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Report Diedication

This report is dedicated to the memory of Dr. Frederick G. Pohland, who passed away on January 9,
2004.

Dr. Pohland served as the principal advisor to SWANA in the development of this rcport Dr. Pohland’s
life-long research into the chemical and biological processes thai take place in Lmdﬁlls formed the
scientific foundation that supports the important conclusions of this report.

Dr. Pohland was the Weidlein Chair of Environmental Engineering in the Department of Civil and
Environmental Engineering at the University of Pitisburgh. He served as Editor of the IWA Water
Research Journal and was a past President of the American Academy of Environmental Engineers and
recipient of its Kappe and Fair Awards. Dr. Pohland was a member of the National Academy of
Engincering, and was the recipient of an Honorary Degree of Doctor of Science fmm Valparaiso
University.

Dr. Pohland tanght for many years at Georgia Tech, where he pioneered the concept of the “wet landfill”
in the 1970s. Dr. Pohland was perhaps the world’s expert with respect to understandmg the processes that
occur within the tandfill environment. His ﬁgure depicting the changes in key process parameters as
waste decomposes in a landfill environment is world renowned and is presented below as a testimony 1o
his many invaluable contributions to the field of solid waste management. A number of the leading
academicians and practitioners in the-solid waste field, including Dr. Debra Reinhart of the University of
Central Florida, conducted their graduate work under Dy, Pohland’s guidance.

Dr. Pohland set a high standard for professxonahsm and academic excellence in the field @f cnwronmenta!
science and technology. He will be sorely missed by all who kncw him.
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Executive Summary

INTRODUCTION

This report presents the findings of a year-long research project that investigated the%cffecttveness of
municipal solid waste (MSW) landfills in controlling releases of heavy metals to the envis onment,

In recent years, there has been a growing movement to ban certain products from d‘ sposal in MSW
landfills due to the concern over the potential release of heavy metals contained in these products to the
environment. In response, the SWANA Applzed Research Foundation’s Disposal Group felt that there
was a need to summarize and document what is known concerning the actual envlronmenéal releases of
heavy metals associated with the landﬁll disposal of these products.

The purpose of this report is to ‘provide up-to-date scientific and technical mfonnatxtgm regarding the
sffectiveness of MSW iandﬁiis ‘in controlling releases of heavy metals to the envaronment due to the
disposing of products containing heavy metals in MSW landfills. This report presents data findings, and
conclusions based on a comprehensive review of the published
literature and ongomg research re}ated to this topic.

HEAVY METALS IN MUN!GIPAL SOLID WASTE

Heavy metals are metallic elements with relatively high atomic weights
that are used im a variety of consumer products and industrial
processes. At trace levels, many of these elements are necessary to
support life. However, at elevated levels they become toxic and
become a significant health hazard.

“RCRA heavy metals” are those metals and metalioids for which
specific groundwater limits are established in the “Resource Recovery
and Conservation Act” (RCRA), which was enacted in 1976 to address the management and disposal of
municipal and industrial solid wastes, RCRA heavy metals, which include arsenic, banum, cadmium,
chromium, lead, mercury, se}em;}m, and silver, are the focus of this report. .

As indicated in Table ES-1, 1t appears that about 130,200 tons per year of RCRA h{:avy metals were
disposed in MSW landfills in the U.S. in the year 2000. This tonnage represents 0.08% of the 162 million
tons of MSW that were disposed-in that year. Lead represents the major fraction (97, 6%) of the RCRA
heavy metals being disposed of in M‘SW landfills on an annual basis, fciiowed by cadrmum (2.1%}) and
mercury (0.3%). :

The available data indicates that the r@izéive fractions of

Table E5-1 ' products containing heavy metals in the waste stream are
Tonnage Estimates for Three Heavy Metals changing. For example, the contribution of lead-acid
Disposed in MSW Landfills in 2000 batteries used in automobiles to the levelsiof lead in MSW

appears to be declining, while lead contributions from
discarded consumer electronics appear to be increasing.

Heavy Metal I Tons/Year l Percent |

Lead 127,108 97.6 | The available data also indicate that, dbS};}ltB the dramatic.
Cadrmiom P increase in the disposal of discarded consuumer electronics
L : in recent years, the tonnages of heavy metals being
Mercury R4 0.3 | disposed in MSW landfills have decreased over the last 15
Total 130,171 100,0 | Years due primarily to the recycling of lead-acid batteries.

Disposal of Heavy Meral Products in MSW Landfills 1 : Muarch 2004



Executive Summary

' HEAVY METALS IN MSW LANDFILL LEACHATE )

The concentrations of heavy metals in leachate vary
over a wide range, dependmg on a number of
factors, including waste composition, landfill age,
and moisture a\uulabﬂi{y

On average, heavy matal concentrauons in leachate
have been reported i I{L numerous recent studies to be
relatively low.

For example, a dmtt database has been developed
for the U.S. Environmental Protection Agency
(EPA) entitled “LEACH 20000 that inclndes
leachate data. from Qver 200 MSW landfills. As
shown in Table ES-2, the mean concentrations of the
RCRA heavy metals: are relatively low, averaging
less than 1 milligram per liter {or part per million) in

all cases. _
& Table ES-2
g LEACH 2000 Database - Data for MSW Leachate :
Cpetal LN ] % 15 tea a0 seile’” |7 Hedt
ST b .;De!ected )} tmgh) o g (mafl) e Vel . }‘”
Arsenic H 2,444 A 0.020 0.441 100 5
Barium 1,779 . 93.4 0.405 0.866 1700 100 -
Cadmium 2351 315 0.010 00283 “0.078 1
Chromium 2,776 63.0 0.051 0.235 S 0341 5
Lead 2,539 50.2 0.021 0.133 0.250 5
Mercury 2078 180 0.00059 0.00715 00048 § 0.2
Selenium 1,754 182 0.010 0.0585 0180} 1
Siiver 1,830 17.8 0.0113 0.0537 0.056 [ 5

Source: Scienge Applications Intemational Corporation. Characterization and Evaluation of Landiil
Leachate. (Draft). Arlington, VA: EPA, September 2000 (with additions).

{a) Data are from over 200 MSW landfills. *N" refers fo the number of samples from over 200

MSW landfills. The 10% percentile indicates the vaiue at which 10% of the measursments

ara equal o or below the indicated value. Simitarly, for the 90‘” percentile, 90% of the

mﬁasurements fall at or below the indicated value. S

The “Toxicity Charaz:tmsuc Leaching Procedure™ (TCLP) is a federallypresmbcd test used to determine
whether or not a sohd waste should be classified as hazardous. As indicated in Table ES-2, the mean
concentrations of RCRA heavy metals. reported in the LEACH 2000 database for non-hazardous waste
Iandfills are at least' 10 times less than the TCLP regulatory levels. In addition, the “90" Percentile”
leachate values for RCRA heavy metals (values for which 90% of the data pomts are equal to or below)
are all lower than the TCLP regulatory levels.

Dispasal of Heavy Metal Products in MSW Landfills 2 March 2004
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L R R L E
. Eal #)

A 1997 study conducted at the Uz%iversity of Central

Table ES-3 Florida to characterize MSW landfill leachate in Florida
Analysis of Fionda Landfill Leachate found the average concentrations of the RCRA heavy
RS B | metals to be low, * generally on the cardm of micrograms
m ..-;;-.-;7' 4o fu'!ean (mg!i} - per liter” (see Tabie ES 3) :
Banunf: 290 ; 0219 In all, five studxes representmg all tecent published
Cadmium 205 0.00752
- investigations regarding leachate characteristics were
Chromium 409 0.0418 reviewed in this research effort and are summarized in
Lead 268 0.0292 this report. All of these studies concluded that heavy
Mercury 175 0.000696 metal concentrations. in leachate : are, on average,
Selerium 175 0.0197 relatively low. SN
Sitver 137 0.0291 :
The EPA confirmed the ﬁndmgs of recent studies

regarding the low levels of heavy metals in leachate in December 1999 when it pubilshcd final effluent
limitation guidelines, pretreatment standards, and new source performance standards for the landfill’s

point source category. (Effluent limitation guidelines are national regulations that establish restrictions on
the discharge of poliutants to surface waters or to publicly owned treatment works (I?O I'Ws) by specific
categories of industries.)

In establishing final effluent guidelines, the EPA concluded that national pretreatment standards were not
necessary for landfills. The EPA found that POTWs adequately treated pollutants in landfill wastewater
and only a very small quantity of pollutant loads discharged by Eandﬂlls to POTWs afe further discharged
to rivers, streams, or estuaries, Finally, the EPA concluded that wastt‘:water discharges from landfills do
not cause operational problems at POTWs. Based on these ﬁndmgs o pational p treatment standards
were established for RCRA heavy metals or any other pollutants in MSW landfill léacha{e In addition,
the EPA did not establish direct discharge limits for any of the RCRA vy metais for MSW landfill
leachate that is directly discharged to receiving waters following cn~sxte tr : aiment at tﬁ)e fandfiil.

The teasons provided by the EPA for not establishing direct discharge iumts for any Z he RCRA heavy
metals in MSW leachate are presented in Table ES-4.

Table ES-4 '
Subtitle D Non-ﬂazardous Subcategory ~ Median Raw Wastewater Concantrat?ons

' Subﬁtté‘D Municipal Mediaﬁ

_ | .7 Concentration (mg/l)
Arsenic - Not detected at troatebls levels . i
Barium 0.483 No - |-Present in concentrations that are not
©ow ..f;{ikely to cause toxic effects
Cadmium Not detected af treatable lavels No . bin
Chromium 0.028 No .o Present in concetrations that are not
: | likely to cause toyic effects
Chromium {Hexavalent) 0.030 No | Present in conceptrations that are not
_ _ | -likely to cause toxic effects
lead Not detected at treatable levels No Can h =
Mercury Not detected at treatable lavels No
Selenium Not detected at trealable lsvels No
Silver Noi delected at treatable lovels No
Source; EPA. Development Document for Final Effluent Limitations, Guidelines, and Standards for ths Landfills Point Source
Cateqory. (EPA-821-R-88-019), Washington, BC: Cflice of Water, January 2000. g
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The mean concemra:mns reported for MSW landfills in the LEACH, 2{)0{} database are also compared

with two national standards in Table ES-3, as described below.

EPA Groundwater MCLs ~ The EPA has established “Maxi umf(,ontanunant Levels” (MCLs)
for allowable concentrations of RCRA. heavy metals in groun&wmer for MSW landfills that are
designed with alternative liner systems. In comparison to these ) CLs, the LEACH 2000 mean
concentratiois for RCRA heavy metals are all less than 10 -fl.hlgher than their respective
MCL limits. In the case of barium, the mean concentration is shown to be less than the MCL
established for bartum. The MCL is measured at the “rclevant’ pomt of compliance” (ie., a
location thatis required to be no more than 150 meters (164 yards} from the waste management
urnit boundary) The EPA established the MCL limits by assuming that the TCLP maximum
concentrations would be “diluted and attenuated” (and therefore iowur&d) by a factor of 100
before reanh’mg the relevant point of comphance Appiymg the same dilution and attenvation
factor (DAF) to the LEACH 2000 mean concentrations, it is apparent'that the RCRA heavy
metals in Eca;hate would most likely be diluted and/or attenuated to comply with their respective
MCLs befors any uncontained and/or uncollected landfill leachate reached the relevant point of
compliance. .

‘ Tahle ES-5 .
Cﬁmparisun of RCRA Heavy Metal Leachate Concen!rat;ons Wﬁh Other Relevant Standards

Lench 2000 1 EPA Nataanal anary chggsg;ﬁg?"
Database |- Drinking Water Standardst | Maxi::lum' Cont. Level?
{mgfl} Maximum Cont_, evet {imgliy b e
. {magll}
Arsenic o4 | 0.05 | 0.08
Bariu;fl . 0,866 PR ot | 1
Cadmium 0.0283 ooos T 0.01
Chromum? 0.235 0.1 0.05
Lead ! 0133 0.015 T 0.05
Mercuty | 0.00715 0.002 0.002
Selenjum 0.0585 0.05 0.01
Silver;j 00537 N/A 0.05
+ U5, EPA. List of Drinking Water Contaminants and MCLs. “fivww.eap.gov/satewater/mel.html)
2 z - U.8. EPA. Solid Waste Disposa! Facility Criteria ~ “?echmcal Manua! {EFAS30-R-83-017).
. Washington: EPA, Nov 1993, ;
8. The Groundwater MCL. standard is for hexavalent shromium

U.s. Drmkmg Water Standards — The U.S. primary drmkmg water standards are among the
highest standards for water purity in the world. Table ES-5 compares the mean RCRA heavy
metal coac&mratxons in leachate (collected at the bottom of MSW: landfills) to the primary
drinking water standards which are required to be met “at the tap” by pubhc water supply systems
in the U.S. It is noteworthy that all of the LEACH 2000 average concentrations for RCRA heavy
metals are jess than 10 times higher than the drinking water standard's established for these
metals. In addition, the mean concentration for barium (0.866 mg/l).is less than the drinking
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water standard for barium (2 mg/l}, while the mean concentration for selenium?(().OSSS mg/h) is
only slightly higher than the drmkmg water standard for selenium (0.05 mg/l) '

Under the current regulatory fmmework for water pollution control, a local government can establish
prefreatment standards, based on local conditions, for industrial wastewaters such as landfill leachate that
are discharged for treatment to a local POTW. The objectives of local pretreatment standards are to
prevent pass-through of pollutants to réceiving water bodies, interference with treatment: piant operations,
and to improve opportunities to recycle and reclatm wastewater and sludges.

The pretreatment standards for RCRA heavy metals established by four counties located in diffcrcnt parts
of the U.S. are presented in Table ES-6. As indicated, the average RCRA heavy metal concentrations
reported in the LEACH 2000 database are lower than the pretreatment standards established by two of the
four counties. However, in one county (Broward County, ¥L} leachate pretreatment woqld be required to
meet local pretreatment standards for arsenic, while in another county (Henrico Coun;y, VA) Jeachate
pretreatment would be required to mect local standards for mercury. Tt is clear that, inithese two cases,
leachate pretreatment would be required to meet the relatively stringent local pretreatment standards set
by these counlies. :

Table ES-6 | ;é
Comparison of RCRA Heavy Metat Leachate Concentrations Wiih Local Govemment Pretreainﬁent Standards

LE ACH s ‘ .- Local Government Pretreatment Stanciards :
Méta'i ‘ 2000. . | Emwérd {L'oun ¥ “Camden cﬁ?&ﬁ?ﬁ Henrico Caunty, vas | King County. WA?

Database | . maximum: ¢ Max. Daily A Max. Daity

- (mgh} -Concentration {mg/l) | Concentration {(mg/i) Concentratwn {mg]l)
Arsenic D441 01 | 1 NiA “ 1
Barium 0.886 N/A N/A NIA NIA
Cadmium 0.0283 0.7 0.04 023 05
Chromiumn 0.235 1 2 275 275
Lead 0.133 0.4 0.3 0.44 2
Mercury 0.00715 0.1 o0 0.0031 0.1
Belenium 0.0585 WA N/A NIA ; N/A
Silver 0.0537 0.35 NIA 158 1

Notes: 1 Broward County, Fi, Office of Enviranmental Services. Discharge Limits.
(hitpy/Asww. broward oro/oes/oei0 1000.ktm. 12/8/03 >
2 Camden County, NJ, Municipal Utilities Authority. Sewer Use Ordinance Industrial Pretreaimen Hutes and
Regulations). hitp:/fiwww.comua.orgfipplableihtm]. 12/8/2003
Henrico County, VA, Excerpt from Henrico County Code Recodified as Tille 23 (Amended Aucmst 13,1897,
King County, WA, Wastewater Treatment Division. King County Local Limits. .

o e

(nitp://dnfr.metroke/goviwlriidwasteflocakhtm

In summary, based on database and research data representing thousands of samples from hundreds of
MSW landfills, the average concentrations of RCRA heavy metals in MSW landfill leachate were found
to be significantly lower than the TCLP regulatory levels. The average RCRA heavy metal concentrations
in MSW leachate were in compliance with the final effluent limitation guidelines ‘and the national
pretreatment standards set by the EPA in 1999 for the landfili's point source category. - When compared
with drinking water standards (i.c., water purity standards at the tap), average concentrations for RCRA
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heavy metals in leachate (from the bottom of an MSW landfill) were found to be less than 10 times higher
than the drinking water standards and, for one metal, were found to meet drinking waler standards.
Finally, average RCRA heavy metal leachate concentrations were found to meet local pretreatment
standards without leachate treatment except in cases where stringent pretreatment standards had been
established for specific metals. S

Attenuating mechanisms in MSW landfills that limit the leaching of RCRA heavy metals include the
formation of relatively insoluble heavy metal precipitates due to the presence of sulfide, carbonate, and
hydroxide ions and the adsorption and/or absorption of the heavy metals within the waste mass.

Theoretically, RCRA heavy metal concentrations in feachate could increase over very long periods of
time following the closure of a landfill if the landfill liner systems are breached and air re-enters the
landfill, enabling aerobic decomposition processes to be reinitiated. This scenario would require the
restoration and sustdinment of a viable aerobic microbial consortium, with continuing availability of
oxygen and nutrients. Computer modeling, and limited laboratory investigations, regarding this long-term
risk have indicated that mobilization of heavy metals from closed landfills, if it does occur, is not likely to
occur within a very long timeframe.

HeavY METALS m MSW LANDFILL GAS

Data from recent axfijd historical studies of landfill gas indicate that the quantities of heavy metals in

landfill gas are also gelatively low. For example, as indicated in Table ES-7, in a study conducted at the
Central Solid Wast¢ Management Center Landfill of the Delaware Solid “Waste Authority, mercury

concentrations were, found in the nanograms per cubic meter range (ig, Pbi}flfonths of grams per cubic
meter). : ‘ R

‘
¥

The same attenuutinig mechanisms that limit the leaching of heavy metals in landfills—including reducing
conditions, neutral pH, and presence of sulfides—also limit the release of significant gas phase metals
(including metallic or methylated mercury). In addition, the low vapor pressures for all metals except
mercury are also limiting factors.

i Table ES-7 The low quantities of heavy metals contained

Sampiing Results !aj% the initial Mercury Sampling Campaign in landfill gas are evidenced by the fact that,

in its issuance of “National Erission
Condug ted at the CSWHC Laadﬁl ’ Standards for Toxic Air Pollutants” for MSW
e Bnnoo e | Measured Concentrations landfills in January 2003, the EPA did not
Type of Gaséous | “Nanograms Per Cubic i No B cstablish standards for any of the RCRA
o Mercury o - Meter {ng/ms) ' heavy metals. '
Total Gaseous Mercury 408 376440 2 There is evidence-of the existence of gaseous
(TGM) : mercury in LFGin the range of micrograms
Dimethyl Mercury - 381 27 4.38.9 3 per cubic meéter’- In addition, recent studies
{DMM) have identified both monomethyl mercury and
Monomethyl Mercury 1.008 1 041- 3 dimethy! mercury as being constituents of the
(MMM) | 1.333 total gaseous mercury in LFG.
< Fro i . inai i e g . .
Soucs: FonlrGoeoron e Dolmostog oo sl a6 | The rltive amount of mercury eited o
Management Center forthe Delaware Solid Waste Authority. {Draft the air by MSW landfills is also very low
Report). Febnsary 2008 when compared to the amounts of mercury

emitted from other sources. In 1997, as
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required by the Clean Air Act Amendmems of 1990, the EPA issued a report to Congress referred to as
the “Mercury Study:?” This e:ght—voiumc, study provides an inventory of mercury emissions to the air
from a numnber of sources related to human activity.

As indicated in Table ES-8, the EPA estimated that, in 199495, landfilis emitted a tolai -of 70 kilograms
of mercury to the atmosphere. This quantity represented less than 0.1% of the total amonnt emitted from
all source categories.

Table ES-8 The New  Jersey ﬁapartment of

Best Point Estimates of 19941895 Mercury Environmental Protection also convened a
Emission Rates in the U.5. Mercury Task Force in 1998 that addressed

HErcury sources.

) = - 1984-95 Percent of Total
Source of ' Inventory

Based on source-specific déta collected for

Mercury , :
_ v ‘| “Subtotal : CTACCIEE IR EI the late 1990s to 2001, the Task Force

Area Sources estimated that 2,043 kilograms of mercury are
Landilis o T emitted fo the air on an annual basis in New
: Jersey. Of this amount, the Task Force
Point Sources 000 -+ 97.8% | estimated that 14 kilogramis per year are
Combustion 125,300 Cooah o BT.0% emitted from New Jersey landfills, This
Manufacturing 14,400 S i0.0% represents 0.7% of tota} mercury  air
Miscellaneous 1,300 b 08% emissions for the state.
Total 144,100 100% | The Task Force also addressed the issue of
Scurce: EPA. Mercury Study - Report to Congress. Yolume 1~ dimethyl mercury in ils ¢onsideration of
Execufive Summary. EPA-452/R-97-003). Research Triangle mercury emissions from landfills. Assuming
Park, NC: EPA, December 1997, a rate of 50 nanograms of dimethyl mercury

per cubic meter of LFG that was measured in
a recent study, the Task Force also estimated that apprommately 85 grams of dimethyl mercury could be
emitted each year from New Jersey landfills>  The Task Force called this amount ‘“relativety
insignificant.” .

EFFECTIVENESS OF LANDFILL POLLUTION CONTROL SYSTEMS

Landfill liner systems substantially prevent the
leaking of leachate from the:landfill to the land
upon which the landfill is constructed. Based on
recent investigations, these liners -appear to have a
“half life” (i.e., a timeframe during which a 50%
change in the rmtf:,rzai propertiés of the liner
occurs) of 970 years.” Thercfore, the integrity of
the liner system can be expected to last through the
timeframe when significant quantities of leachate
are being generated.

Due to the effectiveness of the landfill liner systems that have been constructed with good quality
assurance programs, it appears that 99% or more of the leachate generated in MSW fandfills is collected
and treated. '

For landfills equipped with LFEG collection and control systems, the combustion of gas in landfill flares or
energy recovery technologies.enables the conversion of methylated mercury (and other methylated metal
compounds) to elemental metal forms which, at least in the case of mercury, are much less hazardous.
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OVERALL CONCLUSIONS

Based on a review: of recent studies and published literature, it is concluded that MSW landfills can
provide for the safe, efficient, and long-term management of disposed products containing RCRA heavy
metals without exceeding limits that have been established to protect public health and the environment,
MSW landfills should contain the releases of RCRA heavy metal pollutants at levels that protect public
health and the environment for extremely long periods of time if not forever.

As is evident from its organizational goals and policies, SWANA endorses and actively promotes the
irnplementation of economically and environmentally sound waste reduction and recycling programs for
products containing heavy metals. However, as evidenced in this report, modern MSW landfilis can
provide an effective “safety net,” as well as an environmentally sound means of disposal, for those
products containing heavy metals that are not diverted through waste reduction and recycling programs.
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1.1 OVERVIEW

This report presents the findings oi‘ a year-long research project that investigated thc?"effectweness of
municipal solid waste (MSW) landfills in controlling releases of heavy metals to the emnronment due o
the disposal of heavy metal products in MSW landfills.

In recent years, there has been a growing movement to ban certain products from dlsposal n MSW
landfills due to the concern over the potential release of heavy metals contained in thes¢ products to the
environment. In response, the SWANA Applied Research Foundation’s Disposal Grot":p felt that there
was a4 need to summarize and document what is known concerning actual envirommental releases
associated with the landfill disposal of these products. Statements published in recent publications frame
the issue being faced by local govermnment solid waste managers regarding the dxspeaal of products
containing heavy metals as follows: _s

“Because of the high lead content, CRT glass should not be disposed of in the: trask or
municipal Iandf s * (empham added).

“There are hazardous maienals such as lead, mercury, and hexavalent chrommm, m
circuit boards, batteries, and color cathode ray tubes... I improperly handled, these
toxics can be released into the environment through incinerator ash or: landfill
feachate.” * (emphasis added).

The SWANA Applied Research staff addressed this issue through the development {}f four technical
memoranda, as presented in Table 1. These technical memoranda are summarized in this report.

Tabie 1

Technical Memoranda Developed to Address the Issue of the Etectiveness of M§W
Langiﬁ!ls in Controliing Releases of Heavy Metals to the Environment

Th No. 1 Heavy Metals in Municipal Sofid Waste 1

TH No, 2 Heayy Metals in Landfill Leachate

TMNo. 3 Heavy Metals in Landfill Gas .

TMNo. 4 Efiectiveness of Landfill Environmental Protection Systems in Prever’itmg
Reieases of Heavy Metals to the Environment

1.2 THE SWANA APFLIﬁD RESEARCH FOUNDATION

The Solid Waste Association of North America (SWANA) was founded in 1961 to exchange ideas and
foster profess;ondiism and education in the field of MSW management. With over 7,000 members and 46
chapters in the United States and Canada, SWANA continues its mission to educ:ue solid waste
professionals.

In 2001, the SWANA Applied Research Foundation was formed through the vision and commitment of a
group of founding subscriber organizations. The primary goal of the SWANA Applied Research
Foundation is to advance the state-of-the-art of MSW management through the conduct of applied
research on collectively dcﬁned topics that directly benefit Foundation subscribers.

The SWANA Applied Research F oundation is being conducted as a pilot program of SWANA Mr. N.C.
Vasuki, PE, DEE, Executweb;ma(or of the Delaware Solid Waste Authority, chairs the Foundation’s
Development Committee. The members of the Committee are presented in Table 2.
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Table 2
- The SWANA Applied Research Foundation Development Committee

Mr. ,Vasuki, Chairperson | Executive Director, Delaware Solid Waste "Autho;ity

Mr. Johéx Hadfield Executive Director, Southeastern Public Sarvice Authority
M. I\éic%ae! Long ' Executive Directar, Solid Waste Authority of Central Ohio
Wir. Coi%t Covington General Manager, Three Fivers Solid Waste Authority

The SWANA Applied Research Foundation (ARF) is managed by Jeremy K. O'Brien, P.E., SWANA’s
Director of Applied Research.

1.3 THE SWA%NA ARE DiSPOSAL GROUP

In the second year of the SWANA ARF, a total of 19 local governments and other organizations
participated in the SWANA ARF Disposal Group as Foundation Subscr ibers.

Each of these local: govemments and organizations contributed a penny a ton” of waste managed by their
organizations toward the funding of collective applied research in the area of MSW disposal. A listing of
the 19 Disposal Gmup Subscribers is provided in Table 3.

in Year 2 of the ARF research program (September 2002 - August 2003), representauvcs from each of
these subscribers voted 1o select, as their top research priority, the need to document the state-of-the-
knowledge regardmg the environmental releases associated with dzsposmg ot products containing heavy
metals in MSW Imdﬁ}is

1.4  ABOUT THIS REPORT

The purpose of thig report is to provide current information regarding the effectiveness of MSW landfills
in controlling releases of heavy metals to the environment due to the disposing of products containing
heavy metals. This: report presents data, findings, and conclusions based on a comprehensive review of
the literature and ofigoing research related to this topic.

The need to docur_ﬁ:cnt the state-of-the-knowledge regarding the environmental releases associated with
the disposal of products containing heavy metals grew in response to a number of relatively recent
developments, including:

o A 51gn1ﬁcant increase in the tonnage of discarded consumer electromcs (DCE) being disposed in
MSW landﬁlls

s The growmg awareness that DCE wastes contained significant quant'ities of heavy metals.

e The conceifn that the disposal of increased quantities of DCE wastes in municipal solid waste
landfills weuld result in significant negative envirommnental lmpacts .

The presentation of this information does not imply that SWANA favors the landfill disposal of these and
other products coptaining heavy metals over other solid waste management options such as waste
reduction and recycling. SWANA’s mission is to advance the practice of environmentally and
economically sound municipal solid waste management in North America. SWANA’s technical policies

§
H
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include the endorsement and active support of solid waste reduction and recycling ﬁmgmms as key
efcments of integrated solid waste management systems. Rather, this information is presented to provide
insights regarding the environmental releases of heavy metals associated with the landﬁlf disposal of
those products containing: heavy metals that, for historical, economic, or other rcason$, have not been
diverted through waste reductton or recycling programs.

This report was prepared by Jeremy O'Brien, P.E., SWANA's Director of Applied Research Mr. O’Brien
holds a Master's Degree in Urban and Environmental Engineering from Duke Umversny and has over 23
years of experience in the field of solid waste management. .

To provide an 111de:pendent rcvxew of the research findings and conclusions presentcd in this report,
SWANA engaged the services of Dr. Frederick Pohland. Dr. Pohland was the Weidlmn Chair of
Environmental Engineering in the Department of Civil and Environmental Engineering at the University
of Pittsburgh. e served as Editor of the IWA Water Research Journal and was a past;, President of the
American Academy of Environmental Engineers and recipient of its Kappe and I’aar Awards. Dr.
Pohland was a member of the National Academy of Engineering, and was the rccxp;cnﬁ of an Honorary
Degree of Doctor of Science from Valparaiso University. Dr. Pohland received his Ph.DD. in
Environmental Engincering from Purdue University in 1961. To the great loss ofzfamxly, friends,
colleagues and the environmental protection community, Dr. Pobland passed away on Janvary 9, 2004,

Additional comments and guidzmce were provided by the representatives of the A‘i’)plied Research
Foundation’s Disposal Group listed in Table 3. Draft copies of each of the technical memjoranda prepared
during the project were submitted to the Group for review and comments. In addmom two Subscriber
review meetings were held in conjunction with SWANA conferences to provide an; 0pportumty for
interpersonal feedback and group d1scussmns .

Finally, this report has been subgectcd to an outside peer review by an independent panel compnsed of the
leading academicians and rc‘;earchers in this field:

*  Dr. Debra R. Reinhart, Chaxr Civil and Envxronm&ntai Engineering Department and Professor
and Agsociate Dean, C‘ollege of Engineering and Computer Science, University o“f Central Florida

s

»  Dr. Morton A. Barlaz, Professor and Associate Head, Department of Civil, Constmctmn and
Environmental Engineering, North Carolina State University

» Dr. Timothy G. Townsend, Asscciate Professor, Department of Environmental Engmeenng
Sciences, University of Florida. ;

The report was suhsequently revised to respond to the questions and comments raised thmugh the peer
review process.
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| _ Table 3 o
SWANA Applied Research Foundation - Year 2 Disposal Group Subscribers

% Jurisdiction/Qrganization . - Name ‘ CTie

Delaware Solid W%éste Authority N.C. Vasuki Chief Executive Officer
Delaware Gounty iPA) Soiid Waste Authority Joseph Vasturia Chief Executive Officer
Greenville Ccumy,é sC Marcia Papin Sofid Waste Disposal Manager
Kent County (M1) f)epartment of Public Works Douglas Wood Director of Solid Waste Operations
“King County Soﬁtij_Waste Division Hodney Hansen Division Manager
Lancaster-CountyiSoEié Waste Management Authority | James Wamer Executive Direclor
Lewis and Clark Gounty, Montana Wil Selser ; Solid Waste Services Manager
Los Angeles Couf?tty Sanitation Districts John Gulledge . '} Pepariment Head
Maryland Environinental Services James Pack ol Diector L
Metro Waste Aut[;erity {Des Moines, 1A} Jefirey Dworek Dirgctor of Operations
Monterey Regiorifgl Solid Waste Management District | David Myers General Manager
New River Solid Waste Association Darrell O'Neal Execufive.Director
Sheridan, Wyoming - Alan Cummins Solid Waste Manager
Solid Waste Authority of Central Ohio Michael Long Executive Director i
Salid Waste Authority of Palm Beach County, FL Mark Hammond Managing Director
Southeastern Public Service Authority Daniel Miles Director of Operations | ==
8C8 Engineers,a}ac. Robert Gardner | Senior Vice President
Three Rivers Soﬁd Waste Authority (Aiken, SC) Colin Covinglon General Manager
Waste Management, Inc. John Baker Director, New Technology
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T
2.1 INTRODUCTION

The disposal of products containing heavy metals in MSW landfills is currently permittedﬁ under federal
regulations if these products are generated by households or by businesses in small quantities.
Alternatively, if products containing heavy metals are generated by businesses or industries in large
quantities, they may be prohibited from disposal in MSW landfills if they “fail” a test called the “Toxicity
Characteristic Leaching Procedure™ (TCLP). ;

The policies and practices that botly allow and restrict the disposal of products containing heavy metals in
MSW landfills have been established through federal regulations that have been supplemented, in some
cases, by state and local laws and regulations. The purpose of this section is to present background
information on the federal and state laws and regulations that address the disposal of municipal solid
waste in order to establish the context for the issue addressed in this report. :

2.2 NSW DisPOSAL REGULATIONS

Municipal solid waste is non-hazardous solid waste that is generated by the residents, businesses,
institutions, and industries in a community. MSW that is not incinerated or diverted through recycling or
composting programs is disposed of in MSW landfills. :

In the United States, the disposal of MSW is regulated under the federal Resource Conservation and
Recovery Act (RCRA), which. was enacted in 1976 to address the huge volumes of municipal and
industrial solid waste generated nationwide. Two of RCRA’s goals are to protect human health and the
environment from the hazards posed by waste disposal and to ensure that wastes are imanaged in an

~ eavironmentally safe manner. Since its enactment in 1976, RCRA has been amended several times, most

significantly by the Hazardous and Solid Waste Amendments of 1984.

The “Subtitle D" section of RCRA addresses municipal solid waste, which is generated by businesses and
households and which is typically collected and disposed in MSW landfills, The Subtitle D program
includes technical criteria for MSW landfills to ensure that such landfills will be fully protective of human
health and the environment.’

Federal RCRA MSW landfill regulations are codified in Part 258 of Title 40 of the Code of Federal
Regulations (CFR). These regulations, which are often referred to as “Subtitle D” regulations and which
were promulgated by the U.S, Environmenta! Protection Agency (EPA) in 1991, are implemented by
states and territories that have landfill regulatory programs that have been approved by the EPA. (Forty-
nine of the 50 statcs have approved programs). ‘

The federal MSW disposal regulations establish a cost-effective and practical system for managing the
nation's waste by “specifying safe design and management practices that will prevent releases of
contaminants into the gmuudwa_&@n\,’_’ﬁ ;

Leachate is defined as liquid that has passed through or emerged from solid waste and gcontains soluble,
suspended, or miscible materials removed from the waste. Leachate is formed as precipitation or other
water percolates through the jandfill and collects contaminants, such as heavy metals, that are leached
from the waste andfor are produced during the waste decomposition process. The federal MSW
regulations require that leachate be collected and treated both during the active life of the landfill, as well
as during the landfil’s post-closure period, which is expected to last for a minimum of 30 years following
the closure of the landfill. ?
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The Federal Subtitfe D regulations require that MSW landfills meet minimum design or performance
standards, The regulations allow for landfill owners and operators to implement either a “standard”
Tandfill liner system or a liner system that incorporates a performance-based design.

221

2.2.2

STANDARD LANDFILL LINER SYSTEMS

The dt:sigri requirements for a “standard composite liner. system” include the following
compom,nts (from top 1o bottom): S

e A leachate collection and removal system that limits; the depth of the leachate that is
allqwcd to remain on the top of the composite liner to. }_2 inches.

« A “geomembrane” that serves as the upper component of the composite liner.
{Géomembranes are thin factory-manufactured plastic sheets that are widely used as
hydraulic barriers due to their non-porous structure, flexibility, and ease of installation.)
If the geomembrane is made of high-density polyethylene (HDPE), it must be at least
0.06 inches thick.

« A 24-Ench thick compacted clay liner (CCL) that serves as the lower component of the
composite liner.

The composite liner system has been found to pr. ovide an effective hydraulic barrier because it
combines the complementary properties of two different materials into one systerm: 1) compacted
soil with & low hydraulic conductivity, and 2) a geomembrane. The EPA acknowledges that
geomcmbmnas may contain defects that are caused during the manufacturing or construction
Processes, These defects may include tears, improperly boacicd seams, and pinholes.

The basic prcxmse behind requiring the use of composite lmers m MEW iandﬁ}ls is that Jeakage
that may occur through a hole or defect in the geomembrane is 1mpcdcd from escaping from the
liner systém by the presence of the compacted clay liner comstructed underneath the

' gcomembrhne Due to their superior performance, composite liners have been incorporated into

minimwm federal requirements for both MSW and hazardous wasie fandfills, and they are being
mcreasmgly used in a wide variety of waste containments systems.”

In effect, the standard compos1te liner system required by EPA forms a relatively impermeable
barrier that substantially prevents the leachate that is produced from escaping from the landfill
and secpm__g into the groundwater below the Iandfll

LiNER SYSTgms INCORPORATING PERFORMANCE-BASED DESIGNS

Owners arid operators of MSW landfills have the option of proposing a performance-based design
for the langdfill’s liner system, provided that certain criteria can be met. Specifically, the landfill
owner or operator must demonstrate that the liner system design will not allow certain pollutants
to exceed their “Maximum Contaminant Levels (MCLs)” at the *relevant point of compliance.”

The demonstration involves an assessment of the potential for Jeachate production and leakage
from the landfill to the groundwater and the anticipated fate'and transport of leachate pollutants to
relevant point of compliance, The relevant point of compliance is required to be no more than
150 meters (164 vards) from the waste management unit baunddry and must be Jocated on the
land owned by the landfili owner.

Among thg:t pollutants for which MCL compliance must be demonstrated arc eight heavy metals,
which are:listed in Table 4 along with their respective MCL limits.. These eight heavy metals
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(which are actually six heavy metals and two metalloids) are referred to throughout this report as

the “RCRA heavy metals.” -
Table 4
" RCRA Heavy Metal Regulatory Limits 5
Lt Chemicat | Groundwater Maximum TCLP Regulatory Levels
; Contaminant Levels {NCLs) - (mgly
Y Mibigrams per Liter {mgft)
Arsenic 0.05
Barium 1.0 00
Cadmium 0.01
Chromium (hexavalent) 0.058 ]
f.ead 0.05
Mercury 0.002 4.2
Selenium 0.0t ' 1
Sitver 0.0% 5

It should be noted that the federal standards established by the EPA for both the standard
composite liner and performance-based liner systems are minimum standards thdt must be met for

all MSW landfills. Under RCRA, states are required to incorporate these minimum standards into
the design requirements they establish for MSW landfills permitted in their jurisdictions.
However, states are free to adopt standards that are more stringent than the fg:deral Subtitle D
standards. For example, New York State requires that MSW landfills have double composite liner
systems rather than the single composite liner system required under feﬁcrai Subtitle D
regulations. .

2.3 DiSPOSAL OF HOUSEHOLD HAZARDOUS WASTES AND CONDITIONALi,.Y-EXEMPT

SMALL QUANTIT‘Y GENERATOR WASTES IN MSW LANDFILLS

Federal RCRA regulations pl‘bhlbit MSW landfills from disposing of hazardous wastes, As used by EPA,
the term “hazardous waste™ has a very specific legal definition. As defined in Part 261 of Title 40 of the
Code of Federal Regulations, a waste is hazardous it

 ltis listed as a hazardow; waste (listed hazardous wastes are specifically 1clemzﬁed in 40 CFR
261, Part D). .

o It is mixed with or derived fx{om a hazardous waste as defined by EPA.
o It is not excluded from the hazardous waste definition.

s It possesses any one of four characteristics described in 40 CFR 261, Subpart C‘ 1} ignitability; i)
corrosivity; iii) reactivity; or (iv) toxicity as determined by the Toxicity Charas::terl‘;txc Leaching
Procedure (TCLP).

Some categories of wastes, such as household waste, are specifically excluded by RCRA from the
definition of hazardous waste even though these wastes may contain small amounts of hazardous waste.
For example, it is Lormnoniy known that household waste contains small amounts of hazardous waste”

(FIHW), which includes products such as paints, cleaners, oils, batteries, and pesticides that are discarded
by residents and that contain potentially hazardous ingredients.
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Discarded producté andfor materials containing heavy metals that aré generated by households are not
classified as hazardous wastes under federal regulations even if they fail the TCLP. It should be noted,
however, that at least one state (California) has not adopted the RCRA hsusehold waste exclusion.

Similarly, RCRA al]ows for the disposai of small amounts of hamrdous wastes generated by businesses
or industries. These waste generators, referred to in RCRA as “Condmonaily Exempt Small Quantity
Generators (CESQGs), can dispose of the hazardous waste they generate-in an MSW landfill if they
produce less than 100 kg (220 pounds) per month of hazardous waste. vy

The regulatory ianguage contained in the Code of Federal Regulations that dddresses these exemptions is
presented in Table 5.

Table 5
Regulatory Language Regarding HHW and CESQG Exemptions from Hazardous Waste Classification

Reguiaied hazardous waste means a solid waste that is a hazardous waste, as defined in 40CFR
£61.3, that is not exciuded from regulation as a hazardous waste under 40 CFR 261.4{b) or was not
gene;'ated by a CESQG as defined in 261.5 of this title :

261.4(b) Seﬁd wasies which are not hazardous wastes. The following solid wastes are not hazardous
wasies

261.3

(i )Househo%d waste, including household waste that has been vol Eected transpanaé storad,
! treated, disposed, recovered, or reused . .

261.5 Spemal requirements for hazardous waste generated by CESQGS

{a} A generator is a CESQIG In a calendar monith it It generates no more than 100 kilograms of
hazardous waste in that month.

The EPA estimar.csf?that in 2000, about 1.6 million tons of HHW were generated, representing about 0.7%
of the 232 million tons of MSW generated that year.” There is no question that many HHW products
would “fail” the TCLP and therefore be classified as hazardous wastes due to their toxicity. However,
when promulgating the RCRA Subtitle D regulations, the EPA allowed for the disposal of HHW in MSW
landfills due to the relatively small percentage of HHW in the MSW stream. Therefore, in effect,
products containing heavy metals, such as lead acid batteries and discarded consumer electronics, have

been permitted to be disposed of in MSW landfills since the promulgation of the Subtitle D regulations in -

1991, if these products are discarded by the residents and CESQG businesses in a community. (As noted
above, at least one state has not adopted the HHW exclusion.)

The following exar_pple illustrates this point. In 1989, the EPA published a report entitled Characterization
of Products Containing Lead and Cadmium in Municipal Solid Waste in the United States, 1970 to 2000.
Sources of lead in MSW over the period 1970 to 2000 are presented in Table 6.

As indicated, the EPA anticipated the presence of products containing heavy metals, such as lead-acid
batteries and discarded consumer electronics, in the MSW disposal stream both before and after the
promulgation of the federal Subtitle D regulations in 1991,
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Table 6 :
Lead in Products Discarded in MSW, 1970 to 2000 {In Short Tons) g

1970 | 1986 | 2000 Tonnage Percentage (By Weight)

Lead-acid batteries 83825 § 138,043 | 181,545 Increasing _fariable

Consumer electronics | 12,233 " - 58536 | 85,032 Increasing E{%creasing

Giass and ceramics 3,465 | 7,956 8,910 Increasing increasiné; stable after 1986

Plastics 1,613 3,577 3228 | Increasing; decreasing after 1986 foirly stable

Soidered cans 24,117 | 2,052 787 Decreasing Dacreasing

Pigments 27,020 | 1,431 | 682 Decreasing Q;'ecrea'sing

All others 12,567 2 5371‘_; 1o Decreasing Eiecreasing

Totals 164,840 | 213,652 | 281,887

Source: EPA Office of Solid Waste. Characlerization of Products Containing Lead and Cadmium in Munfﬁgpal Solid Waste in
the United States, 1970 to 2000. (EPA/530-SW-89-015C). Washington: EPA, January 1989,

2.4 THE Toxicivy CHARACTERlSTiC LEACHING PROCEDURE ' e

The “toxicity characterzsuc of a waste is determined, under federal RCRA regulations, by the conduct of
the TCLP.

The TCLP is a batch Icaching test in which 100 grams (0.22 pounds) of waste are piacéd into two liters
(2.1 quarts) of leaching fluid and are leached for a period of 1842 hours. The leaching fluid that is used is
designed to match the worst-case acid conditions that can possibly develop as waste decomposes in a
MSW landfill. Unless the waste being tested is very alkaline, the TCLP leaching fluid consxsts of acetic
acid that is buffered (with sodium hydroxide) to sustain a pH of 4.93+0.03.

To test a solid waste material or product, a small (100 gram) representative sample must be obtained. The
particle size of the sampie: must be small enough to pass through a 9.5-mm (0. 375-inch) sieve. For most
products or materials in the MSW stream, this means that the product or material must be crushed,
shredded, or otherwise reduced in size to meet the TCLP particle size requirements for the sample.

Once the sample and TCLP leaching solution are prepared, they are placed in a contamﬁr that is rotated
for the prescribed leaching period at a speed of 30+2 revolutions per minute.

Following the leaching period, the leachate is analyzed for any or all of the 40 chemicals that can cause
the waste to be characterized as hazardous if they are present in the leachate above regulatory levels. The
TCLP list of regulated chemicals includes the same eight heavy metals for which MCL groundwater
limits are prescribed under Subtitle D regulations for MSW landfills designed with performance-based
liners. These heavy metals are hsted in Table 4, along with the TC regulatory level cstabhahed for each
metal, : :

The TCLP is a required analysxs that must be conducted to determine if a solid waste prodszct or material
should be classificd as “hazardous” under federal regulations. However, the leachate pollutant
concentrations measured by the TCLP are not necessarily indicative of the leachate pollutant
concentrations that can be expected under actual landfill conditions. In this regard, the TCLP was never
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intended to be usedito predict actual leachate pollutant concentration, since it, by definition, represents
“worst-case” (as opposed to average) leaching conditions in a landfill. For example, the pH of the TCLP
leaching solution is 4.9 while the pH of typical landfill leachates is much closer to neutral (i.e., 7.0).

Because of these dszerences the application and use of the TCLP as a meaningful indicator of the
leachability of a waste in a landfill environment has come under scrutiny in recent years. On Pebruary 26,
1699, the EPA’s Science Advisory Board (SAB) Environmental Engineering Committee issued a letter
report asking that the EPA “review and improve EPA’s current waste leachability testing procedure, ie.,
the Toxicity Chalactemsnc Leaching Procedure (TCLP)."™ In June 2003, the SAB's F‘nv;ronmental
Engineering Committee provided a consultation to the EPA’s Office of Solid Waste on improving leach
testing. Ina comn'mmcanon summarizing this meeting, the EPA stated that

“While EPA believes that TCLP remains an appropriate and vahd test in its regulatory
functions, the Agency also believes that leach testing more tailored to known disposal
conditions tan be the basis for better environmental dc<:1510n~makmg when regulatory
programs dﬂow such flexibility.”” !

2.5 CURRENT RESEARCH ACTWITIES RELATING TO THE ‘!‘CLP AND DiISpPOSAL OF
Pnooucm CONTAINING HEAVY METALS

254 mmonucmu

There have been a number of research projects conducted recently that have addressed the issue
of the charﬁicterization of disposed heavy metal products using the TCLP and the significance of
TCLP results regarding the implementation of appropriate management strategies for products
containing beavy metals. .

All of the three research projects described below either have beeh or are being conducied at the
University of Florida in Gainesville. Two of these projects recéived funding' from the Florida
Center fori Solid and Hazardous Waste Management (FCSHWM)-—a state-funded research
orgamzataon devoted to addressing solid waste management issues in the state. The third project
received flmdmg from EPA Regions 4 and S. co

252 FLomDA CEK?ER FOR S0LID AND HAZARDOUS WASTE MANAGEMENT

2.5.2.1 Gkamctenzatmn of Lead Leachability from Cathode Rav Tubes Using the Toxicity
Q}zaractenstzc Leac}zmg Procedure

’I’hls project, which was completed in December 1999, was sponsored by the
FCSHWM and was conducted at the University of Florida’s Department of
Environmental Engineering Sciences.””

{'j;‘athode ray tubes (CRTs) are the display devices used in most televisions and desktop
computers. Using the EPA Toxicity Characteristic Leaching Procedure (TCLP) test,
lead leachability from CRTs was studied. Samples from a total of 36 CRTs were
processed and analyzed. The average lead concentration in the resulting sample
solution was 18.5 mg/l. This concentration is mgmﬁcantly higher than the regulatory
limit of 5.0 mg/l above which a waste would be characterized as hazardous. The major
source of lead was found to be the CRT funuel section, specifically the “frit seal” for
golor CRTs. The sample solution from monochrome CRTs did not exceed the
x;egu}atory limit of 5.0 mg/l, indicating that monochrome CRT's would not be classified
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:
as hazardous wastes under federal re§ulat1ons A peer-reviewed paper was published
presenting the results of this research.’

The study investigators made no inferences, based on the study resu!ts as to whether or
not lead from CRTs would be expected fo leach in a landfill environment. As
discussed further in this report, the differences between the TCLP condltmns and the
landfill env:ronment inciude the following: ‘

. Ledchate pH — The TCLP is conducted with a solution having a pH of 4.9. This
pH represents acidic leachate and aggressive leaching conditions in a langfill.
Leachate characteristics are different for leachate that is gcncrated under
conditions where the pH is at or near neutral (ie., 7).

s Particle Size ~ The TCLP requires that the CRT sample be groémd to a particle
size of 3/8 inches. In a landfill, it is unhkcly that CRTs, even whcn crushed,
would have this average particle size. ;

» Landfill Attenuation Mechanisms - There are a numberj; of attenuation
mechanisms in landfills that would cause lead that leached from a CRT to
precipitate out of the leachate. These mechanisms are discussed in Section 4.4.2.

Asseswnent af True Impacts of E-Waste Disposal in Florida

This pmject is bemg funded by the FCSHWM as a follow-up to the £§§99 project, with
a pmject timeframe of September 2002 through December 2003. Thé purpose of this
project is to, provide data pertammg to the impact of electronic waste ¢ :sposai in MSW
landfills and mcmeratorw in Florida."*

Specific tasks and ob}ect;ves defined for the project include the foilowmg

1. Measure the ‘concentration of heavy metals and brominated ﬂdme retardants
(BFRs) in leachate from simulated landfills that contain knewn amounts of
electronic wastes. i

2. Measure the leachability of heavy metals in several common eiéctronic products
with actual Florida landfill leachates as compared to the leachabﬁxty via the TCLP
extraction fluid.

2

3. Measure concentrations of brominated flame retardants and heavy metais in Florida
landfill leachates. :

4, Usethe results from the above tasks to assess the true impacts c:f? electronic waste
dzspesal m MSW landfills in Florida. -

As of Novembcr 2003, all of the research — with the exception of the mstallatlon of the
simulated landfill columns ~ has been completed. Installation of the stmulated landfill
columns was completed in February 2004, with monitoring scheduled to occur through
the end of 2004 when a final report will be prepared and published.

A paper presentmg the results of the second task — comparing the Eeachmg of metals

from DCE when landfill leachate rather than the TCLP extraction fluid is used as the
leaching medium — has been recently published in a peer-reviewed journdi % In this
task, two common components of DCE — printed wire boards and cathode ray tubes ~
were leached using the TCLP extraction fluid as well as leachates from 11 Florida
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landfills. The results, which are summarized in Table 7, indicated that the lead
concentrations in the leaching solution were significantly lower when MSW leachate
WA‘; nsed as the leaching solution than when the ’XCLP extractxon fluid was used.

The study investigators concluded that the pH of the: !eachmg solution and the ability of
ii;e organic acids (present in the TCLP extraction fluid) to form complexes with the
lead are factors that determine the amount of lead that is leached

The study mvcsugators also concluded that the results of thm mveshgauou indicate that
the leaching of lead from printed wire boards (PWBs) and CR’I‘s will be less than might
bb estimated based on TCLP results.

Table 7
Sun@mary of Leaching Test Procedures and Test Results - CRTs
Parameter - | . TCLPExtractionFluid | MSW Landfill Leachate
pH 4934005 . 7.6°
Acid/Base Used Establish and ControlpH | Aceic  Acid  and: : Sodium | N/A
Hydroxide -
No.of CRTsUsed 30 s 30
Solid to Liquid Ratio 100 @21 RS 100g/2 L
Extraction Period 18+2 hours L 1842 hours
Kvg Lead {Pb} Con. fmg/L} 413 S 4.06

a Average of 11 landfili leachates,

b Source: Jang, Y. and Townsend, T., “Leaching of L.ead from Printéd Wire Boards ang Caihode Ray
Tubes by Municipal Solid Waste Landfill Leachates,” Epvironmental Smenca and Technoloqy {accepted
fm publication}.

EPA r—aecso:és AANDS

2.5.3.1

Toxtcxtv Characteristic Testing of Discarded Electronic Devices

Work is currently underway at the Unwersxty of Florida to determine whether
discarded electronic devices exhibit toxicity characteristics when subjected to the
'ICLP This research is being funded by EPA Regions 4 and 5 as well as the Florida
Center for Solid and Hazardous Waste Management. - The work involves applying the
slandard TCLP as well as two modifications of the TCLP

0 Modified Small Scale TCLP - This method foiiows aii of the requirements of the

~ EPA TCLP protocol (EPA Method 1311) except that the devices being tested are
not size-reduced. It is envisioned that this modified test will be used for smaller
electronic devices such as cellular phones and remote controls.

« Modified Large Scale TCLP - This method has béén developed for larger
- electronic products such as CRTs. The objective is to be able to test the product
:  without having to size-reduce it and test a small sample. A rotating, 55-galion
. drum is used as the test container, The same TCLP extraction fluid is used:
however, the drum is rotated at a lower speed (14 rpm) versus the 30 rpm specified
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in the TCLP procedure. The device is dismantled (versus bemg sxzemreciuced}
hefore bemg placcd in the drum.

A paper presentmg some preliminary results of this research was presented at
SWANA's 2™ Annual Special Waste Symposium (Phoenix, AZ ~ Dec. 4-6, 2002).'¢
Preliminary results indicate that color CRTs will continue to fail the TCLP even when
they are tcsted in a dismantied form (as opposed to size-reduced to a 3/8—mch particle
size). : ;

2.6 ADOPTION OF MORE STRINGENT REGULATIONS BY CERTAIN STATE8;§

|
As discussed above, current federal regulations allow for the disposal of products containing heavy metals
and other hazardous waste in MSW landfills if these products come from residences or are generated by
businesses or industries in relatively small quantities. The federal regulations give stdtes the flexibility to
impose tighter restrictions than are contained in the federal code. ,

Many states have taken ad‘vantage of this option and have, for example, instituted bans prohibiting the
disposal of lead acid batteries in MSW landfills. Two states—Massachusetfs and Cahforma—-uhave
instituted bans prohibiting the disposal of lead-containing cathode ray tubes (CRTs) (x e television and
computer monitor screens) in: MSW tandfills. :

The reasons for the msutuzxon of thesc bans differ. In Massachusetts, the rationale ngev for the ban was
stated as follows: -

“Discarded consumer eiestromcs contain significant quantities of lead, cadmium
mercury and plastics, all of which eventually wind up in landfills or incineratérs if not
recycled. Recognizing the need to stem the tide of computers and televisions destined
for disposal, Massachusetts, on April 1, 2000, became the ﬁrst state in the nation to ban
the disposal of cathode ray tubes (CRT)-containing devices.!” -

In California, the State Department of Toxics and Substance Control (DTSC) issémd a regulatory
“clarification” in 2007 indicating that all lead-containing CRTs were hazardous wastaf; and therefore
could not be disposed in Subtitle D landfills. :

2.7 C.onc;._us:ons* B

Based on this review of backgmund regulatory information regarding the disposal of praducts containing
heavy metals, the fol!owmg r.onclmmns are made: .

s Due tathe promulgamn of federal landfill regulations in 1991, MSW landfills (&iso referred to as
Subtitle D landfills) are now equipped with liners and leachate collection ssystems that are
designed to collect and treat landfill leachate as well as to prevent the release of landfill leachate
and its contaminants to thg, environment (i.e., specifically to the groundw&el beneath the
fandfili).

»  MSW landfills are permitted to dispose of hazardous waste products if they come from residences
and businesses or industries that generate them in relatively small quantities. A number of these
products — such as lead acid batteries — are known to fail the TCLP. However, their disposal in
MSW landfills is permitted under federal regulations due to their relatively smdli quantities.

¢ Recent research has confirmed that certain heavy metals (most notably lead) tmt are present in
cathode ray tubes (CRTs) will leach into solution, when subjected to the TC;;P, at levels that
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would caufse CRTs to be classified as a hazardous waste if the CRTs are generated in quantities
greater than 220 pounds per month by a business or industry.

+ The TCLP has come under scrutiny, in recent years, with respect to its usefulness as a meaningful
indicator of the leachability of a waste in a landfill environment. In this regard, recent research
has conchided that the leaching of lead from PWBs and CRTs in an MSW landfill will be less
than might be expected based on TCLP results.

» To responh to the growing quantities of DCE waste and the concern regarding the fate of the
heavy metals in this waste at MSW landfills, a small but growing number of states have
instituted, :or are considering the institution of, bans on the disposal of CRTs and other DCE

waste products.
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3.1 INTRODUCTION g

Metals are these clements that are characic,m?ed by a tendency to give up electrons and by having good
thermal and electrical condut,t:v:ty Of the 115 or so stable elements listed in the periodic table, 87 are
classified as metals,

There is disagreement in the literature regarding a precise definition of “heavy mciéls " Webster's
defines heavy metal as “any metal or alloy having a specific gravity of greater than 5.0 (i.c., an atomic
weight greater than 90). Another source defines heavy metals as “those metals havmg atomic weights
between 63.546 and 200.590 and a specific gravity greater than 4.0, A recent papcr in Chemistry
International concluded that “the term *heavy metal’ has never been defined by any authoritative body”
and “it has bum given such a wide range of meaning by dlfferem authors that i;*t is effectively
mecmlngless ‘

The Occupational Safety and Health Administration (OSHA) of the U.S. Department af Labor recently
revised its terminology to rcfcr w ‘toxic metals” rather than heavy metals. According to @SI—IA

“Toxic metals, which mc]ude ‘he:avy metals’ are individual metals and metal comp{:sunds that
negatively affect the health of people... At trace levels, many of these elements are ngcessary to
support life. However, at elevated levels they become toxic, may build up in bxologwal systems,
and become a significant health hazard.”™' ‘

3.2 Heavy METALS OF CONCERN IN MISW

As discussed in Section 2.0, there are eight heavy metals that are identified by RCRA as indicative of
toxicity if they are present in the waste and can leach from the waste above the threshoid concentrations
when subjected to the TCLP.* These are the same eight heavy metals for which géundwater MCls
were established by EPA for compliance by MSW landfills constructed with performancc-based liner
systems.

Because of the fact that they are singled out by RCRA as metals of concem in solid wastes, these eight
metals - referred to throughout this report as “RCRA heavy metals” constitute the focus for this report.
For ecase of reference, the RCRA heavy metals are again listed in Table 8, along with their respective
TCLP regulatory limits and groundwater MCLs.

' . Table 8
RCHA Heavy Metals Targeted in This Report
N : Groundwater Maximum Contaminant RCRATCLP Thres'rsold
) i-!éaw Metal! = | Leve} {MCL) (mgh)) Concentrations {(mg/lj
Arsenic (As) - 0.050 ' B
Barium {Ba) 10 100
Cadmium (Cd) 0.01 1
Chromium (Cr) 0,05 5
Lead (Phj 0.05 5
Mercury (Hg) 0.002 G2
Selenium {3e) o) 0.0 1
Silver (Ag) I 0.05 5
Motes: 1) Though technically not metals, arsenic and sefanium are melalloids which are often classified as heavy melals.,
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Of the cight RCRAE heavy metals, four—Ilead, mercury, cadmium, and chromium—were targeted in a
recent report on heavy metals in solid waste prepared for the Buropean Commission. A list of the
common applications of these four heavy metals is provided in Table 9.%

Table 9 . L
Common Applications of Heavy Metals

7w Chromlum

T ey ] Caimiun

Batterias : Chiorine-alkaline production Plating .1 Leathet tanning
* Cable Sheathing Dental amalgam Silver-cadmium alloys Waood preservatives (CCA =
: ' “ | copper, chromium, arsenic)
Flashing Mercury-oxide batteries Copper-cadrmium alloys | Stainless steel and other alloys
| Roofing Plates Other batleries Nickel-cadmium batteries | Dyes, colors, and pigments
Corrasion Protection Sheets | Medical thermometers PV( stabilizers
Leaded Window Frames Other thermometers Pigments
Solder for Electronics Measuring and control equipment | Photovoltaic cells
Solders for Food Cans - Electric and electronic switches
Solders for Electrical Bilos Fluorescent tubes and lamps
Solder for Pipes : Laborafory chemicals
Ammunition Goid exiraction
Bearings Pesticides and biocides
Haot Dip Galvanizing
Balance Weights for Vehicles
Plating of Gasoline Tanks
Radiation Shielding -
PVC Stabitizer
Pigments :
Rust-inhibitive Primers'ﬁf
Siccatives in Paint
Lubricants {industrial) |
Cathode Ray Tubes -
Lead Crystel Glass
Glazes and Enamels

Source: Compiled from tables in Heavy Meta

als in Waste. {COWI Consulting Engir}e'é;'_‘s and Planners. European Commission DG

ENV.E3}. February 2002.

3.3  HEAVY METAL CONCENTRATIONS IN MSW

Concern regarding the environmental impacts of disposing of heavy metal products and materials has
existed for many years. Recently, this concem has increased due to the significant increases in the
disposal of discarded consumer electronics and other products, such as wood treated with the chromated-
copper-arsenate (CCA) preservative, which are known to contain heavy metals, .
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} Despite this concern, there have been relatively few studies that have been conducted i 111 rccent years to
determine the quantities and characteristics of heavy metals in MSW. In a 2002 repoﬁ: entitied Heavy

Metals in Waste prepared for the European Commission, it is stated that:

“Only very few and incomplete analyses exist of the content cf hcavy metal contammg
products in household waste and other complex waste fractions.”™

This section summarizes a fcw, mostly-dated, studies reported in the literatore on this subjéct.

e Characterization of I’roducts Cantammg Lead and Cadmium in MSW in tfw United States,
1970 fo 2000 '

In the late 1980s, tﬁ'e.,EPA sponsored a series of projects that characterizc;;d the products
containing lead, cadmium, and mercury in MSW over the 30-year period of 1970 io 2000.% 4

These studies projected that the amount of heavy metals disposed of in the MSW streamn would
continue to rise over the pcnod from 1970 to 2000, even with the Impiemematzon of recycling
programs for a number of Heavy metal products, such as lead acid batteries, For example, the
EPA predicted that the amount of lead disposed in MSW landfills would rise fr(am 213,652 tons
in 19806 to 281,886 tons in 2000 ;

The EPA’s projections for the sources of lead in MSW are presented in Table 10 As indicated,
lead-acid batteries were projected to represent 64% of the lead disposed in MSW in 2000.
Although these projections were made in the late 1980s, they were based on the dssumpnon that a
recycling rate of over 80% would be achieved for lead acid batteries.®

Table 18

Lead in Products Discarded in MSW for the Year 2000
{Proiected by the EPA in 1989) -

Lead-Acid Storage Batteries 181,546 ;
Consumer Electronics 85,032
Glass and Ceramic: P;oducis 8,810 3
Plastics R 3,228 1
"""" Soldered Cans 787 5
Pigments s 682 ¥
} Other Produets L 1,701 1
Totat 281,886 100:
Source: US Environmental Protection Agency. Characterization of Products Containing Lead and
Cadmium in MSW in the United States, 1970-2000. (EPNS(BD—SW—BQ -0158). Washingion:
EPA, January 1989.

The sources of cadnuuxn in MSW, as projected by the EPA in 1989 for the year 2000, are
presented in Table 11. As shown, nickel-cadmium (ni-cad) batteries and plasuc; were projected
to generate 90% of the cadmlum disposed in MSW in 2000. ;
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Table 11

Cadmium In Products Discarded in MSW ?or the Year 2000
{Projected by the EPA in 1988} .~

ot oo | ‘fons of Cadmium Per \’ear ] Percent. -
Houdehold Batteries . 2035 76
Plastics 380 BROS 14
Congumer Electronics 67 B 3
Appliances 57 2
Pignients .93 3
Glass and Ceramics 37 1
Other Products 11 -
Toia’f : 2,680 ' 100

Mumctpal %Sohd Waste in the United States: 2000 Fuacts and Figures

A report, prcpared by Franklin Associates Ltd. for the EPA and published in 2000, describes the
national MISW strearn based on data collected over a 40-year study period (1960 to 2000). ¥ The
study re]:es on a materials flow methodology, as opposed 16" dctual waste stream sampling, to
estimate 1hc tons of materials and products generated, recycled, or disposed on an annual basis.
For most Qf the 40-year study timeframe, consumer electronic products were included in the
category of “Miscellaneous Durables.” In 1999, the EPA bcgan to track consumer electronic
products aa a separate subcategory under Miscellaneous Durables '

The prqc@txom for two products ccmtammg heavy mctais——namd y, lead-acid batteries and
selected consumer electronics—are presented in Table 12, The EI’A estimates presented in Table
12 mdxcat& that the tonnages of lead acid batteries disposed have decreased dramatically since
1995 to an estimated disposal tonnage of 70,000 in 2000. Of the 70, 000 tons of Jead acid batteries
disposed, f;he EPA estimated that the weight of the lead metal disposed in lead acid batteries was
30,000 tons.”® This estimate is significantly lower than the former EPA projection for the year
2000, made in 1989, of 181,546 tons of lead disposed. The discrepancy is likely due to the much
higher reuydmg rate assumed in the EPA Franklin report (96%, as compared with the recycling
rate of 83% assumed for the year 2000 by the EPA in 1989) as well as other factors.

The EPA br,gan estimating the quantities of discarded selected consumer electronics in 1999, As
also indicated in Table 12, the EPA estimated that 1.93 million tons of consumer electronics were
d:sposcd m 2000. This tonnage represents a 21% increase over the ionnages estimated in 1999 for

dlspusa!

Table 12 -
Products Discarded in the MSW Stream, 1995-2000 (ia fgh'ousands of Tons)

e 1995 -] - 1998

Product N
Lead Acid Batteries ‘ ' ' 190 607", 70
Sei'ected Consumer Etoctronics N!A N!A"z‘=‘-" _:‘ 1600 1,830

Faus and Fipures. (EPAS30 -R-02- 00!) www.epa.pov. June 2062 See Table ]4 (p (%}
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e The Materials Flow of Mercury in the Economies of the U.S. and the World

A circular was published by the U.S. Geological Survey in 2000”' that presents mercury disposal
estimates for the U.S. for the year 1996. Disposal estimates reported in the study are presented in
Table 13 to indicate the relative contributions of the various discarded prodiucts containing
mercury to the tonnages of mercury disposed in that time period. As shown, significant sources of
mercury in that time pen’od included electrical wiring and switches and measurement and control

devices. Also, the major portion of mercury in MSW (62%) was reported to be ﬂfom unspecified
or undefined sources.

Table 13
.- Sources of Mercuryin MSW in the U.S. in 1996

Tons/Year of .
Mercury Qrspased

K

Percent .

Chlorine-Alkali Production

: 19.8
Dental Amalgams 55 '
Laboralory Analyses 3.3 §
Measurement and Control Devices 585 1B
Wiring Devices and Switches 176 :
Electric Wiring 220 ]
Batieries - 176 5
Other = 2370 62
Totat . . 3825 160
Source: Caleulated from Table 3.8 in Heavy Metals in Waste, {COW! Consuiting E ngmeexs
and Planners. Furopean Commission DG ENV.E3). February 2002. p 31. (Note:
dasposa] mctudes incinerationy, fand and landfill disposal.} :

3.4 RECENT PROLIFERATION OF DISCARDED CONSUMER ELECTRONICS

Consumer electronics, such as teieﬂméih% stereos, and radios, have been discarded in tf{c MSW stream
since the 1950s. As indicated in Table 6, this MSW subcategory represented over 12, {){)ﬁ tons of MSW
on an annual basis as far back as 1970.°

Recently, the issue of disposing of products containing heavy metals has resurfaced due E'o the explosive
growth in the disposal of discarded consumer electronics (DCE). This substream of MSW consists of
televisions, computer monitors, central processing units (CPUs), VCRs, and the like (see Table 14).

: Table 14
Products that are Considered Consumer Electronics Waste When D;scarﬂed
Televisions and Monitors DVD Players
Compuers -~ - Telephones
Computer Peripherals Fax and Copying Machines
Audio/Stereo Eguipment Celiglar Phones
VCRs : Wireless Devices
Video Game Consoles _
Source; EPA. Eleclronics: A New Opporiunity for Waste Prevention, Reuse and Recchg,
EPA 530-F-01-006. Washington: EPA, June 2001. (hitn//www.epa.gov/epr).
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The EPA estimates that over 1.9 million tons of consumer ﬁlactromcs were disposed of in £he U.S. in
2000. This reprcsen{s 1.2% of the 162 million tons of MSW that were {hbposed of in that year.™

Concern has been grpwmg regarding the management of DCE waste for two Teasons:

e This waste :};ubstream has been growing dramatically in recent ‘yedrs. Research completed in
Furope concluded that clectronics waste 1s growing at three times the rate of other MSW.*

» Cathode ray tubes {CRTs), circuit boards, batteries, and other electronic components often
contain hazardous constituents such as lead, mercury, and cadmium.* Color televisions and CRT
monitors contain, on the average, 4 pounds of lead per device. Electronics have been cited as a
leading source of mercury in MSW.® A list of heavy metals typically found in discarded
electronic devices is presenied in Table 15,

Table 15
Heavy Metals Typically Found in Electronic Devices%

. i+ Application/Location

Arsenic Transxstors Prmted Wire Boa{ds (PWB)

Barium Cathode Ray Tube (CRT) -

Cadmium Battery, Housing, PWB, CRT

Chromium Housing

kLead CRT, PWB o

Mercury Batteries, Switches, Housing, PWB, Flat Panel Screens

Selenjum Rectifiers, PWB

Sitver ConductivityyPWB, Connectors

Beryllium Pigment, Housing

Copper Conductivity/CRT, PWB, Connectors

Zing Batiery, Phosphor Emitter, PWB, CRT

F%’*.are Earth Metals Semiconductors, PWB, Conductors, Housing, CRT
Diodes/Housing, PWB, CRT, Connectors

Note Metais in bold are RGRA Heavy Metals

3.5 HEAVY METALS IN DISCARDED CONSUMER ELECTRONICS:

EPA tonnage estimﬁztes for the generation, recovery, and disposal of consumer electronics in the MSW
stream are presentéd in Table 167 As indicated, the EPA estimates that over 90% of consnmer
electronics were {lisgjosed in 2000, with only 9% recovered for recycling.

The EPA also c:snmated the material composition of consumer electronics in thc EPA/Frankiin report
published in 2000 (see Table 17). ™

Based on this data_ﬁ, metallic lead represented 4.2% of the 1.93 million tons éf consumer electronics
disposed in 2000. . -This translates to approximately 81,800 tons of lead disposed of in the form of
discarded consumer electronics.
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Table 16

Generation Recovery, and Discards of Consumer Electronics
. inthe MSW Stream 2000 {Annuadl Tons)

ype of Consumer Electromcs

Telewsions (‘Ns), P‘f‘a;‘écﬁcn TVs, High
Definition (HD) TVs, Liquid Crystal Display
{LCD) TVs, Videocasselte Recordars (VCRs),
TVIVCR) Combinations, VCR Decks,
Camcorders, Laserdisc Players, Digital Versatile
Disc Players, Tv/Personal Computer {PC)
Combinations

Total

Generation

{Tons}
859,300

Total
Recovery
{Tons)

1,200

S

Amount -
Recovered

5;11 %

Total
Discards
{Tons)

858,100

Audio Products

Rack Audio Systems, Compact Audio Systems,
Portable Gompact Discs (CDs), Portable
Headset Audio, Total CD Players, Home Radios

348,200

Neg.

348,200

information
Products

Cordless/Corded Telephones, Wireless
Telephones, Telephone Answering Machines,
Fax Machines, Parsonal Word Processors,
Personal Computers, Computer Printers,
Computar Mornitors, Modems/Fax Modems

918,900

192,500

ot

724,400

2,124,400 -

183,700

,930,700

Table 17

Matenai Composition of Discarded Consumer Electronics
' umi Qther

Copper and

P 8% |1

Wcio:i . Plastic

* Electronics: e Brass Metals3®

Video Products 22% 3% 0% 0% | 27% | 20%0| 11% | 0%

Audio Products 21% 0% 0% 0% | 30% | 0% | 8% | 4% | 0%

information Products 2% 5% &% 3% 4% 8% 0% 46% 2%

Total 24% 3% 2% 4% 11% 15% | 9% | 32% 1%
In its 1989 report, the EPA projected that discarded consumer electronics would account for about 85,000
tons of metallic lead disposed. of in MSW landfills in the year 2000. Adjusting the EPA: projections for a
9% recycling rate projected fnrQODQ yields a disposal rate of 77,350 tons of lead in discarded consumer
electrome products—a number'in reasonably close agreement with the 81,800 tons of lcad disposed in

consumer electronic products &:sttmdted in 2000 in the EPA/Franklin report.

3.6

ESTIMA‘I’ED QUANTITIES OF HEAVY METALS DISPOSED IN MSW LANDF!LLS

Based on the above information, bailpark estimates of the tonnages of three of the most: pmvalent RCRA
heavy metals that are currently disposed in MSW landfills are provided in Table 18, As indicated, lead is
estimated to account for over 97% of the tonnages disposed for these three metals. Tonnage data for other
RCRA heavy metals disposed in MSW landfills are not available. However, it is likely that the combined
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tonnages of the oihi:r RCRA heavy metals disposed in MSW landfills would account {or a very small
percentage of the toétai tonnage of RCRA heavy metals disposed in MSW landfills on an annual basts.

Table 18

; Ballpark Estimates of Tonnages of Three Heavy Metals Disposed
: in MSW Landfills n 2000 .-

Hvy Metat - - Tons{Year Percent -
Lead (1) c " 197,108 978
Cadmium {2) 2,680 e 2.4
Meroury (3) 5 383 o 0.3
Total 130,171 ‘ 100.0

Notes {1) Leadtonnage calculated as follows: 261,886 tons (total projected by EPA in 1989} ~ 181,546 (quantity of
lead projected In 1989 as being disposed from lead acid batteries in the year 2000} + 30,000 {lead content
of disposed lead acid batteries estimated by Franklin Associates for the year 2000) — 85,032 {projecter]
quantity of fead in 1988 as being disposed in consumer electrenics in 2000) +81,800 (quantity of lead
dispased in discarded consumer electronics in the year 2000 as estimated using data from the EPA/
Franklin report).

{2) See Table 11,
{3) See Table 13,

The heavy metals identified in Table 18 are estimated to account for approximately 130,200 tons of MSW
disposed in the year 2000. This tonnage represents 0.08% of the 162 million tons of MSW disposed in the
5.8, for that year.“gn This tonnage is significantly less than the 284,600 tons of lead and cadmium that
were projected by the EPA in 1986 to be disposed in MSW landfills in the year 2000. Therefore, it can be
concluded that, despite the dramatic increase in the disposal of certain heavy metal products such as
discarded consumér electronics in recent years, the tonnages of heavy metals being disposed in MSW
landfills have decréased over the last 15 vears due primarily to the recycling of lead acid batteries.

3.7 CONCLUSIONS

Based on a rav;ew of the literature, as well as an assessment of current résearch projects, the following
conclusions are offered with respect to the characterization of products containing RCRA heavy metals
that are currently being disposed in MSW landfills.

e The few studies identified in the literature that present information on the quantities and
characteristics of heavy metals in MSW rely, for the most part, on data that are at least 13 years
old. The ane exception is the EPA/Franklin study (2000) that relies on material flow estimates
rather than data obtained from actual field sampling.

o Based on available data, it appears that about 130,200 tons per year of RCRA heavy metals were
disposed in MSW landfills in the U.S. in the year 2000. This tonnage represents 0.08% of the
162 millidn tons of MSW that were disposed in that year.' This tonnage is significantly iess than
the 284,600 tons of lead and cadmium that were estimated by the EPA to be disposed in MSW
landfills in 1986. Lead represents the major fraction (97.6%) of the major RCRA heavy metals
being disposed of in MSW landfills on an annual basis; followed by cadmium (2.1%) and
mercury (0.3%). -

e The avail@ble data indicate that the relative fractions of products containing heavy metals in the
waste stréam are changing. For example, the contribution of lead-acid batteries to the levels of
lead in MISW appears to be declining, while lead contributions from discarded consumer
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electronics appear to be increasing. The available data indicate that, despite the émmatlc increase
in the disposal of discarded consumer electronics in recent years, the tonnages 'of RCRA heavy
imetals being disposed in MSW Jandfills have decreased over the last 15 years due pmmanly to the
recycling of lead-acid baumes

» The scarcity of current fi eld data, along with these changing conditions, nnderscbrcs the need for
current field research in this area. For example, there is a need to update the work sponsored by
the EPA in the late 1980s regardmg the sources, quantities, and characteristics of heavy roetals in
MSW,
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: i

4.1

INTRODUCTION -,

This section presents the ﬁndmgs of current and recent research, as well as sumxnamz,ea the relevant

published literature, with regard to heavy metals in MSW landfill 3cachdte

4.2
421

4.2.2

BACKGROUND iNFORMATE_ON ON LANDFILL LEACHA‘!‘E

WHAT IS LEACHATE?

Leachate can be defined as “a hqu;d that is produced when waier or anothez Hquid comes in

contact with waste.

" Teachate is formed as water percolates through the landfill and collects

contaminants that are leached from the waste andlor are produced durmg the waste

decomposition process.

As a result of Federal Subtitle D MSW landfill regulations promulgated by t‘i_w EPA in 1991,
landfjil managers: are required to collect and treat leachate both during the active life of the
landfill. as well as during the landfill's post-closure period, which lasts for a minimum of 30

years following the c_l_osure of the landfill,

LANDFILL PROCESSES THAT IMPACT LEACHATE QUALITY

When MSW is dlsposed in an MSW landfill, it is genemily accepted that the vsas,te undergoes a
decomposition, or stabnhz&tmn process that occurs in five ‘sequential phases as presented in
Fagure 1 and described below %;

Phase I: Initial Adj Justment — This phase is associated with the initial placément of the solid
waste and the availability of sufficient moisture to support the biologicéﬂ decomposition
process. An initial lag time ocewrs until an active community of microorganisms develops.
Preliminary changes in environmental factors occur that result in favorahle conditions for
biochemical decomposition. -

Phase II: Transition Phase ~ In the transition phase, a transformation from an aerobic (i.e.,
with air or oxygen) to an anaerobic (i.e., without air or oxygen) environment occurs, as
evidenced by the depletion of oXygen trapped within the landfilled waste.: A trend toward
reducing conditions (i.e., conditions where elements or molecules gam electrons} is
established with the shifting of electron ¢ ‘acceptors” from oxygen to nitrates and suifates. By
the end of this phase, measurable concentrations of chemical oxygen demand (COD) and
volatile organic acids (VOASs) can be detected in the leachate.

Phase II: Acid Formation Phase — During this phase, s portion of the solid waste is
hydrolyzed, reacting with water and producing chemical byproducts that are soluble in water.
The anaerobic, acid-forming bacteria, which are the dominant type of bacteria during this
phase, metabolize biodegradable organic matter in the waste and gencrate volatile orgamc
acids (VOAs) as a metabolic byproduct. Due to the high concentrations:of VOAs in this
phase, a lower pH is oftén observed, indicating a more acidic leachate solution. The more
acidic leachate, in turn, may tend to dissolve the metals present in the waste, to a certain
extent, as the solubility of metals generally increases at lower pHs. The pmciormnant features
of this phase are the dcveiopm&nt of a viable biomass of acid-forming bacteria and the rapid
fermentation of organic matter. :

Phase IV: Methane Fermentation Phase — In this phase, also ref;errcd to as the
methanogenic phase, another group of anaerobic bacteria (the methanogens) predominate.,
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These bacteria convert the organic acids produced in Phase I to methane and carbon
dioxidé. A highly-reducing chemical envuonmcnt develops, resulting in the reduction of
sulfur compounds {e.g., sulfate (SO, % 1o sulfide (S7)). The pH of the leachate is elevated due
to the depletion of the volatile organic acids and the presence of ammonium (NH,") ions. The
elevated pH, in turn, is controlled by a bicarbonate (HCO;5) buffering system, which supports
the growth of the methane-forming bacteria. Due to the higher p¥ and presence of sulfides
and hydroxides (OH), conditions are favorable for metals precipitation.

Phase V: Matouration Phase — In this phase, the biological activity of microorganisms shifts
to relative dormancy, due to the limited availability of nutrients and readily-degradable
organic matter. As a result of decreased microbial activity, gas production also decreases and

the concentration of leachate pollutants, while steady, is much Jower than in earlier phases.

Each of these decomposition processes, which occur at different rates depending on local
conditions, involves a complex series of biological and chemical reactions that both respond to, as
well as change, the chemical characteristics of the leachate being generated. Additionally, there
are specifie chemical and physical conditions that are associated with each phase that directly
impact the icacha‘mhty of metals in disposed products.
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Figure 1~ Changes in Selected Indicator Parameters During The Phases of Landfill Stabilization

Source: Pohlénd, F.G., AB, A-Yousfi, and D.R. Reinhart, *Anaerobic Digestion of Organic Solid Wasts in Bioreactor Landiills”
in Biomethanization of the Organic Fraction of Municipal Solid Wastes. {Mata-Alvarez J.

Publishing, 2003. Chapter 11 (13 pp)

{ Ed.) London, England: 1WA
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4.23

OTHER FACTORS THAT IMPACT LEACHATE COMPOSITION

In addition to the dGLOmPOSIUOﬂ stages occwting in a landfill, leachate composﬁmn is also
impacted by a number of other factors which are summarized below.

-

Waste Composition — While regulations vary from state to state, MSW landfills can
generally accept any or all of the following types of MSW substreams for dlsposal

»  Residential waste;

»  Commercial waste,;

* Industrial, non process waste;

»  Non-Infectious medical waste;

»  Dewatered shjdg;:s (water and wastewater; industrial);
= Construction and demolition waste;

*  Special wastes (asbestos, etc.).

It is evident that the. cohtposiﬁion of leachate will vary depcnding on the relative quantities of
each of the MSW substreams that are disposed in a given landfill. Addmomlly, there is
significant variation in the material and chemical composition of each waste substrt,am

Landfill Age — Leachate compomnon is s:gmﬁcantiy influenced by the Iength of time that
has elapsed since waste. placement, due, in large part, to the different phases of waste
decompos;tmn that occur. Since landfills are progressively filled with wastes, the average

“age™ of the waste in the landfill will increase over time. Therefore, the relative percentages
of landfilled waste undergoing cach of the five stages of decomposition will also change. For
example, for a young landfill less than two years old, significant amounts,of the landfilled
wastes may be in the early phases of decomposition (i.e., Phases I, II, and ). Alternatively,
in a landfill nearing the end of its 20-year life, most of the landfilled waste will be in Phases
IV and V. Noandfill has a single “age” but rather a family of ages asébciat&d with the
various sections or cells within the landfill complex and their respective progress toward
stabilization. Moreover, the rate of progress through these phases may vary depending on the
phyamai chemical, ‘and microbiological conditions developed within each section with
time.* e

Moisture Ava;iab:hty - Water 1s the most mgn;ﬁcant factor influencing the rate and perhaps
the degree of waste stabilization as well as the quantity and strength of iezachatc Moisture
within the landfill serves as a reactant (in hydrolysis reactions), and dissolves metabolites and
an array of soluble org&mc and Inorganic waste constituents. In add;tion, it serves as a
transport  mechanism > for. nutrients and reaction products assocmi&_ﬁd with  waste
biodegradation.  Water also provides an opportunity for compourids that inhibit
biodegradation to be diluted and/or attenvated, and it eXposes the waste surface area to
microbial attack. Recommended moisture contents, as reported in the hteraturc range froma
minimum of 25 percent of the welght of the waste (as reported on a “Wet" basis) to an
optimum range of 40 to 70 percent.**

Landfill Design and Operation — To achieve the optimum range of 40 to 70 percent
moisture content of the waste, some landfills are designed and operated for leachate
recirculation and/or bioreactor landfill operations.  As the name implies, leachate
recirculation involves the injection of collected leachate back into the landfill. The bioreactor
landfill has evolved from the leachate recirculation concept and may include other liquids
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4.3
43,1

4.3.2

besides leachate that may be needed to achieve optimum moisture content of the entire
landfill waste mass. These practices have been found to promote more rapid stabilization of
the waste, the more rapid generation of landfill gas (thereby increasing the opportunity for
better gag control and utilization) and the “in sitw” (i.e., in-place) treatment of the leachate in
the landfill.

Other landfill factors that also impact leachate composition include depth of waste, types and
quantities of «daily and intermediate Sover materials, landfill temperature, and degree of waste
processing (i.e., shredding or bahng) :

HEAVY MEfrAL CONCENTRATIONS IN LANDEILL LEACHATE

INTRODUCTION

Leachate from MSW landfills has been studied for over 40 years. Within the last six years,
however, there have been five major studies that have attempted to characterize the types,
quantities, and characteristics of organic and inorganic constituents that are contained in landfill
leachate and 1o present the scientific basis and understanding regarding the factors that influence
these parameters.

These recentfstudies on landfill leachate are summarized below.
RECENT RESE%RCH EFFORTS TO CHARACTERIZE LANDFILL LEACHATE

4,3.2.1 Q;:izraci‘erizatian and Evaluation of Landfill Leachate **

In ’September 2000, a draft report entitled Characterization and Evaluation of Landfill
Leachate was subrmtted to the EPA by Science Apphcatmns international Corporation
(S‘AIC‘) .

Th;i% report presents the results of a broad-based affort 10, collf:ct and review landfil}
leachate data. This effort included a review of existing scientific literature on landfill
leaching  processes and the factors that influence leachate generation and
chiaracteristics R

An integral part of the project was the development of a comprchcnswe database of
landfill leachate characteristics. The database (which is entitled “LEACH 2000” and is
still in draft form} includes data for conventional pollutants, metals, and organics in
leachate from a variety of landfill types, including over 200 MSW landfills, The
database was compiled using data from the following sources:

* Data representing 60 MSW landfills owned by Browning Fertis Incorporated
. (BFD.

s | A 1992 Chemical Waste Management study of leachate quality that included data
. from 47 landfills, including a number of MSW landfills.

* ; Data collected by the EPA during the development of effluent guidelines for
- landfills, that incluoded 21 MSW land{ills. e

«  Data from the State of Florida on leachate c_haraf,tcnsucs for 65 MSW fandfills.

+  Data (adjusted by SAIC during the study) from the State of Wisconsin on leachate

characteristics for 39 MSW {andfills.
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Although a large number of MSW landfills are represented in this database, they do not
constitute a statistically representative sample of MSW landfills by geographxc region
or any other criterion. Nevertheless, these landfills do represent a variety of locations,
ages, and other factors that are expected to result in variation between landfills.

The data on RCRA heavy metals concentrations in the LEACH 2000 database are
presented in Table 19. As indicated, the mean concentrations of the RCRA heavy
metals are relatively low, averaging less than 1 milligram per liter (or part per miilion)
in all cases.

Table 19
.Composition of MSW l..e.'auzl'talte= {mafl) @

©oMetal [l K Frs | 10N Siled | M . ] gomile
Arsenic 484 71.1 0.008 0.020 0.441 0.100
Barium 1,179 93.4 0.084 0.405 0.865 1.700
Cadmium 2,351 315 0.001 0.010 0.0283 0.079
Chromium 2716 63.0 0.010 0.051 0.235 0.341
Lead 2,539 50.2 0.004 0.021 0.133 0.250
Mercury 2,078 18.0 0.00014 |  .0.00059 0.00715 0.0046
Selenium 1,754 18,2 0.0017 0.010 0.0585 0.180
Sitver 1,830 17.8 0002 . 00113 0.0537 0.056

Source: Science Applications intemational Corporaiion. Charactenzasmn and Evaluation of Landfil Leachale, {Draft).
Aringion, VA EPA, September 2000 {with additions). b

{a) Data are lrom over 200 MSW landfifls, “N” refers to the number of samples taken {rom ovar 200 MSW

- landfills. The 10% percentife indicates the value at which 10%.of the measurements are equal to or

below the indicated value. Simitarly, for the 90 percentile, 80% of the measurements fall at or
belcw the indicated value. ;

Present and Lorm I’erm Composition of MSW Landfill Leachate ~ A ;Ret;iew"y

This paper pmsent@ summary information on what is known about Icachate from MSW
landfills, based ‘onia comprehensive scientific review of the literature. The paper
includes a table (sée Table 20) that presents heavy metal concentrations in leachate for
over 125 European and Canadian landfills. As indicated, while the data are from non-
U.S. landfills and”is provided for only three of the eight RCRA heavy metals of
concern in the U:S., the heavy metal concentrations are extremely low and, in most
cases, are at or below U.S. Drinking Water Standards for the metals indicated.

The authors of this report concluded that:

* The content of heavy metals in the leachates is generally very low as a result
of attenuating processes (sorption and precipitation) that take plaée within the
disposed waste.™
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Section 4 - Heavy Metals in MSW Landfiilé Leachate

4.3.2.3

Analysis of Florida MSW Landfill Leachate Quality f

In 199697, a study was conducted at the University of Central Florlcfn to characlerize
leachate characteristics from MSW landfills in Florida.” i

The anaiyses performed in the study were designed to identify trénds in leachate
characteristics and to determine the impacts of climate, location, landfill age, and waste
characteristics.

To conduct _thé’f'sludy, leachate data were obtained from the Florida Department of
Environmental Protection, which provided leachate composition data from 55 “Class I”
(i.e., MSW only) Jandfills. Data from unlined landfills were excluded from the study
due to the potential for groundwater dilution and other sampling erfors. In addition,
facilities having less than one year of data were also excluded. These selection criteria
resulted in the mclus:on of 39 landfills in the study.

It is almost cermm that data from these 39 facilities were also mc:luded in the LEACH
2000 database; however, the exclusion criteria described above were ot applied to the
database. Therefore, the analytical results presented in this study represent lined
tandfills for which no dilution of landfill leachate has occurred. :

Another important aspect of this study was its attempt to characterize the leachate
samples as representative of either the acidogenic phase (i.¢., Phase Il Acid Formation
Phase) or methanogenic phase (Le., Phase IV — Methane Fermentation Phase) of waste
decomposition. As indicated above, the chemical and physical iieachatwformmg
conditions (such as pH) associated with each of these phases are dlffarent ‘Therefore,
the leachate concentrations of pollutants such as heavy metals am expected to be
different for each phase. ;

The results of t‘ne study of Florida {andfill leachate are presented in Tablc 21 for heavy
metat poliutants As indicated, the average (mean) concentrations for zhe RCRA heavy
metals (excludxng arsenic) were found to be very low, with the mean concentrations of
all metals (e:xcept barxum) reported to be less than 0.1 mg/l. ’

et

Table 21
Analysis of Fiorida Landfill Leachate (mg/f}

_ Deatects | - - Mean{mg/)
Barium 230 0216 0.487
Cadmium 205 0.00752 0.0238
Chromium 409 0.0416 0.0674
Lead .. 288 0.0282 0.114
Marcury - 175 (.000896 0.00328
Selenium -~ 175 0.0197 0.102
Siver 137 00201 0.249
Source: Reinhart, Debra R, and Caraline J. Grosh. Analysis of Florida MSW Landfil Leachése Quality,
{Report #97-3) Gainesvilie, FL; Flerida Center for Solid and Hazardous Waste Man Managemem, July 1998,
Nate: Rtis not clear how non-detects were accountad for In this study,
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According to the authors, the study results indicate that the Florida climate appears 1o
produce dilute leachate that results in relatively low concentrations of organic and
inorganic constituents compared to values that are reported in the literature. The
authors concluded that, although heavy metals were found in Florida landfill leachate,
“the concentration of these constituents is generally on the order of micrograms per
liter.”

4.3.2.4 Itfe Cycle Inventory of a Medern MSW Landfill

In 1997, the Environmental Research and Education Foundation (EREF) funded a study
1o analyze the life cycle environmental impacts of MSW landfills.” Conducted by
Ecobalance, Inc., the resulis of the study were subsequently utilized by the EPA Office
of Research and Development (EPA ORD) in the Landfill Module of its “Municipal
Sehd Waste Decision Support Tool (MSW-DST).” -

’I‘he MSW-DST was developed by EPA ORD t4- heip soixd waste planners in the
evaluation of costs and environmental issues and make informed decisions about MSW
management Extensive and detailed databases have been assembled and incorporated
into a sophisticated software program that provides a comprehensive and standard
method to screen MSW management strategies and uliimately’ bridge the gap betwecn
public policy and environmental science. Included in the MSW-DST are multiple
design options for waste collection, transfer stations, materials recovery facilities,
mixed MSW and yardwaste composting, combustion, refuse-derived fuel combustion,
and disposal.”®

Based on the study, high and Jow median concentrations for RCRA heavy metals in
leachate were established as “default” input data for the MSW-DST. These default
comcentrations, which are presented in Table 22, are recommended for use if a
community does not have access (o actual loui data for landfill leachate
compntxatmm ST

As indicated, even the high median concentrations pi‘()\’ldﬁd by ORD as default values
inn its Municipal Decision Support Tool are very low, with the concentrations of ali
RCRA heavy metals (except barium) being less than 0.1 mg/L

4.3.2.5  Development Document for Final Effluent Lzmztatmns, Giuidelines, and Standards
for the Landfills Point Source Category '

Iia December 1999, the EPA published the “Final Effluent Limitation Guidelines and
Pretreatment Standards for the Landfills Point Source Category Rule.” This regulation
established technology-based effluent limitations for wastewaters discharged directly to
raccw;ng waters from the operations of new and existing landfill facilities. ¥ The
regulation does not apply to landfills that discharge wastewater into a publicly-owned
\?astewatcr treatment facility (referred to as a “publicly-owned treatment works, or
POTW).

In the development of this rule, the Agency, with support from Science Applications
International Corporation (SAIC), prepared a Development Document for Final
. Effluent L1rmmtxom Guidelines and Standards for the Landfills Point Source
Categogg - ~
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Tahle 22
Metat Concentrations in Leachate for Traditional and Bioreactor Landfﬂls

Median Concentrations (mgf)

Low Median ‘ High ffedian
Arsenic 0,029 0.030
Barium 0.679 0.860
Cadmium 0.0025 0.007
Chromium 0.052 0085
Lead 0.0057 0413
Mercury 0.00010 0.0p042
Selenium 0.0025 0.4097
Silver'*’*‘ 0.0125 0966

..... Sourcer Life-Cygle Inventory of a Modern Municipal Solid Waste Landfill, Enwmnmentai Research and
Education Foundation, Alexandria, VA, 1993, .

Note: High and low median concentrations are median concentrations devek}peé from industry data
divided into hlgh and [ow data sets, :

Low Medsan = average of leachate concentrations using detected values and haif of the minimum
reporting limit for non-detectad values ,

i ‘High Median = ave;age of leachate concentrations using only detected values, ﬂon -detected values
were not included in this average

The wastewater covered by the rule, and investigated during the project, includes
leachate, landfill gas condensate, drained free liquids, laboratory-derived wastewater,
contaminated stormwater, and contact washwater from truck washings and surface
areas having direct contact with solid waste. The document noted that leachate typically
repreqents over 97% of the total wastewater volume from Subtitle D iaﬁdﬁlls

In deveiopmg the reguiation, the EPA assumed that the wastewater wonld be treated at
the landfill in an on-site treatment facility that would include the treatment processes of
equalization, activated sludge biological treatment, and multimedia ﬁllmuon

To support the developmf:nt of the landfill effluent guidelines, the EPA collected data
froma vanety of d;ffereut sources, including: !

» Existing data from previous EPA and other governmental data cullectmn efforts.
e Industry-provided information.
» New data coiiccted from questionnaire surveys (220 respondems)
e Field samplmg data (including characterization sampling at ten Subtitle D non-
hazardous landfills in addition to influent data collection durmg six, week-long
sampling episodes}.

The median raw wastewater concentrations of RCRA heavy metals ‘from Subtitle D
Non-Hazardous landfills, as measured by the EPA, are presented in Table 23.
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’\% Table 23 indicates, the EPA found that six of the eight RCRA heavy metals were 3
not detected at “treatable” levels (ie., levels that wou Id be reduced by selected

treatment processes). The metals that were detected: —harium and chromium (inctuding

hexavalent chromium)-—were excluded {rom regulation, because “at the concentrations

ieuﬂd aél non-hazardous landfilis, these pollutanis{dre ‘not fikely to cause toxic

ef{u.ts ” - :

Table 23 SR -
Subtitle D Non-Hazardous Subcategory -~ Median Raw Wasx vater Concentration
: Hegu!atory Limit Set hv EPA

S _ ; Municipa * for Direct Dzscharge:s?
. Poliutant |~ ¥ONCEH A YesfNo |

Arsenic Not detected at treatable lovels | No B
Barium 0.483 No Present in concentrations that are not

Iikeiy to cause foxic effects

Cadmium Not detected at treatable lovels | No ‘

Chromium 0.028 No .| Presem in concentrations that are not

' |keiy focause toxiceftects }
Chromium 0.630 No -} Present in concentrations that are not

Hexavalent) - -fikelydo cause foxic effects

.ead Notdefected at treatable levels | No |7 =70 0L
Mercury Not detected at treatable levels | No : N )
Selenium Not detected at treatable levels | No .

Silver Not detected at {reatable levels | No :

Source; EPA. Development Dogument for Final Effiuent Limitations, Guz{iellnes and Standards for the

: Landfils Point Source Cateqory. (EPA-821-8-99-019). Washingion, DC: Office of Water,

January 2000.

With respect to raw wastewater at municipal landﬁl}s the EPA concluded that:

“Generally, toxic heavy metals were found at reialweiy low concentrations.
EPA did not find toxic metals such as arsenic, cadmium, mercury, and lead at
treatable levels in any of EPA’s sampling episodesf“

The only heavy metal selected for regulation for thig-group of landfills was zinc, which
tht. EPA stated was “selected for regulation in spite. of its relatively low untreated
wastewater concentration.” The EPA selected zinc for' reguiatzon because it observed
incidental removals of zinc at the treatment systems seiected for “Best Practicable
Control Technology (BPT)® Y

In establishing final effluent guidelines, the EPA concludf:d that national pretreatment

slandards were not necessary for landfills. The EPA found that POTWs adequately

treated pollutants in landfill wastewater and only a very smuall quantity of poliutant

imds discharged by landfills to POTWs are further discharged to rivers, streams, or

estuaries. Finally, the EPA concluded that wastewaler discharges from landfilis do not )
cause operational problems at POTWs. Based on these findings, the EPA did not
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establish direct discharge limits for any of the RCRA heavy metals for MSW landfill
leachate that is directly discharged to receiving waters following on-site treatment. In
addition, no national pretreatment standards were established for RCRA heavy mictals
or any other pollutants in MSW landfill leachate. '

It should be noted that the EPA’s decision not to establish effluent standards for any of
the RCRA heavy metals does not mean that the Agency concluded that treatment for
removal of these metals. from landfill leachate would not be required in some ¢ases.
Rather, it indicates that, treatment requirements for RCRA heavy metals should be
determined by local conditions and therefore should be developed through “local

wastewaler pretreatment programs.

4.3.3  PERSPECTIVES REGARDING AVERAGE HEAVY METAL CONCENTRATIONS N LANDFILL LEACHATE

Based on 2 review of recent studies, it can be concluded that RCRA heavy metal concentrations
in leachate are relatively low. ' b

To provide a perspective on how low these concentrations are, the mean concentrations reéorted
o for MSW landfills in the Leach 2000 database are compared with various standards in Taﬁi}c 24,
as described below. : 5

» TCLP Regulatory Levels — The regulatory levels that are used in the TCLP to determine
whether or not a solid waste should be classified as hazardous are also provided in Table
24, The mean concenttations of RCRA heavy metals reported in the LEACH 2000
database for non-hazardous waste landfills are less than 10% of the TCLP regylatory
levels. In addition, the “9(}”’ Percentile” leachate values for RCRA heavy metals
presented in Table 19 (valdes for which 90% of the data points are equal to or below) are

all lower than the TCLP regulatory levels.

»  U.S. Drinking Water Standards — The U.S. primary drinking water standatds are
among the highest standards for water purity in the world. Table 24 compares the mean
RCRA heavy metal concentrations in leachate (collected at the bottom of MSW landfills)
to the primary drinking water standards which are required to be met “at the tap” by
public water supply systems in the U.S. It is noteworthy that all of the LEACH 2000
average concentrations for RCRA heavy metals are less than 10 times higher than the
drinking water standards established for these metals. .In addition, the’ mean
concentration for barium (0.866 mg/l) is less than the drinking water standard for barium
(2 mg/1), while the mean concentration for selenium (0.0585 mg/1) is only slightly higher
than the drinking water standard for selenium (0.05 mg/l)- 5

»  EPA Groundwater MCLs — The EPA has established “Maximum Contaminant Levels”
(MCLs) for allowable concentrations of RCRA heavy metals in groundwater for MSW
Jandfills that are designed with alternative liner systems. In comparison to these MCLs,
as presented in Table 24, the LEACH 2000 mean concentrations for RCRA heavy@ metals
are all less than 10 times higher than their respective MCL limits. In the case of barium,
the mean concentration is'shown to be less than the MCL established for barium. The
MCL is measured at the “rélevant point of compliance” (i-e., a location that is reghired to
be no mose than 150 meters (164 yards) from the waste management unit boundary). The
EPA established the MCL limits by assyming that the TCLP maximum concentrations

; would be “diluted and attenuated” (and therefore fowered) by a factor of 100 before
reaching the relevant point of cempliance.“ Applying the same dilution and attenuation
factor (DAF) to the LEACH 2000 mean concentrations, it is apparent that the RCRA
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%

hc:aviy metals in leachate would most likely be difuted and/or attennated to comply with
their respective MCLs before any uncontained and/or uncollected landfill leachate
reached the relevant point of compliance.

»  Local Government Pretreatment Standards — The pretreatment standards for RCRA
heavy metals established by four counties located in different parts of the U.S. arc also
presented in Table 24.  As indicated, the average RCRA heavy metal concentrations
re,poncd in the Leach 2000 database are lower than the pretreatment standards established
by two of the four counties. However, in one county {(Broward County, FL) leachate
pretrmtment would be required to meet local prefreatment standards for arsenic, while in
two-other counties (Henrico County, VA and Camden Coumy, NI} leachate pretreatment
would be required to meet local standards for mercury. It is clear that, in these two cases,
leachate pretreatment would be required to meet the relatively stringent local
pretreatment standards set by these counties.

In summary, based on database and research data representing thousands of data points from
hundreds of MSW landfills, the average concentrations of RCRA heavy metals in MSW landfili
leachate were found to be signiﬁcamiy jower than the TCLP regulatory levels. The average
RCRA heavy metal concentrations in MSW leachate were in compliance with the {inal effluent
limitation gmdelmes and the national pretreatment standards set-by the EPA in 1999 for the
landfills point source category. When compared with drinking water standards (i.e., water purity
standards at'the tap), average concentrations for RCRA heavy metals in leachate (from the bottom
of an MSW: landﬁii) were found to be less than 10 times higher than the drinking water standards
and, for one metal, were found to meet drinking water standards. Finally, average RCRA heavy
metal lcachate concentrations were found to meet local pretreatment standards without leachate
treatment cx:ccpt in cases where stringent pretreatment *;taﬁdards ha,d becn established {ur specific
metals. Chi o

LANDFILL: CONDIT!ONS AND PROGESSES THAT IMPACT THE LEACHING oF HeEAVY
METALS FROM DISPOSED PRODUCTS

s

!NTRODUCTIOH

The low gwe;rage concentrations of heavy metals in leachate documented by recent studies ure pot
caused by the lack of heavy metals in MSW. As presented in Section 3, it is estimated that

130,200 tons of RCRA heavy metals are disposed in MSW landfills each year in the (L8, It has
been condudcd in one study that less than 0.02% of heavy metals in landfills are leaclhed after 30
years of duposal 6

As descnb&d above, there are certain physical and chemical conditions that are associated with
each phdsea of waste stabilization of landfilled waste. For example, durmgn Phase 1T (Acid
Formation), the pH of the leachate decreases due to the l}roduction of organic acids during this
phase. e

The phyqiczil and chemical conditions associated with each phase of decomposition, in turn, affect
the occurrence of certain chemical and physical processes that control the leaching of heavy
metals. Theﬁe conditions and processes are described below.

Disposal of Heawy Metal Products in MSW Landfills 43 Muarch 2004
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Sectiop 4 — Heavy Metals in MS__W:L:andfii!'-Leachate

LANDFILL PROCESSES THAT IMPACT THE LEACHING OF HEAVY MeTALS

Three processes are primarily responsible for the control of heavy metal concentrations in landfill
leachate: SURNY :

« Sorption — Sorption (which includes adsorption and absorption) refers to a process whereby
ions, such as heavy metal ions, adhere to oppositely charged sites of colloidal particles,
calcite, clay minerals, organics, and oxides of iron, manganese, aluminum, and silicon.%®
Landfilled waste contains soils and organic matter that, especially at the neutral to high pH
values, have a significant sorptive capacity.”” Alternatively, heavy metal ions can adhere to

small, suspended particles (colloids) in the leachate, causing leachate metal concentrations to

increase.® Finally, metal cations can be chelated by compounds such as carbpxylic acids and

iron hydroxides that are formed during the refuse oxidatién_préﬁcss.ﬁg

e Complexation — Complexation refers to the chemical bondirig of metal:ions with non-
metallic molecules referred to as “ligands.” This process can increase the: solubilities, and
therefore the concentrations, of metals in leachate. T

o Precipitation — Precipitation refers to the formation of insoluble compousds from soluble
reaclants in a solution. The solubilities of many metals are Tow in the presence of sulfide,
carbonate, and hydroxide anions. The presence of sulfides is particulaly important in
attenuating heavy metals by in situ precipitation of low-solubility metal sgﬁlﬁdezs under the
reducing conditions that exist during Phase IV of the stabilization process. s

Other processes that also contro] Jeachate heavy metal concentrations, especially at landfills that
employ leachate recirculation, include in situ filtration of the leachate and the capture of leachate
in stagnant pools of interstitial water within the landfilled waste. All of these processes point to
the inherent capacity of the landfill to provide for attepvation of inorganic waste constituents such
as heavy metals.” : B ' }

LANDFILL CONDITIONS AND LEACHATE CHARACTERISTICS DURING THE ME}'HANOGENEC PHAéE

The five phases of waste stabilization described above are sequéntial for waste placed in the
landfill. The sequencing of each phase is indicated in Figure 1. ° At'perating landfills, it is likely
that all of these phases are occurring simultaneously. On a given-day at a “xrﬁdéle—aged" Jandfill,
water percolating through the land{ill will most likely fiow through wastes that are in each of the
five stages of decomposition. DR

e :
1t is evident, from Figure 1, the anaerobic decomposition process that occurs in Phase IV (the
methanogenic phase) is the dominant stabilization process. The* most important chemical
condition regarding Phase IV is that there is no oxygen available to react with any soluble heavy
metals and other pollutants or to allow aerobic metabolic processes to occur. The result is that a
“reducing environment” exists in Phase IV waste, causing the RCRA heavy metal jons to react
with sulfides and other anions and precipitate out of the leachate.
The characteristics of leachate generated during Phase IV (the methanogenic phase) strongly
favor the removal of any soluble metals from the leachate through precipitation processes. These
characteristics include the following: e

» Neutral to High pH — In Phase IV of the stabilization process, anaerobic E{écteria metabolize
the organic acids produced in Phase TII, producing methane, carbon dioxide and ammonium
(NFL*) ions as byproducts. As a result, the prevailing pH is nedtral or above.
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4.4.4

. Avmlubfhty of Su}ﬁde, Carbonate, and Hydroxide Yons - In oxidation-reduction chemical
reactiong, a}ements gither lose electrons (and are oxidized) or gain electrons (i.e., are
reduced). In Pliase IV of the stabilization process, reducing conditions exist, meaning that
eicments and compounds tend to gain electrons using organic matter as the electron donor.
For cxampi& in this phase sulfate ions (SO~ * are reduced to sulfide ions (8. These sulfide
ions, as *gveki as catbonate and hydrox1de ions, are then available during subsequent phases to
react with many heavy metal SpeCleS to form insoluble compounds that effectively remove
these hcﬁvy metals frorn ths leachate.™

+ In Situ Fl.ltramon The Iandﬁlled waste effectively acts as a filter, especially for landfills
with iea{;ham recirculation. The cleansing effect of this “in situ™ filtration mechanism results
in the rexnovai of suspended solids and other leachate constituents.

» Forms G{ Heavy Metals i in Disposed Products — The forms in which heavy metals occur in
the products which are disposed are also likely to 1mpact their leaching behaviors.™ One
study found that a major portion of the total metal content in MSW existed in forms that were
not likely to tndergo chemical reactions in landfills.”® Examples include the disposal of
cadmmrfl in piast'cs and zinc in scrap metal.

it should be. ;noted that while Phase IV is the dominant stabilization process, it may be preceded
bya reiazweéiy Eong»te:rm Phase II1. This acid phase is the most vulnerable phase with respect to
heavy metal mobxhty due to the greater solubility of metals under low pH conditions and the
abundance d? mobxhzmg spemes

Since landh Is are constmcted in horizontal layers, leachate generated in the uppermost layers
undergoing the initial phases of stabilization percolates through the bottommost layers of the
landfill, whi¢h, except for. tha first few years of the landfill’s life, will have reached Phases TV or
V of the stabilization process. Therefore, heavy metals that may be mobilized in the uppermost
layers due t¢ Phase III condxtmns, are likely to be precipitated out as the leachate passes through
lower landfill lifts due to the conditions described above which occur in Phases IV or V of the
stabilization:process. This percolation process would not take effect, however, if the leachate flow
is “short circ:uited” through the waste mass due to the development of vertical leachate channels.

IMPACTS OF Conamous THAT EXIST DURING THE METHANE FERMENTATION PHASE ON HEAVY METAL
coucammmns - :

The impacts’ of condmons that exist during the methane fermentation phase (Phase I"V} of waste
stabxhzanon on any soiuble heavy metals in landfill leachate are summarized in Table 25.

Sulfide pru:}p;tatton m.uften cited as an explanation for low concentrations of heavy metals in
leachate.” In general, c:ondcmmg the presence of heavy metals in leachate, the impact of sulfide
precipitation is expected fo dominate the impact of complexation.” Of the RCRA heavy metals,
arsenic, cwdmxum lead, mercury, selenium and silver all react with sulfide ions to form insoluble

prec;pltatcs

Other dmommnamely carbonatc {CO;-) and hydroxide {OH-) anions——are also present in
leachate formed during Phase IV. Carbonate anions are abundant in landfill leachate. However,
the ﬁolubﬂztws of metal carbonates are generally higher than metal sulfides. Insoluble hydroxide
prccxpxtatm sun,h as chromium hydroxide, form at all landfill pH ranges even in the presence of
sulfides.””
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During Phase IV, there is a potential for many of the metals, inc:h,lclirlgg mercury, to be
“methylated” by reaction as a result of the anaerobic decompos&tmn process that occurs during
this phase. (The impact of this process on heavy metals concentrations in landfi 13 gas is discussed

in the next section.)

Table 25
tmpact of Phase [V Conditions on Heavy Metal Concenlrations in Landfill Leachate

RCRA Heavy Metals .- | Impact of Conditions that Exist During The !’u‘!ethane Fermentation Phase:

Arsenic Pracipitates out as arsenic sulfide due to preserice: b sulfides, hig er pH, and
reducing conditions that exist during methane fermeniatlcn phase éf tandfil
decomposition. ' SR |

Cadmium Precipitates out as cadmium sulfide due to presence of su!f:des hagher pH, and
reducing conditions that exist during methane fermestat;on phase csf Iand il
decomposition. .

Chramiurm {111) I insoluble in the neutral and alkaline pH ranges. In addmon chror}'num forms
insoluble precipitates with hydroxides.

Chromium (Hexavalent) Under intermediate and reducing conditions, hexavalent chromiur, reduces to trivalent
chramium, which is insoluble in the neutral and alkaline pH ranges. Chromium
hydroxide, which is insoluble, forms at all pH ranges, even in the presence of sulfides.

i
;

Lead Precipitates out as lead sulfide due to presence of suffides, hlgherpH and reducing
conditions that exist in methanogenic phase oflandfill decomposititn.
Mercury Tha insoluble mercuric sulfide is formad un_derg_mz!dly reducing congttzons,

“%i

In summary, many of the RCRA heavy metals that may be p;esent in landfill iiedcimte will form
insoluble metal sulfides and therefore precipitate out of the leachate. While chrommm does not
form an insoluble sulfide precipitate, it tends to form insoluble prccxpitales with hydroxide.
Additionally, heavy metal jons are adsorbed or absorbed by daily and. mtezmediaw cover soils or
constituents of the landfilled solid wastes. These processes are favored by the le:achate conditions,
such as high pH levels and high concentrations of sulfide ions, which ‘exist during the
methanogenic phase of waste stabilization. Finally, the in situ filtration of 1eachm e, as well as the
interstitial storage of leachate in the waste mass, are additional processes that toccur during this
phase to further reduce heavy metal leachate quantities and concentrations. ‘
4.5 THE POTENTIAL FOR METALS TO LEACH OUT OF LANDFILLS OVER THE LONG-
TERM L 5

As discussed above, the landfill conditions and leachate characteristics associated with Phase IV of the
waste stabilization process create an environment in which so]ublhzed heavy metals are readily
redeposited out of leachate by precipitation, absorption or adsorption iito the Iandﬁileci waste mass. As
shown in Figure 1, Phase 1V conditions carry over to Phase V - the Matumuon Phase. &

There have been some studies that have investigated whether Phase V. condxtxons cou]d change over long
periods of time {on the order of thousands of years). Specifically, if oxygen' ‘re-enters the §andﬁ£] aerobic
decomposition of the remaining degradable waste could be initiated. T his scenano, however, would
require the restoration and sustaining of a viable aerobic microbial’ ccmsortmm with continuing
availability of oxygen and nuirients, which is very unlikely. o :
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Qther changes in Phas& A% condmons that would 1mpact the long-term concentrations of metals in leachate
include a mild lowering of the pH and an increase in the oxidation-reduction potential of the waste mass.
The pH would be lowered due to the production of carbon dioxide during the aerobic decomposition
process. The oxxd‘mon-reducuon potentxal would also increase due to the renewed availability of oxygen.

In summary, there ure; a number of processes that theoretically can affect the leaching of any redeposited
metals from landfills éver long periods of time.

The authors of a rcseaat study on landfili Ieachate addressed the issue of the potential for landfilled metals
to mobilize and lﬁdd‘i out over the long term.” They regaort that a model has recently been developed to
predict the 10ng~mxm ‘emissions of metals from landfills.” The model considers the eventual oxidation of
all refuse organic matter, reactions with humic substances, and metal sulfide precipitates that bind metals
as well as the pH buffering resulting from calcite dissolution. The rate and impact of oxygen diffusion
into landfills were evaluated over-a range of landfill geometries and degrees of saturation. Based on the
model outputs, the model- developers concluded that mobilization of heavy metals in closed landfills
would not occur for tiwusands of years.

The leachate study §uthors also referem.ed another recent study which found that landfills contain
sufficient buffering capacity to maintain alkaline conditions for more than 2,000 years and predicted that
remobilization of hca}fy metals due to iower pH levels would not occur for many centurics.™

Both the modeling aﬁd studlies that have been conducted to date indicate that any remobilization of heavy
metals within the Ia@zdﬁli if it does occur may proceed very slowa and is not likely to occur for
thousands of years. | .

Finally, soil environments generally exist within and around MSW landfills in which metals mobility is
very low. Thus, it is very likely that any releases of metals that may occur - due to changes in landfill
conditions that occur over very long timeframes - will be contained either within the landfill itself or
within the immediate! vicinity of the landfill.

4.6 Coucwsséns

Based on a review of recent studies and relevant literature, the following conclusions are drawn with
respect to the prwem:e of heavy mctais in leachate from MSW landfills.

* Database dnc’i rescarch data represemmg thousands of data points from hundreds of MSW
landfills indicate that the average concentrations of RCRA heavy metals in MSW landfill leachate
are s;gmimmtiy iower than the TC regulatory levels.

»  When compared with dnnkmg water standards (i.e., water purity standards at the tap), average
concentrations for RCRA heavy metals in leachate {from the bottom of an MSW landfill) were
found to be less than 10 times higher than the drinking water standards and, for one metal, were
found to meét drinking water standards.

* Attenuating mechanistms within the landfill that limit the leaching of heavy metals include the
precipitation: of the heavy metals due to the presence of suifide, carbonate and hydroxide ions and
the acisorpuan and/or absorption of the hedvy metals w1thm the waste mass.

« The EPA cqnﬁrmed. the findings of recent smdaes regarding the low levels of heavy metals in
leachate in 1999 whep it promulgated final effluent limitation guidelines for landfills. In its
action, the EPA did not establish national regulatory discharge limits for any of the RCRA heavy
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metals for leachate that is directly discharged to a surface water bodfy- following én—sitc treatient
at the landfill. pe ;

The EPA’s decision not to promulgate national discharge limits for any of Elie RCRA heavy
metals anticipated the possible implementation of local pretreatment standardgzi based on local
conditions. When comparing the average concentrations of RCRA heavy metals reported in the
LEACH 2000 database to industrial pretreatment standards established in four 1).8. counties, it
was found that the average concentration for two metals - arsenic and mercury — were higher
than Jocal pretreatment standards. Based on this finding, it is apparent that, although the
concentrations of RCRA heavy metals in leachate are generally low, they may be high enough to
require pretreatment in certain areas. -

Theoretically, heavy metal concentrations in leachate could increase over ver;,f?;; long periods of
time following the closure of a landfill if the landfill liner systems are breached and air re-enters
the landfill, enabling aerobic decomposition processes to be reinitiated. Thig scenario would
require the restoration and sustainment of a viable aerobic microbtal consortium; with continuing
availability of oxygen and nutrients. Even if a site does tum aerobic, precipitation of metal
hydroxides and carbonates will still limit the release of metals, ‘Computer modeling and limited
laboratory investigations addressing this long-term risk have indicated that mobilization of heavy
metals from closed landfills, if it does occur, is not likely to occur within a very long timeframe

(i.e., thousands of years). '
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5.1 fNTRODUd’i"lGN

This section addrcsses the %ubject of RCRA beavy metals in landfill gas. The findings of current and
recent research, as weli as summaries of the relevant published lztcraturc are pmsented

5.2 BACKGROUND !NFORMA'rmu ON LANDFILL GAS

521 WHATIS LANQPILL GAS'?

Landfill gas: (LFG) isa natural byproduct of the biological decomposition of the organic fraction
of landfilled solid waste.*"" - The primary constituents of LFG are methane and carbon dioxide.
However, LFG also contams a number of trace constituents including hydrogen sulfide, water
vapor, ammﬁma, and a. va,rxety of volatile organic compounds (VOCs). Typmai concentration
ranges for the primary ¢onstituents of LFG are presented in Table 26. As is the case with heavy
metals in leachate, the constituent concentrations of landfill gas are tempora!iy dependent on the
stabﬂl?atlon pim,se or phasas‘ that are occurring in the landfilled waste.®*

Table 26
g . Typlcal Range of Gases in LFG
: Constituent - . -~ Typical Concentration Range
:f S (% by Dry Volume)
Methane | _ ' 45.0~80.0
Garbon Dioxide 35.0-45.0
Nitrogen : 1.0-20
Oxygen 0.2-1.0 .

Trace Constituents 0103

Characteristics

Temperatiire {Degrees F)

As Generated - | 100-120
At the Wellnead . 60-120
Moisture Content Saturated
Specific Gravity 0.96-1.02
Heating Value (Blus/SCF) 400-550

* Source: Hickman, H. Lanier, Principles of integrated Solid Waste Management.
Annapolis, MD:‘American Academy of Environmental Engineers, 1999

The federal Subtitle: I landfill regulations promulgated by the EPA in 1991 addressed the
explosion hazards assocmtcd with LFG. (Methane exhibits explosive characteristics at 5% to 15%
by volume), To comply with these regulations, landfill managers are required to manage LFG so
that it does ﬁoi present an explos:on hazard in either on- or off-site structures or enclosures.

Additional LFG regulatzcns were promulgated by the BPA under the Clean Air Act in 1996.%
The purpose of these: regulatlons was to address two additional concerns associated with LFG;
namely, the global warming impact of the methane in LFG and the potential health impacts
associated }wth a group of trace LFG constituents referred to as “pon-methane organic
compounds’;?‘ (NMOCs), <

i
3
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With respect to global warming, landfills have been found to be the largesl contributor to
anthropogenic methane emissions in the U.S, generating about onesthird ¢f U.S. methane
eimissions.® On a molar basis, methane has 20 to 25 times the impact of carbon dioxide on global
warming. :

LEG contains a number of contaminants that are of concern with respect to hum}n health and the
environment. Landfills have been found to emit more than 100 types of NMOCs. The majority of

these NMOCs are volatile organic compounds (VOCs), which contribute to, urban smog. In
addition, over 30 of the NMOCs are hazardous air pollutanis. 5

As a result of the 1996 regulations, large landfills (i.e., landfills with over 2,76 miilion tons of
waste in place and with estimated NMOC emissions of over 55 tons per year) are now required to
collect and control LFG emissions. It should be noted that, the collection and control of LFG
generally involves the combustion of the . gas, which results in the destruction and/or
transformation of many of the NMOCs and other pollutants contained in the g(.is,z

In Jannary 2003, the EPA promuigated additional Clean Air 'Act tegulations that established
national omission standards for hazardous air pollutants from MSW landfills.! The regulations
also require bioreactor landfills that are subject to existing Clean Air Act regulations (i.e., large
bioreactor landfills) to collect and control LFG emissions within 180 days after the landfill has
reached a moisture content of 40% (i.e., the landfill has met EPA’s déﬁnitid}x of a bioreactor

landfil).”> SR :

LANDFILL PROCESSES THAT IMPACT LFG CHARAC’FERIST(CS

The five stages of decomposition that landfilled wastes undergo were describedgin Section 4. The
impact of these decomposition stages on the characteristics of LFG are described below.

e Phase I: Initial Adjustment - As indicated in Section 4, this phase is agsociated with the
initial placement of the solid waste and the accumulation of moisture within the landfill.  In
this initial phase, aerobic bacteria use oxygen to metabolize the readily-decomposable
portions of the waste. Carbon dioxide and water vapor ar¢ the main gasepus byproducts of
this phase. _ ' : e i

e Phase 1I: Transition Phase — In the transition phase, a transformation fr(}'in an aerobic (i.e.,
with air or oxygen) to an anaerobic (i.e., without air or oxygen) environment cccurs, as
evidenced by the depletion of oxygen trapped within the landfilled waste.

« Phase 11I: Acid Formation Phase — During this phase, the solid waste is hydrolyzed,
reacting with water and producing chemical byproducts that are soluble in water. The
anaerobic, acid-forming bacteria, which are the dominant type of bacteria during this phase,
metabolize the biodegradable organic content of the waste and generate volatile organic acids
as a metabolic byproduct. The principal gas generated in this phase is carbon dioxide.
However, hydrogen gas is also produced and is sometimes detected in Phase III as the
development of a more reducing chemical environment continues. Hydrogen gas is important
in the reduction of carbon dioxide to methane that occurs during Phase IV. !

don :

e Phase IV: Methane Fermentation Phase — In this phase, also referred to as the
methanogenic phase, another group of anaerobic bacteria (the methanogens) predominate.
These bacteria convert the organic acids produced in Phase I to methane. In addition,
ammonia and hydrogen sulfide gases are produced';iby".fother types of bacteria (e.g.,
heterotrophic bacteria). However, these compounds exist'as weak bases or acids in solution
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and their release in any magnitude in gaseous form is dependent on pH. Water vapor derived
principally from the moisture contained within the waste mass is also carried off with the gas
generated. The presence of sulfides causes heavy metals to be attenuated through
precipitation and this attenuation mechanism affects whether or not significant quantities of
heavy metals, inciuding metallic and methylated mercury, can be released in gaseous form.
Also, the production of methane by the methanogenic bacteria can promote the methylation
of mercgry and othier métals, which could subsequently lead to the volatilization and potential
release ef these metals m ihe gas transport phase.

Phase V Maturation Phase In this phase, the biological acuvny of microorganisms shifts
to relative dormancy,’ due to the limited availability of either moisture or nutrients and
organic mataer As a result of decreased microbial activxty gas production also decreases. In
the vuy long-term, oxygen may re-enter the landfill, increasing the potential for the aerobic
decompésmon process to be restarted. If this occurs, the gas phase oxidation products—
namely g:arbon dioxide and water vapor—would again be produced.

Each of thesa decomposition processes occur at different rates, depending on local conditions,
and mvolveé a complex series of biological and chemical reactions that both respond to, as well
as change, ibc chermcal charactensncs of the LFG being generated.

|
{OTHER FACTGRS THAT immc‘r LFG COMPOSITION

In addition iao thc decomposmon stages occurring in a landfill, LFG composition is impacted by a
number of oiher factors whzch are summarized below.

Waste Composntmn «~ "While regulations vary from state to state, MSW landfills can
generaiEy accept any or ail of the following types of MSW substreams for disposal:

] Rusgdential waste

. Cofﬁmercml waste;’

) Indtgsmal non-process waste;

*  Nog-Infectious medical waste;

= Dcwatered sludges (water and wastewater; industrial)
= onstruction and demolition waste;

» ‘Speiml wastes (asbestos, etc.).

Itis evzﬁent that the composition of landfill gas will vary depending on the relative quantities
of each: mf the MSW substreams that are disposed in 2 given landfill. For example, disposal of
eigmﬁcant qu:mtttles of construction and demolition wastes containing wallboard {gypsum)
leads ta sulfide productlon under anacrobic sulfate reducing conditions, with excess sulfide
pment}a% lly released as hydrogen sulfide. Additionally, there is significant variation in the
matcr:ai and chermcal compm:non of each waste substream,

Landfiﬁ Age - LFG composmon is sxgmficantly influenced by the length of time that has
elapsud since waste p%acement due in large part to the different phases of waste
dccompiosxtxon that oceur..

Mmsmi‘e Amﬂabﬂ:ty Water is the most significant factor influencing the degree and rate
of wasﬁe stabilization .48 well as the quantity and characteristics of LFG. Recommended
momturé contents, as reported in the literature, range from a minimum of 25% (wet basis) to
an optimum range of 40 to 70% to support full stabilization of the organic portion of the

waste. 35‘

T
4
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s Vapor Pressure — The low vapor pressures exhibited by all metals except mercury over the
range of temperatures that occur in MSW landfills are also limiting factors with respect to
gaseous metal emissions. I .

HEAVY METAL CONCENTRATIONS IN LFG

INTRODUCTION

. Of all the RCRA heavy metals found in MSW, mercury is the only_.mc;tai that has historically

caused concern wilh respect to its concentration in LFG. This “is becaii}sa, at ambient
temperatures, mercury is the only metal that exists in liquid form. Mereury has a relatively high
vapor pressure compared to the other RCRA heavy metals and has the highest volatility of any
metal, When it vaporizes, mercury becomes a colorless, odorless gas.

In addition to its elemental form (Hg), mercury can be metabolized by anaérobic bacteria to
produce methyl mercury. Methyl mercury can be produced either as mono-methyl mercury (CHz-
Hg) or dimethyl mercury (CHs-Hg-CHy). - (In addition to mercury, other RCRA heavy metals,
including arsenic, selepium, and lead, can also be metabolized to form gaseous methylated metal
compounds.) L :
Mercury and its compounds are toxic to humans.” The toxicity varies among different types of
mercury. Generally, organic forms of mercury (i-e., methyl mercury) are much more toxic than
the inorganic forms. IS ;

In a recent report to Congress by the EPA, the following points. were made with respect 10
mercury in the environment. .* .

¢ Mercury moves through the environment as a result of both natural and humfﬁn activities.
: . a :

¢ The human activities that are most responsible for causing mercury to enter the environment
are the combustion of mercury-containing fuels and materials and industrial processes.

e Concentrations of mercury in air and water are usually low and of little direct concern.
However, once mercury enters water bodies, either through direct discharge of water or
deposition from the air, it can bioaccumulate in fish and ‘animal tissue in ifs most toxic form
(methy] mercury). ' i

»  Predatory fish and fish-eating birds and mammals can bivaccumulate concentrations of

mercury that are thousands to millions of times greater than the concentrations found in their

water environment.

« Human exposure to mercury occurs primarily through eating contaminated fish. -

Mercury compounds, as well as a number of other metallic compounds, are included in a list of
33 pollutants identified as a part of the EPA’s “National Air Toxics Assessment Program” {(see
Table 27). Through this program, the EPA is working with state, local, and tribal governments to
reduce air toxic releases to the environment. e
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N Table 27
" Metaliic Compounds Included in the
_ National-Scale Air Toxics Assessment
Arsenic
Beryliium
Cadniium
_ Chromium
; Lead
Manganese
Mercury
_ ‘ Nicksl .
Source: http:/iwww.epa.govitinfatwinata/34poll.himi

There are no ambient air quality standards for mercury or any of the other metallic compounds
listed in Table 27.- However, exposure limits have been established for workers by the
Occupational Health and Saféty Administration (OSHA) for these metals. These exposure limits
are presented in Table 28.. ' . o :

:

i e Table 28

i “ ., OHSA Permissible Exposure Limits
L Limit (mg/m®
Antitony _ . 05
Arsenic {inorganic) ' 0.01
Beryllium : 0.002
Cademium (fume} ' 0.005
Chromium : 1
Lead . ‘ 0.050
Manganese = - ' 5
MerdLiry {organo) alkyi compounds (as Hg) 0.61
Mercury compouinds {excerit organo alkyls} {as Hg) 04
Nicks! Co e 1
Noter Limils are based o Time Weighted Averages {TWA) for an 8-hour workday

53.2 RECENT RES_%&RCH EFFons'?d ‘CHARACTERIZE MERCURY AND OTHER HEAVY METAL EMISSIONS FROM
LANDFILLS S

Unlike the case with landfill leachate, there have been relatively few studies done over the past
ten years to.characterize the concentrations and speciation of heavy metals in LFG.

The recent %tudiss and reports on heavy metals in LFG that were identified by the ARF research
staff are summarized below.

|

3
§
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5.3.2.1  Mercury Study Report to Congress’

In 1997, as required by the Clean Air Act Amendments of 1990, 'ihc EPA issued a
report to Congress referred to as the “Mercury Study.” This eighimvohune study:

» Provides an inventory of mercury cmissions to the air from a number of sources
related to human activity. : !
» Estimales the health and environmental i 1mp4c{q associated with zheqe emissions.
e Describes the technologies (and associated co&;ts} available te control mercury
emissions. o :
The study includes the estimated mercury emission rates by source category for the U.S.
in 1994-1995. Selected source categories, including landfills, are preser.ts::d in Table 29.

As indicated, the EPA estimated that, in 1994-95, Eandﬁﬂs ermtted a tot;a] of 70 kilograms
of mercury to the atmosphere. This quantity reprcsentcd less than {}1 of the total
amount emitted from all source categories. - :

Table 28
_Best Point Estimates of 1994 1995 Mercury Emission Hates ln the U, S;

-1994-95 {K;logramsf‘k’ear) - Percent of Total Inventory

swmemﬁe’“‘“’ “Subtotal | Total | Subtotal |

Area Sources

Landfiils 70 o, <0.1% :
Point Sources : 141,000 | ... ¢ 97.8%
Combustion 125,300 P 87.0%
Manufacturing - 14,400 Ci0.0%

Miscellaneous 1,300 ' LT 08% :
Total 144,100 e - 100%
Source: EPA. Mercury Study ~ Report to Congress. Volume 1~ Executive Summary, EPA-

452/R-97-003). Research Triangle Park, NC: EPA, December 1897, G

5.3.2.2  New Jersey Mercury Task Force Report

The New Jersey Department of Environmental Protection sonvened the first Mercury
Task Force in 1993, In 1998, a second Mercury Task Force was convened, which
addressed a much wider variety of mercury sources,

Based on source-specific data collected for the late 1990s to 2{)03\ the Task Force
estimated that 2,043 kilograms of mercury are emitted to the air on an annual basis in
New Jersey. Of this amount, the Task Force estimated that 14 kilograms per year are
emitted from New Jersey landfills. This represenis 0 7% of total mercury air emissions
for the state. ‘ .

The Task Force also addressed the issue of dimethyl mercury in it$ consideration of
mercury emissions from landfills. Assuming a rate of 50 nanograms of dimethyl
mercury per cubic meter of LFG that was measured in a recent study, the Task Force
also estimated that approximately 85 grams of dimethyl mercury could be emitted cach
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year from New Jersey landfills.” The Task Force called this amount “relatively
insignificant.”

Methylated Mercury Species in MSW LFG Sampled in Florids”

’E‘lus study was performed in 1998 by scientists from the Oak Ridge National
Laboratory (ORNL) for the Florida Department of Environmental Protection (DEP).
The goals of the study were fo confirm the existence of total gaseous mercury {TGM)
at relatively high concentrations in LFG and to establish that methylated mercury
djibmpounds, such as monomethyl mercury (MMM) and dimethyl mercury (DMM),
were LFG constituents,”

In a previous stﬁd.y, also performed by ORNL for the Florida DEP, the study authors
ifg;ad measured TGM levels in LFG in the range of micrograms per cubic meter.® In
addition, monomethyl mercury (MMM) was identified in LFG condensate.

The 1998 study involved the collection and analysis of LFG samples during one day of
sampling (11/17/98) at the Brevard County Central Disposal Facility near Orlando,
Florida. The samples were taken from two in-line vent ports upstream of the LEG flare
used to process all LFG from the site.

il R T

The results of the day of sampling at the Brevard County Landfill are presented in
"E?able 30. A¢ indicated, the concentrations are presented in “nanograms per cubic
mieter” (i.e., billionths of a gram per cubic meter). The data presented in Table 30
dicate the following:

m Total gaseoiis mercury was measured in the “micrograms per cubic meter range”
- (i.e., millionths of a gram per cubic meter).

* Dimethyl mercury was identified as being a LFG constituent and measured in the
©  nanograms per cubic meter range.

¢ Monomethyl mercury was not actually found in the LFG but, just as in the previous

study, ‘was identified in the LFG condensate. The gaseous concentration of 6
nanograms per cubic meter was estimated based on the concentrations of

monomethyl mercury measured in the condensate,

The project investigators teport that this study represents the first positive identification
of dimethyl mercury in LFG in the U.S. They reference studies that indicate that
sulfate-reducing bacteria, such as are present during the anaerobic decomposition of the
landfilled waste decomposition process, have been found to convert elemental Mercury
t monomethyl and dimethyl mercury through metabolic processes.”

’Iihe study autho.r:s.‘gcmpamd the levels of the various types of mercury identified in the
LFG to other soutces and concentrations (see Table 30).

A follow-up study that involved more extensive sampling over a one-week period of
MMM, DMM, and TGM was conducted at two landfills in central Florida (including
Brevard County) as well as landfills in Minnesota and California. The results of this
study have not yet been published.”®
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Tabte 30

Summary of the Types and Concentrations of Mercury Measu o in LFG
at the Brevard County Landfill oh,Nuvember 17, 1998 _

2 Mercury Speciesand - |-
7o Sampte:{ype‘ '

Total Gaseous Mercury 0~ '| Immediate Downward Plume

{TGM} {Charcoal) 10,000 .- | of Coal-Fired Power Plants

Total Gaseous Mercury 4 e B
{TGM) {backup trap) S

Dimethyl Mercury (DMM) 30 0.003+/- 0.004 | Ambien{Ar in Seattle, WA

DMMITGM 0.4% i

Monomethyt Mercury (MMM) | - 8 0.007+/- 0.004 | AmbientAir in Seattle, WA

S
g
Vo i

5.3.2.4 Determination of Total_Dimethyl, and Manomezﬁvl Mercury in Raw LFG at the
Central Solid Waste Management Center e *‘

The Delaware Solid Waste Authority (DSWA) has taken a Eeadershm rote in the effort
to more accurately determine the levels and types of meércury in LFG. In January 2003,
the DSWA contracted with Frontier Geosciences, Inc. to conduct dn initial ‘;amplmg
campaign at DSWA's Central Solid Waste Mamgement Center (CSV mc,) landfill, ** -

A draft report on the findings of the initial campmgn was dismbuted in February 2003.
A summary of the sampling results included in the draft. report is presented in Table 31.

Table 31

Sampling Resulis for the Initial Mercuﬁr Sampling Campa:gn
Conducted at the CSWMC Landfill

" Measured Comen!ratmns

Type of déée'c_)us Mercury '

Total Gaseous Mercury (TGM)
Dimethyl Mercury (DMM) 381
Mongmethyl Mercury (MMM) 1.3

Based on the sampling results, it was concluded that'the CSWMC LFG concentrations
for total and monomethyl mercury—408 and 1.3 nanograms per cubic meter,
respectively—were similar to concentrations recently mea'mred at ather U.S. landfills
but were lower than those reported by Lindberg, et al, in fhez Flonda stzzdy published in
2001. _ L

The mean concentration of 38.1 nanograms per cubic meter medsured for dimethyl
mercury represented 9.3% of the total gaseous mercury measured in the LEG. The draft
report emphasized that, if the CSWMC LFG is combusted, the dmethy mercury in the
gas will most likely be converted to elemental mercury. :
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5.3.2.5 EPA Field Test Programs to Update LFG Emissions Data

In a recent paper, the EPA’s National Risk Management Research Laboratory
(NRMRL) reported that it is currently conducting two field tests programs to provide
updated data for characterizing LFG emissions,

The updated data will be used by the EPA in its evaluation of residual risk from U.S.
MSW landfills to: determine the need for any additional requirements for LFG
collection and conirol under the Clean Air Act.

’I‘:‘:he two 'ﬁé_ld 'tcst_ programs being conducted by the EPA are as follows:

* EPA ~ EREF Partnership — In June 2001, a partnership was formed between

. EPA's NRMRL and the Environmental Research and Education Foundation
(EREF) through a Cooperative Research and Development Agreement (CRADA).
The purpose - of ‘the CRADA is to obtain up-to-date, credible data for LEG
ermissions byfbc__)_nducting field tests at sites that are typical of U.S. landfills.

Measurements were conducted of the raw LFG and the post-combustion gases. The

first phase of the study was completed in January 2003. Two sites were included in

1 Phase 1. One site involved an enclosed flare while another site utilized internal
- combustion engines to combust the LFG.

Phasé 2 was conducted in the summer of 2003, and the final report is scheduled for
completion by January 2004, Target analytes for the outlet exhaust include lead,
arsenic, cadmium, chromium, manganese, nickel, and mercury.

Results from Phases 1 and 2 were available for oral presentation at the Sardinia
Landfill Conference in the Fall 2003.

». EPA -~ WM Partnership - Through a second CRADA, EPA has developed a
. parinership with Waste Management, Inc. (WM) to evaluate bioreactor landfills.
~ Through this partnership, sampling is being conducted for mercury in the raw LFG
. for total, clemental, methyl, and dimethyl mercury. A final report is scheduled for
! spring 2004, 7 -

5.3.2.6 M#rcury and Other Metals Testing at the GSF Energy, Inc. LFG Recovery Plant at
the Fresh Kills Landfill'™

The Fresh Kills Landfill, which until recently, disposed of MSW from the city of New
York, covers approximately 3,000 acres and was the largest landfill in the US. The
gas generated within the landfill is collected, purified, and sold to a local utility
(Brooklyn Union Gus).

In 1996, Eastern Résearch Group, Inc. conducted testing on the two LFG collection
headers, the purified 1.FG (Sales Gas) and the Thermal Oxidizer for mercury, arsenic,
beryllium, cadmium, chromium, lead, and antimony. Testing was performed during the
week of July 15, 1996. The test results are presented in Table 32.

As Table 32 'i_hdic‘_a‘tés, mercury, arsenic, and antimony were all detected in significant
quantities during the sampling program. The following comments were offered with
respect to the detection of heavy metals in LFG during the test prograi:

: o :
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» Antimony — Was detected at significantly high I(,\fclb in both rhc, I\orzh and South
Header runs. : -

» Arsenic — Was detected in significant quantities in both the I\acrth and South
Headers. ;

s Beryllium - Was not detected in any of the samples or field bidﬂkb at levels above
the “Method Detection Limit™ (MDL).

* Cadmium — Was not detected in any of the North Header sampléjs and was found
in two of the South Header samples at snmg._,mﬁcant levels. :

¢ Chromium —~ Was detected due to its presence [n the test rm;__,ems and was not
actually present at detectable levels in the sampied landﬁlied gas.

o Lead — Was detected at levels less than 5 times ihe MDL

« Mercury — Was detected in the North and Soui:h Hcadcrs at Ieimif; significantly
above the MDL. el

Table 32 ;
Average Metals Concentrations in the North and South Headers (Biank«{:orrected}

.1, North Header South Header . |-

Mercury (Hg) 732757 | 175478 ] 031034 1 0.30-0.38

Arsenic (As) 86.5 (¢} 131-132 | 1.25-1.38 o] 1224142

Beryllium (Be) 018 0.13 .1 0.30-0.34 -] 0.30-0,38
Cadmium {Cd) 0.13 013 (b) -0.20. :}:0.30-0.34 1 0.30-0.36 )
Chromium (Cr) (0) 1.41-1.16 162 ] 0.94-1.03 log-107

Lead {Pb) (e) 0.22 0.22 ] 0.83.0.69 ] 081-0.71

Antimony (Sb) 117 (g} 201cy o) 1..2&1.38 122-1.42

Notas; ;

a The first value iy each range represents “greater than or equal ta wi‘i:fe the secs 1w valug in each
range represents “but less than.” Note: “dscm” refers to dry standard cubic meter.

b Less than five times the MDL in one or two runs; the other vales' were non- deter:

¢ These vaiues are “squal to” not “greater than." : :

d Reagent contamination fikely. a ;

e Because of the high levels of lead in the header blank, data are afso repaned as iegs than without
blank cotrection.

The detection of significant quantities of antimony and arsenic during the Fresh Kills
sampling program was the first and only reference to the identification of these metals
in LFG in any of the studies reviewed for this project. . On the other hand, the detection
of mercury at significant levels correlates with the findings of b@th the Florida and
Delaware studies described above. Unfortunately, little diagnostic. assessment was
conducted to link the results of this study to operational circumstances and disposal
conditions at the landfill. As the chemistry and thermedynamics of gas-phase metal
behavior is kn{)wn, it conld have been applied in thls case as an aid s interpreting the
study results.'® - / >
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5.3.3 ESTABLiSH;MENT OF NATIONAL EMISSION STANDARDS FOR HAZARDOUS AR POLLUTANTS FROM MSW

5.4

LANDFILLS_;

Section 1;%2 (d) of the Clean Air Act required the EPA to regulate emissions from HAjOr sources
of 188 types of hazardous air pollutants (HAPs).

On July 16, 1992, the EPA published a list of industrial source categories that emitted one or
more of tﬁese HAPs. MSW landfills were identified as a source category on this list. As a result,
the EPA was required to promulgate standards for the control of HAP emissions from both new
and existing MSW landfills that were determined to be major sources of HAPs. These emission
standards ‘are referred toas “Emission Guidelines” (EG) for existing landfills and “New Source
Performali:ce Standards™ (NSPS) for new landfills.

Under section 112 (k) of the Clean Air Act, the EPA is required to develop a strategy for the
control of! HAPs from area sources in urban areas. The EPA identified 33 HAPs generated by
area sourdes thal presented the greatest threat to public health in the largest number of urban
areas. MSW landfills were again listed as an area source category to be regulated pursuant to
section | i? (k) because 13 of the listed HAPs were found to be emitied from MSW landfills.

On Jaﬁua?y 16, 2003, the EPA promulgated national emission standards for hazardous air
pollutants (NESHAP) for MSW landfills. In this action, emission limits were not established for
mercury déi“-any other heavy metal.

With respect to mercury, the EPA indicated that there were “insufficient data to characterize the
concentraions of mercury in LFG or determine its significance.” The EPA indicated that
section 112 (f) of the CAA requires that EPA evaluate residual risks and promulgate standards to
address residual risk-within eight years of the promulgation of the NESHAP. If additional
information on mercury emissions and control techniques that would alter the decision not to
require m@;}'cury reductions becomes available, the EPA can amend the NESHAP rule at that time.

In the background document published in conjunction with the new regulation, the EPA stated
that “it should be considered that, once mercury has been created, the next best method of control
may be disposal in a modern, lived landfill that combusts the generated gas in accordance with
the EG/NSPS. In this case, the mercury is converted to a less hazardous, inorganic form through
the combustion process.”* .

SUMMARY FINDINGS AND CONCLUSIONS

Based on this rcs%iew of recent studies and relevant literature, the following summary findings and
conclusions are made with respect to the presence of RCRA heavy metals in LFG from MSW landfills.

541  SUMMARY FINDINGS =

» There is evidence of the existence of gaseous mercury in LEG in the range of micrograms per
cubic meter. '

» The amount of mercury contributed to the environment from MSW landfills is relatively
insignificant compared to other sources, ‘

» Inits i;ssuance of “National Emission Standards for Toxic Air Pollutants” for MSW landfills
in January 2003, the EPA did not promulgate standards for any RCRA heavy metals.
However, the EPA has the right under the Clean Air Act to promuligate standards for heavy

: ]
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metals in LFG in the next eight years if residual m,ks associated with t}w non-regulated
pollutants are identified.

« Under current partnerships with private organizations, the EPA is conducting detailed studies
to update its database regarding LFG constituents, including heavy metals. |

s Recent studies have identified both monomethyl mercury and dimethy! mercury as being
constituents of the total gaseous mercury in LFG. In additioli to mercury, other RCRA heavy
metals, including arsenic, selenium, and lead, can also be metabolized to form gaseous
methylated metal compounds. ,

s Methyl mercury compounds as well as other gaseous me:ihylated mf,tdz compounds are
converted back to inorganic metal forms through combustion processes suci as flaring or
LFG energy recovery systems.

¢ Inorganic mercury emissions, however, are not controlled through L'FG fhzrmg or LFG
energy recovery systems.

¢ Two other metals, arsenic and antimony, were identified at significant levels in one of the
recent studies on LFG.

5.4.2 CONCLUSIONS

* Mercury appears to be a trace constituent of LFG.

e The same attenuating rmechanisms that limit the leachmg 0]‘ heavy memis in landfills—
including reducing conditions, neutral pH, and presence of sulfides —also hm:t the release of
significant gas phase metals (including metallic or methyla{ed THEICUry).

» Since inorganic mercury is not controlled through the ﬂarmg or combuszmn of LFG for
energy recovery, the best methods of controlling mercury LFG ernissions iare programs that
eliminate mercury from the waste strean: through recycling and source reduction.

o If the evidence from recent studies regarding the presence of meihyl mer c,ig;xrv compounds in
LFG is corroborated through future studies, there may be a move to requare more landfills to
collect and combust LFG.

e While arsenic and antimony were identified at significant levels in a single study, the lack of
measurements of the quantities of these metal§ from other studies makes it premature to draw
conclusions whether or not these metals are typically found in L¥FG.

¢ The research projects reviewed during this investigation underscore the need for additional
research regarding the presence of RCRA heavy metals in LFG. Such future research
initiatives would provide a more scientifically and technically Sound process on which to base
future regulations. The research being conducted by the EPA through partnerships wiih
private organizations represents a good first step in this regard. "
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6.1  INTRODUCTION

The relatively low concentrations”of RCRA heavy metals in leachate and landfill gas have been
documented in Sections 4 and 5. The purpose of this section is to document the performance of landfill
pollution control systems——namely the leachate collection and treatment system and the landfill gas
management systemn—in minimizing the release of RCRA heavy metals in leachate and landfill gas to the
environment, : :

6.2 BACKGRQSUND mronm.’gﬂon ON POLLUTION CONTROL SYSTEMS AT SUBTITLE D
LANDFILLS

6.2.1 lumoauc*r;diu

The enviropmentally safe and secure containment of wastes in landfills took a major step forward
with the promulgation of “Subtitle D" landfill regulations in 1991 by the EPA.'%

These regulations ‘established national standards and minimum requirements for a number of
pollution control systems that are required to be constructed in conjunction with MSW landfills.
These systems include:

Landfill Liner Systém. .

Leachgj;%e Collection and Removal System
» LFG Cpllection and Control System
»  Landfill Final Cover System.

A brief ovezfgview of each of these systems, which are illustrated in Figure 2, is provided below.

ST A
st

Leachate
collection

Figure 2~ MSW Landill Pollution Control Systems

6.2.2  LANDFILL LEN;ER SYSTEM

MSW landfills can be defined as land-based waste management cells that contain MSW.)® To
protect the ‘environment, MSW landfills are now constructed with waste containment systems,
which consist of I) a liner system that underlies the waste, and 2) 2 final cover system constructed
over the waste,
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Leachate is wastewater that is formed as water percolates through the Iarédf iled waste and
collects contaminants that are present in the waste and/or are produced dur;ng the waste
decomposition process. Leachate generated in landfills flows downward by gravity and, if not for
the liner system, would eventually flow through the soil undemeath the Eandfi!l and coutd
potentially pollute the groundwater below. >

The landfill liner system provides a relatively impermeable barrier between the landfilled waste
and the land on which the landfill has been constructed. The primary purpose é;)f the liner system
is to minimize the migration of waste constituents out of the landfill. Another purpose of the liner
system is to enable the landfill leachate and LFG to be collected and treated.

Federal Subtitle D reguiaiions require that the liner system be constructed as a’ ‘composite” liner.
A composite lner is an effective hydraulic bamier because. it combines t?ke complementary
properties of two different materials (pamely compacted 5011 dnd a synthetic gwmcmbranc) into
one systern. :

Geomembranes are thin, factory-manufactured plastic materials that are widely used as hydraulic
barriers due to their non-porous structure, flexibility, and ease of installation. However,
geomembranes may contain defects, including tears, improperly bonded seams, and pinholes. In
the absence of an underlying, low permeability soil liner, the flow of leachate thxough a defect in
the geomembrane is essentially unrestrained. Therefore, federal Subtitle D regulations require
that the geomembrane be underlain with a low-permeability soil liner to limit the flow rate of
leachate through any defects that may exist or develop in the geommhrane linefr.

Subtitle D regulations stipulate that the two components of the camposm: liner mcct the following
requirements:

* Soil Component ~ The lower component of the composite liner, as illustrated in Figure 2,
mast consist of at least a 2-foot layer of compacted soil. This layer must have a hydraulic
conductivity of no more than 1 x 107 cm/sec.

* Flexible Membrane Component — The upper componafﬁ must consist of a qyntheiic flexible
mermbrane liner (FML) of at least 30-mil (0.03 inch) thickness. If the FML is high-density
polyethylene (HDPE), then it must be at least 60-mil (G 06 mcb) thick.'® "

LEACHATE COLLECTION AND REMOVAL SYSTEM

Subtitle I} regulations also require that MSW landfills be eqﬁlppéd with a Ieacfwte collection and
removal system (LCRS) that limits the depth of leachate reiamed over the imer systems to 12
inches (30 centimeters).

As shown in Figure 2, the LCRS will generally include a pipe network that allows leachate to

-drain by gravity to a sump at the low elevation of the landfill cell. From the sump, the leachate is

removed from the landfill either through a gravity drainage pipe or through a sump pump. Once
removed, the leachate is treated in either on-site or off-site treatment systems.

A typical leachate collection and treatment system consists of the following cm,?;lponﬁms:

* Leachate Collection Pipes — These pipes, which generally consist of%_pt',rf(}r'&ted HDPE
plastic piping, are located over the bottom liner system in a grid or spoked pattern.
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« Dr anmge Layer - Thc dramdge laver, which geﬁeraliy consists of sand or geosyanthetic
materm} is designed. to-allow leachate, as well as LFG, to enter into the leachate collection

pipes.

* Filter Layer ~ In some cases, a protective filter layer consisting of soil or geosynthetic
materials is installed over the drainage layer to prevent physical clogging of the drainage
layer matenal

. Leacha;e Header Pipes ~ The leachate collection pipes are connected {0 one or more
leachaiefi headers, which convey the leachate to a leachate pump or storage area.

. Leachate Pump/Storage Area — Leachate is generally required to be pumped to either an
on-site freatment system or to a sewer for off-site treatment.

. Leadmte Treatment System - Off-site treatment generally involves transport of the leachate
to a puthl}hDWWBd treatment works” (POTW). In some cases, on-site leachate treatment is
prowded This treatment generally consists of aerated lagoons, stabilization basins, and/or
separate biological or physxcal!chermcal treatment systems. In the case of bioreactor landfills,
leachate, may be pre:m:dted by collection and recirculation through the landfilled waste.

LFG COLiECTiON AND CONTROL SYS’!‘EM

Federal stbt:tle D regulations do not require every Subtitle I landfill to install 2 LFG collection
and control system. Rather, the regulations require that the concentration of methane gas
generated by the facility does not exceed 25% of the lower explosive limit for methane in facility
structures nar exceed 100% of the LEL at the facility property boundary.

* LFG emissions are, however, regulated by the EPA under the Clean Air Act (CAA). Tn Mareh =~ "

1996, the EPA promulgated CAA regulations for MSW landfills. These regulations require that
large MSW landfills (i.c., those with a design capaclty of 2.76 million tons or more of waste)
must coi%ect: and control LFG if their estimated enuss:ons of “non-methane organic compounds”
(NMOCs) are 50 megagrams (55 tons) per year or more."

In January 2{)03 the EPA promulgated additional Clean Air Act regulations that promulgated
national emission standards for hazardous air pollutants from MSW landfills. The regulations
also required bioreactor landfills that are subject to existing Clean Air Act regulations (i.e., large
bioreactor landﬁlls) tor coilect and control LFG emissions within 180 days afier the landfill has
reached a rnmsture content of 40% by weight.

FinaL COVER SYS'{EM

Final cover éystems represent dnolher important pollution control element of MSW landfills. The
final cover system effectively prevemts the infi ltration of water or air into the landfill once the
tandfill (or Eandﬂii cell) is closed.

Subtitle D reguiatlons require that the final cover must be placed over the landfill within one year
after the landfill reaches its final permitted height. The following mininmm design criteria are
required for: ’ﬁna] cover sy%t{,ms for MSW Jandfills:

» A6 mch layer'of earthen matc,rzal above the geomembrane liner
+ ABD mii {0.06 mch} thick HDPE geomembrane
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6.3

6.3.1

6.3.2

s An I8-inch thick compacted soil liner having a maximum hvdrauhc r:ondncnvs{} of
1x10 7 ems,

The final cover system must provide the same maximum level of hydraulic conductivity as the
bottom liner system. With respect to the long-term control of pollution from the landfili, final
cover systems are as important as, and in some ways more important than, the liner system.™

EFFECTIVENESS OF SUBTITLE D LANDFILL ENVIRONMENTAL ; PROTECTION
SYSTEMS IN PREVENTING HEAVY METAL RELEASES TO. THE ENVIRONMENT

INTRODUCTION

The purpose of this section is to present the findings of recent resaarch regarding the
effectiveness of the poliutant control systems required for MSW landfills in mm&mmng releases
of RCRA heavy metals disposed in MSW landﬁlis to the environment.

EFFECTIVENESS OF LINER SYSTEMS
6.3.2.1 Introduction

In December 2002, the EPA published the results of a four-year study %h‘xt assessed the

performance of waste containment systems, including the liner systcms required for
MSW landfills. ' _

This broad-based study, which is documented ina ‘rapoz"t of over i,OOOﬁ’pages in length,
addressed three categories of issues related to the design, construction, and
performance of waste contammcnt systems used at 1andﬁlIs namely

» Technical issues associated with geosymhcuc lmers
» Technical issues associated with natural material hners :
¢ Field performance of waste containment systems.

Of particular relevance to the effectiveness of bottom liner systems in greventing heavy
metal releases to the environment were research tasks that addressed two key issues:

i} The expected service life of composite Subtitle I landfill Tiners.
2} The leachate leakage rates associated with the primary liner.

The findings reported in the study on these two issues are summarized iaelow

6.3.2.2  Prediction of Geomembrane Service Life

One of the most often-asked questicms regarding thé use of gcomembr}mu in an MSW
landfill bottom liner system is “How long will the gcomcmbranc Iabt’?‘ The recently
published EPA study addressed this question.

For most MSW landfill bottom liner systems, high- density polyethyl cﬁe (HDPE) liners
have been the geomembrane of choice. HDPE genmembmnes (GMS) are comprised of
the following materials:

» Polyethylene resin (97%)
« (Carbon black (2%)
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e Antioxidants (1%).

HDPE geomembranes “age” when the polyethylene molecules that comprise the liner
react with oxygen (ie., are oxidized). This reaction causes breaks in the polymer
chains and results in an embrittling of the liner.

z%mioxidams are sacrificial chemicals that are mixed in with the polyethylene resin.
Antioxidants inhibit the liner oxidation process by reacting with oxygen that comes in
contact with the liner and thereby preventing the polyethylene oxidation reaction from
occurting.,

'Ié’-he long-té:;‘m’ éging process for HDPE geomembranes proceeds in three sequential
stages: I

* Depletion of Antioxidants ~ As oxygen or oxygen containing chemicals come in
© contact with the liner, the antioxidants contained in the liner are eventually
depleted. - ./ .

* Induction - During the induction period, oxidation reactions cause a scission (or
cutting) of the polymer structure,

*. Ogxidation of the Polyethylene Resin ~ During this stage, the polyethylene
continues to be oxidized until the engineering properties of the material are reduced
by 50%. A 50% change in materials properties (i.e., density, melt index, and tensile
strength), which is generally interpreted by polymer engineers to be significant, is
called the “half'life” of the material. In the EPA report, the half-life was arbitrarily

@
- S

’I‘E’hrough' the utilization of field data in conjunction with material behavior models, a2
service life on the order of 1,000 years was estimated for a 1.5-millimeter (0.06-inch)
thick HDPE liner under simulated landfill conditions' (see Table 33). In addition,
even if a leak eventually develops in the peomembrane Tiner, the soil liner and Jandfill
‘cover will continue to function to minimize water infiltration into the landfill or
leachate migration out of the landfill,

Table 33
Estimated Life of 1.5 mm {0.06 inch) HOPE Geomembrane Evaluated in the EPA Study

| Stage of Degradation

_ _ Description * Duration (Years}
A Antioxidant Deplation 200 '
B induction Time 20
_ C Haii-lite of Engineering Property 750
" Total Life Estimate 970

Degradation of liner resulfing in liner retaining 50% of original engineering properdies of density, melt
index, and tensile strength.

Source: EPA. Assessment and Recommendations for Improving the Performance of Waste Containment
; Systems. (EPA/600/R-02/099). Cincinnati, OH: EPA National Risk Management Ressarch
Laboratory, December 2002,
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6.3.2.3  Field Performance of Composite Liner System'; '

Double-lined landfills are landfills that have two'liners as a part of their bottom liner
systems. In a double-lined landfill, a leak detection system (L}?)S) is constructed
between the primary and secondary liners. Double-lined landfills are particularly useful
in the determination of leakage rates through primary geomembran_;: liners because of

their leak detection systems (LDS). Any leachate that leaks through the primary liner
is contained by the secondary liner and is subsequently coiiected wnh its quantities

recorded.

As described above, Subtitle D regulations require MSW 'landﬁii§ to be constructed
with a composite liner. The minimum composite liner requm:mt,nt includes a
geomembrane liner underlain with a compacted soil (or clay) liners. These composite
liners are referred to in thc literaturs as “(;eoznembrane/(jompactaé Clay” or GM/CC

liners.

Previous field studies of GM/CC liners were not able to quantify the Jeakage rates
through these liners due to the masking effects of “consolidation” water (i.e., water
from liner construction activities), the very low anticipated flow, rates through the
composlte liner, and the relatively long breakthrough times for the' CC component of

the liner.'?

As a part of the recently published EPA study of wasfe contammeht systems, liquids
management data were evaluated for 13 double-lined cells with GWC,C, primary liners
to better understand the field performance of landﬁ]l pnmdry liners. !

With respect o the performance of GM/CC iancrs, the study 1nve$t1gz1tors concluded
that “The current database is not sufficient to draw definite conclusions on the
performance of GM/CC ... primary liners.” However, the following observations were
offered: e

s Available data suggest that the average monthly active-period LDS flow rates
attributable to leakage through GM/CCL constructed with quality assurance (CQA)
programs, are probably similar to those for “Geomembrane/Geocomposite Clay”
(GM/GC) primary liners constructed with CQA. The average monthly active-
period LDS flow rates attributable to leakage through geomembnmefs.zwsynthct:c
clay liners (GM/GC) will often be less than 18.7 gallons per acre per day but
occasionally in excess of 93.5 gallons per acre per ddy :

« Subtitle D (.e., GM/CC) composite liners constructed with | ‘good construction
quality assurance programs can achieve true hydrauhc efﬁczem%es of 99% to more
than 99.9%.

'»  GMJCC composite liners are capable of substantially preventing leachate migration
over the entire period of significant leachate generation for typical landfill
operation scenarios (iLe., scenarios that do not mciude ieachqtc recirculation or
disposal of liquid wastes or sludges).
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EFFECTNENEgs OF LEACHATE COLLECTION AND REMOVAL SYSTEMS

As indicatcé:i above, Subtitle D composite liner systems are capable of keeping 99% or more of
the leachate contained within the landfill where it can be collected and removed or recirculated by
the Jeachate collection and removal system.

As previouséiy discussed, heavy metal concentrations in leachate have been found to be very low.
The leachate that is collected is either treated on-site or is pumped or trecked to off-site
wastewater freatment systems,

EFFECTIVENESS OF LANDFILL GAS COLLECTION AND TREATMENT SYSTEMS

In a recent paper, the EPA’'s National Risk Management Research Laboratory (NRMRL)
estimated that 50% of the 162 million tons of MSW landfilled each year goes to MSW Jandfills
which have landfill gas (LFG) controls in place. Of the landfills with LFG controls in place, 50%
combust the collected gas in landfill flares, while the remaining 50% combust the gas using
energy recovery technologies such as boilers, internal combustion engines and gas turbines.'?

During the é:ombustion process that occurs in landfill flares and energy recovery technologies,
methylated forms of mercury and other heavy metals are converted to elemental metal forms
which, at ledst in the case of mercury, are much less hazardous,

With respect to mercury, the EPA has stated that “it should be considered that, once mercury has
been created, the next best method of control may be disposal in a modern, lined landfill that
combusts the generated gas in accordance with Clean Air Act regulations.!

As disc:usse%i in Section 3, the EPA NRMRL is currently conducting field tests programs to -
provide updated data for characterizing LFG emissions, including emissions from LFG flares and
LFG energy recovery systems. : :

CONCLUSIONS

Based on this revicvg% of recent studies and relevant literature, the following conclusions are offered with
respect to the effectiveness of landfill pollution control systems in minimizing the discharges of RCRA
heavy metals to the environment.

Landfill 1inefr systems substantially prevent the leaking of leachate from the landfill to the land
upon which the landfill is constracted. Based on recent investigations, these liners appear {0 have
a service life on the order of 1,000 years,

Due to the effeciivénesjs of the landfill liner systems that have been constructed with good quality
assurance programs, it appears that 99% or more of the leachate generated in MSW landfills is
collected and treated by recirculation or other on-site or off-site wastewater treatrent systems.

For landfiils‘'equipped with LFG collection and control systems, the combustion of gas in landfil}
flares or energy recovery technologies enables the conversion of methylated mercury (and other
methylated metal compounds) to elemental metal forms, which, at least in the case of mercury,
are much less hazardous. :

i
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Section 7 - Overall Conclusions

'\ The purpose of this report is to present the findings of recent literature and current research efforts

regarding the effectiveness of ‘municipal solid waste (MSW) landfills in controlling releases of heavy
metals to the environment. The following overall conclusions are offered with respect to this issue:

1.

|43

Based on historical data; it appears that about 130,200 tons per year of RCRA heavy metals are
disposed in MSW landfills. (As noted in Section 3, RCRA heavy metals are eight heavy metals or
metalloids for which groundwater maximum contaminant levels and TC regulatory limits have
been established by the EPA.) This equates to 0.08% of the 162 million tons of MSW disposed in
landfills on an annual basis.

Historical dét:a indicated that the total tonnage of RCRA heavy metals disposed in MSW landfills
has decreaséd over the last 15 years due to increased recycling and/or substitution of heavy
metals with other materials.

Lead appears to represent over 97% (by weight) of the RCRA heavy metals disposed in MSW
landfills.

The types o_f prodﬁ(‘;ﬁ:‘sﬁ containing heavy metals that are disposed in MSW Jandfills are changing,
For example, the disposal of lead in the form of lead acid batteries has decreased in recent years
due to recyt}:iiing, while the disposal of lead in the form of discarded consumer electronics has
increased dramatically. = .

Recent studies have confirmed that certain products that contain heavy metals, such as cathode
ray tubes (CRTs) from color televisions and computer monitors, will fail the TCLP and can be
categorized. as hazardous wastes if they are not generated by households or are generated by
businesses a} a rate greater than 100 kilograms (220 pounds) per month. Other recent studies
have indicated, however, that the metal concentrations leached from CRTSs under actual landfill
conditions will be less than might be estimated using the TCLP results.

Based on ditabase and research data representing thousands of data points from hundreds of
MSW landfiils, the average concentrations of RCRA heavy metals in MSW landfill leachate were
found to be significantly lower than the TCLP regulatory levels. The average RCRA heavy metal
concentrations in MSW leachate were found to be in compliance with the final effluent limitation
guidelines afd the national pretreatment standards set by the EPA in 1999 for the landfills point
source category. When compared with drinking water standards (i.e., water purity standards at
the tap), average concentrations for RCRA heavy metals in leachate (from the bottom of an MSW
landfill) were found to be less than 10 times higher than the drinking water standards and, for one
metal, were ;Eound to meet drinking water standards. Finally, average RCRA heavy metal leachate
concentrations were found to meet Jocal pretreatment standards without leachate treatment except
fn cases where stringent pretreatient standards had been established for specific metals.

The reasons for the low }evcls; of RCRA heavy metals in leachate include both the form of the
metals in the disposed products and the conditions in the landfill. These conditions discourage the
leaching of the heavy metals from the disposed products and, for those metals that do leach,
promote the removal of heavy metals from leachate by precipitation and/or absorption of the
metals within the waste mass.

Although there have been fewer studies of landfill gas, indications are that RCRA heavy metal
concentrations in landfill gas from MSW landfills are also low. In this regard, no regulatory
Limits were established by the EPA for heavy metal emissions from LFG in its promulgation of
national criliésion standards for hazardous air pollutants from MSW landfills in January 2003,
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Section 7 —- Overall Conclusions

namely the conditions created as a consequence of the mechanisms of waste stabilization and the
in sity attenuation of the metals within the landfill—are also responsible for the low levels of

RCRA heavy metals in landfill gas. | ;

10. Recent studies indicate that the geomembrane component of a landfill containment system can
last on the order of 1,000 years. Also, modeling of the eventual failure of these containment
systems indicates that remobilization of the heavy metals in landfills could wka thousands of
years, if it ever occurs.

11. In summary, MSW landfills can provide for the safe, efficient, and long-terin management of
disposed products containing RCRA heavy metals without exceeding limits that have been
established to protect public health and the environment. MSW landfills should contain the
releases of RCRA heavy metal pollutants at levels that protect public health an:d the cm‘lr(mment
for extremely long periods of time.

12. As indicated in the introduction to this report, SWANA endorses and actif}eiy promotes the
implementation of economically and environmentally sound waste reduction and recycling
programs for products containing heavy metals. Modern MSW landfills can provide an effective
“safety net,” as well as an environmentally sound means ol disposal, for those products
containing heavy metals that are not diverted through waste reduction and recycling programs.
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