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ABSTRACT 

Increased quantities of wastewater treatment sludge, coupled with more stringent regulations, 
make it important to develop alternative strategies for residuals management. The use of a 
mixture of anaerobically digested, lime-stabilized wastewater sludge (LSS) and soil as a cover 
material for landfills was evaluated for its physical properties, its effect on refuse 
decomposition and leachate quality. Laboratory tests indicated that the LSS reduced the density 
of the LSS-soil mixture while the saturated hydraulic conductivity of LSS-soil mixtures 
increased with greater fractions of LSS. The presence of LSS at values of 50% and above also 
increased the water holding capacity of LSS-soil mixtures. There were significant differences 
in liquid limits and plastic limits between soil only and LSS-soil mixtures. 

Tests on the effect of LSS-soil mixture cover on refuse decomposition were conducted in 4-liter 
reactors filled with shredded refuse and operated to accelerate refuse stabilization. Cover 
mixtures evaluated in quadruplicate included pure soil, pure lime and mixtures containing 40% 
and 70% LSS in soil. Methane production and leachate stabilization were enhanced in reactors 
containing added lime or LSS. The presence of LSS in the cover did not increase the 
concentrations of NH3-N, P04-P, Cd, Cr, Fe, Ni, Pb or Zn in the leachate. There was a slight 
increase in Cu attributable to LSS. This increase is not thought to be environmentally 
significant. The use of LSS, or other lime containing wastes in landfill cover material has the 
potential to be beneficial: 1) as a source of inexpensive cover material; 2) as an outlet for lime 
waste; and 3) as a method to enhance refuse decomposition, methane production and leachate 
stabilization. 

Key Words: anaerobic, landfill cover, hydraulic conductivity, leachate, methane, refuse, 

residuals, sludge, solid waste, waste management, water retention. 
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SUMMARY AND CONCLUSIONS 

1 . The addition of lime-stabilized sludge (LSS) to soil for use as a cover material for 
landfills enhanced refuse decomposition in laboratory-scale tests. Enhancement 
included higher methane production, accelerated reduction of leachate strength and 
accelerated stabilization of refuse mass. 

2. There were no increases in the concentrations of Cd, Cr, Ni or Zn in laboratory-scale 
reactor leachate due to the use of lime stabilized sludge in the cover material. The presence 
of lime-stabilized sludge slightly increased Cu concentrations. However, metal 
concentrations were generally below North Carolina Water Quality Standards for all metals 
except Fe. High Fe is typical of landfill leachate and iron concentrations were actually 
reduced in the presence of lime-stabilized sludge. The cover soils used at the landfill had 
higher acid extractable metal concentrations than did the lime stabilized sludge. In the case 
of Cu, the acid-extractable concentrations were comparable in the lime-stabilized sludge 
and cover soil samples. 

3. The use of LSS-soil mixture as a daily or final cover would not be expected to adversely 
affect landfill leachate quality based on the laboratory-scale investigation performed here. 

4. The presence of LSS reduced the density of LSS-soil mixtures. 

5. The saturated hydraulic conductivity of LSS-soil mixtures increased with the fraction of 
LSS. The presence of LSS at values of 50% and above increased the water holding capacity 
of LSS-soil mixtures. There were significant differences in both liquid limits and plastic 
limits between soil only and LSS-soil mixtures. 
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RECOMMENDATIONS 

1. Regulatory and policy making authorities should be informed of the benefits of enhanced 
refuse decomposition with respect to refuse and leachate stabilization. Lime addition to 
landfills or landfill covers, in the form of lime-stabilized sludge or other lime containing 
wastes should be permitted where these wastes do not contain toxic materials. 

2. The saturated hydraulic conductivity of various LSS-soil mixtures should be measured with 
leachate as the permeant. 
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INTRODUCTION 

Refuse buried in a sanitary landfill must be covered daily in order to minimize the attraction of 
rodents, wildlife and disease carrying insects. Daily cover also reduces blowing of the refuse 
beyond the working face and contamination of stormwater runoff (Tchobanoglous, 1993). In the 
U.S., landfill regulations typically require 15 cm of daily cover. Where possible, cover soil is 
stockpiled during landfill construction and obtained from areas adjacent to the landfill. 
However, in geologic regions where the depth to ground water or bedrock is low, there may not 
be sufficient soil available for use as daily cover at the landfill site. This is a typical problem 
in the Piedmont region of North Carolina. Alternative sources of cover material include the 
purchase of soil from borrow pits or the use of synthetic covers including geotextiles and foams. 
However, these alternatives are expensive relative to the use of on-site soils. 

The Harrisburg Road Landfill in Mecklenburg County, NC, received 660 tons/day of municipal 
solid waste in 1991. At that time, the landfill was purchasing daily cover from a borrow pit at 
a cost of about $300,000 per year or 17% of the landfill's total operating budget. 
Concurrently, the Charlotte-Mecklenburg Utility Department (CMUD) recognized the need to 
develop multiple alternatives for management of its wastewater treatment plant residuals. It 
was proposed that the sludge be treated with lime for stabilization and then mixed with soil for 
use as a cover material at the landfill. This would provide an outlet for the sludge and result in 
a savings of about 8% of the landfill operating budget. 

OBJECTIVES 

The overall goal of this study was to determine the suitability of anaerobically digested lime
stabilized wastewater treatment plant sludge (LSS) mixed with soil (hereafter referred to as 
LSS-soil mixture) for daily cover at a municipal landfill. The application of LSS-soil has the 
potential for physical, biological and chemical effects. Three distinct objectives were 
formulated to evaluate these effects as follows: 

A. Measurement of the physical and hydrogeological characteristics of LSS-soil mixtures. 

B. Evaluation of the effect of alkaline stabilized sludge, as used in the landfill daily cover, on 
refuse decomposition and methane production. 

C. Measurement of the extent of metals leaching from the LSS-soil mixtures by landfill 
leachate and evaluation of the effect of leaching on the final leachate composition. 
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OBJECTIVE A: MEASUREMENT OF THE PHYSICAL AND HYDROGEOLOGICAL 
CHARACTERISTICS OF. LSS-SOIL MIXTURES 

INTRODUCTION 

The application of a new material to a landfill requires that its physical characteristics be 
understood. This chapter reports on research to characterize various mixtures of lime treated 
sludge and soil. The objective of this characterization was to assess the potential for rapid 
transport of water through various LSS-soil mixtures. 

MATERIALS AND METHODS 

All physical and chemical analyses were performed using the procedures outlined in parts 1 and 
2 of the Methods of Soil Analysis (Klute, 1986 and Page et aI., 1982, respectively). Liquid and 
plastic limits were determined using the procedures described by Liu and Evett (1984). 

Intact core samples were collected from the final cover of the Harrisburg Road Landfill in 
Mecklenburg County, North Carolina. Two different cylinder sizes (5.4 cm diameter by 3 cm 
long and 7.6 cm diameter by 7.6 cm long) were used to collect a total of 13 undisturbed cores 
from the upper 30 cm of the final landfill cover. Cores were collected from three locations on a 
transect at a recently completed site within the landfill. The distance between the sampling 
locations was 20 to 25 m. The locations where the samples were collected did not have a well
established vegetative cover. The core samples were used for determination of bulk density and 
soil water content (oven drying at 105°C overnight). These samples were not suitable for 
measuring the saturated hydraulic conductivity or water retention. They contained cracks (due 
to sampling relatively dry materials), discontinuity (due to packing the cover with different 
loads of soils) and/or foreign objects such as pieces of wood or plant materials. Bulk samples 
were also collected from the three locations for particle size distribution and chemical analyses. 

Bulk samples were collected in buckets from eight different locations within the soil stockpile 
used for daily and final cover at the landfill. The samples were collected from different 
locations in order to represent different loads of soil that were delivered to the landfill. The 
samples were transported to Raleigh and air-dried separately. A subsample from each of the 
eight batches of air-dried soil materials was analyzed for pH, electrical conductivity (EC), 
cation exchange capacity (CEC) and selected water and acid extractable ions. Electrical 
conductivity and pH of the soil materials were determined using a 1:2 air-dried soil to water 
ratio on a mass basis. Water and acid extractable ions were determined using a 1:5 soil to 
extractant ratio. Water (or acid) was added to each soil sample in a plastic bottle. The mixture 
was shaken for one hour before being passed through a filter paper. The extract was then 
analyzed for various ions. Both water and acid extracts were analyzed for Cd, Cu, Fe, Na, Ni, Pb 
and Zn by Ion Couple Plasma (ICP). Iron was additionally analyzed using atomic absorption 
spectrometry. Potassium and Mg were analyzed by atomic absorption spectrometry. To obtain 
soil materials for mixing with sludge, an equal volume of each of the eight batches of soil was 
added to a large plastiC container and thoroughly mixed. A subsample of this blend was then 
analyzed for pH, EC, CEC and water- and acid-extractable ions. 
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·Sludge from a municipal wastewater treatment plant in Mecklenburg County was treated with 
220/0 and 30% lime on a wet mass basis by Black and Veatch, an engineering consulting firm 
working for CMUD, on November 14, 1991. The average CaO content of the lime was 94.7%. 
Two buckets of each of the lime treated sludge materials were transported to Raleigh for the 
study. A subsample from each bucket was obtained for water content determination. The 
samples were dried in an oven at 75°C overnight. This lower temperature (75°C versus 105°C 
used for soils) was used in order to avoid possible loss of organic materials from the samples. 
Water content of the sludge materials was calculated on both oven-dried and wet bases. The two 
LSS samples were then analyzed for pH, EC and selected water- and acid-extractable ions. The 
EC and pH were determined using a 1:2 sludge (at its natural water content) to water ratio on a 
mass basis, whereas the water- and acid-extractable ions were determined using a 1:5 ratio. 
The analyses for the cations were performed using atomic absorption or ICP emission 
spectrometry. 

Air-dried soil materials from the blend of eight batches of soils and each of the two LSS samples 
were mixed at various ratios by volume to obtain 10, 25, 50 and 75% LSS-soil mixtures (e.g., 
a 10% mixture was composed of 1 volume of LSS at its natural water content and 9 volumes of 
air-dried soil). Neither the soil nor the LSS were sieved. The soil materials contained small 
rocks and plant fragments. The LSS was more uniform with no large (>2 mm) aggregates. 
Appropriate amounts of soil and LSS for each ratio were mixed in a large plastic container, and 
the resulting mixture was fairly uniform in terms of the distribution of LSS with soil. Each 
LSS-soil mixture was then packed in the lower 15 cm of a 10.2 cm diameter by 30 cm long 
polyvinyl chloride (PVC) column. To prevent water flow between the column wall and the 
packed soil or LSS-soil mixtures (Le., eliminating the wall effect), the inside of each column 
was coated with a layer of washed sand (Ottawa sand) mixed with waterproof epoxy. Figure 1 
presents the schematic diagram of a column packed with soil (or LSS-soil mixture). Three 
columns (Le., replicates) for each LSS-soil mixture were prepared for saturated hydraulic 
conductivity measurements. Three columns were also packed using only soil materials (Le., no 
LSS was mixed with the soil). The number of treatments and the number of columns for 
measuring saturated hydraulic conductivity were 9 and 27, respectively. 

The columns were packed by addition of small quantities of LSS-soil mixture (or soil alone) to 
the column 'and tamping the material using an aluminum rod. To minimize layering, the top of 
the freshly packed LSS-soil mixture was disturbed after tamping with the rod before addition of 
the next quantity of LSS-soil material to the column. This method for preparation of uniformly 
packed columns has been used successfully in previous work. Attempts were made to pack each 
column at a bulk density similar to what would be obtained by compacting the materials in the 
field. However, it should be noted that the LSS-soil mixture columns were more uniform with a 
lower density than could be obtained under field mixing operations. Also, there is no 
information regarding the physical characteristics, including bulk density, of LSS-soil 
mixtures packed under field or landfill conditions. As for soil alone, compacting moist soil 
materials by field machinery may result in higher bulk density. However, compaction by heavy 
machinery also causes layering of soil materials which may result in preferential movement of 
water between layers. 

3 



Figure 1: Schematic diagram of the cross sectional area of a soil column. 
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Saturated hydraulic conductivity (Ksat) of each of the eight LSS-soil mixtures and soil alone 
was determined in the laboratory using the constant head procedure with tap water as the 
permeant. Water was provided to the top of the columns using a constant head device shown in 
Figure 2. A 12- to 14-cm depth of water was maintained on top of each column, and the effluent 
volume was determined with time. Saturated hydraulic conductivity was calculated using 
Darcy's law: 

Q/(At} = Ksat(~H/L} 

where Q is the volume of water passing through the column (cm3), t is the time period (day), A 
is the cross-sectional area of the column (81.7 cm2), L is the length of the soil column (15 
cm) and ~H is the total hydraulic head difference between the two ends of the column (26 to 28 
cm resulting in hydraulic hard gradient ~H/L of 1.73 to 1.87). Measurements were carried 
out for approximately three days and Ksat was determined for various time intervals during the 
measurement period. 

At the termination of the saturated hydraulic conductivity analysis, a 5.4 cm diameter and 6 cm 
long intact sample was obtained from each column. This sample was used for moisture release 
analysis, bulk density and particle density determinations. Soil water content (on a volume 
basis) at soil water pressure heads of 0, -20, -40, -60, -80 and -100 cm was determined for 
all the LSS-soil mixtures using the undisturbed cores from the center of the columns. Soil 
water pressure head and soil water tension or suction are used to define the energy status of soil 
water. Negative values are used to define soil water pressure head for unsaturated soils while 
positive values are used for suction or tension. Soil water retention for the soil without any 
LSS was determined at soil water pressure heads of 0, -20, -40, -60, -80, -150, -200, 
-300, -400 cm and -500 cm using the undisturbed cores. Soil water retention at -1,000, 
-5,000 and -15,000 cm soil water pressure heads was determined using disturbed soil 
samples. Particle density of the soil and LSS-soil mixtures was determined using the air 
(vacuum) pycnometer procedure. Only one sample for each LSS-soil mixture was used for this 
analysis. 

The liquid and plastic limits of the materials were determined using two different samples from 
each LSS-soil mixture and the soil alone. One sample was obtained by passing the LSS-soil 
mixture used to pack the columns through a 2 mm sieve. The other sample was from one of the 
three columns of soil and each LSS-soil mixture after Ksat measurements. These samples were 
not passed through a 2 mm sieve, but any large gravel that was in the paste was removed before 
measuring the liquid limit. 
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Figure 2: Schematic diagram of the experimental set up for measuring saturated hydraulic 
conductivity. . 
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RESULTS AND DISCUSSION 

Table 1 presents the bulk density and the water content of the samples from the final landfill 
cover on the date of sampling. The bulk densities for the two types of core samples correspond 
well for each location. The minimum bulk density, 1.66 g/cm3, was for sample #3 at the 
second location. 

Table 1. Bulk density and water content for the final cover soil at three neighboring 
locations within the Harrisburg Road Landfill on November 14, 1991. 

LOCATION Sample Bulk Density 
Number 

g/cm3 

Small Core Samples (5.4 cm diameter by 3 cm long) 

1 1 1.89 

2 1 1.77 
2 1.70 
3 

3 1 1.75 
2 1.85 
3 1 .81 

Large Core Samples (7.6 cm diameter by 7.6 cm long) 

1 

2 

3 

1 

1 
2 
3 

1 
2 

1.89 

1.69 
1.76 
1.66 

1.75 
1.77 

a Water content is on an oven-dried mass basis. 
b Water content is on a bulk volume basis. 
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Water Content 
(massa) (volumeb) 

kg/kg m3/m3 

0.145 0.274 

0.157 0.278 
0.121 0.206 
0.116 

0.125 0.219 
0.138 0.255 
0.134 0.242 



The particle size distribution of the final landfill cover and the eight bulk samples collected 
from the soil stockpile at the landfill are reported in Table 2. The particle size distribution of 
the permanent landfill cover does not vary significantly over the sampling area. The maximum 
differences between the sand, silt and clay contents at the three locations are 4%, 5.50/0 and 
1.50/0, respectively. 

Table 2. Air-dried water content, particle size distribution, gravel content and large plant 
material content of the soil samples from the soil stockpile and landfill cover. 

Sample Water Content Sand Silt Clay Gravela Plant Material 
Number (mass basis) 

kg/kg - - - - - - - - - - - - - - - - - - - - - - - % - - - - - - - - - - - - - - - - - - - - - - -

Soil Pile 

1 0.027 40.5 43.5 16.0 2.3 0.15 
2 0.027 40.0 44.5 15.5 1 .9 0.02 
3 0.041 41.5 43.5 15.0 2.5 0.04 
4 0.017 54.5 26.5 19.0 3.8 0.08 
5 0.017 54.5 27.5 18.0 4.1 0.20 
6 0.023 41.0 45.5 13.5 2.1 0.02 
7 0.024 61.0 29.0 10.0 5.2 0.03 
8 0.033 61.0 29.0 10.0 5.1 0.03 

Mixedb 

1 0.027 53.0 34.5 12.5 3.7 0.05 

Landfill Cover 

1 NO 53.0 25.0 22.0 5.4 0.06 
2 NO 52.0 27.5 20.5 5.0 0.07 
3 NO 56.0 22.0 22.0 NO NO 

a Particles larger than 2 mm in diameter. 
b Mixture of eight stockpile samples used for column study 
NO Not determined 

The textural class for all three samples from the landfill cover is sandy clay loam as shown in 
Figure 3. The particle size distribution of soils from the stockpile, however, represents both 
sandy loam and loam textural classes (Figure 3). The sand content of the eight samples varied 
by as much as 21 %, the silt content varied by 19% and clay content varied by 9% (Table 2). 
The gravel contents of two soil samples from the landfill cover were 5% and 5.4% and the 
gravel contents of the soil materials from the stockpile were between 1.90/0 and 5.2%. The 
amount of non-decomposed plant materials not passing a 2 mm sieve was generally less than 
0.10/0. Except for the presence of non-decomposed plant materials, the organic content of all the 
soil samples was not significant. 
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Figure 3: Textural triangle showing the textures of the landfill cover and the eight batches of 
soil materials from the soil stockpile at the landfill. 
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The two lime treated sludges had a significant amount of water as compared to the soil materials 
used for landfill cover. Water contents of the sludge materials determined gravimetrically and 
calculated on both an oven-dried and wet mass basis are reported in Table 3. The water content 
values reported in this table are, in general, less than the water content of sludge materials 
from a typical wastewater treatment plant. Lower water contents are due to the addition of lime 
to sludge materials. 

Table 3. Water content of the two treated sludges. 

Sludge/Lime 
Content 

220/0 

Bucket 

1 
2 

1 
2 

a Mass of water/mass of oven-dried sludge. 

Water Content 
Oven-Dried Basisa Wet Mass Basisb 

-----------kg/kg-----------
1.27 0.559 
1.26 0.557 

0.91 
0.94 

0.476 
0.485 

b Mass of water/mass of sludge before oven-drying. 

Table 4 presents selected chemical properties of treated sludges and soils from the landfill 
cover and stockpile. Note that the CEC of the sludge materials was not determined due to their 
very high salt (Ca) content. The chemical properties of the three samples from the landfill 
cover were similar. The properties of the eight different soil samples from the stockpile, 
however, showed substantial differences. While all eight soil materials from the stockpile had 
CEC values between 4.9 and 6.9 cmol/kg (meq/100 g), their Mg concentrations (both water
and acid-extractable) were significantly different indicating the diversity of the sources of soil 
materials for the landfill cover. 
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Table 4. Selected chemical properties of the soil and sludge samples. 

Ka Mga 
Sample Water Acid Water Acid 
Number Ecb pHb CECc Extraction Extraction Extraction Extraction 

x10-4 S/m cmolc/kg - - - - - - - - - - - mg/kg - - - - -------

Soil Pile 

1 53 5.6 6.0 4.1 44.8 6.2 1162 
2 62 5.7 6.2 4.6 48.6 8.6 1173 
3 75 5.7 6.1 4.9 52.7 8.3 1080 
4 33 5.8 5.1 3.2 38.7 1 .6 573 
5 30 5.8 4.9 2.8 37.9 1 .4 512 
6 1 5 5.6 5.0 1 .0 40.0 0.3 673 
7 1 8 6.3 6.9 0.8 40.5 1 .6 2931 
8 22 6.2 6.7 0.5 36.6 1 .5 2694 

Mixed 

1 34 5.9 6.3 1 .8 41.0 2.0 1879 

Landfill Cover 

1 41 5.9 6.0 3.9 39.7 1.7 2829 
2 33 5.3 6.0 3.3 39.3 2.3 2336 
3 34 6.2 5.5 1 .2 33.6 1.4 1797 

LSS 

30%-1 7850 12.4 NO 478 646 0.0 3.4 
30%-2 7960 12.4 NO 459 626 0.0 2.0 
22%-1 7380 12.4 NO 375 587 0.5d 2.3 
22%-2 7480 12.4 NO 380 581 0.3 1 .9 

a Determined using 1:5 oven-dried soil to water (or acid) ratio by atomic absorption. 
b Determined on 1:2 soil or sludge to water ratio using air-dried soil and sludge at its 

natural water content. One S/m is equivalent to 104 J.lmhos/cm. 
c One cmolc/kg (centimole of ion charge per kilogram) is equivalent to 1 meq/100 g soil. 
d Below detectable limit. 
NO Not determined. 

Metal concentrations in the soil and sludge samples as determined by water and acid extractions 
are presented in Tables 5 and 6, respectively. Only Fe and Na were detected in the water 
extracts of the soil samples. Acid extraction, however, resulted in detectable amounts of Cd, Ni 
and Pb in samples one to three from the soil stockpile. The levels of Cu and Zn were also higher 
in the above mentioned soil samples than in the other five samples. It should be noted that the 
relative values, rather than the absolute values, for the metal contents of soil samples should be 
considered. It was not the primary objective of the study to perform a complete analysis of soil 
samples collected from various locations within the soil stockpile at the landfill. These results, 
however, indicate variations in the sources of the soil materials for landfill covers. The results 
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also show that the levels of water- and acid-extractable metals in the sludge do not pose a 
greater concern than the levels in the soil materials. Certainly, detection of some of these 
metals in the soil samples indicates the need for analyzing the sludge, lime and soil materials 
used for landfill cover. 

Table 5. Selected water-extractable metals in soil and sludge materialsa. 

Sample 
Number Cd Cu Ni Pb Zn Fe Na 

Soil Pile mg/kg - - - -
1 _ ( b ) 20 
2 22 
3 25 
4 8 1 8 
5 1 1 1 8 
6 9 
7 38 21 
8 32 20 

Mixed 

1 8 25 

Landfill Cover 

1 1 3 24 
2 29 27 
3 30 33 

LSS 

300/0-1 39 2 475 
30%-2 39 2 474 
22%-1 41 2 398 
22%-2 35 1 401 

a The analyses were performed on ICP and all values are rounded to the nearest whole 
number. 

b Concentration of the metal in diluted solution prepared for analysis was below the 
detectable limit of ICP. 
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Table 6. Selected acid-(1 M HCI) extractable metals in soil and sludge materialsa. 

Sample 
Number Cd Cu Ni Pb Zn Fe Feb Na 

mg/kg - - - -
Soil Pile 

1 1 1 8 3 20 39 2637 2675 32 
2 1 22 4 25 49 2683 2764 38 
3 2 24 4 30 55 2956 3074 44 
4 _ ( c ) 6 1 4 9 2164 2177 38 
5 5 1 4 1 0 2062 2239 37 
6 6 1 5 6 111 5 1234 21 
7 28 1 1 8 3720 5250 62 
8 26 1 1 6 3771 4817 60 

Mixed 

1 20 2 7 21 3451 3747 49 

Landfill Cover 

1 4 1 3 5 1674 1833 44 
2 4 1 4 5 1595 1734 48 
3 3 1 4 3 1798 1915 60 

Sludge 

30%-1 29 1 0 475 
30%-2 30 9 480 
22%-1 26 9 396 
22%-2 30 

. 
9 412 -

a The analyses were performed on ICP and all values are rounded to the nearest whole 
number. The results for Fe analysis by atomic absorption are also given. 

b Determined by atomic absorption spectroscopy. All other values are for analyses by ICP. 
c Concentration of the metal in diluted solution prepared for analysis was below the 

detectable limit of ICP and indicated as (-). 
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The concentrations of plant nutrients (N and P) of soil and sludge samples are reported in Table 
7. The Nand P contents of the soil materials collected from the landfill cover in situ and the 
stockpile are not adequate to sustain plant growth. On the other hand, the N content of the LSS is 
relatively high, making the material a potential source of N for supporting plants if the LSS is 
mixed with the soil for the landfill cover. The water soluble P content of the treated LSS is low, 
perhaps due to the high Ca content of the lime added to the sludge. The organic content of the LSS 
was not determined because both the peroxide digestion and ashing procedure may result in the 
loss of lime materials. 

Table 7. Nutrient concentration of soil and treated sludge samples. 

Sample Water-Extractablea 

Number NH4-N N03-N P04-P 

- - - - - ------- mg/kg ------ ------
Soil Pile 

1 3.48 0.67 0.01 
2 4.05 0.07 0.06 
3 4.22 0.90 0.03 
4 2.48 0.49 0.11 
5 3.18 0.49 0.11 
6 1 .01 0.41 0.03 
7 0.67 0.98 0.24 
8 0.52 0.85 0.22 

Mixed 

1 1 .91 0.72 0.25 

Landfill Cover 

1 1.97 0.46 0.11 
2 0.29 0.72 0.22 
3 0.35 0.59 0.22 

Sludge 

30%-1 423 20.6 0.30 
30%-2 421 20.1 0.24 
22%-1 304 17.7 1 .41 
22%-2 379 13.8 1.02 

a Values are for Nand P elemental. 

The three columns used for measuring Ksat of each of the soil and various LSS-soil mixtures 
were packed uniformly to reduce the variation among three replications. Table 8 presents the 
initial water content, the mean and standard deviation for the bulk density and the particle 
density of the repacked columns determined by using the core collected from the center of each . 
soil column. 
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,Table 8. Initial water content (oven-dried mass basis) of soil and LSS-soil mixtures, as well 
as bulk density and particle density, of the core samples obtained from the center of the column 
for soil and LSS-soil mixtures. 

Material Initial Water Bulk Density 
Content mean (sd)a Particle Density 

% --------- g/cm3 - - - - - - - - -

Soil 
(no sludge) 2.7 1.51 (0.07) 2.67 

300/0 Siudgeb 

75 47.2 0.99 (0.03) 2.36 
50 19.6 1.25 (0.02) 2.54 
25 8.0 1.34 (0.02) 2.61 
1 0 5.5 1.46 (0.03) 2.63 

22% Sludge 

75 67.1 0.94 (0.08) 2.43 
50 33.3 1.26 (0.04) 2.54 
25 12.4 1.37 (0.01 ) 2.64 
1 0 6.9 1.48 (0.02) 2.64 

a sd = Standard Deviation. 
b The numbers below represent the LSS-soil mixtures. 

Figure 4 presents the measured, saturated hydraulic conductivity of various LSS-soil mixtures 
with time. For the 220/0 LSS, the initial Ksat values for 75% and 50% LSS-soil mixtures were 
44.1 and 28.5 cm/day, respectively. For the 300/0 LSS, the initial Ksat values for 750/0 and 
500/0 LSS-soil mixtures were 37.9 and 28.8 cm/day, respectively. After 2 hours, the 
conductivities of the 75% and 500/0 LSS-soil mixtures for both lime-treated sludges were 
reduced significantly (Figure 4). For the soil alone and the 25% and 100/0 LSS-soil mixtures 
for both LSS preparations, the conductivities did not change significantly with time. Overall, 
Ksat for any of the LSS-soil mixtures for the 30% lime-treated sludge was higher than the Ksat 
for the corresponding LSS-soil mixture for the 22% sludge. 
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Figure 4: Saturated hydraulic conductivity of various LSS-soil mixtures at various times 
during the measurement period. 
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Table 9 presents the Ksat values for all treatments after approximately 24, 48 and 72 hours 
(1, 2 and 3 days, respectively) of measurement. For comparison purposes, the ratios of the 
Ksat for the mixtures to that of soil alone are also presented in parentheses. Note that the 
variability among the three replications for each treatment was relatively low as shown by the 
respective standard deviation for each treatment. Obviously, addition of high levels of LSS to 
soil results in substantial increase in the saturated hydraulic conductivity. 

Table 9. Mean and standard deviation (sd) of saturated hydraulic conductivity at 24, 48 
and 72 hours. 

Column 

Soil 

75 

50 

25 

1 0 

75 

50 

25 

1 0 

Mean 

2.43 

25.2 
(10.4)a 

21.5 
(8.8) 

9.6 
(3.9) 

5.8 
(2.4) 

18.7 
(7.7) 

18.1 
(7.4) 

7.6 
(3.1 ) 

3.7 
( 1 .5) 

Time After Initiation of Measurements (hour) 
24 48 72 

sd 

0.12 

3.97 

9.22 

1.27 

0.98 

4.09 

4.06 

0.12 

1.87 

Mean sd 

- - - cm/day 

2.09 

28.7 
(13.7) 

22.2 
(9.14) 

9.2 
(4.4) 

5.5 
(2.6) 

23.8 
(11.4) 

18.3 
(8.8) 

6.9 
(3.3) 

3.5 
(1 .7) 

0.15 

3.74 

10.02 

1.48 

1.06 

4.62 

4.87 

0.15 

1 .61 

Mean 

2.01 

21.3 
(10.6) 

22.1 
(11.0) 

9.3 
(4.6) 

5.1 
(2.5) 

25.6 
(12.7) 

19.8 
(9.9) 

7.0 
(3.5) 

3.6 
( 1 .8) 

a The ratio of Ksat of LSS-soil mixture to Ksat of soil is given in parenthesis. 
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0.19 

2.13 

8.28 

1.59 

1 .19 

2.98 

6.15 

0.18 
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Table 10 presents the soil water retention (as % water content on volume basis) of LSS-soil 
mixtures at soil water press~re heads of 0 to -100 cm. The amounts of water (average of three 
values) retained by the soil alone under various soil water pressure heads are given in Table 
11. The water contents of the 500/0 and 75% LSS-soil mixtures at each soil water pressure 
head are higher than the water content of soil with no sludge at the corresponding pressure head. 
However, for the 10% LSS-soil mixtures for both sludge samples and the 25% LSS-soil 
mixture for the 220/0 LSS, the water content at saturation is less than the water content of soil 
alone. This is perhaps due to incomplete wetting of the samples during resaturation after Ksat 
analysis. The average amount of water lost between 0 and -100 cm soil water pressure heads 
for the soil was 7.3%. For the 30% LSS, the average amount of water lost between 0 and -100 
cm soil water pressure heads was between 7 and 7.50/0 for the 10%, 25% and 50% LSS-soil 
mixtures. The amount of water lost from the 75% LSS-soil mixture for the 30% LSS was 
8.5%. As for the 22% LSS, the average loss for all four LSS-soil mixtures was between 7.8% 
and 9.2%. 

Table 1 O. Water content (volume basis) at various pressure heads for LSS-soil mixtures. 

Soil Water Pressure Head (cm) 

Material 0 -20 -4Q -60 -BQ -1 QQ 
- - - - - % - - - - -

30% LSS 

75 0.618 0.559 0.551 0.546 0.538 0.533 

50 0.542 0.512 0.504 0.499 0.492 0.487 

25 0.462 0.429 0.416 0.416 0.410 0.408 

1 0 0.421 0.383 0.377 0.376 0.372 0.369 

22% LSS 

75 0.651 0.612 0.603 0.600 0.593 0.589 

50 0.544 0.507 0.497 0.488 0.477 0.476 

25 0.442 0.404 0.395 0.394 0.390 0.385 

1 0 0.428 0.378 0.371 0.369 0.367 0.364 
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Table 11. Average water content (volume basis) of soil alone at various soil water pressure 
heads. 

Soil Water Pressure Head (cm) Water Content (0/0) 

o 45.2 

- 2 0 41.7 

- 40 41.0 

- 6 0 40.6 

- 8 0 39.9 

-100 39.9 

- 1 50 39.5 

- 2 0 0 39.4 

-300 37.7 

-400 36.1 

- 5 0 0 35.6 

-1,000 34.1 

-5,000 21.4 

-15,000 18.3 

The liquid and plastic limits, expressed as percent water content on an oven-dried mass basis, 
for the soil and LSS-soil mixtures are presented in Table 12. The liquid limit of the soil was 
less than the liquid limits for all of the LSS-soil mixtures whether the LSS-soil samples were 
collected from columns after conductivity measurements or had been sieved through a 2-mm 
screen. Although there is no agreement between the liquid limits for the column and sieved 
samples for each of the soil and LSS-soil mixtures, they indicate that the liquid limit increases 
as the proportion of LSS to soil increases. The plastic limit was only determined on the sieved 
samples for the LSS-soil mixtures. The plastic limit also increases as the proportion of LSS to 
soil increases. Although the column samples were not sieved (any gravel found in the paste was 
removed during measurements), they show a more pronounced increase in the liquid limit 
water content as the ratio of LSS to soil increases. This could be due to the prolonged wetting of 
the LSS-soil materials. It should be noted that determination of these two properties is 
somewhat subjective. Therefore, the relative values, rather than the absolute values, should be 
considered for evaluation of LSS-soil mixtures for landfill cover. 
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Table 12. Liquid and plastic limits for the soil and LSS-soil mixtures.a 

Material Liquid Limit Plastic Limit 
Column Sieved Column Sieved 

- - - - - - - - - - ---%--- - - - - - - - - - -

Soil 
31.0 24.5 25.8 18.0 

30% LSS 

75 70.5 49.5 NO 55.4 

50 45.5 37.0 NO 47.0 

25 34.5 34.5 NO 37.7 

1 0 32.0 37.5 NO 36.0 

22% LSS 

75 80.0 53.2 NO 53.0 

50 53.0 43.5 NO 42.0 

25 35.6 40.0 NO 38.0 

1 0 33.0 36.0 NO 34.5 

a As percent water content on an oven-dried mass basis. 
NO Not determined. 

SUMMARY 

The stockpile soils are highly variable. The clay content of eight samples collected from the 
stockpile at the landfill site varied between 10% and 19% while the sand content varied 
between 40% and 61 %. The average values for sand and clay content for three samples collected 
from the landfill cover were 53.7% and 21.5%, respectively. The LSS materials had relatively 
high K, Na and N content. As expected, LSS reduced the particle density of the LSS-soil mixture. 
Also, the bulk density of the repacked LSS-soil mixtures was reduced as the amount of LSS was 
increased in the mixture. Saturated hydraulic conductivity of the repacked LSS-soil mixtures 
increased with increasing proportion of the LSS for both 22% and 300/0 sludges. The initial 
Ksat values for 75% and 50% LSS-soil mixtures were high for both sludges. However, after a 
few hours, Ksat values decreased and the changes in measured Ksat remained relatively small. 
On the other hand, no significant trend in measured Ksat values was observed for each of the 
0%, 10% and 25% LSS-soil mixtures over 72 hours of measurements. Overall, increasing the 
LSS-soil ratio from 0% to 75% resulted in more than a one order of magnitude greater average 
Ksat values for both lime treated sludges. In general, addition of LSS at high rates (500/0 and 
750/0 rates) increased the amount of water held by the mixtures at saturation. High water 
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holding capacity of the 50% and 750/0 LSS-soil mixtures was also evident from the liquid limits 
for the materials. Water content at saturation for the 100/0 and 25% LSS-soil mixtures was not 
significantly higher than the corresponding value for the soil alone. The liquid limits for these 
two LSS-soil ratios were also close to the liquid limit for soil alone, but their plastic limits 
were approximately twice the plastic limit for the soil. Overall, considering only the hydraulic 
conductivity of the material, LSS-soil mixtures appear to be a suitable alternative to soil alone 
for daily and final landfill cover. For the soil tested here, Ksat increased as the amount of LSS 
in the LSS-soil mixture increased. This will result in increased infiltration to the landfill. The 
beneficial effects of infiltration are discussed in the following section. However, increased 
infiltration is most appropriate if there is a functioning leachate collection system. Finally, it 
would be advisable to evaluate the hydraulic conductivity of LSS-soil mixtures in the presence 
of landfill leachate instead of water as conducted here. 
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OBJECTIVE B: EFFECTS OF ADVANCED LIME-STABILIZED SLUDGE, ON REFUSE 
DECOMPOSITION, LEACHATE QUALITY AND METHANE PRODUCTION 

INTRODUCTION 

In this section, the results of research performed to evaluate the effect of the LSS mixture on 
refuse decomposition and leachate stabilization are reported. In order to understand the 
potential effects of LSS addition to landfill covers, some understanding of the refuse 
decomposition process is necessary. Cellulose and hemicellulose make up about 600/0 of the dry 
weight of municipal solid waste (MSW) and are its major biodegradable constituents (Barlaz et 
aI., 1989a). The conversion of these compounds to methane and carbon dioxide in sanitary 
landfills is well documented (Barlaz et aI., 1990, Emcon Associates, 1980, Pohland and 
Harper, 1986). Their anaerobic biodegradation is carried out by three groups of bacteria: 1) 
the hydrolytic and fermentative bacteria which hydrolyze polymers and ferment the resulting 
monosaccharides to carboxylic acids and alcohols; 2) the acetogenic bacteria which convert 
these acids and alcohols to acetate, hydrogen and carbon dioxide; and 3) the methanogens which 
convert the endproducts of the acetogenic reactions to methane (Zehnder et aI., 1982). This 
process occurs efficiently over a relatively narrow pH range around neutral. 

Acidic conditions typically develop soon after refuse burial in landfills due to an imbalance 
between the hydrolytic/fermentative and acetogenic/methanogenic processes. The work of 
several researchers indicates that pH is a major factor in refuse methanogenesis (Barlaz et al. 
1990). On analysis of refuse sampled from over 10 landfills, pH was found to be the strongest 
predictor of the methane production rate (Segal, 1987). Buivid et al. (1981) stimulated 
methane production in reactors containing calcium carbonate plus sludge relative to rates in 
reactors containing sludge only. Mata-Alvarez and Martinex-Viturtia (1986) also observed 
rapid refuse decomposition in reactors to which sludge and calcium carbonate were added. 
Barlaz et al. (1987, 1989a) stimulated the onset of methane production by neutralizing and 
recycling leachate. 

Lime treated sludge has a large excess of lime which represents acid neutralization capacity. As 
water percolates through layers of daily cover rich in lime, it will be neutralized. 
Neutralization would be expected to enhance refuse decomposition and leachate stabilization. In 
addition to alkalinity, ammonia, phosphate, micronutrients and heavy metals could also be 
released as water percolates through daily cover containing sludge. This section of the report 
will examine the effect of LSS incorporated into daily cover on refuse decomposition and leachate 
quality. 

MATERIALS AND METHODS 

Experimental Design 

It was hypothesized that the presence of lime in the cover material would neutralize the refuse 
and stimulate methane production. In order to evaluate this, laboratory-scale reactors filled 
with shredded refuse were incubated under conditions of leachate recycle. In contrast to 
previous work (Barlaz et aI., 1989a), leachate was not neutralized prior to recycling. In the 
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absence of neutralization, the carboxylic acids which typically accumulate early in the 
decomposition process would keep the refuse pH depressed and inhibit decomposition. If the 
lime had sufficient neutralization capacity, it would neutralize the leachate and stimulate 
methanogenesis. 

Four cover mixtures were evaluated as summarized in Table 1. The ratio of soil to LSS used in 
reactors 1 to 6 was representative of ratios which might be used in the field, based on the 
ability to mix the LSS and soil with typical landfill equipment. Pure quicklime was used in 
reactors 10 to 12 in order to separate the effects of sludge from those of the lime. Reactors 10 
to 12 were initiated 71 days after reactors 1 to 9, due to a later refinement of the experimental 
design. A parallel set of reactors with sludge only was not tested because the effects of sludge 
addition to refuse are understood on the basis of previous work (Barlaz et aI., 1990). 

Table 13: Experimental design for assessment of .LSS-soil mixture on refuse decomposition. 

Reactor ('Ie Soil in Cover 0/0 Lime-stabilized Sludge 0/0 Pure CaO 
Number Mixture in Cover Mixture in Cover Mixture 

1 - 3 30 70 

4 - 6 60 40 

7 - 9 100 0 

10 - 12 0 0 100 

Materials and Equipment 

Refuse was collected in residential areas of Raleigh, NC for use in this study. The refuse was 
shredded with a slow speed, high torque shredder (Shredpax AZ-7H, Wood Dale, IL) so that most 
of the material was less than 2 cm by 5 cm. After shredding twice, the refuse pile was 
quartered and one quarter was sequentially quartered until piles contained 4.5 to 9 kg. Piles 
were then picked at random for placement in plastic bags and transport to the laboratory. In 
the laboratory, one bag was selected at random and used to fill reactors 1 to 9. Reactors 10 to 
12 were initiated 71 days after reactors 1 to 9. The refuse used to fill reactors 10 to 12 was 
stored at 4°C prior to use. While filling the reactors, refuse was collected for a composite fresh 
refuse sample. 

LSS was provided by the Charlotte-Mecklenburg Utility Department. It was prepared by mixing 
anaerobically-digested sludge with lime in a ratio of 4.6:1 on a dry solids basis. The lime had a 

CaD content of 94.7%. 

Refuse was incubated in 4-liter, wide-mouth Nalgene containers. Containers were modified for 
installation of a leachate collection port, a water inlet and a gas collection port as described 
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previously (Barlaz et aI., 1989a). Gas was collected in tedlar gas bags fitted with leur valves 
(Pollution Measurement Corp., Oak Park, IL). The tube connecting the gas bag to a reactor 
contained a tee connector with a septum on the tee. Samples for gas composition were collected 
by insertion of a syringe through the septum. Leachate was collected in one liter viaflem bags 
(Travenol, Deerfield, IL) and manually recycled to the top of each reactor through tygon tube. 

Prior to adding refuse to a reactor, deionized water was added to the refuse to adjust its 
moisture content to approximately 50%. Refuse was then added to reactors in repeated small 
increments and compacted until a reactor contained 3.2 liters of refuse. Next, 0.8 I of the 
various soil treatments were added. Finally, a 1 cm layer of sand was placed above the cover 
layer to facilitate distribution of recycled leachate. The 4:1 ratio of refuse to cover soil is 
typical of U.S. landfills. Once sealed, additional deionized water was added to each reactor in an 
amount sufficient to insure the presence of approximately 500 ml of leachate. 

Incubation Conditions 

Reactors were incubated under conditions designed to accelerate decomposition. This included 
leachate recycling at least six days per week. In addition, reactors were incubated in a room 
maintained at 40°C, the optimal temperature for mesophilic refuse decomposition (Hartz et aI., 
1982). In order to maintain a constant volume for leachate recycle, an equivalent volume of 
deionized water was added each time leachate was removed for sampling. On average, 350 to 
700 ml of leachate was maintained in each reactor at all times. 

Analytical Methods and Data Analysis 

Gas volume was measured by evacuation from the gas bag with either a 1 I or 60 ml syringe. 
The syringe was connected to the bag with a leur valve. Gas concentrations were measured by 
gas chromatography (Gow-Mac, Bound Brook, NJ). The injector and thermal conductivity 
detector temperatures were 100°C. Separation was obtained on a Hayes Sep Q column (Alltech, 
Deerfield, IL) maintained at 40°C. The carrier gas was helium at 30 ml/min. 

Methane production data are reported as dry gas at standard temperature and pressure. The 
methane yields in reactors 1 to 6 have been corrected for the methane potential of the sludge 
present in the LSS. Methane potential was measured using a modified Biochemical Methane 
Potential assay (Wang et aI., 1994). The chemical oxygen demand (COD) was measured using a 
Hach kit (Hach Co., Loveland, CO). NH3-N and P04-P were measured by autoanalyzer using the 
salicylate and molybdate methods, respectively (Lachat Instruments, Milwaukee, WI). 
Dissolved metal concentrations in leachate were measured by inductively coupled argon plasma 
spectroscopy (ICP). Metal concentrations in the LSS were digested by EPA method 3050 (EPA, 
1986) prior to ICP analysis. Leachate concentration data have been corrected for dilution of the 
makeup water added after each sampling. 

Cellulose and hemicellulose were measured by acid hydrolysis of a refuse sample followed by 
analysis of the hydrolyzed sugars by HPLC using a pulsed ampiometric detector (Petterson and 
Schwandt, 1991). Lignin was measured as described by Effland (1977). 
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RESULTS 

Methane Production 

Weekly average methane production rate data for the reactors are presented in Figure 5. 
Reactors 2 to 6 and 10 to 12 exhibited the classic methane production rate curve described 
previously (Barlaz et aI., 1989b). After a lag phase, the methane production rate increased 
sharply followed by an asymptotic decrease. The time required for a reactor to reach a methane 
production rate of 20 liters CH4/dry kg-yr is defined as the lag time. Reactor 1 had a longer 
lag period than the aforementioned reactors (Table 14) and exhibited a more gradual increase 
and decrease in its methane production rate. The methane production rate in reactor 9 increased 
slowly throughout the monitoring period. Occasionally, reactors 7 and 8 produced small 
volumes of methane. Rate data for these reactors are not presented in Figure 5 due to the 
sporadic nature of their methane production. Reactor 9 was the only reactor which produced 
significant volumes of methane in the absence of lime in the cover material. 
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Figure 5: Methane production rates fn the reactors (note variation in axes-scale). 
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Methane yields are presented in Table 14. These data do not represent ultimate yields as some 
reactors were still producing small volumes of methane when monitoring was terminated 
(Figure 5). The yields in reactors containing lime (1 to 6 and 10 to 12) are higher than the 
yields in reactors without lime (7 to 9). The onset of methane production and methane 
production rates and yields were greatly enhanced in the reactors which contained either pure 
lime or LSS relative to reactors containing no added neutralization capacity. 

Table 14. Methane production, pH and time to COD decrease in the reactors. 

Reactora Lag Time Time to Maximum Yield pH at End Time to CODb 
Maximum Rate 1-C H4/ of Lag Decrease 

Rate (Days) 1-CH4/ dry kg Period 
dry kg-yr 

1 87 183 616 104 5.9 91 

2 50 67 1036 127 6.6 67 

3 50 96 1019 135 5.7 67 

4 36 75 1267 142 5.5 67 

5 51 82 933 144 6.0 67 

6 50 89 1437 142 5.9 67 

7 >273 no maximum achieved 0.03 NA- NA-

8 >273 no maximum achieved 0.08 NA- NA-

9 92 no maximum achieved 67 5.6 83 

1 0 43 114 1103 90 5.9 99 

1 1 68 114 1293 92 6.3 99 

1 2 68 100 1238 105 5.9 85 

a Reactors 1 to 8, 9 and 10 to 12 were monitored for 273, 243 and 203 days, 
respectively. 

b Defined as the day prior to a steep decrease in the COD. 
NA Not applicable. 
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Leachate Composition 

Weekly average pH data for the reactors are presented in Figure 6. The pH increased from 
initial values of about 5.5 to about 7.5 in all reactors which produced methane. No such pH 
increase was observed in reactors 7 and 8 which did not produce methane. 

Chemical oxygen demand concentrations in reactor leachate are presented in Figure 7. The COD 
concentrations decreased from an average of 22,248 mg/l (sd = 3891) at the first monitoring 
point to an average of 3261 mg/I (sd = 1131) at the end of the experiment in those reactors 
which produced methane (1 to 6 and 9 to 12). This decrease is consistent with the biological 
conversion of decomposition intermediates to methane and carbon dioxide. Similar trends have 
been observed in earlier work (Barlaz et aI., 1989b, Pohland, 1975). The COD decreases 
illustrate the link between enhanced methane production and accelerated leachate stabilization. 

Ammonia concentrations in reactor leachate are presented in Figure 8. The lowest NH3-N 
concentration measured in any reactor was 312 mg/I in reactor 4. This ammonia concentration 
would not be expected to limit microbial activity. Ammonia concentrations in reactors 7 and 8 
were comparable to those in the reactors which produced methane. Thus, we conclude that 
ammonia concentrations did not limit methane production. 
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Figure 6: pH in the reactors (note variation in axes-scale). 
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Figure 7: Chemical Oxygen Demand (COD) in the reactors (note variation in axes-scale). 
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Figure 8: Ammonia-Nitrate concentrations in the reactors (note variation in axes-scale). 
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In order to evaluate whether the presence of sludge in the cover soil increased the ammonia 
concentration, initial concentrations (day 17) in reactors 1 to 3, 4 to 6 and 7 to 9 were 
compared. There was no significant difference (P=0.05) in the initial ammonia concentration 
between reactors 1 to 3 and 4 to 6. Reactor 1 to 6 data were then combined for comparison with 
reactors 7 to 9 and again, no significant difference was found. Thus, the presence of sludge did 
not influence the initial ammonia concentrations in the reactors. 

In general, ammonia concentrations decreased in those reactors which produced methane. The 
ammonia decrease is most likely due to volatile losses. The pH increased in those reactors which 
produced methane (Figure 6). As the pH increased, more of the ammonia was converted to the 
NH3 form from which volatilization may occur. The vigorous gas production in the reactors 
likely enhanced the gas stripping process. 

Phosphate concentrations in the reactors are presented in Figure 9. In general, phosphate 
concentrations decreased during decomposition. The decrease in phosphate concentrations with 
time in reactors 1 to 6 and 9 to 12 is consistent with a decrease in the solubility of calcium 
phosphates with increasing pH. As discussed above, the pH increased in those reactors which 
produced methane (Figure 6). Phosphate also complexes with other cations including NH4+. 
Thus, in addition to pH, other factors impact its solubility. The phosphate concentration in 
reactor 9 was higher than that in reactors 7 and 8, which did not produce methane, over the 
first 100 days of the experiment (Figure 9). However, concentrations in reactors 5, 7 and 8 
were comparable. Thus, phosphate availability did not appear to limit the onset of methane 
production. 

In order to evaluate whether the presence of sludge in the cover soil increased the phosphate 
concentration, initial concentrations (day 17) in reactors 1 to 3, 4 to 6 and 7 to 9 were 
compared. The initial concentration in reactors 1 to 3 (avg = 26.0 mg/I, sd = 5.7) was 
significantly greater (p = 0.05) than the corresponding concentration in reactors 4 to 6 (avg = 
8.6 mg/I, sd = 5.2). However, there was not a significant difference between the initial 
phosphate concentrations in reactors 1 to 3 and 7 to 9 (avg = 12, sd = 12). Thus, the presence 
of sludge did not influence the initial phosphate concentrations in the reactors and the difference 
between reactors 1 to 3 and 4 to 6 is a reflection of the high variability in initial phosphate. 
The absence of an effect due to sludge addition may be due to the relatively low solubility of 
calcium phosphates. Any phosphate present in the leachate during recycling would likely 
precipitate out of solution during passage through the cover material. Thus, the source of 
phosphate present in the leachate was likely the refuse and not the sludge in the cover material. 

32 



Figure 9: Phosphate-Phosphorous concentrations in the reactors (note variation in axes
scale). 
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Metal Concentrations 

The concentrations of Cr, Cu, Fe, Ni and Zn in the reactor leachate are presented in Table 15. 
Lead concentrations were always below the detection limit of 0.2 mg/I and Cd concentrations 
were almost always below the detection limit of 0.01 mg/I. Thus, these metals are not listed in 
Table 15. Linear regressions of concentration versus time were performed for each metal in 
each reactor. With a few exceptions, correlation coefficients (r2) were below 0.3 (Table 15). 
Thus, average concentrations are presented for each reactor. The absence of significant 
correlations with time is likely due to the many factors which influence metal solubilities. The 
pH increased with time in the reactors which produced methane and this would decrease metal 
solubilities. However, as the refuse decomposed, more humic material was likely produced and 
this could increase metal concentrations by chelation (Pohland and Gould, 1986). 

Table 15: Metal concentrations in the reactor leachate (mg/I). 

Detection Limit 

LSS (mg/dry kg) 

Reactor 

1-Avg 
S) 

r2 

2-Avg 
S) 

r2 

3-Avg 
S) 

r2 

Avg in 1 to 3 
SD in 1 to 3 

4-Avg 
S) 

r2 

5-Avg 
S) 

r2 

Cr 

0.02 

21.5 

0.04 
0.02 
0.27 

0.07 
0.04 
0.32 

0.03 
0.01 
0.53 

0.05 
0.03 

0.03 
0.01 
0.28 

0.03 
0.01 
0.25 

Fe 

0.01 0.1 

59.8 3533 

0.06 42.7 
0.11 31.4 
0.19 0.22 

0.06 10.3 
0.05 4.7 
0.01 0.02 

0.07 33.2 
0.06 62.8 
0.30 0.13 

0.07 28.7 
0.08 41.9 

0.08 17.8 
0.19 16.5 
0.08 0.36 

0.04 15.1 
0.04 12.5 
0.26 0.04 
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Ni Zn 

0.05 0.05 

ND 104.3 

0.11 1 .18 
0.08 0.64 
0.65 0.11 

0.15 0.23 
0.11 0.18 
0.01 0.05 

0.33 0.22 
0.20 0.21 
0.02 0.09 

0.20 0.54 
0.16 0.60 

0.15 0.11 
0.11 0.06 
0.00 0.01 

0.17 0.27 
0.11 0.26 
0.00 0.40 



Table 15: Metal concentrations in the reactor leachate (mg/I) - continued 

Cr Cu Fe Ni Zn 

6-Avg 0.02 0.05 13.8 0.12 0.24 
S) 0.01 0.07 17.3 0.10 0.11 
r2 0.48 0.28 0.19 0.05 0.02 

Avg in 4 to 6 0.03 0.06 15.6 0.15 0.21 
SO in 4 to 6 0.01 0.12 15.3 0.11 0.18 

7-Avg 0.03 0.02 372.3 0.09 0.13 
S) 0.01 0.01 158.6 0.06 0.07 
r2 0.49 0.00 0.78 0.08 0.20 

8-Avg 0.03 0.01 219.8 0.15 2.62 
S) 0.01 0.00 146.5 0.14 1.32 
r2 0.23 0.02 0.82 0.04 0.73 

Avg in 7 to 8 0.03 0.012 96.0 0.12 1.37 
SO in 7 to 8 0.01 0.01 168.8 0.11 1.56 

9-Avg 0.03 0.02 248.0 0.08 0.33 
S) 0.01 0.02 196.8 0.08 0.44 
r2 0.27 0.17 0.01 0.83 0.37 

10-Avg 0.04 0.02 30.5 0.15 0.18 
S) 0.02 0.04 33.7 0.09 0.23 
r2 0.59 0.01 0.41 0.45 0.04 

11-Avg 0.06 0.04 123.4 0.09 0.23 
S) 0.03 0.09 112.8 0.05 0.30 
r2 0.51 0.15 0.27 0.73 0.11 

12-Avg 0.03 0.04 106.2 0.14 0.27 
S) 0.01 0.06 114.9 0.19 0.31 
r2 0.18 0.17 0.28 0.05 0.05 

Avg in 10 to 12 0.05 0.04 86.7 0.12 0.22 
SO in 10 to 12 0.03 0.06 100.4 0.12 0.28 

NO Not detected. 
S) Standard deviation. 

In order to determine whether the presence of LSS or pure lime had an effect on metal 
concentrations, data were analyzed by analysis of variance, F-tests and Tukey's paired 
comparisons using SAS software. All comparisons were done at the 95% confidence level. For 
statistical analysis, data observed to be below the detection limit were treated as being present 
at the detection limits listed in Table 15. Data were analyzed for differences within treatment 
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sets (1 to 3, 4 to 6, 7 to 8, 10 to 12) and between treatment sets. Reactor 9 data were deleted 
from the control reactor set (reactors 7 to 9) because its behavior was anomalous, and because 
the pH increased over time, metal concentrations in reactor 9 could not be expected to mirror 
those of reactors 7 and 8. Metal concentrations in an acid digest of the LSS are also reported in 
Table 15. Concentrations of Cd and Pb in the LSS were 0 and 7.2 mg/dry kg, respectively. 

In the case of Cr, the mean concentration in reactor 2 was greater than that in reactors 1 and 3. 
Similarly, the mean Cr concentration in reactor 11 was greater than that in 10 and 12. In the 
case of Ni, the mean concentration in reactor 3 was greater than that in reactors 1 and 2. The 
Zn concentration in reactor 1 was greater than that in reactors 2 and 3 and the Zn concentration 
in reactor 8 was greater than that in reactor 7. 

In the cases of Cr, Ni and Zn, there were no significant differences between treatment sets. 
Thus, the presence of LSS or lime did not contribute to the concentrations of these metals in 
leachate. North Carolina Admin. Code for water quality standards for Cr, Ni and Zn are 0.05, 
0.15 and 5 mg/l, respectively (NC Admin. Code, 1992). This standard represents the 
maximum acceptable concentration in surface or ground water after dilution resulting from a 
waste discharge. Mean leachate concentrations in each reactor were always below the standard 
for Zn. Reactors 2 and 11 exceeded the Cr standard and reactors 3 and 5 slightly exceeded the Ni 
standard. 

Copper concentrations in reactors 1 to 3 and 4 to 6 were significantly greater than 
concentrations in reactors 7 and 8 and 10 to 12, suggesting that the presence of LSS in a reactor 
increased copper concentrations. However, most copper analyses were at or near the detection 
limit and the statistical difference was influenced by a small number of higher copper 
measurements in certain reactors. In any case, mean Cu concentrations in all reactors were 
below the N.C. Water Quality (NCWQ) standard of 1 mg/1. Iron concentrations in reactors 7 and 
8 were significantly greater than concentrations in the reactors containing either LSS or pure 
lime. This indicates that the refuse was a major source of Fe and that both LSS and pure lime 
acted as an Fe sink. Iron concentrations in all reactors were well above the NCWQ standard of 
0.3 mg/l. High Fe concentrations in municipal solid waste (MSW) leachate have been observed 
frequently. (Pohland and Harper, 1968). 

Solids Composition and Mass Balance Analysis 

The cellulose, hemicellulose and lignin concentrations were measured on the refuse used to fill 
the reactors and, in selected reactors, at the termination of the experiment. These data are 
presented in Table 16. The refuse used to fill reactors 1 to 9 and 10 to 12 was from the same 
batch, although that used for the latter reactors was stored at 4°C for 71 days prior to use. As 
presented in Table 16, initial cellulose and hemicellulose (carbohydrate) concentrations in 
reactors 10 to 12 were well below those in reactors 1 to 9. There are three possible 
explanations for this observation: 1) the refuse decomposed during storage; 2) the refuse used 
for reactors 1 to 9 was different from that used in reactors 10 to 12 ; and 3) the sample 
collected to represent the refuse used to fill reactors 10 to 12 was not rep"resentative. The 
potential for decomposition during storage is quite low. Even if decomposition were to begin at 
4°C, the refuse would be expected to turn acidic as decomposition intermediates accumulated 
faster than they could be converted to methane. Given the process by which refuse is shredded 
and mixed, a large difference between the refuse used for the two sets of reactors is unlikely. 
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The most reasonable explanation would appear to be that the sample collected to represent the 
refuse used to fill reactors. 10 to 12 was not representative of the refuse used in these reactors. 
Circumstantial evidence for this is presented below. 

Table 16: Refuse composition prior to and after decomposition. 

Reactor Cellulose (%) Mca Hemi- Mha Lignin (%) Mia 
(sd) cellulose (sd) 

(sd) 

Fresh 38.5 8.7 28.0 
Refuse (0.8) (0.3) (2.1) 

2b 12.3 0.25 4.5 0.40 46.7 1.32 
(0.2) (0.2) (4.7) 

3b 13.5 0.25 4.8 0.39 53.0 1.34 
(0.2) (0.2) (1 .0) 

4b 9.2 0.16 3.3 0.26 40.7 1 .0 
(0.9) (0.3) (0.6) 

5b 10.6 0.18 4.3 0.32 4.03 0.93 
( 1 . 1 ) (0.2) (2.3) 

11 b 10.0 0.19 3.2 0.28 34.4 0.85 
(0.02) (0. 1 ) (1 .8) 

12b 11 .4 0.23 4.5 0.40 22.4 0.58 
(0.5) ( 1 .2) (1 .3) 

a Mc, Mh and MI as defined in the text. 
b Solids composition at the end of the monitoring period. 

Cellulose and hemicellulose concentrations decreased during decomposition. Constituent losses 
are reported using the ratio of the mass of cellulose (Mc), hemicellulose (Mh) or lignin (MI) 
removed from a reactor divided by the mass added to the reactor initially. Between 75% and 
82% of the cellulose and 60% and 740/0 of the hemicellulose was decomposed in reactors 2 
through 5. The corresponding numbers for reactors 11 and 12 are substantially lower; 49% to 
580/0 of the cellulose and 340/0 to 55% of the hemicellulose (Table 16). In previous work, 
Barlaz et al. (1989a) reported cellulose and hemicellulose decomposition of 71 % and 770/0, 
respectively. In order to explore the possibility that the initial cellulose and hemicellulose 
concentrations in reactors 11 and 12 are inaccurate, Mc and Mh were recalculated assuming 
that the refuse used to fill these reactors was the same as that used to fill reactors 1 to 9. Under 
this assumption, cellulose decomposition was 77% to 81 % and hemicellulose decomposition was 
600/0 to 72%. These latter numbers are much more consistent with values for reactors 2 to 5. 
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Lignin is recalcitrant under anaerobic conditions (Young and Frazer, 1987) and its 
concentration would be expected to increase as the cellulose and hemicellulose are degraded. 
This occurred in all but reactor 12 which shows an anomalous lignin concentration decrease. 
The mass of lignin added to and removed from each reactor should be the same. Thus, a perfect 
solid analysis would give a value of 1.0. Values range from 0.58 to 1.32. 

Mass balances, based on measured losses in cellulose and hemicellulose were performed in order 
to confirm the measured methane yields. The mass balance procedure has been described 
previously and is summarized here (Barlaz et aI., 1989a). The methane potential of each 
measured degradable constituent of the refuse, as it was placed in each container during 
construction and eventually sampled at takedown, is presented in Table 17. 

Table 17: Mass Balance Analysis of Selected Reactors. 

Reactor In/Out Cellulosea Hemi- c:x:x:)3 Measured Total Carbon 
cellulose Methane Methane Recoveryb 

(liters) Potential ( % ) 
(liters) 

2 In 127.1 29.5 156.6 95.4 

2. Out 32.1 11 .9 0.6 104.8 149.4 

3 In 135.8 11 .9 167.2 99.2 

3 Out 33.7 12.2 0.3 119.7 165.9 

4 In 140.7 32.7 173.4 92.0 

4 Out 23.1 8.5 0.7 127.2 159.5 

5 In 134.5 31.2 165.7 94.8 

5 Out 23.7 9.9 0.6 123.0 157.2 

1 1 In 101 23.3 124.3 68.5 

1 1 Out 19.5 6.5 0.9 58.3 85.2 

1 2 In 109.1 25.2 134.3 80.1 

1 2 Out 25.2 10.1 0.9 71.3 107.5 

a Numbers are the methane potential of each component expressed in liters. 
b Methane potential of the refuse removed from a container plus the measured methane 

divided by the methane potential of the refuse used to fill a container. 
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The methane potential was calculated based on complete conversion of a degradable constituent to 
carbon dioxide and methal'1e, constituent concentrations and the weight of refuse in a container 
initially and at takedown. An empirical formula (Parkin and Owen, 1986) was used to calculate 
the methane potential of carbohydrates: 

CnHaObNc + [n-(a/4)-(b/2)+ 3(c/4)]H20 -----------> 
[(n/2)-(a/8)+(b/4)+3(c/8)]C02 + [(n/2)+(a/8)-(b/4)-3(c/8)]CH4 + cNH3 (1.0) 

Based on this formula, 414.6 and 424.2 liters of methane at standard temperature and pressure 
are produced for every kilogram of cellulose (C6H 1 OOS) and hemicellulose (CSH804) 
degraded, respectively. The methane potential of COD was taken as 3S0 L CH4J'kg COD (Metcalf 
and Eddy, 1991). The methane potential of lignin was considered to be zero based on its 
recalcitrance under anaerobic conditions (Young and Frazer, 1987). Protein was not included 
in the mass balance analysis because it was not possible to distinguish between cell mass and 
other forms of organic nitrogen in refuse by use of the total Kjeldahl nitrogen procedure. Thus, 
it was not possible to quantify protein decomposition. In previous work, the methane potential 
of protein has been shown to be less than 8.4% of the methane potential of fresh refuse. 

The methane potential data were used to calculate the IICarbon Recoveryll (Table 17), defined as 
the methane potential of the degradable constituents (cellulose, hemicellulose, COD) removed 
from a container plus the measured methane divided by the methane potential of the degradable 
constituents added to a container initially. Carbon recoveries were between 92% and 9S.4% in 
reactors 2 through Sand 68.So/0 and 80.1 % in reactors 11 and 12, respectively. Potential 
sources of error include: 1) sampling errors; 2) analytical errors; 3) gas volume 
measurement errors; 4) errors in gas composition analyses; S) carbon not measured by a 
specific assay; 6) non-methanogenic mineralization of organic carbon; and 7) carbon converted 
to cell mass. The recoveries in reactors 2 through S are sufficiently close to 1000/0 that some 
combination of the aforementioned sources of error likely accounts for the missing methane 
potential. The recoveries for reactors 11 and 12 are well above 1000/0. These recoveries would 
be reduced if the initial cellulose and hemicellulose concentrations used for the mass balance 
were higher. Assuming the fresh refuse composition of reactors 1 to 9 represents the fresh 
refuse composition in reactors 11 and 12, carbon recoveries of 68.So/0 and 800/0 were 
calculated (Table 17). Given the questions on the solids data for reactors 11 and 12, no further 
conclusions may be drawn. 

The yields in reactors 10 to 12 are lower than the yields in reactors 1 to 6. The simplest 
explanation for this is that the initial cellulose and hemicellulose concentrations in the refuse 
used to fill reactors 11 and 12 were lower than those for reactors 1 to 9. However, this 
explanation cannot be proven from the available data. 

In summary, the solids analyses and mass balances serve to confirm that significant 
decomposition did occur in reactors 2 to S, 11 and 12. Measured cellulose and hemicellulose 
losses are consistent with previous work (Barlaz et aI., 1989a). The cellulose and 
hemicellulose data for the fresh refuse used to fill reactors 11 and 12 are anomalous and lead to 
unusual mass balance results. 
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DISCUSSION 

Refuse decomposition and leachate stabilization were enhanced in all reactors which contained 
lime in the cover. This includes reactors 1 to 6 which contained LSS and reactors 10 to 12 in 
which the cover material was pure lime. The most direct measures of enhancement are the 
methane production rate and methane yield. Both of these parameters were enhanced in reactors 
1 to 6 and 10 to 12 relative to reactors 7 to 9 which contained only soil in the cover. This can 
be seen in Table 18. The different mixtures of LSS and soil (reactors 1 to 3 versus 4 to 6) did 
not affect the onset or rate of methane production nor the methane production yield. Yield 
comparisons between reactors 1 to 9 and 10 to 12 are inappropriate given the questions on the 
initial solids composition in reactors 10 to 12. 

On the basis of reactors 1 to 9, it would not be possible to differentiate between enhancement 
due to pH neutralization and the potential for the sludge to have enhanced decomposition by some 
other factor. However, enhanced decomposition in reactors 10 to 12 indicates that lime was the 
critical factor. The sludge did not have a significant impact on ammonia, phosphate or heavy 
metal concentrations with the exception of Cu. 

If enhancement of refuse methanogenesis resulted from leachate neutralization associated with 
the lime-rich cover material, then the leachate pH should be near 7 with the onset of methane 
production. However, the pH was well below 7 at the end of the lag period (Table 18). There 
are two potential explanations. The first is that acidophilic methanogens were active in the 
reactors. This is unlikely as the vast majority of methanogen isolates have a pH optimum of 
about 7. The second, and we believe more likely explanation, is related to the point of leachate 
sampling. Leachate was neutralized as it passed through the lime-containing cover material. 
This resulted in the refuse near the top of the reactor being neutral and supporting increased 
rates of methane production while the refuse at the bottom of the reactor, where leachate was 
released, was still acidic. Over time, the methane production rate and pH increased as more of 
the refuse was neutralized. 

In most reactors, the COD exhibited a sharp decrease shortly before the maximum methane 
production rate was measured (Table 18). This demonstrates that prior to the onset of methane 
production there was an accumulation of decomposition intermediates. As conditions became 
more favorable for methane production, these intermediates were converted to methane and 
carbon dioxide. 
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Table 18: Comparison of the time for a pH increase, ammonia decrease, methane production 
rate maximum ~nd COD decrease in the reactors (days). 

Reactor Time for pH Time for NH3 Time to Maximum Time to COD 

to reach 6.8 decreasea CH4 production decreasea 

rate 

1 165 183 183 91 

2 53 67 67 67 

3 90 67 96 67 

4 65 67 75 67 

5 76 67 82 67 

6 77 67 89 67 

7 pH 6.8 no sharp decrease no maximum >273 
not measured measured achieved 

8 pH 6.8 no sharp decrease no maximum >273 
not measured measured achieved 

9 228 183 no maximum 83 
achieved 

1 0 82 no sharp decrease 114 99 
measured 

1 1 103 no sharp decrease 114 99 
measured 

1 2 90 no sharp decrease 100 85 
measured 

a Defined as the day prior to a steep decrease in the COD or ammonia concentration. 

The data in Table 18 also indicate that the time required to reach the maximum methane 
production rate was longer in reactors 10 to 12 relative to 2 to 6. This may be related to the 
extent of exposure of the leachate to the lime. On destructive sampling, we observed a solid 
block of what appeared to be calcium carbonate in the cover of reactors 2 to 5. Calcium 
carbonate would have been formed by combination of CaO in the LSS with C02 produced during 
decomposition. In reactors 11 and 12, only the exterior of the cover was hardened. This 
suggests that there was more short circuiting of the leachate in reactors 11 and 12, resulting in 
slower neutralization. This would explain the longer time prior to the maximum methane 
production rate. 
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Reactor 9, which did not contain lime, was an exception to the decomposition pattern described 
above. The reactor produqed substantial volumes of methane while its pH remained acidic. 
Though substantial, the methane production rate and yield in reactor 9 were lower than in 
reactors 1 to 6 and 10 to 12. Either methane was produced by acid tolerant methanogens, or 
there was a source of neutralization capacity in the reactor which allowed part of the reactor to 
be neutral. 

Inhibition 

Methane production was inhibited in reactors 7 and 8 and, to a lesser extent, in reactor 1. The 
absence of leachate neutralization is the most likely explanation in reactors 7 and 8. As 
discussed above, neither ammonia or phosphate limited methane production in reactors 7 and 8. 
The highest ammonia concentrations were measured in reactor 1 (Figure 8). Interestingly, 
reactor 1 had the lowest methane production rate and yield among reactors 1 to 6. Ammonia 
mayor may not have been the cause for the decreased rate. In work on the anaerobic digestion of 
poultry manure, ammonia concentrations as high as 4000 mg NH3-N/I did not adversely affect 
methanogenesis (Ripley et aI., 1984). 

Zinc concentrations in the reactors are presented in Figure 10. Where concentrations are 
similar amongst reactors within a treatment, average concentrations are presented. Zinc 
concentrations in reactors 1 and 8 were higher than in all other reactors though still below 
toxic concentrations reported by others. Pohland and Gould (1986) reported Zn concentrations 
of 30 to 40 mg/l in reactors which appeared to be actively converting refuse to methane. 
Harries et al. (1990) found 100 mg Zn/l to inhibit methane production in a serum bottle assay. 
However, a no effect concentration was not measured. Lin (1992, 1993) reported 50% 
inhibition of mixed volatile fatty acid consumption in a methanogenic culture at Cd, Cr, Cu, Ni, 
Pb and Zn concentrations of 7.7, 14.7, 12.5, 400, 67.2 and 16 mg/l, respectively. Fifty 
percent inhibition concentrations for acid production from glucose were 29, 17, 2.2, 440, 880 
and 3.5 mg/l, respectively. The concentration of Zn reported to inhibit acid production by Lin 
(1993), 3.5 mg/l, is similar to the concentrations measured in reactors 1 and 8. However, 
the high COOs in these reactors indicate that methanogenesis, rather than acidogenesis, was 
inhibited. No other metal in our study approached the toxic concentrations reported by Lin 
(1992, 1993). Comparison of metal concentrations between studies has limitations. Hickey et 
al. (1989) found inhibitory metal concentrations were best compared on a mg of toxicant per 
gram of volatile solids basis as binding of metals by ligands on the cell membrane and 
extracellular polymer matrix likely protect microorganisms. In addition, metals may 
precipitate as sulfides and hydroxides. Thus, the metal concentration added in a toxicity assay 
may not be the actual soluble concentration. Based on our data, we cannot discount the 
possibility of Zn toxicity given that Zn was highest in 2 of the 3 reactors which were inhibited. 
Zinc was not the only factor limiting methane production as Zn concentrations in reactor 7 (avg 
= 0.13, sd = 0.07), which was inhibited, and reactor 9 (avg = 0.33, sd = 0.44), which was not 
inhibited, were not significantly different (p = 0.95). Reactor 8, which contained neither LSS 
nor pure lime, had the highest Zn concentration, suggesting that the refuse was the major 
source of zinc. 
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Figure 10: Comparison of Zinc concentrations in inhibited and methane producing reactors. 
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SUMMARY 

Our results demonstrate the potential for lime-containing wastes to accelerate refuse 
decomposition and leachate stabilization. Here, the lime was incorporated into the cover soil 
which allowed for acidic leachate to be neutralized as it drained through the simulated cover. 
The source of lime in this work was excess lime present in lime-stabilized wastewater 
treatment plant sludge. Similar results would be expected using other lime containing wastes 
which do not contain an inhibitory compound. Of course, the enhancement observed under 
laboratory conditions was greater than what could be expected in the field in the absence of 
leachate recycle. Nonetheless, as water enters a landfill and seeps through the refuse, the 
presence of excess lime will accelerate refuse decomposition and leachate stabilization. 
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OBJECTIVE C: EXTENT OF METAL LEACHING FROM LSS-SOIL MIXTURES BY 
LANDFILL LEACHATE AND THE EFFECTS ON FINAL LEACHATE COMPOSITION 

. INTRODUCTION 

In this section, the results of work to measure the extent of metals and nutrient leaching from 
the lime stabilized sludge (LSS) soil mixtures are reported. Laboratory-scale columns were packed 
with various combinations of soil and LSS and subjected to both acidic and alkaline leaching. 
Acidic conditions simulate young leachate from recently buried refuse while neutral to slightly 
alkaline conditions simulate refuse which is either in an active state of decomposition or already 
well decomposed. 

METHODS 

Samples of the lime stable residual from the Charlotte-Mecklenburg Utility Department facility 
were collected and transported to North Carolina State University· .. Soil material from the 
landfill site was collected simultaneously and also transported to North Carolina State 
University. Both the LSS and the soil were pulverized to allow uniform packing within soil 
columns. 

These products (the soil and the LSS) were then blended to yield the 250/0, 50%, or 75% (by 
volume) blends of LSS and soil. Mixtures were then packed into one of five pre-weighed, 15 cm 
diameter, PVC columns for the leaching study. A fifth column was packed with LSS only. 

Each PVC column was packed with sufficient material to generate a 22.5 cm high lift. The 
vertical columns were opened on one end and equipped with a drill-perforated cap on the other 
end. A layer of coarse geotextile fabric was placed in the bottom of the PVC column. This 
geotextile fabric was scissor cut to conform to the geometry of the drill-perforated end cap and 
was intended to prevent migration of solid material with leachate. Prior to packing, a thin layer 
of clean filter sand was placed atop the geotextile fabric. The filter sand had an effective 
particle size of 0.5 mm. The columns were then packed with either the LSS, one of the LSS-soil 
mixtures or soil only. The columns were each labeled and then reweighed to determine the 
weight of soil material contained within each column. The approximate weight of each column 
was 5 kg when packed. 

Once hand-packed, columns were subjected to leaching events with mild acid followed by a 
mildly basic solution. This sequence was followed since leachate from immature facilities tends 
to be slightly acidic, while that from mature facilities tends to be basic and because leaching 
through successive layers of LSS should result in an alkaline leachate. Such conditions 
approximate the operating condition in a landfill where daily cover is 15 to 22.5 cm deep. The 
initial wetting of the material in the column was accomplished with distilled water to determine 
the pore volume of material required for subsequent leaching and to wet the material providing 
a near saturated environment for the remainder of the study. Each of the columns were then 
leached with a pH 5.5 acetic acid solution. The second pore volume of material collected with the 
acetic acid solution was collected for analysis. This initial sampling was followed by additional 
leaching events with the acid solution and final leaching events with two pore volumes of pH 7.5 
sodiurIl hydroxide. Again, the second pore volume of material was collected for analysis. The 
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approximate pore volume was calculated assuming 40% void space in each of the columns. 
Normally soil contains approximately 50% void space. The 400/0 void space allowed for packing 
and compaction as might occur in landfill daily cover. Approximately 1500 ml of both acid and 
alkali material were collected from these leaching events for determination of nutrient and 
metal concentrations. Single column studies were used to approximate the maturation process 
in a landfill. The single, large diameter columns were used to minimize the potential for short 
circuiting between the PVC column wall and the packed fill. This potential for short-circuiting 
was seen as a mechanism to reduce potential contact between leachate and the LSS-soil. The 
volume of LSS available to conduct the leaching study was perceived as a limited supply. 
Consequently, it was decided to use a large diameter column, rather than several small diameter 
columns with triplicate replications of each of the blends. As a result, no replicate columns 
were packed, leached and sampled. 

All analytical methods employed were standard techniques utilized in the Biological and 
Agricultural Engineering Department and comply with protocols established by the EPA. 
Nutrient analyses were performed on a Technician Autoanalyzer. The procedures were as 
follows: for total kjeldahl nitrogen (TKN), a persulfate digestion and ammonia salicylate 
method for automated analysis; for ammonia, the ammonia salicylate method for automated 
analysis; and for nitrate and nitrite, the cadmium reduction method for automated analysis. 
Metal concentrations were determined on a Perkin Elmer Atomic Absorption Spectrophotometer. 
The procedures used for metal extraction and atomic absorption were a weak acid digestion. A 
0.05 normal hydrochloric acid and 0.025 normal sulfuric acid extraction was used followed by 
direct aspiration into the atomic absorption spectrophotometer. The sensitivity for the 
nutrients (N) was 0.01 mg/l and the detection level for the atomic absorption 
spectrophotometer was 0.01 mg/1. The results of the leachate analysis are summarized in the 
following section. 

RESULTS 

Table 19 presents the leachate concentration of selected nutrients and metals after acidic 
leaching. Table 20 presents leachate nutrient and metal concentrations after alkaline leaching. 
Leachate concentrations are used to estimate the losses which could be anticipated from material 
used as daily cover. The results from the leaching analysis indicate that losses of each 
constituent can be expected from the material. With the exception of Cu, Ca, TOC (total organic 
carbon), TKN and ammonia, these levels are no higher than those encountered in operating 
landfills (Burkes,1992, Sanford, 1990). 
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Table 19: Leachate quality with mild acid extract (pH 5.5) and various mixtures of LSS and 
soil. 

Parameter 1000/0 LSS 

- - - -

TKN 398 
NH3-N 47.3 
N03-N 0.9 
CXD 965 
l(X; 2288 
Pb 0.22 
Zn 0.17 
Qj 5.6 
Ni NO 
OJ 0.01 
ca 1182 
Mg 0.1 
Na 39.5 

NO Not detected. 

750/0LSS 50%LSS 
25°/0 Soil 50% Soil 

- - - - - - - - mg/I -

218 159 
50.3 22.1 
3.73 1 .4 
888 767 
856 1000 
0.20 0.11 
0.30 0.82 
0.97 0.93 
0.01 NO 

NO 0.01 
1001 951 

0.1 0.1 
11 .5 0.3 

250/0LSS 
75 % Soil 

37.2 
2.87 

0.4 
382 
209 
.07 

0.01 
0.31 
0.01 
0.01 
906 
0.1 
0.3 

1 00°/0 Soil 

4.4 
0.6 
1 .5 

38.7 
9.7 
NO 

0.01 
0.01 

NO 
NO 

8.4 
0.1 
0.2 

Table 20: Leachate quality with mildly alkaline (pH 7.5) leachate and various mixtures of LSS 
with soil. 

Parameter 100°/0 LSS 75%LSS 500/0LSS 25°/oLSS 100°10 Soil 
25°/0 Soil 50°/0 Soil 75°/oSoil 

- - - - - - - - - - - - - - - - mg/I - - - - - - - - - -

TKN 1086 880 280 96.4 4.2 
NH3-N 321 150 60.3 11 .3 0.7 
N03-N 4.8 2.7 2.7 1 . 1 1.4 
CXD 4312 2465 1482 777 18.8 
l(X; 841 1460 560 342 9.5 
Pb 0.41 0.31 0.18 0.09 NO 
Zn 0.58 0.36 0.06 0.03 <0.01 
Qj 22.4 1 3 1.49 0.64 NO 
Ni <0.01 <0.01 <0.01 <0.01 NO 
OJ 0.04 0.03 <0.01 <0.01 NO 
ca 3054 1912 1235 806 6.4 
Mg 280 137 0.1 0.1 2.1 
Na 249 124 1 . 1 0.3 10.5 

NO Not detected 
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The data in Tables 19 and 20 indicate that more material was released due to alkali leaching 
relative to acidic leaching .. This result may be due to the experimental procedure. There was 
limited contact between the acid and the test material prior to leachate sample collection. 
Increased constituent mobility may have resulted from the repeated acid washing causing the 
constituents to be released. Only the second pore volume of acid leachate was collected for 
analysis because this volume was thought to represent the initial flush of constituents from the 
various columns. This initial leaching sequence was followed by a series of two additional acid 
leaching events with two pore volumes of acetic acid. This was followed by addition of two pore 
volumes of sodium hydroxide. The second pore volume of sodium hydroxide was collected for 
analysis. There were increases in constituent concentration following the alkali leaching, but 
this increased mobility may be the result of the numerous acid washings rather than the result 
of the alkali leaching. The behavior of individual constituents is discussed below. 

Nitrogen 

The greatest losses of nutrients as TKN and NH3-N appear to be generated in the sludge only 
column with both the acid and the alkali material. The greatest losses of nitrogen were from 
alkali leaching. 

Chemical Oxygen Demand (COD) and Total Organic Carbon (TOC) 

The COD and TOC concentrations in the leached materials generally fell with decreasing levels of 
sludge contained in the columns. The concentrations of COD and TOC in leachate were higher in 
the mildly alkali leachate than in the mildly acid leachate. The levels of COD and TOC may reflect 
the increased organic content of the LSS compared to the soil. The COD released from the 100% 

LSS column is comparable to that released from well decomposed refuse as presented in the 
previous section. 

Calcium. Magnesium and Sodium Cations 

The levels of these cations released declined with decreasing levels of LSS in the columns. In 
general, higher concentrations of cations were leached by the alkali solution than by the acidic 
solution. This may be due to a residual effect of the repeated acid washing events and the 
increased metal mobility immediately following this acid extraction. With time and continued 
leaching with mildly alkali material, these levels should begin to fall because metal mobilities 
in soil do decrease with increasing pH. The ability of the LSS to bind metals should enhance the 
quality of landfill leachates. 

Metals 

Copper concentrations with both the mildly acid and the mildly alkali solutions, represented the 
highest concentration of metal leached from this potential landfill cover material. The EPA 
Guidance Manual (EPA, 1987) indicates that the inhibitory level for copper in wastewater 
treatment facilities is 1 mg/I. Generally in soil systems, metal mobility decreases with 
increasing pH. The increased concentration of selected metals with the mildly alkali solution 
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may reflect the residual effect of repeated washing with acid rather than mobility associated 
with mildly alkali materi~1. 

DISCUSSION 

The extracted loss expressed as mg/I is used to estimate the potential loss from the solid 
material used as a daily cover. The results from the leachate analysis indicate that moderate 
losses of TKN and NH3-N from the LSS only column can be expected with both the mildly acid 
and the slightly alkali leachate. For example, the TKN and NH3-N concentrations in the mildly 
acidic leachate are almost double those detected in other acid washed columns. The level of TKN 
in the mildly alkali material is 4 to S times greater in the high LSS (1000/0 and 7So/0) columns 
relative to the lower LSS content columns. The NH3-N levels were also elevated in high LSS 
columns. The concentrations increase with the mildly alkali material. The nutrient and metal 
losses from the 100% LSS mixture were consistently greater than those from other mixtures 
and from soil only. The leachate from the soil only column contained the lowest concentrations 
of nutrients and metals compared to leachate from either the LSS only or the LSS-soil columns. 
The time required to generate leachate from the sludge only column was rapid, while 
permeability through the other columns was slow. 

While the results in Objective B looked at the combined effects of various daily cover mixtures 
on refuse decomposition and leachate quality, the results here evaluate leaching from potential 
daily cover mixtures only. Comparison of the data in Objectives Band C suggests that the use of 
LSS in daily cover will not adversely impact leachate quality. 

SUMMARY 

The LSS has the potential to serve as a portion of daily cover at a landfill. At high levels of LSS 
in the cover, the level of extracted metal or nutrient may impact landfill leachate quality 
adversely. The lowest levels of nutrient, TOC, COD and metals are contained in the leachate from 
the soil only column and the columns containing 2So/0 LSS/7So/0 soil and SO% LSS/SOO/o soil. 
Regulatory agencies may find the use of this material acceptable as landfill cover material at 
lower levels. Use of up to So% LSS in daily cover may reduce requirements for mined cover 
and may result in some financial savings for landfill operators. 

49 



REFERENCES 

Barlaz, M. A., R. K. Ham and M. W. Milke. 1987. Gas Production Parameters in Sanitary 
Landfill Simulators. Waste Management and Research. 5:27-39. 

Barlaz, M. A., R. K. Ham and D. M. Schaefer. 1989a. Mass Balance Analysis of Decomposed 
Refuse in Laboratory Scale Lysimeters. Journal of Environmental Engineering. ASCE. 
115:1088-1102. 

Barlaz, M. A., D. M. Schaefer and R. K. Ham. 1989b. Bacterial Population Development and 
Chemical Characteristics of Refuse Decomposition in a Simulated Sanitary Landfill. 8QQ.L. 
Env. Microbiol. 55:55-65. 

Barlaz, M. A., R. K. Ham and D. M. Schaefer. 1990. Methane Production from Municipal Refuse: 
A Review of Enhancement Techniques and Microbial Dynamics. CRC Critical Reviews in 
Environmental Control. 19:557-584. 

Buivid, M. G., D. L. Wise, M. J. Blanchet, E. C. Remedios, B. M. Jenkins, W. F. Boyd and J. G. 
Pacey. 1981. Fuel Gas Enhancement by Controlled Landfilling of Municipal Solid Waste. 
Resource Recovery and Conservation. 6:3-20. 

Burkes, Dennis. Director of Environmental Services, New Hanover County Landfill. Personal 
Communication. 1992. 

Effland M.J. 1977. Modified Procedure to Determine Acid Soluble Lignin in Wood and Pulp. 
TAPPI. 60:143-144. 

Emcon Associates. 1980. Methane Generation and Recovery from Landfills. Ann Arbor Science 
Publishers Inc., Ann Arbor, MI. 

EPA. 1986. Test Methods for Evaluating Solid Waste. SW-846. Washington, D. C. 

EPA. December 1987. Guidance Manual Development and Implementation of Local Discharge 
Limits Under Pre-Treatment Program. SAIC. McLean, VA. 

Harries, C. R., A. Scrivens, J. F. Rees and R. Sleat. 1990. Initiation of Methanogenesis in 
Municipal Solid Waste. 1. The Effect of Heavy Metals on the Initiation of Methanogenesis in 
MSW Leachate. Environ. Techno!. 11 :1169-75. 

Hartz, K. E., R. E. Klink and R. K. Ham. 1982. Temperature Effects: Methane Generation from 
Landfill Samples. Journal of the Environmental Engineering Division. ASCE. 108:629-
638. 

Hickey, R. F., J. Vanderwielen and M. S. Switzenbaum.1989. The Effect of Heavy Metals on 
Methane Production and Hydrogen and Carbon Monoxide Levels During Batch Anaerobic 
Sludge Digestion. Water Resources. 23:2:207-18. 

Klute, A. (ed.) 1986. Methods of Soil Analysis. Part 1 - Physical and Mineralogical Methods. 
2nd Edition. Agronomy No.9, American Society of Agronomy and Soil Science Society of 
America. Madison, WI. 

50 

.. 



REFERENCES (continued) 

Lin, C-Y. 1992. Effect of Heavy Metals on Volatile Fatty Acid Degradation in Anaerobic 
Digestion. Water Resources. 26:2:177-83. 

Lin, C-Y.1993. Effect of Heavy Metals on Acidogenesis in Anaerobic Digestion. Water Resources. 
27:1 :147-52. 

Liu, C. and J. B. Evett. 1984. Soil Properties: Testing. Measurement and Evaluation. Prentice
Hall, Inc., Englewood Cliffs, NJ. 

Mata-Alvarez, J. and A. Martinex-Viturtia. 1986. Laboratory Simulation of Municipal Solid 
Waste Fermentation with Leachate Recycle. J. Chem. Tech. Biotechnol. 36:547 - 556. 

Metcalf and Eddy. 1991. Wastewater Engineering: Treatment. Disposal and Reuse. Third Ed. Mc
Graw Hill Inc., N.Y. 

North Carolina Admin. Code. 1992. Classifications and Water Quality Standards Applicable to 
Groundwaters of North Carolina. Title 15A. Subchapter 2L. Section 0.0200. Raleigh, 
North Carolina. 

Page A. L., R. H. Miller and D. R. Keeney (ed.). 1982. Methods of Soil Analysis. Part 2 -
Chemical and Microbiological Properties. 2nd Edition. Agronomy No.9, American Society 
of Agronomy and Soil Science Society of America. Madison, WI. 

Parkin, G. F. and W. F. Owen.1986 . .Fundamentals of Anaerobic Digestion of Wastewater Sludges. 
Journal of the Environmental Engineering Division. ASCE. 112:5:867-920. 

Pettersen, R. C. and V. Schwandt. 1991. Wood Sugar Analysis by Anion Chromatography. J. Wood 
Chem. Technol. 11 :4:495-501. 

Pohland, F. G. 1975. Sanitary Landfill Stabilization with Leachate Recycle and Residual 
Treatment. Georgia Institute of Technology, EPA Grant No. R-801397. 

Pohland, F. G. and S. R. Harper.1986. Critical Review and Summary of Leachate and Gas 
Production From Landfills. EPA/600/2-86/073, PB86-240181. 

Pohland, F. G. and J. P. Gould. 1986. Co-Disposal of Municipal Refuse and Industrial Waste 
Sludge in Landfills. Water Sci. Technol. 18:12:177-92. 

Ripley, L. E., N. M. Kmet, W. C. Boyle and J. C. Converse. 1984. The Effects of Ammonia 
Nitrogen on the Anaerobic Digestion of Poultry Manure. Proc. 39th Purdue Industrial 
Waste Conference, May, West Lafayette, IN. 

Robinson, H. D. and P. J. Maris. 1985. The Treatment of Leachates from Domestic Waste in 
Landfill Sites. Water Research Centre. Stevenage, England. 

Sanford, W. E. 1990. Rock-Reed Filters for Treating Landfill Leachate. Dept. of Agricultural & 
Biological Engineering. Water Quality Management of Landfills, Chicago, IL. 

51 



REFERENCES (continued) 

Segal, J. P. 1987. Testing Large Landfill Sites Before Construction of Gas Recovery Facilities. 
Waste Mngmnt. Res. 5:123-131. 

Tchobanoglous, G, Theisen, Hand S. Vigil, 1993, Integrated Solid Waste Management 
Engineering Principles and Management Issues, McGraw-Hili, New York. 

Wang, Y -U, C. S. Byrd, M. A. Barlaz. 1994. Anaerobic Biodegradability of Cellulose and 
Hemicellulose in Excavated Refuse Samples. Journal of Industrial Microbiology.13: 147-
53. 

Young, L. Y. and A. C. Frazer. 1987. The Fate of Lignin and Lignin Derived Compounds in 
Anaerobic Environments. Geomicrobiology Journal. 5:261-293. 

Zehnder, A. J. B., K. Ingvorsen and T. Marti. 1982. "Microbiology of Methane Bacteria" in 
Anaerobic Digestion. D. E. Hughes, ed. Elsevier Biomedical Press B.V., Amsterdam, p. 45-
68. 

52 



· , \ . 

LIST OF PUBLICATIONS 

Rhew, R. D. and M. A. Barlaz. The Effect of Lime-stabilized Sludge as a Cover Material on 
Anaerobic Refuse Decomposition. Accepted for publication. Journal of Environmental 
Engineering, ASCE. 

Rhew, R. D. and M. A. Barlaz. Poster Presentation at the 1993 Purdue Industrial Waste 
Conference. West Lafayette, IN. 

53 


