CHAPTER

4

PHYSICAL,
CHEMICAL,

“AND BIOLOGICAL
PROPERTIES

OF MUNICIPAL
SOLID WASTE

The purpose of this chapter is to introduce the rcader to the physical, chemical, and
biological properties of MSW and to the transformations that can affect the form
and composition of MSW. These properties must be known to develop and design
integrated solid waste management systems. Further, the physical, chemical, and
biological properties and transformations introduced in this chapter form the basis
for topics discussed 1n the remaining portions of this book.

4-1 PHYSICAL PROPERTIES OF MSW

Important physical characteristics of MSW include specific weight, moisture con-
tent, particle size and size distribution, field capacity, and compacted waste poros-
ity. The discussion is limited to an analysis of residential, commercial, and some
industrial solid wastes. The hazardous wastes found in MSW are addressed sep-
arately in Chapter 5. Note, however, that the fundamentals of analysis presented
in this and the following chapter are applicable to all types of solid wastes. Addi-
tional details on the various physical, chemical, and microbiological methods of
testing for solid wastes may be found in the various publications of the American
Society for Testing and Materials (ASTM).

Specific Weight

Specific weight is defined as the weight of a material per unit volume (e.g., Ib/ft,

— — Ib/yd?). (It should be noted that specific weight expressed as lg/)ici{ii commonly
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referred to in the solid waste literature incorrectly as density. In U.S. customary

units density is expressed correctly as slug/ft}.) Because the specific weight of .
MSW is often reported as loose, as found in containers, uncompacted, compacted,
and the like, the basis used for the reported values should always be noted. Spezific
weight data are often needed to assess the total mass and volume of waste that must
be managed. Unfortunately, there is little or no uniformity in the way solid waste
specific weights have been reported in the literature. Frequently, no distinction has
been made between uncompacted or compacted specific weights. Typical specific
weights for various wastes as found in containers, compacted, or uncompacted
are reported in Table 4-1.

TABLE 4-1
Typical specific weight and moisture content data for residential,

commercial, industrial, and agricultural wastes

Moisture content,

Specific weight, Ib/yd® % by weight
Type of waste Range Typical Range Typical
Residential (uncompacted)
Food wastes (mixed) 220-810 490 50-80 70
Paper 70-220 150 4-10 6
Cardboard 70-135 85 4-8 5
Plastics 70-220 110 1-4 2
Textiles 70-170 110 6-15 10
Rubber 170-340 220 1-4 2
Leather 170440 270 8-12 10
Yard wastes 100-380 170 30-80 60
Wood 220-540 400 1540 20
Glass 270-810 330 14 2
Tin cans 85-270 150 2-4 3
Aluminum 110405 270 2-4 2
Other metals 220-1940 540 2-4 3
Dirt, ashes, etc. 540-1685 810 6-12 8
Ashes 1095-1400 1255 6-12 6
Rubbish 150-305 220 5-20 15
Residential yard wastes :
Leaves (loose and dry) 50-250 100 2040 30
Green grass (loose and moist) - 350-500 400 40-80 60
Green grass (wet and compacted) 1000-1400 1000 50-90 80
Yard waste (shredded) 450-600 500 20-70 50 '
Yard waste (composted) 450-650 550 40-60 50 R
Municipal fo
In compactor truck 300-760 500 15-40 20 L
in landfill P
Normally compacted 610840 760 15-40 25
Well compacted 895-1250 1010 1540 25
Commercial -
Food wastes (wet) 800-1600 910 50-80 70
Appliances 250- 240 305 0-2 1
{emntinued)
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Because the specific weights of solid wastes vary markedly with geographic
location, season of the year, and length of time in storage, great care should be
used in selecting typical values. Municipal solid wastes as delivered in compaction
vehicles have been found to vary from 300 to 700 Ib/yd?; a typical value is about

500 Ib/yd3.

Molisture Content

The moisture content of solid wastes usually is expressed in one of two ways. In
the wet-weight method of measurement, the moisture in a sample is expressed

TABLE 4-1 (continued)

Molsture content,

Specific weight, ib/yd® % by welght
Type of waste Range Typical Range Typical
Commercial (cont.)
Wooden crates 185-270 185 10-30 20
Tree trimmings 170-305 250 20-80 5
Rubbish (combustible) 85-305 200 10-30 15
Rubbish (noncombustible) 305610 505 5-15 10
Rubbish (mixed) 235-305 270 10-25 15
Construction and demolition
Mixed demolition (noncombustible) 1685-2695 2395 2-10 4
Mixed demolition (combustible) 505675 605 4-15 8
Mixed construction (combustible) 305—-605 440 4-15 8
Broken concrete 2020-3035 2595 0-5 —
Industrial
Chemical sludges (wet) 1350-1855 1685 75-99 80
Fly ash ‘ 1180-1515 1350 2-10 4
Leather scraps 170420 270 6-15 10
Metal scrap (heavy) 2530-3370 3000 0-5 -
Metal scrap (light) 840-1515 1245 0-5 -
Metal scrap (mixed) 1180-2530 1515 0-5 —
Oils, tars, asphalts 1350-1685 1600 0-5 2
Sawdust 170-590 490 10-40 20
Textile wastes 170-370 305 6-15 10
Wood {mixed) 675-1140 840 30-60 25
Agricultural
Agricultural (mixed) 675-1265 945 40-80 50
Dead animais 340-840 605 - -
Fruit wastes (mixed) 420-1265 605 6090 75
Manure (wet) 15151770 1685 75-96 94
Vegetable wastes
(mixed) 340-1180 605 60~90 75

Adapted in part from Refs. 6 and 8.
Note: blyd® x 0.5933 = kg/m?
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as a percentage of the wet weight of the material; in the dry-weight method, it
is expressed as a percentage of the dry weight of the material. The wet-weight
method is used most commonly in the field of solid waste management. In equation
form, the wet-weight moisture content is expressed as follows:

M = (W_d)loo 4-1)

w

where M = moisture content, %
w = initial weight of sample as delivered, 1b (kg)
d = weight of sample after drying at 105°C, Ib (kg)

Typical data on the moisture content for the solid waste components given in
Table 3-3 as well as other materials are given in Table 4-1. For most MSW in the
United States, the moisture content will vary from 15 to 40 percent, depending
on the composition of the wastes, the season of the year, and the humidity and
weather conditions, particularly rain. The use of data in Table 4-1 to estimate the
overall moisture content of solid wastes is illustrated in Example 4-1.

EXAMPLE 4-1 Estimation of moisture content of typical residential MSW. Estimate
the overall moisture content of a sample of as collected residential MSW with the typical
composition given in Table 3-4.

Solution

1. Set up the computation table to determine dry weights of the solid waste components
using the data given in Table 4-1.

Molsture Dry
Percent by content, welght,*
Component weight % Ib
Organic
Food wastes 9.0 70 2.7
Paper 34.0 6 32.0
Cardboard 6.0 5 5.7
Plastics 7.0 2 6.9
Textiles 20 10 1.8
Rubber 0.5 2 0.5
Leather 0.5 10 0.4
Yard wastes 18.5 60 7.4
Wood . 20 20 1.6
Misc. organics - - -
Inorganic
Glass 8.0 2 7.8
Tincans  .~-ip - isher 6.0 = B 58
Aluminum 0.5 2 0.5
Other metal 30 3 29
Dirt, ash, etc,. - _&_O_ 8 2.8
Total .. ;100.0 78.8

' onoan as del/vered“sﬁp!o weight of 07 1b,
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2. Determine the moisture content of the solid wuste sample usmg Eq. (4-1).

100 - 78.8
100

Moisture content(%) = ( )100 = 21.2%

. =
NS -

Particle Size and Size Distribution

The size and size distribution of the component materials in solid wastes arc an
important consideration in the recovery of materials, especially with mechanical
means such as trommel screens and magnetic separators. The size of a waste
component may be defined by one or more of the following measures:

Se=1 (4-2)
s = (152 @3
SC = (.l_i_v.;i_i_’l) (4-4)

e = xw)l? (4-5)
Se=(Uxwxn' (4-6)

where §, = size of component, in (mm)
{ = length, in (mm)
w = width, in (mm)
h = height, in (mm)

A general indication of the particle size distribution (by longest dimension and
ability to pass a sieve) may be obtained from the data presented in Figs. 4-1
and 4-2. Typical data on the size distribution of the individual components in
MSW are presented in Fig. 4-3. Based on single linear measurement as defined
by Eq. (4-2), the average size of the individual components found in residential
MSW is between 7 and 8 in. Typical data on the size distribution of aluminum
cans, tin cans, and glass, based on Eq. (4-5), are presented in Fig. 4-4. Because
there are significant differences among the various measures on size, individual
measurements should be made on the waste in question using a measure of size
that will provide the information needed for the specific application.

Field Capacity

The field capacity of solid waste is the total amount of moisture that can be
rerained in a waste sample subject to the downward pull of gravity. The field
capacity of waste materials is of critical importance in determining the formation
of leachate in landfills. Water in excess of the field capacity will be released as
leachate. The field capacity varies with the degree of applied pressure and the
state of decomposition of the waste. A field capacity of 30 percent by volumc
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FIGURE 4-1 -
Typical sizes of individual components comprising residential and commercial MSW [4, 12].
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FIGURE 4-2
Percentage of total mass of residential and commercial MSW as a function of mesh size (4, 12].
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corresponds to 30 in/100 in. The field capacity of uncompacted commingled
wastes from residential and commercial sources is in the range of 50 to 60 percent.
(Additional data on the field capacity of solid wastes and soils may be found in
Chapter 11.)

Permeability of Compacted Waste

The hydraulic conductivity of compacted wastes is an important physical property |
that, to a large extent, governs the movement of liquids and gases in-a landfill.
The coefficient of permeability is normally written as [2]:

K =cd?X =Y : 4-7)
' K M
where K = coefficient of permeability
= dimensionless constant or shape factor
= average size of pores
specific weight of water
= dynamic viscosity of water
= intrinsic permeability

~F < an
i

The term Cd? is known as the intrinsic (or specific) permeability. The intrinsic
permeability depends solely on the properties of the solid material, including pore
size distribution, tortuosity, specific surface, and porosity. Typical values for the
intrinsic permeability for compacted solid waste in a landfill are in the range
between about 107! and 1072 m? in the vertical direction and about 107'9 m?
in the horizontal direction.

4-2 CHEMICAL PROPERTIES OF MSW

Information on the chemical composition of the components that constitute MSW
is important in evaluating alternative processing and recovery options. For exam-
ple, the feasibility of combustion depends on the chemical composition of the
solid wastes. Typically, wastes can be thought of as a combination of semimoist
combustible and noncombustible materials. If solid wastes are to be used as fuel,
the four most important propertics to be known are:

. Proximate analysis
. Fusing point of ash

. Ultimate analysis (major clemients)

& W N -

. Energy content

Where the organic fraction of MSW is to be composted or is to be used as

-feedstock tor the production ot «:herbiological conversion products, not only will

amemE Cecd
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information on the major elements (ultimate analysis) that compose the waste be
important, but also information will be required on the trace elements in the waste
materials ; ‘

Proximate Analysis

Proximate analysis for the combustible components of MSW includes the follow-
ing tests {3, 10]:

1. Moisture (loss of moisture when heated to 105°C for 1 h)

2. Volatile combustible matter (additional loss of weight on ignition at 950°C in
a covered crucible)

3. Fixed carbon (combustible residue left after volatile matter is removed)
4. Ash (weight of residue after combustron in an open crucible)

Proximate analysis data for the combustible components of MSW as discarded
are presented in Table 4-2. It i1s important to note that the test used to determine
volatile combustible matter in a proximate analysis is different from the volatile
solids test used in biological determinations (see Section 4-3).

Fusing Point of Ash

The fusing point of ash is defined as that temperature at which the ash resulting
from the burning of waste will form a solid (clinker) by fusion and agglomeration.
Typical fusing temperatures for the formation of clinker from solid waste range
from 2000 to 2200°F (1100 to 1200°C).

Ultimate Analysis
of Solid Waste Components

The ultimate analysis of a waste component typically involves the determination
of the percent C (carbon), H (hydrogen), O (oxygen), N (nitrogen), S (sulfur),
and ash. Because of the concern over the emission of chlorinated compounds
during combustion, the determination of halogens is often included in an ultimate
analysis. The results of the ultimate analysis are used to characterize the chemical
composition of the organic matter in MSW. They are also used to define the proper
mix of waste materials to achieve suitable C/N ratios for biological conversion
processes. Data on the ultimate analysis of individual combustible materials are
presented in Table 4-3. Representative data for the typical MSW components
given in Table 3-4 are presented in Table 4-4. Estimation of the average chemical
composition of solid waste materials using the data given in Tables 4-1 and 4-2
is illustrated in Example 4-2.
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TABLE 4-3
Typical data on the ultimate analysis of the combustible materials

found in residential, commercial, and industrial solid wastes?

Percent by weight (dry basis)

Type of waste Carbon Hydrogen Oxygen Nitrogen Sulfur  Ash
Food and food products
Fats 73.0 11.5 14.8 0.4 0.1 02
Food wastes (mixed) 48.0 6.4 37.6 26 0.4 5.0
Fruit wastes 48.5 6.2 39.5 1.4 0.2 4.2
Meat wastes 59.6 9.4 247 1.2 0.2 49
Paper products
Cardboard 43.0 5.9 448 ~ 03 0.2 5.0
Magazines 329 50 38.6 0.1 0.1 23.3
Newsprint 491 6.1 43.0 <0.1 0.2 1.5
Paper (mixed) 43.4 5.8 443 0.3 0.2 6.0
Waxed cartons 59.2 9.3 30.1 0.1 0.1 1.2
Plastics
Plastics (mixed) 60.0 7.2 22.8 - - 10.0
Polyethylene 85.2 14.2 — <01 <0.1 04
Polystyrene 871 8.4 4.0 0.2 - 0.3
Polyurethane? 63.3 6.3 17.6 6.0 <0.1 43
Polyvinyl chloride® 452 5.6 1.6 0.1 0.1 2.0
Textiles, rubber, leather
Textiles 48.0 6.4 40.0 2.2 0.2 3.2
Rubber 69.7 8.7 - - 1.6 20.0
Leather 60.0 8.0 11.6 100 0.4 10.0
Wood, trees, etc.
Yard wastes 46.0 6.0 38.0 34 03 6.3
Wood (green timber) 50.1 6.4 423 01 G1 1.0
Hardwood 49.6 6.1 43.2 01 < 0.1 0.9
Wood (mixed) 49.5 6.0 42.7 0.2 < 0.1 15
Wood chips (mixed) 48.1 5.8 455 0.1 <01 0.4
Glass, metals, etc.
Glass and mineral® 0.5 0.1 0.4 0.1 - 98.9
Metals (mixed)© 45 0.6 4.3 <01 - 90.5
Miscellaneous ;
Office sweepings 243 3.0 4.0 0.5 02 68.0
Qils, paints 66.9 9.6 5.2 2.0 — 16.3
Refuse-derived fuel (RDF) 447 6.2 38.4 0.7 - 01 9.9

* Adapted in part from Ret. 6.
®Remainder is chlorine.
°QOrganic content is from coatings, labels, and other attached materiais.
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TABLE 4-4
Typical data on the uitimate analysis of the combustile components

in residential MSW?

Percent by weight (dry basis)
Component Carbon Hydrogen Oxygen Nitrogen Sulfur Ash
Organic
Food wastes 48.0 6.4 37:6 2.6 0.4 50
Paper 43.5 6.0 44.0 0.3 02 6.0
Cardboard 44.0 59 44.6 0.3 0.2 5.0
Plastics 60.0 7.2 228 - — 10.0
Textiles 55.0 6.6 31.2 4.6 0.15 2.5
Rubber 78.0 10.0 - 20 - 10.0
Leather 60.0 8.0 11.6 10.0 0.4 10.0
Yard wastes 47.8 6.0 38.0 34 0.3 4.5
Wood 49.5 6.0 427 0.2 0.1 1.5
Inorganic
Glass® 0.5 0.1 0.4 <0.1 — 98.9
Metais® 45 0.6 43 <0.1 — 905
Dirt, ash, etc. 26.3 3.0 2.0 0.5 0.2 68.0

¢ Adapted in part from Ret 6.
bOrganic content is from coatings, labels, and other attached materials.

EXAMPLE 4-2 Estimation of the chemical composition of a solid waste sam-
ple. Determine the chemical composition of the organic fraction, without and with sulfur
and without and with water, of a residential MSW with the typical composition shown in
Table 3-4.

Solution

1. Set up a computation table to determine the percentage distribution of the major ele-
ments composing the waste. The necessary computations are presented below:

Wet Dry Composition, ib
welght, weight, ‘
Component ib ib c H "0 N S Ash
Food wastes 9.0 2.7 1.30 0.17 1.02 0.07 0.01 0.14
Paper 34.0 320 13.92 1.92 14,08 0.10 0.06 1.92
Cardboard 6.0 5.7 2.51 0.34 2.54 0.02 0.01 0.28
Plastics 7.0 6.9 414 0.50 1.57 - — 0.69
Textiles 20 1.8 099 0.12 0.56 0.08 — 0.05
Rubber 0.5 0.5 0.39 0.05 — 0.01 — 0.05
Loather 0.5 0.4 0.24 0.03 0.05 0.04 - 0.04
Yard wastes 18.5 6.5 3.1 0.39 2.47 0.22 0.02 0.29
Wood 2.0 1.6 0.79 0.10 0.68 — — 0.02
Total 79.5 58.1 27.39 362 2297 0.54 010 3.48

Noisture content = 21.41b (79.5 b — 58.1 Ib)



82 PHYSICAL, CHéMlCAL. AND BIOLOGICAL PROPERTIES OF MUNICIPAL SOLID WASTE

2. Prepare a summary table of the percentage distribution of the elements without and
with the water contained in the waste.

Weight, 1b
Component Without H,0 With H,0
Carbon 27.39 27.39
Hydrogen 3.62 6.00
Oxygen 2297 41.99
Nitrogen 0.54 0.54
Sulfur 0.10 0.10
Ash 3.48 3.48

3. Compute the molar composition of the elements neglecting the ash.

Atomic Moles

weight,
Component Ib/mole Without H,0 With H.0
Carbon 12.01 2.280 2.280
Hydrogen 1.01 3.584 5.940
Oxygen 16.00 1.436 2.624
Nitrogen 14.01 0.038 0.038
Sulfur 32.07 0.003 0.003

4. Determine an approximate chemical formula without and with sulfur and without and
with water. Set up a computation table to determine normalized mole ratios.

Mole ratio (Nitrogen = 1) Mole ratio (Suitur = 1)
Component Without H,0 With H,0 Without H,0 With H,0
Carbon 60.0 60.0 760.0 760.0
Hydrogen 94.3 156.3 11947 1980.0
Oxygen 37.8 69.1 478.7 874.7
Nitrogen 1.0 ) 1.0 12.7 12.7
Sulfur 0.1 0.1 1.0 1.0

(a) The chemical formulas without sulfur are:
1. Without water Cg pHgs 1037 sN
2. With water Ce0H)s6 3069 1N

(b) The chemical formulas with sulfur are:

1. Without water C1e0.0H154.70478.7N12.9S
2. With water C60.0H 1980003874 7N12.9S

Comment. The fractional coefficients reported in these formulas are usually rounded
off, as the original data do st warrant such precision.
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Energy Content of Solid Waste Components

The cnergy content of the organic components in MSW can be determined (1) by
ueing a full scale boiler as a calorimeter, (2) by using a laboratory bomb calorime-
ter (see Fig. 4-5), and (3) by calculation, if the elemental composition is known.
Because of the difficulty in instrumenting a full-scale boiler, most of the data on
the energy content of the organic components of MSW arc based on the results
ot bomb calorimeter tests. Typical data for energy content and inert residue for the

= FIGURE 4-5
~_ 0 Laboratory bomb calorimeter used to determine
the energy content of solid waste materials:
’ (a) calorimeter with access cover opened for

loading oxygen bomb and (b) disassembled
(b) oxygen bomb with sample cup in foreground.

!
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FIGURE 4-6

Baler used at materials recov-
ery facility to bale paper, card-
board, plastic, and aluminum
cans.

processing centers (see Fig. 4-6). Recently, high-pressure compaction systems
have been developed to produce materials suitable for various alternative uses
such as production of fireplace logs from paper and cardboard. To decrease the
costs associated with the transport of waste materials to landfill disposal sites,
municipalities also may use transfer stations equipped with compaction facilities.
To increase the useful life of landfills, wastes are usually compacted before being
covered (see Fig. 4-7).

Mechanical Size Reduction. Size reduction is the term applied to the transfor-
mation processes used to reduce the size of the waste materials. The objective of
size reduction is to obtain a tinal product that is reasonably uniform and consider-
ably reduced in size in comparison with its original form (see Fig. 4-8). Note that
stze reduction does not necessarily imply volume reduction. In some situations,
the total volume of the matenal after size reduction may be greater than that of
the original volume (e.g.. the shredding of office paper). In practice, the terms
shredding, g¢rinding, and milling are used to describe mechanical size-reduction
operations.

/
FIGURE 4-7 ,
Compaction of waste at a land-
fiil before daily cover s applied.
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FIGURE 4-8
Yard trimmings before and after mechanical size reduction in a tub grinder.

Chemical Transformations

Chemical transforimations of solid waste typically involve a change of phase (e.g.,
solid to hiquid, solid to gas, etc.). To reduce the volume and/or to recover conver-
ston products, the principal chemical processes used to transform MSW include
(1) combustion (chemuical oxidationy, (2) pyrolysis. and (3) gasification. All three
of these processes are often classified as thermal processes.

Combustion (Chemical Oxidation). Combustion is defined as the chemical
rcaction of oxygen with organic matcrials. to produce oxidized compounds ac-
companied by the emission of light and rapid generation of heat. In the presence
of excess air and under ideal conditions, the combustion of the organic fraction
of MSW can be represented by the following equation:

Organic matter + excess air — N> + COz + H20 + O, + ash + heat  (4-18)

Excess air is used to ensure complete combustion. The end products derived from
the combustion of MSW, Eq. (4-18). include hot combustion gases—composed
primarily of nitrogen (N>), carbon dioxide (CO,). water (H;0, flue gas), and oxy-
gen (O;)—and noncombustible residue. In practice. small amounts of ammonia
(NH3), sulfur dioxide (SO3), nitrogen oxides (NO,), and other trace gases will
also be present, depending on the nature of the waste materials.

Pyrolysis. Because most organic substances are thermally unstable, they can be
split. through a combination of thermal cracking and condensation reactions in
an oxygen-free atmosphere, into gaseous, liquid, and solid fractions. Pyrolysis is
the term used to describe the process. In contrast with the combustion process,
which is highly exothermic, the pyrolytic process is highly endothermic. For this
reason. destructive distillation is often used as an alternative term for pyrolysis.

The characteristics of the three major component fractions resulting from
the pyrolysis of the organic portion of MSW are (1) a gas stream containing
primarily hydrogen (H;), methane (CH4). carbon monoxide (CQO), carbon diox-
ide (COa2), and various other gases. depending on the organic characteristics of
the waste materiai being pyrolvzed: (2) a tar and/or oil stream that is liquid at room
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temperature and contains chemicals such as acctic acid. acetone, and methanol;
and (3) a char consisting of almost pure carbon plus any inert material that may
have entered the process. For cellulose (C¢H;¢Os) the following expression has
been suggested as being representative of the pyrolysis reaction [3]:

3(CeH1p0s5) — 8H,0 + C¢HsO + 2CO + 2CO; + CHy + H; + 7C (4-19)

In Eq. (4-19), the liquid tar and/or oil compounds normally obtained are repre-
sented by the expression C¢HgO.

Gasification. The gasification process involves partial combustion of a carbona-
ceous fuel so as to generate a combustible fuel gas rich in carbon monoxide, hy-
drogen, and some saturated hydrocarbons. principally methane. The combustible
fuel gas can then be combusted in an internal combustion engine or boiler. When
a gasifier is operated at atmospheric pressure with air as the oxidant, the end
products of the gasification process are (1) a low-Btu gas typically containing
carbon dioxide (CQO»), carbon monoxide (CO). hydrogen (H>). methane (CHy),
and nitrogen (N>); (2) a char containing carbon and the inerts originally in the
fuel, and (3) condensible liquids resembling pyrolytic oil.

Other Chemical Transformation Processes. In addition to the various com-
bustion, pyrolysis, and gasification processes under investigation and/or construc-
tion, a variety of other public and proprietary processes are being developed and
evaluated for the transformation of solid waste. The hydrolytic conversion of cel-
lulose to glucose, followed by the fermentation of glucose to ethyl alcohol, is an
example of such a process (see Chapter 14).

Biological Transformations

The biological transformations of the organic fraction of MSW may be used to
reduce the volume and weight of the material; to produce compost, a humus-like
material that can be used as a soil conditioner: and to produce methane. The
principal organisms involved in the biological transformations of organic wastes
arec bacteria, fungi, yeasts, and actinomycetes. These transformations may be
accomplished either aerobically or anaerobically. depending on the avalability
of oxygen. The principal differences between the acrobic and anacrobic conversion
reactions are the nature of the end products and the tuct oxyeen must be provided
to accomplish the aerobic conversion. Biological processes thut have been used
for the conversion of the organic fraction of MSW include acrobic composting.,
anaerobic digestion, and high-solids anacrobic digestion.

Aerobic Composting. Left unattended, the organic fraction of MSW will un-
dergo biological decomposition. The extent and the peinod of time over which
the decomposition occurs will depend on the nature of the waste, the moisture
content, the available nutrients, and other environmenia. - < tors. Under contiolled
conditions, vard wastes and the orgamce fracihwum of i can be converted 1o
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FIGURE 4-9

Compost produced from pro-
cessed (see Fig. 4-8) yard
wastes.

a stable organic residue known as compost (see Fig. 4-9) in a rcasonably short
period of time (four to six weeks).

Composting the organic fraction of MSW under acrobic conditions can be
represented by the following equation:

resistant
Organic matter + O, + nutrients — new cells + organic + CO:> + H;0
matter
+ NHi + SO%" + heat (4-20)

In Eq. (4-20). the principal end products are new cells, resistant organic matter.
carbon dioxide, water, ammonia, and sulfate. Compost is the resistant organic
matter that remains. The resistant organic matter usually contains a high percent-
age of lignin, which is difficult to convert biologically in a relatively short time.
Lignin, found most commonly in newsprint, is the organic polymer that holds
together the cellulose fibers in trees and certain plants.

Anaerobic Digestion. The biodegradable portion of the organic fraction of
MSW can be converted biologically under anaerobic conditions to a gas con-
taining carbon dioxide and methane (CH4). This conversion can be represented
by the following equation:

~ resistant
Organic matter + H;O + nutrients — new cells + organic + CO; + CHy
matter
+ NH; + H,S + heat (4-21)

Thus, the principal end products are carbon dioxide, methane, ammonia, hydro-
gen sulfide, and resistant organic matter. In most anaerobic conversion processes
carbon dioxide and methane constitute over 99 percent of the total gas produced.
The resistant organic matter (or digested sludge) must be dewatered before it
can be disposed of by land spreading or landfilling. Dewatered sludge is often
composted aerobically to stabilize it further before application.




96 PHYSICAL, CHE*MCAL. AND BIOLOGICAL PROPERTIES OF MUNICIPAL SOLID WASTE

Other Biological Transformation Processes. In addition to the aerobic com-
posting and anaerobic digestion processes, a variety of other public and proprietary
processes are being developed and evaluated for the biological transformation of
solid waste. The high-solids anaerobic digestion process discussed in Chapter 14
is one such example.

Importance of Waste Transformations
in Solid Waste Management

- Typically, physical, chemical, and biological transformations are used (1) to im-
prove the efficiency of solid waste management operations and systems, (2) to
recover reusable and recyclable materials, and (3) to recover conversion products
and energy. The implications of waste transformation in the design of integrated
solid waste management systems can be illustrated by the following example. If
composting is to be an element of a solid waste management plan, the organic
fraction of the MSW must be separated from the commingled MSW. If the organic
fraction must be separated, should it be done at the source of generation or at a
materials recovery facility? If separation of wastes is to occur at the source, what
components should be separated to produce an optimum compost?

Improving Efficiency of Solid Waste Management Systems. To improve the
efficiency of solid waste management operations and to reduce storage volume re-
quirements at medium- and high-rise apartment buildings, wastes are often baled.
For example, waste paper, recovered for recvcling, is baled to reduce storage vol-
ume requirements and shipping costs. In some cases, waste materials are baled
to reduce haul costs to the disposal site. At disposal sites. solid wastes are com-
pacted to use the available landfill capacity effectively. If solid wastes are to be
transported hydraulically or pneumatically, some form of shredding is normally
required. Mechanical size reduction (shredding) has also been used to improve
the efficiency of disposal sites. Hand separation at the point of generation is now
considered an cfficient way to remove small quantitics of hazardous waste from
MSW, thereby making landfills safer. Chemical and biological processes can be
used to reduce the volume and weight of waste requiring disposal and to produce
useful products.

Recovery of Materials for Reuse and Recycling. As a practical matter, com-
ponents that are most amenable to recovery are those for which markets exist
and which are present in the wastes in sufficient quantity to justity their sep-
aration. Materials most often recovered from MSW include paper, cardboard,
plastic, garden trimmings, glass, ferrous metal, aluminum, and other nonferrous
metal.

Recovery of Conversion Products and Energy. The organic fraction of
MSW can be converted to usable products and ultimately to energy in a num-
ber of ways, includisiz (1) combustion to produce stcam and electricity; (. pyroly-
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sis to produce a synthetic gas, liquid or solid fuel. and -ohds; (3) pusihcation
to produce a synthetic fuel; (4) biological conversion to produce compost; and
(5) biodigestion to generate methane and to produce a stabilized organic humus.

4-5 DISCUSSION TOPICS AND PROBLEMS

4-1. Using the data in Table 4-1, determine the as discarded specitic weight of typical
residential MSW. Use the typical distribution of waste components given in colunin
3 of Table 3-4.

4-2. Using the data in Table 4-1, estimate the specitic weight of two wastes (to be
selected by instructor) with the composition given in the following table:

Percent by weight

Component A B Cc
Food wastes 15 45 70
Paper 35 25 10
Cardboard 7 4 3
Piastics 5 5 6
Textiles 3 0 0
Rubber 3 0 0
Leather 2 0 0
Yard wastes 20 18 11
Wood 10 3 0

4-3. Estimate the overall moisture content of wastes (to be selected by instructor) given
in Problem 4-2.

4-4. Using the data in Problem 4-2, estimate the overall moisture content of wastes C.

4-5. Us:ing the data in Table 4-3, derive an approximate chemical formula for waste A
given in Problem 4-2.

4-6. Estimate the as discarded energy content for waste A in Problem 4-2. Use the typi-
cal values in Table 4-5. What is the energy content on a dry and dry ash-free basis?

4-7. Compare the as discarded energy content for wastes A and C in Problem 4-2. Use
the typical data given in Table 4-5. What are the implications of this comparison?

4-8. Estimate the energy content of waste A in Problem 4-2 based on the chemical
composition of the individual waste components. Use the data given in Table 4-3.

4-9. Hydrogen sulfide has an odor recognition threshold concentration of 0.47 ppb. Based
on Eqgs. (4-12) and (4-14), determine the minimum concentration of both lactate
and sulfate that would lead to the recognition of H;S. Assume that both reactions
convert 100% of the starting material.

4-10. Obtain data on the breeding time for flies from your local vector control agency.
How do the values you obtained compare with the values given in Section 4-37
Explain any differences.

4-11. Identify (a) the physical, chemical, and biological transformations that can be ap-
plied to solid waste with which you have first-hand experience and (b) the context
of your expernience—for example, the combustion of paper in a fireplace.
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4-12. Identify the physical, chemical, and biological transformations that are used by the
waste management agency in your community and the context (volume reduction,
energy production) in which they are used.

4-13. What waste materials do you now separate where you live? What waste materials
do your parents separate at their home?

4-14. What is the difference between compaction and consolidation? What effect will
consolidation have in baled material that has a specific weight of 1800 Ib/yd*?
Hint: What is the weight of one cubic yard of water?

4-15. Although compaction of waste increases the amount of solid waste that can be
collected per collection trip, what are the disadvantages of compaction with respect
to the separation of waste components at a materials recovery facility?

4-16. Combustion of solid waste involves a chemical transformation in which solid matter
is transformed to gas. However, there will always be some undesirable products.
Describe which factors and process variables affect the conversion products.

4-17. Steam and carbon dioxide are two main products of the combustion process. Is the
following ratio constant for all solid wastes? Explain.

_ moles H;Q_
moles CO-

4-18. Explain how the nature of the waste affects the aerobic decomposition of solid
waste.
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