonexistent, whereas for diffusion-controlled kinetics, 
dependence on dissolution-related rate constants similarly vanishes. 

transport processes controls the overall kinetics. For example, the solid is 
dissolving when C, < Ci < C,, but it is growing by supply of dissolved species 
from solution when C, < Ci < C,. 

The intermediate case is that for which neither of the two mass 

Figure 4-3 illustrates the two limiting cases and the intermediate 
case. 
aqueous medium would generally be a complex function of position and time as 
well as o f  the geometry of the dissolving solid. 

It should be noted that this view of the dissolution process, which 
is widely applied in practice, must be used carefully or be modified in some 
cases. One such case, considered by McCoy and Harkworth (1987). involved the 
dissolution of glasses containing high-level nuclear waste. One question 
there concerned how these 'impure" materials actually do dissolve. 
work, McCoy and Markworth assumed that the material dissolves congruently. 
describe this process, they assumed first-order, dissolution-controlled 
kinetics, with transport of si1 icon across the surface/solution interface 
being the rate-1 imiting factor. As another case, consider a dissolving 
material which consists of two different, distinct phases, with one phase 
tending to dissolve into the surrounding aqueous medium much more rapidly than 
the other. The more soluble phase will be preferentially dissolved (i.e., 

The actual concentration profile of the dissolved species in the 

In their 
To 

leached), leaving behind a material that is enriched in the less soluble 
phase. Of course, the microstructure of the material left behind will depend 
on the morphology of the two phases prior to dissolution. 
the more soluble phase exists as an interconnected network, then the leached 
portion of the material will consist o f  a porous structure that likewise 
contains a network of interconnected porosity, assuming that the solution can 
penetrate into the porous structure as it is being created. 
could be inhibited if transport of dissolved species through the solution, 
within the porous structure or away from the external surface, occurs slowly. 

4.6.3.1.2 Porous Solid. The situation differs for a porous solid, 

If, for example, 

This process 

with liquid penetrating and filling the porous structure, where dissolution 
can occur along the entire length of the pores. The distinctly sequential a 
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1* Diffusion - controlled 

FIGURE 4-3. SCHEMATIC ILLUSTRATION OF CONCENTRATION PROFILES, C ( X ) ,  
CHARACTERISTIC OF SPECIES DISSOLVING FROM A NONPOROUS SOLID INTO 
AN AQUEOUS MEDIUM, WITH x BEING THE DISTANCE INTO THE SOLUTION 
MEASURED FROM THE SOLID/LIQUID INTERFACE. THE TWO RATE-LIMITING 
CASES AND AN INTERMEDIATE CASE ARE SHOWN. 
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coupling between the two processes, characteristic o f  nonporous solids, does 
not exist. 
pore/solution interface, i s  not spatially localized as it is for a nonporous 
solid, 
pores within which the dissolved species i s  diffusing, the pore walls acting 
as a spatially extended "source" of this species to the solution within. 
Diffusion of the species takes place within the network o f  pores until release 
occurs at the intersection of the pores with the external surface. Figure 4-4 
shows this type of mass-transport kinetics. 

The "source" o f  dissolving species, considered to exist at the 

Instead, dissolution can take place along the entire length of the 

4.6.3.2 Examples o f  Existing Wodels 

The complex relationship between dissolution and diffusion for a 
porous solid means that the overall rate of release of dissolved species to 
the external surface depends on both dissolution-related and diffusion-related 
rate constants, even if one occurs faster than the other. 

Godbee and Joy's widely used empirical model (Godbee et al., 1980) 
assumes that leaching is controlled by diffusion through the solid, and that a 
zero surface concentration exists (i.e., contaminant dissolves into the bulk 
liquid from the surface immediately). The equation takes the form: 

where a, = contaminant loss during leaching period n (mg) 
A, = initial amount o f  contaminant present in the specimen (ng) 
v = volume of specimen (cm3) 
s = surface area o f  specimen (c3) 
t, = time to end of leaching period n (sec) 
De = effective diffusion coefficient (cm2/sec) 

Models have also been developed to account for other factors and conditions in 
the leaching process. 
leaching from an infinite depth, leaching in cementitious waste forms occurs 
in a narrow, but inwardly-moving, leaching zone. 
is discussed in Section 4.6.3.3. 

For example, where Godbee and Joy's model assumes 

A model that addresses this 
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FIGURE 4-4. ILLUSTRATION OF SPECIES DISSOLUTION U I T H I N  A POROUS SOLID. 
DISSOLUTION ACROSS A PORE W N L  I S  SHOWN, COUPLED WITH TRANSPORT 
THROUGH THE SOLUTION-FILLED PORE TO THE EXTERNAL SURFACE. 
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Batchelor (1990) reviewed the theory and application of leaching 
His results indicate that a variety of mechanistic leaching models models. 

can be developed to describe leaching and predict the effects of process 
variables on the performance of solidified wastes. These models are distin- 
guished by the assumptions made about the leaching environment and the 
chemical and physical mechanisms at work. 

nant leached is proportional to the square root of leaching time. 
different models assume that contaminants either do not react or react by 
1 inear sorption, by precipitation, or by an undefined mechanism that results 
in complete immobilization of part of the contaminant. 
ity is the parameter in these models that describes the extent of immobiliza- 
tion, and it can be determined by conducting a leaching test. However, these 
leach tests cannot themselves describe the type of i m b i l  ization occurring. 
Each model results in a relationship that shows that the observed diffusivity 
is proportional to the effective diffusivity. The effective diffusivity is 
the parameter that describes diffusive transport by Fick’s 1 aw and therefore 
describes only physical inmobilization. The proportionality coefficient 
depends on parameters that describe the particular chemical immobilization 
mechanisms assumed for that model. 

of solidified wastes in the TCLP test by modifying a simple model to describe 
the effect of inward diffusion of acetic acid from the leaching solution. 
However, the model did not incorporate changes in the acetic acid concentra- 
tion that would be observed over time as pH rises. 
that mechanistic leach models could a l s o  be applied to predict long-term 
leaching, to quantify the relative importance of chemical and physical 
inmobilization mechanisms, to correlate and extrapolate leaching data for 
various contaminants and binders, and to predict ultimate performance from 
early characteristics of the solidified waste. 

of intended applications. 
an experienced user. 
leaching model to evaluate long-term performance, the use of a technical 
expert with experience in leaching modeling is strongly reconended. 

Several simple leaching models predict that the fraction of contami- 
The 

The observed diffusiv- 

Batchelor applied mechanistic leach models to describe performance 

Batchelor further notes 

Numerous other leaching models have been developed, with a variety 
Many of these models are sophisticated and require 

For S/S remediation projects requiring application of a 
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4.6.3.3 The Hoving Boundary or Shr ink ing  Core nodel 

A q u a l i t a t i v e  model o f  the  leach ing  of cement-based waste forms, i n  
contact  w i t h  an a c i d i c  leachant, has r e c e n t l y  been developed by Cheng e t  a l .  
(1992) based on experimental observations. According t o  t h i s  model, ac ids i n  
the leachant a re  thermodynamically favored t o  be d r i v e n  i n t o  the  waste form. 
Once ins ide,  they cause the waste form t o  decompose, l eav ing  a res idue ( the  
leached l a y e r )  t h a t  i s  both porous and r i c h  i n  s i l i c a .  
the waste form i s  separated from the  leached p o r t i o n  by a very t h i n  boundary 
which g radua l l y  moves i n t o  the  core and thus reduces i t s  volume. The t h i c k -  
ness o f  t h i s  boundary i s  only about 100 pn, but  t h e  pH va r ies  f rom l e s s  than 6 
on the leached s ide  t o  greater  than 12 w i t h i n  the  100 prn distance. 

What i s  needed i s  f o r  t h i s  general phys ica l  model t o  be quan t i f i ed ,  
t h a t  i s ,  t o  be expressed i n  mathematical form. Then i t  cou ld  be used as a 
p r e d i c t i v e  t o o l  as w e l l  as an a i d  i n  the  i n t e r p r e t a t i o n  o f  exper imental  data.  
One way t o  begin would be t o  determine t h e  a p p l i c a b i l i t y  t o  t h i s  problem o f  
c e r t a i n  mathematical models t h a t  have already been developed t o  descr ibe  the  
leaching o f  glasses t h a t  conta in  h igh- leve l  nuc lear  waste. 
mater ia ls ,  s o l u t i o n  chemistry, d is tance scales, and even t h e  associated 
phys ica l  processes may not  be the  same as f o r  S/S wastes, t he  mathematical 
approaches may be appl icable,  t o  some extent,  t o  the  model o f  Cheng e t  a l .  
(1992). F o r  example, Banba e t  a l .  (1985) have developed a one-dimensional 
m a t h e m a t i c a l  t reatment o f  a "moving boundary" model f o r  the  leach ing  o f  
nuclear-waste-containing glasses. This  t reatment invo lves  a sur face l a y e r  
t h a t  moves i n t o  the b u l k  glass. Also, Harvey e t  a l .  (1984) have developed 
some d i f fus ion-based mathematical models f o r  leach ing  o f  g lassy nuc lear  waste 
forms. I n  t h i s  l a t t p r  work, they descr ibed a depleted l a y e r  i n  the  waste-form 
mat r ix  which i s  s i t ua ted  between the matr ix / leachant  i n t e r f a c e  and a so-ca l led  
dep le t ion  f r o n t .  Th is  f r o n t  i s  the i n t e r f a c e  between t h e  depleted and 

undepleted ma t r i x  and advances i n t o  the  m a t r i x  as leach ing  progresses. Again, 
the mathematical s t ruc tu re  o f  these var ious models may have some a p p l i c a b i l i t y  
t o  the moving boundary model o f  Cheng e t  a l .  (1992). 

The unleached core  o f  

Al though the  

4.7 LONG-TERM PERFORNANCE 

A s i g n i f i c a n t  unresolved S/S technology issue i s  how w e l l  t h e  S/S- 
t rea ted  waste maintains i t s  immobi l i za t ion  p roper t i es  over time. Al though t h e  

0 
4-66 



long-term d u r a b i l i t y  o f  cement i s  we l l  proved i n  conventional const ruct ion,  
some amount o f  re lease i s  v i r t u a l l y  i nev i tab le .  S/S mate r ia l s  can be deposi t -  
ed i n  l a n d f i l l s  t o  prov ide secondary b a r r i e r s  between na tu ra l  waters and the  
wastes. Contaminant re lease begins when these secondary b a r r i e r s  pe rm i t  
na tu ra l  waters t o  come i n t o  contac t  with the  waste forms (C6te and Br id le ,  
1987). The quest ion i s  n o t  whether S/S wastes eventua l l y  re lease contaminants 
i n t o  t h e  environment, bu t  whether the  r a t e  o f  re lease i s  environmental ly 
acceptable. S/S technologies f o r  waste treatment have been i n  use f o r  on l y  a 
few decades, so the  number and du ra t i on  o f  s tud ies on f ie ld -d isposed S/S 
wastes are  l i m i t e d .  Decisions about t h e  a c c e p t a b i l i t y  o f  p a r t i c u l a r  S/S 
products  must be based on the  ava i l ab le  shorter-term f i e l d  data, l abo ra to ry  
tes ts ,  and models o f  leaching behavior. 

ma te r ia l s  f o r  m i l l e n n i a  i n  a v a r i e t y  o f  geochemical s e t t i n g s  (Dole, 1985): 
Ancient g rou ts  from Cyprus and Greece t h a t  are 3500 t o  2300 years o l d  have 
he ld  t h e i r  t race  metal f i nge rp r in t s ,  a l low ing  t h e i r  cons t i t uen ts  t o  be t raced 
t o  nearby p i t s  from which they had been mined. 
composed l a r g e l y  o f  und i f fe ren t ia ted ,  amorphous hyd ros i l  i ca tes ,  even a f t e r  
thousands o f  years. 
s t r a t e s  the  e f fec t i veness  o f  these metastable amorphous h y d r o s i l i c a t e s  i n  
sequestering a wide range o f  elements. 
d i r e c t l y  app l i cab le  t o  S/S wastes because o f  d i f f e rences  i n  t h e  physicochemi- 
ca l  forms o f  the  t race  metals i n  anc ient  grouts  versus modern waste and 
d i f f e rences  i n  the  disposal environments i n  a Mediterranean c l  imate versus t h e  
wet te r  c l ima te  t h a t  dominates most o f  the Uni ted States. 

a 

There i s  evidence t h a t  elements can be f i x e d  i n  cement i t ious 

These anc ient  g rou ts  a re  

The i n  s i t u  performance o f  these anc ient  g rou ts  demon- 

However, these observations a re  n o t  

e 

4.7.1 F i e l d  Studies 

There have been on ly  a few stud ies o f  t he  e f f e c t s  o f  several years’ 
du ra t i on  o f  environmental exposure on S/S-treated waste. The Coal Waste 
A r t i f i c i a l  Reef Program (CWARP) s tud ied the environmental consequences o f  
us ing  s t a b i l i z e d  coal combustion wastes as cons t ruc t ion  ma te r ia l  f o r  a r t i f i -  
c i a l  f i s h i n g  ree fs .  On September 12, 1980, some 16,000 b locks o f  s t a b i l i z e d  
waste were re leased from a hopper barge t o  form an a r t i f i c i a l  r e e f  i n  t h e  New 
York B igh t .  The b locks consisted o f  coal f l y  ash and f l u e  gas d e s u l f u r i z a t i o n  
residues s t a b i l i z e d  w i t h  l i m e  and Por t land cement add i t i ves .  Blocks recovered 
and tes ted  i n  1988 ind ica ted  l i t t l e  d e t e r i o r a t i o n  and no decrease i n  compres- 
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sive strength. Chemical analyses and surveys of biological comnunities 
established on the reef indicated contaminants were successfully immobilized 
(Hockley and van der Sloot, 1991). 

examined the long-term performance of S/S treatment of lead and other metals, 
o i l  and grease, and mixed volat i le  and semivolatile organic compounds using 
Portland cement and a proprietary additive. 
weathering tests, by wet-dry and freeze-thaw cycling, and by sampling S j S -  
treated waste a f te r  9 and 18 months of burial. The tes t ing showed t h a t  lead 
and other metals remained highly immobilized, the physical properties of the 
S/S-treated waste deteriorated only s l ight ly ,  and the porosity decreased. The 
organic contaminants, however, were n o t  effectively immobilized (de Percin and 
Sawyer, 1991). 

The demonstrated long-term durability o f  concrete structures may 
help i n  the a n a l y s i s  of the long-term durability of S/S waste forms. Struc- 
tures made with cement have lasted hundreds and even thousands o f  years. 
Long-term durability of a structure i s  n o t  directly analogous to  immobiliza- 
tion of contaminants in S/S-treated waste. 
ab i l i ty  of inorganic binders t o  r e s i s t  gross structural degradation from 
exposure t o  the natural environment. 
the environment are another possible analog t o  certain S/S waste forms. Metal 
sulfide deposits, for example, have remained stable f o r  many millions of years 
i n  subsurface geologic formations. In general, mineral leach rates  in nature 
do not approach those in the laboratory. The same processes t h a t  inhibit  the 
leaching o f  natural substances also may apply t o  S/S wastes disposed in 
subsurface environments (Conner, 1990), provided t h a t  t h e  chemical speciation 
o f  the materials disposed and the disposal environment are the same. 

A Superfund Innovative Technology Evaluation (SITE) f i e l d  evaluation 

Durability was tested with 

However, i t  does indicate the 

Natural mineral deposits occurring i n  

4.7.2 Laboratory Studies 

A t  present, the environmental acceptability of a hazardous waste i n  
the United States i s  based primarily upon the EPA’s  Extraction Procedure 
Toxicity Test ( E P  Tox) or the Toxicity Characteristic Leaching Procedure 
(TCLP).  Neither t e s t ,  however, simulates real-world, long-term conditions, 
although they may constitute a fa i r ly  severe set  o f  conditions for  single- 
exposure 1 eaching. 
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Perry  e t  a l .  (1992) used TCLP t o  examine long-term leaching pe r fo r -  
mance o f  f o u r  types o f  wastes contaminated w i t h  meta ls  o r  inorganics. Each 
waste was t r e a t e d  w i t h  s i x  d i f f e r e n t  commercial s t a b i l i z a t i o n  processes. TCLP 
was performed on raw waste and a t  28, 90, 200, 470 and 650 days a f t e r  t r e a t -  
ment. Results ind ica ted  t h a t  t he  e f f e c t  o f  t ime on the  TCLP r e s u l t s  was h i g h l y  
waste-dependent. Leachate values f o r  some wastes remained s tab le  over t ime  
wh i l e  leachate concentrat ions f o r  o the r  wastes increased over time. I n  some 

Numerical modeling (Section 4.6.3) i s  another approach t o  p r e d i c t i n g  
the  long-term performance o f  S/S-treated waste. 
phys ica l  and chemical p roper t i es  o f  a waste form can be used i n  con junc t ion  
w i t h  mathematical models t o  i n f e r  long-term l e a c h a b i l i t y ,  based on assumptions 

Parameters based on t h e  
1 

4 

wastes, changes i n  TCLP concentrat ions did n o t  occur u n t i l  90-200 days a f t e r  
s t a b i l  i za t i ons .  S i m i l a r  r e s u l t s  have been obtained by Akhter and Cart ledge 
(1991) and Cart ledge (1992), except t h a t  both increases and decreases i n  metals 
l e a c h a b i l i t y  as measured by the  TCLP have been observed w i t h  aging. I n  some 
cases, these changes i n  TCLP data have been associated w i t h  changes i n  the  
chemical s t r u c t u r e  o f  t he  s t a b i l i z e d  waste, as measured by spectroscopic 
analyses. These r e s u l t s  suggest t h a t  add i t i ona l  eva lua t ion  o f  s t a b i l i z a t i o n  i s  
requ i red  t o  ensure confidence i n  long-term leach ing  performance. 

that expose the  waste t o  repeated, sequent ia l  leach ing  can g i v e  in fo rmat ion  on 
leach res is tance over time. 
such as ANSI/ANS/16.1 (see Section 3.2 and Table 3-3) can g i v e  i n fo rma t ion  t o  
support p r e d i c t i o n  o f  long-term leach res is tance.  

t e s t s  with f i e l d  data have no t  been successful. The EP Tox tes t ,  f o r  example, 
can be used on ly  t o  p r e d i c t  t h e  p o t e n t i a l  f o r  leaching; i t  cannot p r e d i c t  the  
r a t e  o f  leach ing  over t ime (Bishop, 1986). Deviat ions between the  l abo ra to ry  
and f i e l d  a re  sometimes caused by t e s t i n g  mater ia ls  under ox id ized  cond i t ions  
(open contact  w i t h  a i r ) ,  w h i l e  t h e  groundwater i n  contac t  wi th  t h e  waste may 

be chemical ly  reducing. Laboratory leach ing  t e s t s  use continuous we t t i ng  o f  
the waste w i t h  a leachant a t  c o n t r o l l e d  temperature. 
t y p i c a l l y  i nvo l ve  pe r iod i c  contact  w i t h  water and f l u c t u a t i o n s  i n  temperature. 

The U.S. EPA's M u l t i p l e  Ex t rac t i on  Procedure (MEP) o r  o the r  t e s t s  

Other sequent ia l  o r  f low-through leach ing  t e s t s  

By and la rge ,  however, attempts t o  c o r r e l a t e  l abo ra to ry  leach ing  

" 

I n  s i t u  cond i t i ons  

about the leach ing  mechanisms and environment (Cat6 e t  al., 1986). a 
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Mathematical models have also been combined with accelerated dynamic leaching 
t e s t s  t o  assess the long-term s tab i l i ty  of S/S waste forms containing arsenic, 
cadmium, chromium, and lead. 

Other recent research also indicates t h a t  metal leaching follows 
diffusion theory and t h a t  mathematical models combined with various leaching 
tes t s  allow some predictions about metal leaching over time, w i t h  par t ic le  
s ize ,  leachant velocity, and leachant acidity being key variables (Bishop, 
1990). Although these models suggest good long-term s t a b i l i t y  for  several 
S/S approaches, a t e s t  o r  model that  simulates f ie ld  conditions t o  a degree 
that  would allow for confident predictions of long-term s t a b i l i t y  is lacking. 

4.8 USE/RNSE VERSUS DISPOSAL 

One of the principal aims of S/S processes is t o  produce an end 
product t h a t  i s  less  environmentally threatening t h a n  the original waste. 
There i s  an added benefit i f  the stabilized waste can be p u t  t o  some practical 
end use. The ab i l i ty  t o  use S/S end products eases the burden of disposing of 
the waste and provides obvious economic and environmental advantages over 
hazardous waste disposal practices. However, concerns about  the long-term 
performance of the S/S product and the possible exposure of human o r  ecologi- 
cal receptors t o  contaminants released from i t  greatly r e s t r i c t  use/reuse 
options, and in practice relatively few S/S-treated wastes have been reused or 
recycled t o  date. 

4.8.1 Alternatives 

The purpose of use/reuse i s  t o  ease the burden on land  disposal. 
Therefore, use/reuse alternatives,  when deemed environmentally safe, can be a 
productive alternative t o  disposal. 
stabilized/sol idified waste include construction material for use i n  .concrete, 
Portland cement, asphalt, road base material, landfil l  cover, or agricultural 
additives. In addition, some solidified waste may be used i n  direct  water 
contact applications, such as for diking material and for  forming new land 
from lakes, streams, marine waterways, or low-lying swamp areas. Another 
potential application i s  t o  h e l p  solve shoreline erosion problems by ins ta l l -  
ing support structures made from incinerator ash and cement. These structures 
are being studied by the State University o f  New York not only for t h e i r  

Possible use/reuse alternatives for  
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4: potential to reuse S/S products, but also for their ecological benefit i n  
controlling erosion and offering a marine habitat for some species. Another 
potential application for S/S products is to construct artificial reefs from 
stabilized drilling muds from offshore drilling rigs (Kelley, 1988). In 
Europe, there is an emphasis on combining wastes from incineration plants with 
fly ash, water, and plaster to form a solid material that can be used to 
create sealed landfill reservoirs (Lukas and Saxer, 1990). 

Until the long-term performance of S/S-treated waste in such 
applications is clearly demonstrated, most S/S products in the United States 
will still have to be disposed of in a more cautious manner, which generally 
means disposal in a landfill. Environment Canada (KTC, 1990b) has suggested 
an overall classification system for S/S waste. Classifications are based on 
batch extraction tests to estimate the amount of contaminant available for 
leaching and an evaluation of monolithic waste fonn leaching performance. 
Analysis of leaching performance uses mathematical models derived from the S/S 
literature with input from a database on S/S waste properties. For the 
purpose of this classification system, two uti1 ization and two disposal 
scenarios have been selected that require different degrees of contaminant 
containment in a S/S waste. The scenarios are briefly described below, in 
order o f  decreasing performance requirements for S/S waste. 

to one of these scenarios would need to be disposed in a secure landfill or 
subjected to a more effective treatment process. 
containment is more a function of engineered barriers and the host geological 
setting than of the waste properties. 
premium and waste treatment that results in volume increase is usually 
undesirable. 
landfills are not addressed here. 

S/S wastes that do not qualify for utilization or disposal according 

I n  a secure landfill, 

Space in a secure landfill is at a 

The performance requirements for S/S wastes disposed in secure 

Unrestricted Utilization - In an unrestricted 
utilization scenario, the S/S waste has a negligible 
leaching potential and may be used in any way that a 
natural material might be used, on land or in water 
(e.g., as a construction material). Once a given 
wastestream and S/S process have been approved, the 
resulting product becomes exempt from waste 
management regulations. 
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Controlled Utilization - In this scenario, the 
leaching potential of the S/S waste is acceptable 
for a specific utilization (e.g., quarry rehabili- 
tation, lagoon closure, road-base material). The 
environmental impact of S/S waste leachability 
measured by this classification should be assessed 
and utilization approved on a site-specific basis. 

Segregated Landfill - The S/S waste is not 
acceptable for utilization, or utilization i s  not 
possible or practical. The S/S waste is isolated 
from other wastes in a segregated landfill which 
does not necessarily have an engineered barrier or a 
leachate collection system. 

Sanitary Landfill - The S/S waste I s  not acceptable 
for utilization and is not acceptable for disposal 
in a segregated landfill without special engineered 
protection o f  the environment. Disposal with muni- 
cipal garbage in a sanitary landfill i s  permitted 
(WTC, 1990b). 

Use/reuse of waste materials was the subject o f  a recent conference 
on Waste Materials in Construction, t h e  Proceedings of the International 
Conference on Environmental Implications of Construction with Uaste Materials 
(eds., Goumans et al., 1991). The focus of this conference was on use/reuse 
of waste materials in general. However, several of the studies addressed 
wastes treated with S/S technologies. For example, the U.S. €PA Risk Reduc- 
tion Engineering Laboratory (RREL) is investigating use of S/S-treated 
residues from combustion of municipal solid waste (fly ash, bottom ash, and 
combined residues). Wiles et al. (1991a and b) reported that the type of S/S 
treatment had little effect on the species of metals found in the municipal 
waste combustion residues. Instead, attenuation of metals was attributed to 
pH and dilution effects. In another part of this study, Holmes et al. (1991) 
investigated the physical properties o f  S/S-treated municipal waste combustion 
residues (bottom ash, air pollution control residue and combined ash). 
Results indicated that wastes treated with Portland cement only, that is, with 
no proprietary additives, generally produced the most durable test specimens. 
O f  the three types of residues, the air pollution control residues produced 
the least durable test specimens. Kosson et al. (1991) researched the 
leaching properties of S/S-treated municipal waste combustion residues using a 
variety o f  leaching tests. 
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I n  a d d i t i o n  t o  the  U.S. EPA studies,  t h e  conference proceedings 
inc luded two o the r  i nves t i ga t i ons  on the  use o f  S/S-treated waste. 
e t  a l .  (1991) inves t iga ted  the  p roper t i es  o f  S/S-treated s o i l s  contaminated 
w i t h  wood preserv ing chemicals (As, Cr, Cu) o r  l ead  f o r  p o t e n t i a l  use i n  
cons t ruc t ion  o f  roads o r  storage areas i n  l a n d f i l l s .  D i j k ink  e t  a l .  (1991) 
i nves t i ga ted  t h e  p o t e n t i a l  use o f  S/S-treated r i v e r  sediments as b u i l d i n g  
mater ia l  i n  the  Netherlands. 

Wahlstrom 

4.0.2 Limi t a t i  on5 

Although the re  are many p o t e n t i a l  ways t o  use o r  reuse S/S-treated 
waste, there  are many nontechnical f a c t o r s  t o  consider  when eva lua t i ng  any 
s p e c i f i c  app l i ca t ion .  Cer ta in ly ,  a key quest ion w i l l  be t h a t  o f  l i a b i l i t y ,  
which i s  r e l a t e d  t o  p o l i t i c a l ,  pub l i c ,  and l e g a l  questions t h a t  a re  becoming 
inc reas ing l y  s e n s i t i v e  issues o f  p u b l i c  concern. 

about the  long-term performance and environmental impacts o f  S/S waste. The 
environmental consequences o f  t he  u t i l i z a t i o n  o f  waste products  o r  m a t e r i a l s  
conta in ing  waste products on the  bas i s  of a s i n g l e  type o f  t e s t  (e.g., an 
e x t r a c t i o n  t e s t )  i s  impossible i n  view o f  t he  wide range of scenar ios t h a t  
w i l l  occur i n  actual  use/reuse s i t ua t i ons .  Test methods t o  b e t t e r  determine 
the  leach ing  mechanisms and c h a r a c t e r i s t i c s  o f  S/S-treated waste have been 
s tud ied  by van der S loo t  e t  a l .  (1989), bu t  much research remains. I n  
addi t ion,  Waste M a t e r i a l s  i n  Construction (eds., Goumans e t  a l . ,  1991) 
contained numerous s tud ies  on leaching procedures f o r  eva lua t ing  waste 
ma te r ia l s  proposed fo r  use i n  cons t ruc t ion .  I n  any event, demand w i l l  
increase both f o r  b e n e f i c i a l  use/reuse of S / S  products because o f  inc reas ing  
cons t ra in t s  on land d isposal  and f o r  technologies t h a t  can produce ma te r ia l s  
t h a t  a re  env i ronmenta l ly  benign. However, the  regu la to ry  comnunity i s  l i k e l y  
t o  be u n w i l l i n g  t o  encourage o r  permi t  reuse op t ions  unless environmental 
r i s k s  are c l e a r l y  and con f iden t l y  defined. 

Associated w i t h  the  l i a b i l i t y  quest ion i s  the  l a c k  of knowledge 

4.8.3 Compat ib i l i t y  With t h e  Disposal Environment 

I n  eva lua t ing  the performance o f  S/S technologies, t h e  focus i s  
o f t e n  on the  S / S  process i t s e l f .  What i s  o f t e n  overlooked i s  t h e  f a c t  t h a t  
the  s t a b i l i z e d  waste s t i l l  must be evaluated i n  terms o f  i t s  performance i n  
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the environment into which it is placed, regardless of whether that environ- 
ment is a landfill, a roadbed, or the ocean floor. Often, the interaction of 
the stabilized waste and its surroundings is hardly addressed, but the fact 
remains that both mobilization and immobilization may occur at the stabilized 
waste/soil or stabilized waste/water interface. The stabilized waste and the 
site should be evaluated together as a system to realistically assess the 
compatibility of the S/S product with the disposal environment. The forces 
and elements to which a treated waste is exposed would vary significantly, for 
example, depending on whether disposal occurred at the surface, in deep 
excavations, or in the ocean. 

Environmental compatibility i s  a major issue at CERCLA sltes, 
although past studies have generally not considered this factor. 
ty with the disposal environment should have a bearing on the design and 
conduct o f  the treatability study as well as what tests are performed. 

occurring at the waste-soil interface. They noted that the interactions 
between the waste and soil phases lead to phenomena that are not predicted by 
consideration of either phase separately, as is the case with most of the 
tests currently used to assess the acceptability of a waste for placement in 
the environment. 

codispose with the S/S waste material to modify certain physicochemical 
characteristics o f  the disposal environment. 
between the waste and its disposal environment to improve the long-term 
performance of the S/S-treated waste. 
bentonite or other clays to reduce groundwater infiltration; surface-reactive 
materials to adsorb migrating contaminants; or substances to buffer the pH or 
redox potential of the disposal environment. With or without the use of mdi- 
fiers, however, one message clearly communicated by studies of environmental 
compatibility is that, to be successful, S/S process selection and design must 
consider the S/S product as part of a system that includes the disposal 
environment. 

' 

Compatibili- 

Hockley and van der Sloot (1991) have modelled the interactions 

Another possible option to improve environmental compatibility is to 

Such material could be placed 

Environment modifiers might include 

4.9 COST INFORHATION 

The two major cost categories in remediation by S/S are (a) the 
treatability study (laboratory screening and bench-scale study), and (b) full- 
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sca le  remediation. The cos ts  associated w i t h  these two e f f o r t s  a re  discussed 
i n  th i s  sect ion.  Because each p r o j e c t  i s  d i f f e r e n t ,  it i s  very  d i f f i c u l t  t o  
genera l ize t h e  cos ts  o f  S/S treatment. Hence t h e  cos ts  mentioned i n  th is  
sec t ion  should be regarded as estimates. 

4.9.1 T r e a t a b i l i t y  Study Costs 

The major cos t  elements o f  a t r e a t a b i l i t y  s tudy for S/S inc lude  
(a) waste and s i t e  cha rac te r i za t i on  (Section 2.2); and (b) bench-scale t r e a t -  
a b i l i t y  screening and performance t e s t i n g  and associated chemical analyses 
(Sections 2.6 and 2.7).  
s t r i k e  a balance between c o l l e c t i o n  o f  enough da ta  t o  p rov ide  s t a t i s t i c a l l y  
sound r e s u l t s  and t h e  a v a i l a b l e  budget. 
t h a t  t he  regu la to rs  d r i v e  the  t e s t i n g  and t h a t  t h e i r  requirements must be met 
before the  t r e a t a b i l i t y  s tudy can be accepted and f u l l - s c a l e  remediat ion can 
proceed. 

4.9.1.1 Waste Charac ter iza t ion  and 

Since these s tud ies are  expensive, i t  i s  impor tant  t o  

Also, i t  i s  impor tant  t o  remember 

Es tab l i sh ing  Performance Object ives 

Waste sarnpl i n g  and cha rac te r i za t i on  i s  conducted t o  determine t h e  
type, l eve l s ,  and s p a t i a l  d i s t r i b u t i o n s  o f  the  contaminants, presence o f  
poss ib le  i n t e r f e r a n t s ,  and f o r  o ther  purposes (Section 2 . 2 ) .  Sampling o f t e n  
requ i res  the  use o f  d r i l l  r i n g s  depending on depths t o  be sampled. Analyses 
o f  waste p roper t i es  must be conducted i n  s u f f i c i e n t  r e p l i c a t i o n  t o  permi t  
determinat ion o f  data q u a l i t y  by s t a t i s t i c a l  methods. 
for  guidance. Some of t he  a n a l y t i c a l  t e s t s  conducted and t h e i r  est imated 
costs  a re  g iven i n  Table 4-7. 
waste type. 

4.9.1.2 Bench-Scale Tes t ing  and Analysis 

Refer t o  Sect ion 2.2 

Not a l l  these analyses are necessary f o r  every 

The l e v e l  o f  e f f o r t  w i l l  depend on the  number o f  candidate b inde r  
systems se lected f o r  t es t i ng ,  the number o f  t e s t s  performed based on t h e  
design s tudy (o r  s t a t i s t i c a l  design), and the  types o f  chemical analyses t o  be 
performed, w i th  organic  analyses being s i g n i f i c a n t l y  more expensive than 
inorgan ic  analyses (Table 4-7).  
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TABLE 4-7. COSTS OF TYPICAL ANALYTICAL TESTS OF UNTREATED AND TREATED WASTES 

Analys is  Method 

Phvsi c a l  
P a r t i c l e  s i ze  ana lys is  
Suspended so l  i d s  
Densi ty  
Permeabi 1 i ty 
Unconfined compressive s t rength  

Unconfined compressive s t rength  

Cone index 
F lexura l  s t rength  
Heat o f  hydra t ion  
Wet ldry  weathering 
Freeze/thaw weather ing 
Pa in t  f i l t e r  t e s t  
A t te rbe rg  l i m i t s  
Mo i s t ure  

Chemical 
PH 
Oxidat ion  reduc t ion  p o t e n t i a l  
To ta l  organic carbon (TOC) 
O i l  and grease 
A1 ka l  i n i  t y  
V o l a t i l e  organic compounds (VOCs) 
Semivol a t i l  e organics 
Base, neut ra l ,  and a c i d i c  compounds (BNA) 
Po lych lo r ina ted  biphenyl  (PCB) 
As 
Se 
Hg 
As, Ag, Ba, Cd, C r ,  Pb, o r  Se 

Leach Tests 

(UCS) o f  cohesive s o i l s  

of c y l i n d r i c a l  cement specimens 

- Ex t rac t i on  
- Ex t rac t i on  
- V o l a t i l e  organic compounds - Semivo la t i l e  organic compounds - Pest ic ides  
- Herb ic ides - AS 
- Se 
- Hg - As, Ag, Ba, Cd, C r ,  Pb, o r  Se 

ASTM D 422 
Standard Method 2092 
Various 
EPA 9100 
ASTM D 2166 

ASTM D 1633 

ASTM D 3441 
ASTM D 1635 
ASTM C 186 
ASTM D 4843 
ASTM D 4842 
EPA 9095 
ASTM 0 4318 
Various 

EPA 9045 
ASTM D 1498 
EPA 9060 
EPA 413.2 
EPA 403 
EPA 5030, 8240 
EPA 3510. 8270 
EPA 3540; 3520, 8270 
EPA 3540, 3520, 8080 
EPA 3050, 7060 
EPA 3050, 7740 
EPA 7470 
EPA 3010, 6010 

30-160 
20 
40-240 
350-450 

25 

20-130 

20 
25 . 
30-75 
530 
530 
10-25 
40-100 
10-20 

10-20 
75 
50 
60-80 
35 
300-400 
600-800 
600-1400 
150-2001 
25-30 eacb) 
25-30/eaCb) 
20-25’ 
10- 20 /eacc) 

EPA 1311 TCLP Meta ls  70-90 
EPA 1311 TCLP ZHE 100-140 
EPA 8240 150-175 
EPA 3510, 8270 600-800 
EPA 3510. 8080 125-175 
EPA 8150- 125-175 
EPA 3050, 7060 25-30 eaCb) 
EPA 3050, 7740 25-30/eacb) 
EPA 7470 20-25 
EPA 3010, 6010 10-20/ea‘~’ 

I.# 
1991 costs. 
wted prices. 
FurMce a t m i c  absorbtion spctroscopy. 
I n S c f i v e l y  coupled p lasm atomic mission spectroscopy. 

Hay vnry cwaldcrnbly s m ~ n p  various lnboratories. Approximate ranges are g i m  based on 
There my be s n e  savings of scale i f  a h r g e  nm&r of sanples are being analyzed. 

c , 
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The t o t a l  a n a l y t i c a l  c o s t  w i l l  depend on t h e  number o f  samples and 
should always inc lude q u a l i t y  assurance samples. A n a l y t i c a l  cos ts  a re  t h e  
major element i n  t r e a t a b i l i t y  t e s t i n g  (usua l ly  250% o f  t h e  cost ) .  Typ ica l  
t o t a l  costs  o f  bench-scale t r e a t a b i l i t y  s tud ies  f o r  S/S range from SlOK t o  
flOOK, depending on process complexity, number o f  samples, types o f  analyses, 
and the  need t o  capture and t e s t  a i r  emissions. A number o f  d i f f e r e n t  t r e a t -  
a b i l i t y  l abo ra to r ies  are ava i l ab le  t h a t  w i l l  conduct bench-scale t r e a t a b i l i t y  
t e s t i n g  f o r  S/S on a serv ice  basis. 

4.9.2 Ful l -sca le  Remediation Costs 

The cos ts  invo lved i n  f u l l - s c a l e  S/S treatment f a l l  i n t o  f o u r  major 
categor ies-p lann ing ,  m o b i l i z a t i o n  and demobi l izat ion,  treatment, and d isposal .  

4.9.2.1 Planning 

The p lanning costs  a re  t h e  admin i s t ra t i ve  and engineer ing p lann ing  
costs  associated w i t h  the  remediation. Waste and s i t e  cha rac te r i za t i on  
a c t i v i t i e s  and t h e  t r e a t a b i l i t y  study a re  assumed t o  have been completed 
before p r o j e c t  p lanning s t a r t s .  Planning cos ts  may inc lude  pe rm i t t i ng ,  
engineering design (scale-up), equipment and m a t e r i a l s  procurement, and 
preparat ion o f  a work plan, q u a l i t y  assurance plan, and/or a h e a l t h  and safety 
plan. Permi t t ing  can take weeks o r  months, and cos ts  can be subs tan t ia l .  
espec ia l l y  f o r  uncommon contaminants o r  complex s i t e s .  

operat ion based on bench-scale ( t r e a t a b i l i t y  t e s t i n g )  data. A p i l o t -  o r  
f i e ld -sca le  demonstration may be necessary, e i t h e r  t o  e s t a b l i s h  scale-up 
fac to rs  o r  t o  s a t i s f y  p o t e n t i a l l y  responsib le  p a r t i e s  (PRPs) and/or r e g u l a t o r s  
of the f e a s i b i l i t y  o f  the cleanup. The ac tua l  p r i c e  o f  equipment o r  raw 
mater ia ls  i s  no t  inc luded i n  t h i s  category, bu t  t he  l a b o r  invo lved i n  procure- 
ment i s .  I f  the  remediation i s  t o  be performed through a cont rac tor ,  con t rac t  
procurement costs  a re  a l so  invo lved.  

A s i t e -spec i f i c  work p lan,  q u a l i t y  assurance plan, and/or a h e a l t h  
and sa fe ty  p lan  are almost always requi red,  and rev iew comments from regu la to -  

r y  agencies and o ther  p a r t i e s  must be addressed. Depending on the  magnitude 
of t h e  p r o j e c t ,  p lanning cos ts  can range from f25K t o  several hundred thousand 
dol  1 ars. 

Engineering costs  i nvo l ve  des ign ing and engineer ing f o r  f u l l - s c a l e  

e 
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4.9.2.2 Hobilization and Demobilization 

Mobilization costs involve transportation of personnel, equipment, 
and raw materials to the site, site preparation, and equipment installation 
and start-up. Demobilization costs include equipment shut-down and disassem- 
bly, and transportation of personnel and equipment from the site. 
tion and demobilization (mob/demob) costs vary depending on type of equipment, 
facilities available at the site, decontamination requirements, and the loca- 
tion o f  the site. 
will range from 125K to J5OK or more if extensive site preparation is 
i nvol ved. 

Mobiliza- 

Wnen large-scale equipment is necessary, mob/demob costs 

4.9.2.3 Treatment 

Treatment costs typically include costs for excavation (if treatment 
i s  ex situ), chemicals, equipment, utilities, labor, and sampling and analy- 
sis. 
including S/S vendors, remediation companies, and construction companies 
certified to conduct hazardous waste remediation. Full-scale treatment should 
n o t  be undertaken by anyone not fully qualified and certified, including OSHA 
safety certifications. 

are to be stabilized by plant mixing. 
typical earth-moving equipment, which can be rented along with an operator at 
most sites. Cost for excavation ranges from about S0.85/yd3 to S4.09/yd3 
(U.S. EPA, 1987b). 

Chemical costs depend on the type of chemicals required for the 
binder system and the amounts as determined by the waste-to-binder ratio. 
Table 4-8 shows the costs of some typical stabilization chemicals. 
chemicals are transported for large distances, the transportation costs nay 
equal or exceed the chemical costs. 

equipment selected for materials handling and processing. 
vendors and remediation firms will own the necessary equipment and charge a 
use-rate based on the time it is used. 
large and long-term projects), in which case depreciation costs should be 
considered, or rented (for smaller sites). 

Full-scale S/S treatment services are offered by a variety of firms, 

Excavation applies to sites containing contaminated materials that 
Excavation equipment consists of 

I f  

Equipment costs other than for excavation are based on the type of 
Qualified S/S 

Equipment can also be purchased (for 

Customary equipment includes 
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TABLE 4-8. COSTS OF TYPICAL STABILIZATION CHEMICALS 

Chemicals Casts $/Ton“’ 

Port1 and cement 

Quick lime 

Hydrated 1 ime 

Kiln dust 

Fly ash 

Sodium silicate 

$55 - 70 (bulk) 
545 - 75 (bulk) 
$55 - 80 (bulk) 
$10 - 40 (bulk) 
5 1 - 40 (bulk) 
$160 - 239 (bulk 

Chl orananCb’ 

IUT-HUT 20M‘C’ 

Concrete admixtures 

$600 

5300 

5 2 - 12/ga11on 
~ -~ 

(‘I 

fb’ Proprietary additive 
(” Proprietary modified clay binder 

1991 Costs obtained from suppliers. 
the location o f  the site. 

Costs may vary based on suppliers and 

backhoes, front-end loaders, storage tanks, mixers, conveyors, etc. 
equipment and its operators are available for an hourly, weekly, or monthly 
charge. 
estimates o f  their rental costs are mentioned in the Handbook for Stabiliza- 
tion/Solidification of Hazardous Waste (U.S.  EPA, 1986~). 

cement by typical stabilization techniques (in-drum mixing, in situ mixing, 
plant mixing, and area mixing as defined in Section 2 . 8 . 2 ) .  These are the 
unit costs for mixing only and exclude the numerous other cost elements such 
as mobilization and demobilization, engineering and administration, and health 
and safety. In addition to processing equipment, personal protective equip- 
ment may be needed, including Tyvek suits, respirators, decontamination 
equipment, etc. 

Sometimes 

The purchase costs of different types and sizes o f  equipment, and 

Table 4-9 shows the major unit cost elements for S/S treatment with 
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Utilities normally include water and electricity. Sometimes the 
remediation may have to provide its own energy supply, such as diesel genera- 
tors. If pretreatment is necessary, other sources of heat, such as oil, gas, 
or steam may be needed. 

sory personnel, and managers, as well as the number of hours of operation. 
important factor in remediation can be the stand-by time. If operations are 
not scheduled appropriately or if unanticipated delays such as stop work 
orders are incurred, equipment or personnel will go unutil ized. For example, 
if the operation runs short of a chemical, or if a piece of equipment breaks 
down, the entire operation may have to be temporarily halted. 
work stoppage is when sampling and analysis of treated waste show that the 
stabilization is ineffective. 
avoided or minimized by effective planning. 
controllable, such as stop work orders issued by regulators so that they can 
review prel imi nary data. 

determine whether the treated process is achieving the performance goals f o r  
chemical and physical properties. A sampling and analysis and/or quality 
assurance plan will be prepared during planning. 
may be a significant part o f  the remediation cost. 
early stages of full-scale treatment, it may be necessary to have samples 
analyzed on a rush basis, in order to minimize standby time while waiting for 
data. 
than fees for normal turnaround-time analyses. 

ry approval for the full-scale cleanup may be contingent on results of the 
demonstration. If the initial demonstration shows deficiencies in the 
process, then process modifications followed by additional demonstration runs 
will have to be conducted until the process is working satisfactorily. As 
discussed in Section 2.8, demonstration runs prior to full-scale processing 
are highly recommended for refining the process and verifying that process 
scale-up in the field has been accomplished satisfactorily. However, this 
step has potentially significant cost impact on the project, particularly if 
several demonstration runs need to be conducted prior to full-scale treatment. 

Labor costs are based on the number o f  equipment operators, supervi- 
An 

Another type of  

Clearly, some types of work stoppages can be 
Other types of stoppages are less 

Sampling and analysis are conducted during full-scale remediation to 

Implementation of the plans 
Particularly during the 

Note that with rush fees, analysis costs can be 2 or 3 times higher 

If a full-scale demonstration precedes full-scale cleanup, regulato- 

e 
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4.9.2.4 Final Disposal 

When field treatment is completed, the S/S-treated waste has to be 
disposed of as planned. 
the treated waste and on regulatory approval, the S/S-treated waste can be 
returned to its original location. Some final steps such as compacting or 
capping (with the associated costs) may be required. 

site. 
sanitary or secure landfill , again depending on waste characteristics and 
regulatory policy. Tippage fees at sanitary landfills typically range from 
approximately $10 to S50/ton and for secure (RCRA-permitted) landfills range 
from SI00 to $300/ton. Added to this i s  the cost of waste transport to the 
landfill. The cost for transportation by covered bed dump truck or roll off 
box carrier typically ranges from $0.15/yd3-mile to S0.60/yd3-mile. Costs 
include the actual charge for hauling; demurrage (charge for truck waiting 
time); and training, licensing, and protective clothing for the truck operator 
(if required) (U.S. EPA, 1987b). Because there are far fewer secure landfills 
than sanitary landfills, the transportation distance to secure landfills will 
generally be much greater. 

In some cases, depending on the characteristics of 

However in other cases, the treated waste cannot be disposed of on 
Then arrangements have to be made to transport the treated waste to a 

4.9.3 Estimates of Stabilization Costs 

Table 4-10 lists the estimated costs registered in the records of 
Because costs in this table are estimates, decision (RODS) for CERCLA sites. 

there is no indication whether or not the remediation was actually accom- 
plished for that cost. 
and amount of wastes. 
pretreatment steps and other project-specific requirements that may signifi- 
cantly impact total cost. In general, a relatively straightforward S/S 

project involving more than 5,000 to 10,000 tons of waste should cost in the 
range o f  $100 to $150/ton of waste processed. Below this amount, unit costs 
can increase because o f  fixed costs; above 10,000 tons, unit costs can 
decrease because of economics of scale. Therefore, the higher unit costs in 
Table 4-10, some of which greatly exceed the $100 to fl5Ojton range, are 
almost certainly inflated by pretreatment requirements or other factors. 

lotal costs vary according to type of contaminants 
Missing from this table is information on necessary 
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4.9.4 Case Study 

A treatability study and field demonstration/cleanup of 1800 cubic 
yards o f  lead-contaminated soil conducted by Battelle (Means et al., 1991b) at 
Port Hueneme, California, demonstrates the various aspects of an S/S field 
project and the associated costs. 
the amount of lead in the soil before treatment, 18 grab samples (and two 
blind replicates) of the untreated soil were collected and analyzed for total 
and soluble lead. Because the levels of lead in these samples varied greatly, 
seven additional samples were collected. Total lead levels averaged 178 
(f162) mg/kg in the soil. The EP Tox average of 0.9 mg/L lead was lower than 
the U.S. EPA standard (5 mg/L lead). Previous data on the Cal W E T  test, 
however, showed that the average of 11.7 mg/L lead exceeded the STLC estab- 
lished by California (5 mg/L). 
1 each i ng tests . ) 

The bench-scale treatability study involved evaluating two stabili- 
zation techniques, a sulfide-based process and a si1 icate-based process. 
Eleven samples were treated with the sulfide process, which involved adding a 
hydrated sodium sulfide solution in water, low-a1 kaline Portland cement, and a 
small amount of detergent. 
process, which involved adding sodium silicate instead of the sulfide. The 
sulfide process was used in this instance as an alternative to the silicate 
process to determine the relative attributes of the two processes. Although 
the sulfide process produced slightly lower soluble lead values than the 
silicate, the silicate process was concluded to be the preferable based on 
ease of application in the field. 

used during bench-scale testing; no additional testing to determine optimum 
ratio was done in this case. 
of pre- and post-stabilization samples were collected and analyzed for pH, 
total lead, and Cal WET test. The average Cal WET test results were reduced 
from 11.7 mg/L before stabilization to 2.7 mg/L after stabilization. 
number o f  discussions with cognizant regulatory agencies, the treated soil was 
released for placement in a sanitary landfill - 

rented for the mixing of soil, cement, silicate, and bicarbonate. Most of the 

To establish a baseline concentration on 

(See Section 3.2 for further discussion of 

Ten samples were treated with the silicate 

The stabilization formulation used in the field was the same as that 

During the field demonstration, eight sets each 

After a 

Table 4-11 provides cost details for this project. A pug mill was 
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TABLE 4-11. STABILIZATION COSTS FOR AN 1800-CUBIC-YARD SITE 
CONTAMINATED WITH LEAD 

1. 

2. 

3. 

4 .  

5. 

Bench-Scale Treatabi  l i t v  Studv/Planninq 
Chemist, 8 h r s  @ $50/Hr. 

Chemical Analysis, 12 samples each 
TTLC, STLC, and pH 

Pro jec t  Manager, 16 hrs .  @ $95/hr 
Subtota l  

Move S o i l  from Storaqe Hut t o  Work Area 
End-dump t rucks,  2 t r u c k s  x 1 day 

each x $55/hr 

F i e l d  supervision, 8 h r s  @ $78/hr 

Laborers, 2 x 8 h r s  each @ f30/hr 

P l a s t i c  sheeting, 10 r o l l s  @ f l 2 0 / r o l l  
Subtota l  

Steam Clean Storase Hut (Subcontracted) 

Power S iev inq  
Power screen @ $4,00O/wk 

i n c l u d i n g  mobi l  izat ion/demobi l  i z a t i o n  

Front-end loaders, 2 loaders x 

F i e l d  supervision, 8 hrs @ $78/hr 

1 day each @ S90/hr 

Laborers, 2 x 8 hrs  each @ $30/hr 

Debr is  DisDosal 
Front-end loader, 1 loader  x 1 day 

@ $90/hr 

End-dump t rucks,  2 t r ucks  x 10 t r i p s  
each x 1 hr / round- t r ip  @ $55/hr 

F i e l d  supervision, 10 h r s  @ S78/hr 

Laborers, 2 x 10 hrs each 

Subto ta l  

@ S30/hr 

Tippage a t  l a n d f i l l ,  300 tons 
@ f18.70/ton 

Subtota l  

S 400 

3,240 

1.520 
$5,160 

$ 880 

624 

480 

1.200 
$3,184 

54,000 

$4,000 

1,440 

624 

480 
$6,544 

$ 720 

1 , 100 

780 

600 

5.610 
$8.810 
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TABLE 4-11. STABILIZATION COSTS FOR AN 1800-CUBIC-YARD SITE 
CONTAMINATED WITH LEAD (Continued) 

6. S t a b f l t z a t i o n  (approximately 4 working days 
and 10 hour-days, i nc lud ing  mobil izat ion/demobi l  i z a t i o n )  

$12 , 000 Cement, 150 tons @ $0.04/lb 

Sodium s i l i c a t e  so lu t ion ,  150 tons 
@ SO.OS/lb 

Sodium bicarbonate, 15 tons 

F re igh t  f o r  chemical d e l i v e r i e s  

P l a s t i c  sheeting, 5 r o l l s  B S120/ro l l  

Pugmil l  and components, i nc lud ing  
mobi 1 i z a t i  on/demobi 1 i z a t i o n  

Front-end loaders, 2 loaders x 40 hrs  
each @ S90/hr 

End-dump t rucks,  1 t r u c k  x 40 h r s  
@ $55/hr 

Baker tank, 1 month @ S30/day 

F i e l d  supervis ion,  40 h r s  @ 578/hr 

P ro jec t  Manager, 24 hrs  @ $95/hr 

Chemist, 32 hrs  @ $5O/hr 

Laborers, 2 laborers x 40 hrs 

@ $0.10/lb 

each B $30/hr 

Travel  and subsistence f o r  con t rac to r  
s t a f f ,  5 persons x 7 days 
each B S100/day 

overs ight  

surcharge) 

I n d u s t r i a l  hygiene mon i to r ing  and 

Ana ly t i ca l  fees, rush bas is  (100% 

Subtota l  

24,000 

3 , 000 

3,000 

600 

29,000 

7,200 

2,200 

900 

3,120 

2,280 

1,600 

2,400 

3 , 500 

2 000 

1.080 
$97 , 880 
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a 
~ TABLE 4-11. STABILIZATION COSTS FOR AN 1800-CUBIC-YARD SITE 

CONTAMINATED WITH LEAD (Continued) 

- 

7. Post-Treatment a t  Project Closure Activities 

* Chemical analysis, TTLC, STLC, and 
pH on 12 samples, normal turnaround 

Regulator meetings concerning disposal 
options, Project Manager 20 hrs 

$3,240 

@ S95/hr 1,900 

- End-dump trucks, 4 trucks x 25 trips each 
x 1 hr/round t r i p  @ f55/hr 5,500 

- Front-end loader, 1 truck x 25 hrs 
@ $90/hr 2,250 

Manager, 16 hrs @ S95/hr and 
secretary, 16 hrs @ S4O/hr 2.160 

Subtotal $15,050 

Reporting and documentation, Project 

e Grand Total - Expenses $140,628 
Contractor Fee 9.372 
Total Cost $150,000 

other equipment, such as dump trucks, power screen, and front-end loaders, was 
also rented. 
reader with the variety o f  typical cost elements for an S / S  treatment project 

that  the u n i t  costs associated w i t h  this project were fa i r ly  modest compared 
t o  those for other larger-scale S / S  projects (e.g., Table 4-9). The t o t a l  
cost of the cleanup of 1800 cubic yards (approximately 2,430 tons) was 
$150,000, f o r  an  average of $83/cu yd or S62/ton. 

A number o f  other cost elements are itemized t o  provide the 

and the stages o f  the project in which they were incurred. Note, however, l 

0 
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