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Sludge Decomposition and

Sludge stabilization has been defined
in a number of ways over the last half
century. For many civil and environmen-
tal engineers, sewage is believed to have
been stabilized when its labile organic
component is properly digested, either
anaerobically or aerobically. Modern

Stabilization

Roy Hartenstein

ous and putrescible and contains a lower
content of pathogenic organisms (3), and
as a property which permits sludge to be
disposed of without damage to the envi-
ronment and without creating nuisance
conditions (see below) (4).

On the basis of technical information

Summary. Sludges are labile putrescible materials which must undergo a hetero-
trophic decomposition process and be subject to humification before becoming
stabilized substances. An understanding of the principles underlying these processes
may give rise to better management plans for the application of sludge to land.
Procedures are suggested for the evaluation of sludge stabilization rates.

practitioners of sludge composting
would probably agree that stabilization is
achieved through processes that were
reviewed by a prominent scientist nearly
50 years ago (), processes in which
readily decomposable material is con-
verted into colloidal, humified lignopro-
teinaceous material and human and ani-
mal pathogens disappear or are rendered
ineffective. Today students in engineer-
ing are still being exposed to definitions
which, like the foregoing and the follow-
ing, bear labels or are descriptive but fail
to provide insight into the basic nature of
the sludge stabilization process. Thus,
sludge stabilization has been defined as a
process through which sludge becomes
able to resist putrefaction (2), as a pro-
cess in which sludge is made less odor-
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provided below, it can be stated categor-
ically that sludges are not stable organic
substances. If they were, complaints
would not commonly be made with re-
gard to the placement of sludge upon
land. Controversies surrounding the
presence of pathogens (5), excessive
concentrations of heavy metals (6), and
the production of malodor speak to the
contrary.

The basic scientific information need-
ed to provide a definition and to establish
procedures for measuring the rate and
extent of sludge stabilization is available.
What is needed, however, is testing and
application of this information. The ob-
jective of this article is to present the
information, to propose a workable defi-
nition for sludge stabilization (a defini-
tion that ties in with both the basic
information and the three definitions giv-
en above), to describe several factors
relating to management whereby the rate
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of sludge decomposition and stabiliza-
tion can be enhanced, to discuss the
highly probable consequences of sludge
stabilization in light of the basic informa-
tion, and to suggest procedures for eval-
uating the sludge stabilization process.
As a starting point, it is necessary to
describe the fossilization pathway of the
carbon cycle.

The Fossilization Pathway of the
Carbon Cycle

Kerogens, coals, and petroleum oils
are the earth’s major fossil fuels; they
may be considered as relatively stable
substances in view of their ages. In be-
coming fossilized, organic matter passes
through a two-step process. The first,
humification, is mainly aerobic and rela-
tively rapid, whereas the second, car-
bonification, occurs more slowly and an-
aerobically. The entire process is contin-
uous and gradual, but differentiable
products arise in sequence. In the coalifi-
cation process, decaying organic materi-
al is first converted to humus and then to
peat, brown coal, lignite, subbituminous,
bituminous, and anthracite coal. Evi-
dence for this sequence is based on the
observation that humus deposits are not
found below coal, lignite deposits have
not been found above peat, bituminous
coals above lignites, and so on.

Table 1 provides elemental data for
some of the broadly differentiable mem-
bers of this sequence. It also presents
elemental data for a typical American
diet and municipal sludges. Beginning
with the human dietary intake and con-
tinuing toward digested sludge, the car-
bon concentration in the organic matter
decreases. Thereafter, with the onset of
humification and continuing through
coalification, the carbon concentration
increases (7). An arrangement of the
members of the entire sequence, from
dietary food to coal, on a plot (8) of the
atomic ratio of hydrogen to carbon ver-
sus the atomic ratio of oxygen to carbon
shows that sludge must undergo exten-
sive decarboxylation, dehydration, and
demethanation on becoming humified
(Fig. 1).
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Humification as an

Index to Stabilization

An arbitrary and artificial but reason-
ably rational distinction must be made
between humification and carbonifica-
tion, if a definition is to be obtained for
sludge stabilization. In humification an
equilibrium is established between the

production and oxidation of humus, and

the reaction is driven toward the produc-
tion of carbon dioxide and water as new-
ly decaying organic material is added to
humified material in the presence of oxy-
gen. Carbonification, in contrast, occurs
anaerobically and, upon exposure of the
organic matter to sufficiently high tem-
perature and pressure, irreversibly. Car-
bonification thus occurs increasingly in
deeper layers of organic matter, where
correspondingly fewer microorganisms
are present and large amounts of meth-
ane are produced instead of carbon diox-
ide.

Support for the arbitrary distinction
between humification and carbonifica-
tion is derived from observations that
newer humus is less stable than older
humus (9); that organic materials do not
accumulate significantly in well-aerated
soils (I, 10), despite repeated doses or
different loading rates (I, 11); and that
the application of fresh organic wastes
stimulates the decomposition of humus
({12). In view of this and because humi-
fied material appears to be nonamenable
to putrescence, it appears proper to say
that sludge is stabilized when it becomes
humified. At what point in the decay
process, however, is organic matter hu-
mified, and are there varying degrees of
humification?

Humus

Humus is the dark-colored colloidal
organic material found in soils. It cannot
be characterized in specific physico-
chemical terms; it does not have a specif-
ic molecular weight, melting point, boil-
ing point, refractive index, ultraviolet,
infrared, and nuclear magnetic reso-

nance spectra, and the like (/3). Humus,
in fact, cannot be separated physically
from nondecaying materials, such as liv-
ing microbes or recalcitrant molecules
such as lignins, which reduce the rate of
organic decomposition; nor can it be
separated chemically from nonhumic
materials, such as carbohydrates and
amino acids.

Procedures for isolating and fraction-
ating humic matter are well established
(14, 15). Briefly, undecomposed biologi-
cal material such as leaf fragments are
removed from a sample, which is then
finely ground (about 40 mesh). The sam-
ple is then usually shaken in acid to
remove exchangeable calcium and cen-
trifuged. Humic and fulvic acids are ex-
tracted into alkali from the centrifuged
sediment, and the organic residue is
known as humin. Acidification of the
extract causes humic acids to precipi-
tate, thus separating them from fulvic
acids.

Fulvic and humic acids consist main-
ly of complex hydrophilic polyelectroly-
tic polymers of benzene rings that are
variously substituted, partially to com-
pletely, with either or both phenolic and
carboxyl groups, together with large
amounts of aliphatic carboxylic acids; up
to about 70 percent of humic and fulvic
acids may be made up of these subunits,
which form water-soluble and water-in-
soluble complexes with metal ions and
hydrous oxides and interact with clay
minerals and hydrophobic organic com-
pounds such as alkanes (/3). About 10'®
stable free radicals are found per gram of
humic or fulvic acids (/6). Fragmenta-
tion patterns derived through mass spec-
trometry reveal remarkable similarities
between soil humic acids, model humic
acids, composted straw, peat, and mela-
nins (humic substances secreted by fun-
gi) (I7). Many of the chemical and spec-
troscopic properties of model humic ac-
ids are also indistinguishable from those
of soil humic acids (/8) and melanins
(19). Reactions that produce model hu-
mic acids are virtually complete in min-
utes to a week, depending on the starting
material (I8), although the reaction peri-

od required for the production of humus
in nature is unknown. Humic acids differ
from fulvic acids in having larger molec-
ular weights and from humins (the alkali-
insoluble component of-‘humus) in having
smaller molecular weights. On the basis
of the analyses in Table 1, fulvic acids
may be younger forms of humic acids,
although contrary views may be ex-
pressed in the litérature (/4). Fulvic ac-
ids also contain greater amounts of car-
boxyl, alcoholic hydroxyl, and phenolic
groups than humic acids (/3). These find-
ings, together with a trend toward a
higher concentration of free radicals (20)
and lower concentration of purines and
pyrimidines (2/) in humic over fulvic
acids, a longer mean residence time of
humic over fulvic acids (22), and more
carbohydrate in fulvic than in humic
acids (23), lend support to the data in
Table 1 in suggesting that fulvic acids are
antecedents of humic acids.

Fulvic acids undergo a considerable
amount of demethanation (possibly pref-
erential losses of methylene) in being
derived from foodstuffs (Fig. 1). More-
over, in the event that they are precur-
sors of humic acids, they lose an appre-
ciable amount of carboxyl en route; this
is in line with the analytical data (13).
Fulvic and humic polymers are linked
with amino acids, carbohydrates, pep-
tides, and amino sugars (24), probably
through bonding of nitrogen to carbon on
a phenol or by quinonimine formation
(25), as well as possibly through peptide
linkages (24), and by way of the thioether
linkage of sulfur to ring carbon (/5). On
the basis of electron spin resonance stud-
ies, humic acids are believed to be semi-
quinone type radicals with high cation
exchange and oxidation-reduction ca-
pacity (26). A schematic of some of the
chemical findings is given in Fig. 2,
which should not be considered a model
but rather a device to convey current
conceptions. An outstanding feature of
these molecules, one which is especially
germane to this article, is their long
residence time in nature, 25 to 1400 years
22).

Consideration of the extent to which

Table 1. Ultimate analyses of organic materials in the fossilization pathway (in percentage of dry, ash-free weight).

. . Peats, Lig- Coals, Coals,
Car- Pro- Mixed Sl}ldge, Sludge, Ful.v1c Peats, Hu- Humlc old nites mid- anthra-
Element bohy- . Fat} . digest- acti- acids recent mins  acids .
dratex  teinT diets g vaed! 03 62 un gy 0% (62 mank it
63) 63) 63) 63)
Carbon 44 58 75 53 27 32 47 53 56 59 59 70 85 92
Hydrogen 6 7 12 7 4 4 4.4 6 5.7 5 6 5 5 4
Nitrogen 11 2 2 1 5 3 2 1.5
Oxygen 49 23 12 36 42 37 46 38 33 34 31 25 8 2
*CgH 0s. TCqH 12N 19028, 1C16H3505. §60 percent carbohydrate, 20 percent protein, 20 percent fat. IDirectly from digester, dried at 105°C
(58). Directly from aeration tank, dried at 105°C (58).
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the degree of formation of humic sub-
stances ought to be considered as an
index of sludge stability requires insight
into (i) the natural processes that occur
as organic matter decomposes and (ii)
the factors that govern decomposition
rates. Insight into these factors is needed
also for the prudent selection of proce-
dures for the management of sludge
placement on land.

The Heterotrophic Decomposition

Process

Humification in nature is achieved
through the heterotrophic decomposition
process, in which myriads of biological
organisms interact with each other and
with decomposing organic =material.
Three indexes have been used to evalu-
ate the process: (i) the percentage of
carbon released, (ii) the fractional life or
mean residence time, and (iii) accumula-
tion.

In general, about 50 to 85 percent of
the carbon is released under temperature
conditions from labile organic materials
siich as decaying food or composts dur-
ing ‘the first 6 months of decay. The
losses follow an exponential curve and,
if no additional material is added during 5
years, low percentages of the original
carbon remains as a residue (I, 9). Half-
lives or mean residence times of individ-
ual components in decaying material
range from days to years, and the prod-
ucts into which they are derivatized,
such as humic material, may linger for
centuries (22). In the absence of condi-
tions that lead to the production of peat,
kerogens, and coal, organic matter does
not accumulate appreciably in soil. Thus
from data of Jenkinson and Rayner (27),
if we assume a weight of 2500 tons of soil
23 centimeters deep per hectare, farm-
land with an initial 0,01 ton of carbon per
ton of soil received a total of 0.14 ton of
carbon per ton of soil (35 tons of farm-
yard manure per hectare per year) but
showed only 0.032 ton of carbon per ton
of soil after 119 years of annual applica-
tion; organic carbon as sludge applied at
rates up to 77.5 tons per hectare per year
resulted in soil residues of less than 7.5
tons per hectare per year (/1); and the
application of 369 tons of sludge per
hectare during 6 years resulted in only a
twofold increase in the organic matter of
the soil (28). Accumulation data with
respect to the application of sludge to
land indicate that heavy metals become
more concentrated as the organic matter
is oxidized, unless they diffuse into ad-
joining untreatéd landscapes or into
deeper regions of the soil. If all condi-
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tions are equal except the dose rate of
organic material, the rate of heavy metal
accumulation can be expected to be pro-
portional to the quantity (not concentra-
tion) of heavy metal applied, since the
steady-state accumulation of organic ma-
terial in soil is inversely related to the
dose (29).

Factors That Govern the Rate of

Heterotrophic Decomposition
The availability of nutrients, the pres-
ence of recalcitrant molecules, the accu-

mulation of phenols, perturbations of the
environment, temperature, and moisture
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converted to ammonia or molecular ni-
trogen and releaséd into the atmosphere,
that concentrations around 1.7 percent
suffice to support microbial needs, and
that concentrations below about 1.5 per-
cent fail to support rapid decay. Sulfur
and phosphorus are needed at concentra-
tions of about 0.15 and 0.2 percent, re-
spectively, if decomposition is te pro-
ceed rapidly (I, 30). Sludges generally
contain sufficient or more than sufficient
amounts of all the necessary minerals to
permit rapid losses of carbon. In studies
of sludge decomposition, it has generally
been reported that the rate of release of
carbon during early weeks to months is
linearly proportional to the load, and a
constant percentage of carbon is re-
leased, independent of the load (/, 11,
12).

Recalcitrant molecules, such as tan-
nins, lignins, and melanins, tend to re-
duce the rate at which organic matter
decomposes. Each of these classes of
compounds is to some extent resistant to
decomposition because they contain
phenolic groups. Lignins, melanins, and
humic substances are resistant, in addi-
tion, because of the numerous bond
types, the highly random assembly of
monomeric constituents in these poly-
mers, and possibly their high concentra-
tion of free radicals. Because of the large
variety of bond types, a wide variety of
microbes may be needed to effect de-
composition. The randomness character-
istic is associated with high entropy. The
high free radical concentration implies a
high degree of reactivity, including pos-
sibly bonding on to, and destruction of,
microbes, and may facilitate the repo-
lymerization of components (31) that
arise from the polymers and cannot be
assimilated by the microbes.

Phenols accumulate increasingly dur-
ing the heterotrophic decomposition
process as humification proceeds. This
in turn decelerates decomposition and
thus protects labile components, such as
carbohydrates and amino acids, from
destruction. Less carbon dioxide is re-
leased per unit time from organic matter
in the presence of lignins, tannins, and
model humic acids than in their absence
(4, 32). The greater decomposition of
sludge that is placed upon the soil as
opposed to sludge that is mixed into the
soil (33) may be related to the reduced
rate of decay that occurs with mixing.

Perturbation of the environment con-
stitutes a fourth factor governing the rate
of heterotrophic decomposition. One
type of perturbation, referred to as the
priming effect, is the result of adding
fresh decaying material (primer) to older
decaying organic matter. The primer ac-
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Table 2. Some principal genera of bacteria
commonly found in sewage sludges (39, 40).

Gram

Sludge stain

Aerobic
Pseudomonas
Flavobacterium
Alcaligenes
Micrococcus
Bacillus

Anaerobic
Lactobacillus
Clostridium
Bacteroides
Peptococcus
(Methanogens)

++ !

W+ 1+ K

celerates the exponentially declining rate
of decomposition of the older material
(34). This results in a greater net release
of carbon than can be obtained as the
sum of carbon dioxide and methane re-
leased from the primer and older materi-
al in isolation from each other. In some
cases priming may even result in the
release of a greater percentage of carbon
from the older organic matter than from
the primer itself (12). The greater net
release of carbon in either event is due to
the introduction of numerous and novel
microbes and enzymes into the older
material by way of the primer. Larger
amounts of organic matter can be oxi-
dized per unit time by the application of
small amounts of primer on land often
than by the application of large quanti-
ties infrequently. Excessive amounts ap-
plied to land may result in severe deci-
mation of earthworm populations (35)
and possibly other soil fauna.

Repeated wetting and drying of decay-
ing material, in contrast to keeping the
moisture constant, is another example of
an acceleratory perturbation (36). Sub-
surface layers of sludges in lagoons,
which may remain wet continuously, do
not decompose as rapidly as.sludges
placed thinly and repeatedly upon a land-
scape. Cultivation also provides an ac-
celeratory effect, whether achieved by
plowing or through the activities of
earthworms (37). Mere physical distur-
bance of decaying material constitutes
still another form of acceleratory pertur-
bation.

The last important factors are tem-
perature and moisture. During the first
few days to 2 weeks or so, heterotrophic
decomposition of fresh material general-
ly proceeds at a higher initial rate with
increasing temperatures, to the thermal
death point of microbes, although in field
studies where decay rates are deter-
mined after 6 months or more the overall
rate appears to be independent of tem-
perature (71, 12). Excessive moisture

may lead to anaerobiosis with conse-
quent reductions in the rate of decompo-
sition and in the concentration of nitro-
gen, whereas in soils with a moderate
amount of water where microbial activi-
ty -is sufficient significant differences in
rate are not seen after 4 months or less
(1, 12).

Sludges differ widely from one to an-
other, partly because of differences in
their sourcé material and partly because
of the dynamic nature of the hetero-
trophic decomposition process. Despite
the variance found (38), it should be
possible to monitor both the rate of de-
composition and stabilization. This com-
pels us to consider the chemical compo-
sition of the organic matter in sludges.

Chemical Composition of Sludge

The average dry weight of a bacterium
is about 0.3 x 107'?* gram. Since rich
anaerobic (39) and activated or aerobi-
cally digested sludges (¢0) may contain
about 10'° to 10'2 viable and dead bacte-
ria per gram, a large amount of the
material in fresh sludge is bacterial bio-
mass or derivatives thereof. Some of the
major genera found in these sludges are
given in Table 2, and their main.chemical
components are listed in Table 3. An
appreciable proportion of the biomass in
aerobically digested sludge may be pro-
tozoal, and a smaller proportion includes
rotifers, nematodes, and fungi. In addi-
tion, both types of sludge include micro-
bial excretory and secretory products,
tannins, lignins, humus, recalcitrant or-
ganic material, and minerals. Despite the
fact that the chemical constituents of
sludge are predominantly those of its
biomass, it is perhaps useless, in view of
the continuous and rapid changes that
characterize the heterotrophic decompo-
sition process, to obtain proximate anal-
yses of sludges in terms of class com-
pounds, such as carbohydrates, fats, and
proteins. Ultimate (elemental) analyses
should prove to be more helpful, since
they are related to the humification pro-
cess and to the value of sludge as a
fertilizer or soil amendment, although
other types of analyses, as described
later, may provide a more practical
route.

Sequence of Events in Sludge
Decomposition

When anaerobic sludges are placed on
soil and exposed to air, many obligate

anaerobic bacteria are killed and become
subject to decay, since they are deficient
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in certain enzymes which protect living
organisms against the toxic action of
oxygen and oxygen derivatives, such as
the hydroxyl and superoxide radicals
(41); obligate anaerobes distant from ox-
ygen survive until they too are exposed
to air. When aerobic sludges are placed
upon land, obligate aerobic microbes die
and decay when ambient conditions be-
come anaerobic, although surface-dwell-
ing aerobes and facultative aerobes and
anaerobes may survive. With time, for
either type of sludge, the dead cells are
subject to lysis and decomposition, po-
tentially giving rise to putrescence. In
the presence of sufficient oxygen, as may
happen if the sludge is spread thinly
enough on land, the potential for putres-
cence diminishes, increasingly so as the
carbon/nitrogen and carbon/sulfur ratios
increase. During this transition, a con-
siderable amount of interorganismal
transformation occurs, wherein various
kinds of microbes feed upon one another
(42). Extracellular enzymatic decompo-
sition processes also occur, both within
the sludge and at the sludge-soil interface
as a result of soil enzymes (43). All of
these activities lead to an increase in
mineralization and humification.

Mechanism of Humification

It is generally believed that the pro-
cess of humification is an oxidative one,
since it is accompanied by a relative
increase in the number of carboxyl, phe-
nolic hydroxyl, and carbonyl groups and
a reduction in the methoxyl content (/3).
At the heart of the process is the produc-
tion of phenolic and carboxylic benzene
rings. Some of these rings are synthe-
sized by microbes from common metab-
olites (44). Others are secreted by fungi
after being derived from lignins, and still
others are obtained from soil organic
matter through extracellular biological
activity (45, 46).

Polymerization of the phenocarboxyl-
ic acids is believed to proceed mainly
through short-lived free radicals whose
production may be catalyzed enzymati-
cally (47), by clay minerals (48), or auto-
catalytically in alkali (15). The enzymatic
reactions are catalyzed by any of various
oxidases, such as laccase or polyphenol-
oxidase with oxygen as an electron ac-
ceptor or by peroxidase with hydrogen
peroxide. Hydrogen peroxide may be
furnished by fungi (49) and perhaps other
microorganisms which secrete this oxi-
dant into their environment; or it may
arise as a product of any of several
metabolic reactions, such as those that
are catalyzed by amino acid oxidases or

15 MAY 1981

Table 3. Principal chemical constituents (64) in bacterial cell walls. Remarks in column 2 pertain

to the corresponding contents in column 1.

Gram-negative bacteria

Gram-positive bacteria

Amino acids

Alanine, glutamic acid, and either di-
aminopimelic acid or lysine

Glycine or aspartic acid

Serine or threonine

N-Acetylglucosamine

Glucosamine

The same, but much less

The same, but much less
The same, but much less
The same, but more

Dominant sugars

Glucose
Galactose
Mannose
Arabinose
Rhamnose

Other components

Various lipids
Muramic acid (O-lactyl sugar moieties)

The same, but less
Teichoic acid (ribitol and glycerol moieties)

glucose oxidase. Once formed, the free
radicals rapidly condense as suggested in
Fig. 2. Bonds are also formed between
nitrogen- and sulfur-containing com-
pounds and the polymers or their reac-
tive phenolic precursors, and between
functional groups on carbohydrates, fat-
ty acids, and other classes of com-
pounds. All types of bonds are possible,
including pi, covalent, Van der Waals’,
and ionic bonds (/3-15).

Consequences of Humification

Protection of labile organic material, -

an increase in the cation-exchange ca-
pacity, the prevention of malodor, and
the destruction of most types of patho-
gens are the main consequences of the
humification process. Evidence in sup-
port of the idea that labile organic mate-
rials are protected by humification in-
cludes the fact that proteins and certain
other forms of easily decomposable or-
ganic material, when first complexed
with phenols and converted into prod-
ucts with properties indistinguishable
from those of humic acids, are more
resistant to degradation than when freely
exposed (50). Protection may be afford-
ed, in part, by the toxicity of hydroxyl
and superoxide radicals generated
through certain phenols (4/), and the
long-lived phenolic radicals themselves,
to microbes. Protection is also due in
part to chemical bonds between sulfur-
and nitrogen-containing groups of labile
organic metabolites and the polyphenol-
carboxylate units of humic and fulvic
acids, and possibly to sequestration of
such metabolites through hydrogen
bonds and electrostatic bonding, thus
precluding their accessibility to destruc-
tive enzymes or microbes. A third possi-
bility relates to the movement of the

humus material into the latticework of
clay minerals within spaces too small for
the ingress of microbes.

The increase in cation-exchange ca-
pacity is attributable mainly to the in-
crease in the number of carboxyl groups
per unit weight of organic material. Up
to about 500 milliequivalents of cations
can be held per 100 grams of fulvic and
humic acids (I5, 51), which is about
three times the capacity of the best soil
minerals, vermiculite and montmeorillon-
ite (about 150 milliequivalents per 100
grams) (52).

Severe reductions in the numbers of
both animal and plant pathogens are sug-
gested to result from humification for
three reasons. First, the biological and
ecological conditions in sludge are alien
and therefore less favorable for the sur-
vival of pathogens. Second, the increas-
ingly higher concentrations of phenols
which appear during humification are
conceivably less tolerated by pathogens
than by the native soil biota. Finally, the
process of humification itself results in
the conversion of protoplasmic material
into humic and fulvic acids. Although it
is generally believed that high tempera-
tures in compost piles cause the destruc-
tion of pathogens, humification may be
equally important, though experiments
are needed to determine whether this
suggestion is valid.

With all of the preceding as a frame-
work, I suggest that sludge reaches an
acceptable level of stabilization, that is,
is free of potential putrescence and mal-
odor, is maximally capable of forming
relatively stable complexes with heavy
metals, and has acceptably low concen-
trations of pathogens, when it has been
through the process of humification. The
only facet of the definitions provided in
the introduction that is not included in
this definition is the nuisance factor on
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application to land with respect to cer-
tain compounds such as polychlorinated
biphenyls (PCB’s) and insecticides. The
extent to which these types of com-
pounds are destroyed is not known. Be-
cause a sufficient amount of work has
been accomplished on xenobiotics gen-
erally (53), it is perhaps safe to say that
scarcely any type of covalent bond is
invulnerable to enzymatic alteration
(54). In certain molecules, however, the
presence of structural features that are
never encountered in natural products is
a cause for concern. Thus, although hun-
dreds of natural products contain car-
bon-chloride bonds (55), none occur as
PCB’s. Accordingly, it is best to prevent
the synthesis of potentially dangerous
compounds. Moreover, for existing syn-
thetics in the biosphere, it is worth deter-
mining whether sludges may be useful
agents for their destruction. This possi-
bility exists since thousands of strains of
microbes are possible within gram quan-
tities of sludge, and, whereas single
strains or species may be unable to fully
degrade a certain compound, such as
cyclohexane, a mixture of microorga-
nisms may (56).

Evaluation of Sludge

Decomposition and Stabilization

Because of the sequential changes that
occur during the heterotrophic decompo-
sition of sludge and in view of certain
characteristics of humified mineral
soils—highly stable entities from a prac-
tical viewpoint—several properties of
sludge may be measured as a way of
evaluating sludge decomposition and sta-
bilization on land. Possibly the most
suitable ones are ash and nucleic acid or
ATP (adenosine triphosphate) concen-
trations, followed by or along with humi-
fication values.

I suggest ash concentration as an indi-
cator because mineral soils supportive of
plant growth generally have less than 6
percent organic matter and do not be-
come malodorous when wet. It is tempt-
ing to believe that the ratios of carbon to
nitrogen or carbon to sulfur may be good
indicators also, since these ratios tend to
decrease when fermentative materials
such as plant vegetation decompose and
to increase with the decomposition of
potentially putrescible materials such as
protein and sludge. Sludges, however,
often have carbon/nitrogen ratios that
already approximate the values that are
characteristic of humus. In view of this
and because the carbon, nitrogen, phos-
phorus, and sulfur ratios (57) found in
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stable soils (220:20:5:2) are similar
to those of microorganisms per se and
sludges, it is clear that the sparsity of
organic matter and the richness of miner-
al material and not the ratio of carbon to
nitrogen or carbon to sulfur are essential
characteristics of a stabilized sludge.
Hence, the value or need of ash determi-
nations.

Sludges typically contain 40 to 70 per-
cent organic material when freshly re-
leased from waste-water treatment
tanks. Much of this material is composed
of microbial biomass, rich in nucleic
acids. The smaller microbes, 10 meter
in diameter, may be composed of up to
28 percent nucleic acids, whereas the
larger ones, 10~ to 10~ meter long, have
a concentration of about 5 percent or
more. Measurements have revealed con-
centrations in fresh sludge that exceed
values obtained on freeze-dried prepara-
tions of Escherichia coli and Saccharo-
myces cerevisiae, and substantially low-
er concentrations in aged sludges and
soils (58). A measure of decreasing nu-
cleic acid or ATP (59) concentration with
time may prove to be a sensitive and
specific indicator of the rate at which
sludge decomposes, since bacteria and
fungi are the ultimate biological agents of
the heterotrophic decomposition process
and their reduction in mass should coin-
cide with a reduction in the amount of
labile organic matter.

Of the various analyses that have been
used to assess the degree of humifica-
tion, the concentration of phenols per
unit weight of organic matter may be
most appropriate from the viewpoint of
interpretation, ease, time required, and
instrumental expense. Phenols, includ-
ing fulvic and humic acids, tannins, and
lignins, when evaluated in context with
the pyrophosphate index (PPsso) of hu-
mification at 550 nanometers, show a
high degree of correlation (60). In turn,
values of the PPssy index, based on the
optical density of extractable humic and
fulvic acids into sodium pyrophosphate,
increase as humification increases and
are highly correlated with values of the
extinction coefficient (Ey) (61). The lat-
ter, based on the light absorption of
extracts at 465 and 665 nanometers, de-
creases as humification increases. Low-
er E, ratios are significantly correlated
with higher molecular weights of humic
and fulvic acids, higher concentrations
of carbon, lower concentrations of oxy-
gen and carboxyl, and lower cation-ex-
change capacity (6/). Lower Eg4 ratios
also correspond to longer mean resi-
dence times (22) and higher concentra-
tions of stable free radicals and phenols

(60). A measurement of phenol concen-
tration expressed as the percentage of
organic matter may be more meaningful
than values of PPssg and E, since the
latter two measures do not provide
chemical information and cannot be di-
rectly related to any specific chemical
moiety in sludge. All of this is in need of
testing, and, until attempts are made,
environmental and civil engineers will
continue to need a better definition of
sludge stability than they have at pres-
ent.

References and Notes

1. S. A. Waksman, Humus (Williams & Wilkins,
Baltimore, 1936).

2. Manual of Instruction for Sewage Treatment
Plant Operators (New York State Department
of Environmental Conservation, Albany. 1976).

3. Process Design Manual for Sludge Treatment
and Disposal (Publication EPA 625/1-74-006,
Environmental Protection Agency. Cincinnati,
Ohio. 1974).

4. P. A. Vesilind, Treatment and Disposal of
Wastewater Sludges (Ann Arbor Science, Ann
Arbor, Mich., 1974).

5. J. Connery, E. Epstein, S. Guymont, S. Mar-
cus, F. Passman, J. Post, W. Tassel, Workshop
on the Health and Legal Implications of Sewage
Sludge Composting (Energy Resources Compa-
ny, Cambridge, Mass., 1979).

6. C. F. Gurnham, B. A. Rose, H. R. Ritchie, W.
T. Fetherston. A. W. Smith, Control of Heavy
Metal Content of Municipal Wastewater Sludge
(Loftus, Chicago, 1979).

7. A.Y.Hucand B. M. Durand, Fuel 56, 73 (1977);
H. N. S. Schaefer, ibid. 58, 667 (1979): ibid.. p.
673.

8. D. W. van Krevelen. ibid. 29, 269 (1950).

9. D. S. Jenkinson, Soil Sci. 111, 64 (1971).

10. M. M. Koenonova, in Soil Components, J. H.
Gieseking. Ed. (Springer-Verlag, New York,
1975), vol. 1, p. 475.

11. R. E. Thomas and T. W. Bendixen, J. Water
Pollur. Control Fed. 41, 808 (1969).

12. L. E. Sommers, D. W. Nelson, R. E. Terry, D.
J. Silviera. Nitrogen and Metal Contamination
of Natural Waters from Sewage Sludge Dispos-
al on Land (Technical Report 89, Purdue Uni-
versity, West Lafayette, Ind.. 1976); R. E. Ter-
ry, D. W. Nelson, L. E. Somers, Soil Sci. Soc.
Am. J. 43, 494 (1979).

13. M. Schnitzer, in Environmental Biogeochemis-
try, J. O. Nriagu, Ed. (Ann Arbor Science, Ann
Arbor, Mich., 1976). vol. 1, p. 89: ______and S.
U. Khan, Humic Substances in the Environment
(Dekker, New York, 1972).

14. G. T. Felbeck, Jr., in Soil Biochemistry, A. D.
McLaren and J. Skujipd, Eds. (Dekker, New
York, 1971), vol. 2, p. 36.

15. W. Flaig, H. Beutelspacher, E. Rietz, in Soil
Components, J. H. Gieseking, Ed. (Springer-
Verlag, New York, 1975), vol. 1, p. 1.

16. R. Riffaldi and M. Schnitzer, Soil Sci. Soc. Am.
Proc. 36, 301 (1972). N. Senesi and M.
Schnitzer, Soil Sci. 123, 224 (1977).

17. H. L. C. Meuzelaar, K. Haider, B. R. Nagar, J.
P. Martin, Geoderma, 17. 239 (1977); C. Saiz-
Jimenez, F. Martin, A. Cert, Soil Biol. Biochem.
11, 305 (1979); C. Saiz-Jimenez, K. Haider, H.
L. C. Meuzelaar, Geoderma 22, 25 (1979).

18. S. P. Mathur and M. Schnitzer, Soil Sci. Soc.
Am. J. 42, 591 (1978).

19. J. P. Martin, K. Haider. C. Saiz-Jimenez, ibid.
38, 760 (1974).

20. C. Steelink. Geochim. Cosmochim. Acta 28,
1615 (1964). '

21. J. Cortez and M. Schnitzer, Soil Sci. Soc. Am.
J. 43. 958 (1979).

22. E. A. Paul. C. A. Campbell, D. A, Rennie, K. J.
McCallum, Trans. Int. Congr. Soil Sci. 8th 2, 44
(1964).

23, L. F. Linhares and J. P. Martin. Soil Sci. Soc.
Am. J. 43, 313 (1979).

24. L. VSerma, J. P. Martin, K. Haider, ibid. 39, 279
(1975).

25. H. S. Mason, Adv. Enzymol. 16, 105 (1955).

26. B. Lakatos, T. Tibai, J. Meisel. Geoderma 19.
319 (1977).

27. D. S. Jenkinson and J. H. Rayner. Soil Sci. 123,
298 (1977).

28. M. H. Varanka, Z. M. Zabdocki, T. D. Hines-

SCIENCE. VOL. 212



ly, J. Water Pollut. Control Fed. 48, 1729
(1976).

29. J. S, Olson, Ecology 44, 322 (1965).

30. B. A. Stewart, L. K. Porter, F. G. Viets, Soil
Sci. Soc. Am. Proc. 30, 355 (1966).

31. H. Musso, in Oxidative Coupling of Phenols, W.
1. Taylor and A. R. Battersby, Eds. (Dekker,
New York, 1967), p. 1.

32. K. Haider, J. P. Martin, E. Rietz, Soil Sci. Soc.
Am. J. 41, 556 (1977).

33, R. E. Terry, D. W. Nelson, L. E. Sommers, J.
Environ. Qual. 8, 342 (1979).

34, C. W. Bingeman, J. E. Varner, W. P. Martin,
Soil Sci. Soc. Am. Proc. 17, 34 (1953).

35. J. P, Curry, Pedobiologia 16, 425 (1976).

36. L.9 H) Sgrensen, Soil Biol, Biochem. 6, 287
(1974).

37, S. P. Teotia, F. L. Duley, T. M. McCalla, Nebr.
Agric, Exp. Stn. Res. Bull. 165, 3 (1950).

38. L. E. Sommers, J. Environ. Qual. 6, 225 (1977).

39. R. F. Crowther and N. Harkness, in Ecological
Aspects of Used-Water Treatment, C. R. Curds
and H. A. Hawkes, Eds. (Academic Press, New
York, 1975), vol. 1, p. 65.

40. E. B. Pike, in ibid., p. 1.

41, Oxygen Free Radicals and Tissue Damage
(Ciba Foundation Symposium 65, Excerpta
Medica, New York, 1979).

42, D. B. Webley and D. Jones, in Soil Biochemis-

try, A. D. McLaren and J. Skuyjig$, Eds. (Dek-
ker, New York, 1971), vol. 2, p. 446.

43. L. Hankin and D. C. Sands, J. Water Pollut.
Control Fed. 46, 2015 (1974); L. Hankin and D.
Hill, Soil Sci. 126, 40 (1978).

44, J, P, Martin, K. Haider, D. Wolf, Soil Sci. Soc.
Am. Proc. 36, 311 (1972).

45, J. P.)Martin and K. Haider, Soil Sci. 111, 54
(1971).

46. R. T. Oglesby, R. F. Christman, C. H. Driver,
Adv. Appl. Microbiol. 9, 171 (1967).

47. C.gszt)eelink, Recent Adv, Phytochem. 41, 239
(1972).

48. T. S.C. Wang, S. W. Li, Y. L. Ferug, Soil Sci.
126, 15 (1978).

49, J. W. Koenigs, Wood Fiber 6, 66 (1974).

50. L. Verma, J. P. Martin, K. Haider, Soil Sci.
Soc. Am. Proc. 39, 279 (1975); J. P. Martin and
K. Haider, ibid. 40, 377 (1976).

51. K. M. Holtzclaw and G. Sposito, Soil Sci. Soc.
Am. J. 43, 38 (1979).

52. E. A. FitzPatrick, Pedology, A Systematic Ap-
pg(;zzz)ch to Soil Science (Hafner, New York,
1 -

53. S. Dagley, Am. Sci. 63, 681 (1975).

54. R. W, Meikle, in Organic Chemicals in the Soil
Environment, C. A. 1, Goring and J. W. Ha-
ma}(fsr, Eds. (Dekker, New York, 1972), vol. 1,
p. .

Chitin: New Facets of Research

Chitin, poly-B-(1—4)-N-acetyl-D-glu-
cosamine, is a cellulose-like biopolymer
distributed widely in nature, especially
in marine invertebrates, insects, fungi,
and yeasts. Both chitin and chitosan

P. R. Austin, C. J. Brine
J. E. Castle, J. P. Zikakis

international conference on chitin and
chitosan (3).

Chitin has an unusual combination of
properties, including toughness, bioac-
tivity, and biodegradability, which

Summary. Research on chitin as a marine resource is pointing to novel applications
for this cellulose-like biopolymer. Discovery of nondegrading solvent systems has
permitted the spinning of filaments, for example, for use as surgical sutures. New
methods for preparing the bioactive alkyl glycosides of N-acetyl-D-glucosamine (the
monomer unit of chitin) and a microcrystalline chitin have encouraged their use as
promoters for growth of bifidobacteria and as an aid in digestion of high-lactose
cheese whey by domestic animals. Chitin-protein complexes of several crustacean
species show great variability in ratios of chitin to covalently bound protein and in

residual protein in the “purified” chitins.

(deacetylated chitin) are being processed
industrially in million-kilogram quanti-
ties in Japan, but in much lesser amounts
in this country (/). Chitin is a source of
glucosamine, which serves as a potentia-
tor for antibiotics, and chitosan is used in
wastewater treatment. The broad field of
chitin chemistry, structure, and applica-
tions has been thoroughly reviewed by
Muzzarelli (2) and updated at a recent
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makes it an attractive specialty material.
With these factors in mind, studies were
instituted to promote chitin from crab
and shrimp shells as a marine resource
and to alleviate a growing waste-disposal
problem in the shellfish food industry.
Previous investigations of chitin have
included basic biological and physiologi-
cal studies, in vitro syntheses promoted
by enzyme preparations (4, 5), and an
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examination of its digestibility (as crab
meal) by calves (6), accelerating effects
on wound healing (7), and sequestering
of plutonium from aqueous systems (8).

The applications research (9) has
largely been focused on chitosan be-
cause the free amino groups in this modi-
fied product contribute polycationic,
chelating, and film-forming properties,
along with ready solubility in dilute ace-
tic acid. However, chitin itself is sub-
stantially lower in cost and, although
intractable, appears amenable to modern
manipulative technology. In this article,
we outline approaches to chitin utiliza-
tion via nondegradative solvent systems,
microcrystalline chitin, and the mono-
meric alkyl N-acetyl-D-glucosamine
(NAG) glycosides. We have also studied
species variations in chitin among ma-
rine Arthropoda. The bioactivities of the
chitin products open new avenues for
future research, particularly in the bio-
chemical, pharmaceutical, and nutritive
supplement fields.

Solvents and Filaments

Chitin, like cellulose, is insoluble in
ordinary solvents; it is crystalline, and
sometimes oriented in its natural state,
suggesting  fiber-forming  potential.
Strong acids, fluoroalcohols, and certain
hydrotropic salt solutions are chitin sol-
vents but degrade the chitin or are incon-
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