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1. Introduction

The binding of pollutants to soil organic matter is a
cause of some ecological concern. Many industrial
and agricultural chemicals are structuraily similar to
humus constituents and, therefore, may be incorpo-
rated into soil organic matter during humification.
Once bound to humus some pollutants are apparently
detoxified. Several researchers have observed that the
phytotoxicity of herbicides declines in soils which
have a high organic matter content®>?"-9%114 Katan et
al.’® found that parathion residues in soil had no
effect on fruit flies. However, it is not known if
detoxication is permanent or temporary. Other
studies indicate that xenobiotics bound to humic
substances can later be released, thus posing a
delayed health hazard. Microorganisms®>%%7 and
earthworms®* can free these pollutants, which may
subsequently be taken up by plants and agronomic
crops?344%,63, 113,116,118 Tp addition, the incorporation
of man-made molecules into organic matter may
affect soil structure and various physicochemical,
microbiological and biochemical soil processes.

Incorporated xenobiotics, also known as bound resi- .

dues, are compounds foreign to soil which can not be
extracted from humus by ordinary analytical
methods. The term ‘bound residue’ is, to a large
extent, defined by the extraction technique used.
Since solvents vary in their extraction efficiencies, a
xenobiotic which is inextractable using one method
may be released when other solvents or reaction
conditions are employed. As Kaufman has discussed
in his introduction to a symposium on the subject, a
precise definition of a bound residue is difficult to
formulate.

Incorporation into humus depends upon the type of
xenobiotic introduced into soil and upon its subse-
quent transformation by microorganisms and abiotic
factors. Certain man-made compounds are degraded
to reactive intermediates (e.g., anilines and phenols)
which are more likely to bind to soil organic matter
than the parent chemicals. Binding may be catalyzed
by microbial enzymes, some of which have been
implicated in coupling reactions between pollutants
and humus constituents!® !> 17 Microbial popula-
tions can further influence incorporation by changing
the physical or chemical environment of soil through
their metabolic activities. Microbial metabolism can
affect soil pH, redox conditions, oxygen content and
many other factors. In addition, abiotic soil com-

ponents, such as metals and clays, seem to be impor-
tant catalysts in the humification process!®-121,
Xenobiotics are bound to humic substances by ionic
or covalent bonding. They may also adsorb to humic
substances by Van der Waals attractions, hydrogen
bonding, charge transfer and hydrophobic bonding®?.
The type of bonding which predominates is deter-
mined by the soil environment and by the chemical
properties of the xenobiotic and the humus.

In order to understand how xenobiotic-humus com-
plexes are formed, it is necessary to briefly review the
chemistry of humus and the process of humification*

2. Humus and humification

Humus is defined by Brady as a complex and rather
resistant mixture of brown or dark brown amorphous,
colloidal substances synthesized from the tissues of
various organisms®2. It is produced from the remains
of decomposing plants, animals and microorganisms.
Humus’ unique chemical and physical properties
make it important for soil fertility and it serves as a
source of nitrogen, phosphorus, sulfur, and micronu-
trients for plants. In addition, humus increases cation
exchange capacity, aeration, percolation, and water-
holding capacity and helps to prevent soil erosion!!",
Humic material is usually divided into 3 fractions: 1.
humic acid, which is soluble in dilute alkali and
precipitates upon acidification of the alkaline extract,
2. fulvic acid, which is soluble in acid and base, and 3.
humin, which is insoluble in both acid and dilute
alkali. All of these fractions are thought to have the
same fundamental structure, for which Stevenson'!®
has proposed a model. He theorized that humic
molecules are large aromatic polymers which occur as
micelles in nature. The polymers are made up of
nitrogen heterocycles, quinones, phenols, and benzoic
acids. They have carboxyl, hydroxyl, carbonyl, and
thiol groups which may act as binding sites for
carbohydrates and amino acids. Humic compounds
also have aliphatic moieties, some of which are
hydrophobic. It is interesting to note that soil organic
matter contains stable free radicals in relatively high
concentrations'®.

There are differences, as well as similarities, in the
chemical and physical properties of the various humic
components, Fulvic acid contains more oxygen than

* Chemical names of various xenobiotic compounds are listed in
table 3.
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humic acid but less carbon. Most of the oxygen in
fulvic acid is in functional groups such as hydroxyls,
carbonyls, etc. In humic acid a large proportion of the
oxygen is found in the ‘core’ structure in ether and
ester linkages. Fulvic acid has more carboxyl groups
than humic acid and is, therefore, more acidic*>102,
Of the three fractions, fulvic acid has the lowest
molecular weight; typical extracts range from 270 to
2100 daltons'%2. Humic acids are larger, ranging from
1400 to 1,000,000 daltons'!2. Humin appears to be
similar to humic acid in its analysis and properties,
but it differs from humic acid in its insolubility, which
is thought to be caused by its complexation with
inorganic materials from soil!?2.

Phenols are among the major constituents of soil
organic matter. They may account for up to 30% of
the weight of the humic polymer. A variety of phenol-
ic compounds have been isolated from humic sub-
stances and some of them are listed in table 1.
Quinones, which are derived from phenols, also make
up a sizable portion of the soil organic matter.
Mathur’® found that benzoquinone and 2-methyl-1,4-
napthoquinone accounted for 10 and 15%, respective-
ly, of his humus sample. Other hydrocarbons include
benzenecarboxylic  acids'®®,  polycyclic  com-
pounds''?, alkanes, fatty acids, ketones, phthalates!!?
and hexose and pentose carbohydrates!®.

Humus contains organic nitrogen as amino acids,
amino sugars, or as heterocycles. Amino acids may
account for approximately 15% of some humus sub-
stances. Part of this a-amino nitrogen could be in the
form of peptides and proteins’. In certain soils
purines and pyrimidines are important nitrogen
monomers>’,

Four hypotheses have been advanced to explain how
humification takes place®!. The plant alteration hypo-
thesis is the oldest of these. Waksman’s explanation of
humus as a ligno-protein ‘nucleus’ was probably one
of the first models of this type!'®. This premise states
that lignin and other resistant plant materials in soil
undergo only slight changes to form high molecular
weight humic acids. The humic acids gradually are
decomposed to fulvic acids, water, and carbon diox-
ide. In the microbial synthesis hypothesis humus is

Table 1. Organic compounds originating from humus

Acids Aldehydes Polyphenols
2,4-Dihydroxy- p-Hydroxybenzal-  Catechol
benzoic acid dehyde

Ferulic acid Syringaldehyde Orcinol

Gallic acid Vanillin Phloroglucinol
m- and p-Hydroxy Pyrogallol
benzoic acids

Protocatechuic acid Resorcinol

Syringic acid 2,4-Dihydroxytoluene

Syringylpropionic acid 2, 6-Dihydroxytoluene
2,3,4-Trihydroxybenzoic acids

Vanillic acid
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thought to be produced by microorganisms. Certain
bacteria and fungi synthesize intracellular high
molecular weight humic polymers in the course of
normal metabolism. The organisms derive energy for
metabolism from plant remains. When these microbes
die, they release the polymers into soil. The chemical
polymerization hypothesis is a variation on this theme.
Soil microbes produce amino compounds and phenols
and then discharge them into the environment. Once
in soil, these monomers polymerize to form humus.
According to the cell autolysis hypothesis both plants
and microbes contribute to humification. These or-
ganisms die, autolyze, and their residues (which in-
clude sugars, amino acids, phenols, benzenecarboxylic
acids, etc.) polymerize. It is probable that all four of
these processes occur simultaneously in soil, although
which one predominates is not known.

The preceding discussion points out the importance of
polymerization mechanisms in humification. As will
be shown in the next section, these mechanisms also
play a role in the incorporation of man-made chemi-
cals into humus. One of the most important polymer-
ization reactions is oxidative coupling. This is a free
radical reaction which links phenols, anilines, amino
acids, or other compounds into polymers. It is brought
about by plant and microbial enzymes and also by
metals and clays. Many soil microorganisms have
phenoloxidases which can catalyze oxidative coup-
lings'®. These organisms have been shown to form
oligomers from typical humus monomers. Bollag et
al.'® and Liu et al.”® demonstrated that a laccase from
the soil fungus Rhizoctonia praticola could polymerize
vanillic and syringic acids. The fungus Hendersonula
toruloidea also produced humic-type polymers from a
number of different phenols”’.

Humus itself might act as an agent in its own forma-
tion'!2. Free radicals in the ‘core’ structure may
oxidize a variety of compounds.

Inorganic compounds can cause oxidative coupling
reactions. Clays have the ability to polymerize
phenols'?®12! and benzene®®. Various metals have
similar oxidative coupling activities; salts of copper,
lead, silver, and zinc can link phenols® and Larson
and Hufnal® used suspensions of manganese dioxide,
cupric oxide, and zinc oxide to polymerize catechol.
Finally, oxidative coupling reactions occur Sspon-
taneously. Certain reactive phenols autoxidize in the
presence of oxygen at neutral and alkaline pH®.
These spontaneous ractions may incorporate nonphe-
nolic compounds into humic polymers. Polyphenols
and quinones bind to amino acids, amino sugars, and
peptides by way of autoxidative processes*!. Bondietti
et al.!’® speculate that nucleic acids and various agro-
chemicals may undergo similar spontaneous transfor-
mations with quinones.

It is obvious that both biological and nonbiological
mechanisms are involved in humification. At present,
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however, the respective importance of each is not
known,

3. Reactions between xenobiotics and humic materials

The biological and physicochemical mechanisms by
which various chemical groups of xenobiotics bind to
humus are discussed in this section. While the roles of
both biological and nonbiological agents in these
processes are included, the main focus, where appli-
cable, is on biochemical reactions.

Reactions of phenols

Xenobiotic phenols are common pollutants. They are
found in soil as pesticides, industrial wastes, or their
breakdown products. These compounds include pen-
tachlorophenol, the widely used wood preservative,
and degradation intermediates of the pesticides para-
thion®, fenitrothion'%8, carbaryl®'?, cypermethrin'®l,
oxadiazon?, 2,4-D and MCPA™. Once in soil phenols
may bind to soil organic matter by oxidative coupling.
A study by Kazano et al.> indicated that 1-naphthol,
a carbaryl derivative, may be covalently bound to
humic and fulvic acids by this process. Wolf and
Martin!? found that 12% of the radioactivity from
14C.ring labelled 2,4-D was incorporated into humic-
like polymers produced by fungi. They suggested that
incorporation took place as phenolic derivatives of the
pesticide polymerized with the humic substances.
Microbial enzymes have been implicated in the pro-
duction of bound phenolic residues. Bollag et al.!
studied the enzymic polymerization of humic mono-
mers with 2,4-dichlorophenol, a breakdown product of
2,4-D. They found that an extracellular laccase from
the fungus Rhizoctonia praticola coupled the dichloro-
phenol with syringic acid, vanillic acid, vanillin and
orcinol, all of which are constituents of humus. The
hybrid compounds obtained were dimers, trimers,
tetramers, and pentamers. The fungal enzyme cou-
pled pentachlorophenol and syringic acid to form
several hybrid oligomers!3. By linking xenobiotics to
each other the enzyme could also form ‘novel” humic-
type polymers. The laccase dimerized 2,4-dichloro-
phenol®?, and some of the products were dichlorophe-
noxy-benzoquinones, molecules in which chloroben-
zoquinones are bound to chlorobenzenes by ether
linkages. Under acidic conditions phenoxyquinones
such as these may cyclize to form dioxin. In separate
experiments the enzyme polymerized 2- and 4-chloro-
phenol, 4-chloro-2-methylphenol and 4-bromo-2-
chlorophenol, which are intermediates of 2- and
4-chlorophenoxyacetic acid, MCPA, and 4-bromo-2-
chlorophenoxyacetic acid, respectively'®. When Sjo-
blad et al.!’” incubated 1-naphthol, or dihydroxy-
naphthols with the R. prasicola enzyme, a number of
oligomers resulted. Pentameric products and higher
molecular weight compounds were obtained from
1-naphthol. Xenobiotic hybrids were produced by
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adding laccase to a mixture of 2,4-dichlorophenol and
4-bromo-2-chlorophenol**. Nitrophenols, which resuit
from the degradation of parathion and related pesti-
cides, were not oxidized by the laccase!®. The elec-
tron-withdrawing nitro groups probably prevent free
radical formation.

It should be noted that the synthesis of humic-type
polymers from xenobiotics can present problems for
residue analysis and public health. These foreign
polymers complicate the identification of pollutants in
soil and have unknown toxicities. As in the case of
certain dioxins, xenobiotic oligomers can be more
dangerous than their precursor molecules.

Reactions of aromatic amines

Aromatic amines and their derivatives are used exten-
sively in industry and agriculture. A large number of
currently applied pesticides such as phenylureas,
phenylcarbamates, acylanilides, dintroaniline herbi-
cides, and certain fungicides contain halogen- and
alkyl-substituted aniline rings. Aromatic amines are
usually reactive compounds and appear to bind easily
to soil organic matter. An oxidative coupling reaction
seems responsible for binding, whereby anilines are
oxidized to arylamino radicals which can be linked
with phenols®!.

However, various researchers have noted the difficul-
ty of recovering aromatic amines from soil>!1:27%.117,
As was first demonstrated with 3,4-dichloroaniline, an
intermediate of the herbicide propanil, it is very
difficult to extract this chemical from soil using
organic solvents or by acid and alkaline hydrolysis>2’.
Hsu and Bartha observed that about half of the
humus-bound #C-labeled 3,4-dichloroaniline could
be released by hydrolysis, while the remainder was
liberated only by combustion®*, They concluded
that anilines are associated with humus by 2 types of
bonds: the weaker, hydrolyzable ones could be anil
(imine) or anilinoquinone linkages, while the stronger
bonds could be explained by the incorporation of
amino groups into heterocyclic ring structures.

Anils form when anilines react with humic carbonyl
groups such as those of benzaldehyde moieties. Under
aerobic conditions inextractable dinitroanilines have
been found predominantly in the carbonyl-rich fulvic
acid fraction of soil*®. Thermal analysis showed that
most of these residues were associated with carboxyl
or phenolic portions of the fulvic acid molecule. When
humate carbonyl groups are blocked by previous
reaction with ammonia or reduced by sodium borohy-
dride, aniline binding is decreased®. In the same
study, however, it was found that imine formation is
rapid and reversible whereas anilinoquinones are
produced in a slower, irreversible reaction. Work with
methylcatechol-aniline humic analogues suggests that
anilines are more likely to bind to quinones to form
anilinoquinones and less likely to bind to carbonyls to
form imines!Z.
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It also was shown that 2,6-diethylaniline, 3,4-di-
chloroaniline, and 4-chloroaniline reacted with phe-
nolic humus constituents in the presence of a
fungal laccase!”. The same enzyme could link 2,4-di-
chlorophenol to various halogenated anilines’?. In
both cases the resulting products were imines or
anilinoquinones. No reaction occurred when only the
anilines and the fungal laccase were incubated togeth-
er. Further experimentation proved that the anilines
reacted with quinones produced by the fungal lac-
case’>82,

The reactions of anilines with quinones are influenced
by the substituent groups on the aniline ring. Reac-
tion rates for some representative anilines with benzo-
quinone decreased as follows: 4-methylaniline > ani-
line > 4-chloroaniline > 3,4-dichloroaniline > N-
methylaniline > 2-chloroaniline > 2,5-dichloroani-
line®.

The nonhydrolyzable residues probably result from
the formation of heterocyclic phenoxazine and phena-
zine rings>*. These rings bind the nitrogen atom of the
aniline into a very stable structure which is resistant to
acids and bases. However, there is a possibility that
these anilines can be released into soil by microbial
enzymes.

At high concentrations arylamino radicals react with
each other to form azo products. It is important to
monitor these compounds in soil because they are
potentially toxic. The condensation reactions which
produce azo compounds from anilines can be cata-
lyzed by plant and microbial enzymes. A peroxidase
and an aniline oxidase from the fungus Geotrichum
candidum could dimerize most anilinic substrates ex-
cept those having strong electron withdrawing groups,
i.e., nitroanilines®®. Condensation may occur directly
between 2 anilines or it may take place when microor-
ganisms transform anilines to nitrosobenzenes’. The
nitroso intermediates could then spontaneously react
with anilines.

Nitrobenzenes and other nitrogen-containing xeno-
biotics also may bind to soil humus. Many of these
chemicals are converted to anilines which subsequent-
ly react with organic matter. Table 2 lists a number of
compounds which are reduced to aromatic amines in
soil. In some cases reduction appears to be biological-
ly induced. Katan et al.’” reported that microorgan-
isms change parathion to its amino derivatives.
Wheeler et al.'? assumed that the degradation of
trifluralin to anilines in soil was brought about by
biological agents. Thermophilic microorganisms
transform TNT, a common pollutant at munitions
sites, to various nitroanilines’>.

While biological mechanisms appear to play a role in
the binding of anilines to soil organic matter, there is
evidence that nonbiological processes are also in-
volved. Inextractable aniline products form in sterile
as well as nonsterile soils!!2":3%%5, Various condensa-
tion products have been detected in autoclaved soil
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treated with aniline®. The agents which promote
nonbiological coupling have not been determined, but
free radicals in humic material do not appear to be
responsible’?.

Reactions of phenylureas

Phenylureas are broad-spectrum herbicides which are
introduced into soil through direct or foliar applica-
tions. They may be incorporated into soil organic
matter as parent compounds or as their degradation
products, some of which are anilines. For the most
part, intact phenylureas are probably bound through
nonbiological processes. Phenylureas evidently do not
undergo oxidative coupling or cation exchange in
their adsorption to humus!'%%, although other types of
substituted ureas are bound by the latter mechan-
ism!22, It appears that phenylureas attach to humic
substances by way of hydrogen bonding, Van der
Waals forces, and charge transfer interactions®3104,
and, in some cases, hydrophobic attractions may be
involved®. Inorganic ions attached to humic func-
tional groups can complex with phenylureas at their
carbonyl or amine positions. The amount of pesticide
complexed depends on the pesticide and on the ion;
for linuron adsorption to peat increased in the order
of Ca’t < Ni** < Cu?* < Fe3* < Ce** and was inde-
pendent of pH*. However, other work contradicts
these findings. When phenylureas were adsorbed to
the exchange cations of humic acids, the degree of
adsorption was the same with Fe3*, AI>*, or Cu?*+%.
According to the same report adsorption increased as
pH decreased, probably due to an increase in hydro-
gen bonding between the pesticides and the soil
colloids. Discrepancies between these two studies may
be due to differences in the organic adsorbents used.

Table 2. Binding in soil of various amino-derivatives of xenobiotic com-
pounds

Pesticide Amino-derivative Amount bound Reference
in soil
Benefin Mixture of aromatic  32% (352 days) 39
amines
2,6-Dichloro-4- Not determined 117
nitroaniline
Flamprop- 3-Chloro-4- 7% (10 weeks) 51
isopropyl fluoroaniline
Isopropalin 36
Oryzalin Unidentified 30% (1 year) 38
aromatic amines
Parathion Aminoparathion and 17% and 46%
p-aminophenol (28 days) 56, 70
Pentachloro- Pentachloro- - 41% anaerobic
nitrobenzene aniline (24 days)
69% aerobic
(24 days) 87

Phosalone ‘Aniline metabolite’ 80% (84 days) 3

Propanil 3,4-Dichloroaniline 73% (20 days) 5

Trifluralin Various amino- 43% (12 months) 37, 98
derivatives

2,4, 6-Trinitro- Amino- and diamino- 22% (91 days) 55

toluene (TNT) nitrotoluenes
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Reactions of triazines

Triazines are among the most widely used herbicides.
They are heterocyclic nitrogen compounds which can
be protonated with relative ease, thus obtaining a
positive charge in the process. As opposed to anilines
and phenols, triazines do not polymerize with humus.
Their ability to become positively charged implies
that cation exchange may be the primary mechanism
by which triazines bind to soil organic matter; howev-
er, this is still a point of some contention. At certain
soil pH values triazines would not be protonated and
hydrogen bonding or Van der Waals forces might be
responsible for adsorption. There is abundant evi-
dence for ionic and nonionic types of bonding. Car-
ringer et al.?> were able to displace prometryn from
peat using 1 N CaCl,. This suggested that cation
exchange occurred between the triazine and the peat.
Infrared studies performed by Senesi and Testini!®*
implied that s-triazines largely react with humic car-
boxyls by ion displacement. However, they did not
rule out the possibility that other interactions can
occur between these pesticides and soil organic mat-
ter. Results by Weber et al.'? also implicate ionic
processes in the incorporation of triazines.

Hayes*, on the other hand, emphasized hydrogen
bonding as an adsorption mechanism. In his review
he pointed out that, when saturated with hydrogen
ions at low pH, humic acids provide good environ-
ments for this type of bonding to occur. Hydrophobic
attractions may also bind triazines. Atrazine, for
example, adsorbs to long chain alkyl groups®. Al-
kanes, fatty acids, and other hydrophobic moieties in
humus may act as binding sites for hydrophobic
xenobiotics. According to Khan% the incorporation of
14C-prometryn into humus is the result of hydropho-
bic interactions and molecular sieving. Humic poly-
mers may bind together to form a molecular sieve.
This structure would have spaces of different molecu-
lar size which could trap various sorts of molecules
and bind them hydrophobically. Khan suggested that
prometryn molecules become bound within the pores
of the humic structure.

The adsorption of triazines also depends on the
substituent groups of the triazine. An increase in the
number of alkyl groups at the 4,6-amino positions of
the triazine ring promotes adsorption!??, Alkylation
increases the basicity and hydrophobicity of these
pesticides, thus enhancing their reactivity with humus.
It should be noted that ionic and physicochemical
reactions occur spontaneously in soil and are not
mediated by catalysts. The role of microorganisms in
binding triazines and phenylureas is limited to modi-
fying these cheémicals prior to their adsorption on
humic colloids. There is no evidence for the enzymic
formation of bound triazine or phenylurea residues in
humus.
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Reactions of bipyridylium herbicides

Diquat and paraquat are the best known members of
this class of compounds. These 2 nonspecific herbi-
cides are used extensively against terrestrial and
aquatic weeds. They are quarternary ammonium salts
and easily dissolve in water, in which they ionize to
divalent cations. They do not volatilize and are stable
at neutral and acid pH.

Several studies indicate that diquat and paraquat
bind to soil organic matter primarily by ion exchange.
Khan®!' saturated humic acid with hydrogen and
various tri- and divalent ions and then equilibrated it
against solutions of diquat and paraquat. As the
herbicides were adsorbed, these ions were displaced
from the humic colloid. The amount of herbicide
adsorbed was contingent upon the bound cation.
Adsorption decreased as follows: A" < Fe3™ < Cu?*
< Ni?t < Zn?* < Co*t < Mn?* < H* < Ca?t < Mg**.
As the herbicides were added to humic acid, the IR
spectra of the latter changed. For example, the 1720
cm~! band (protonated carboxyl) shifted to 1610 cm™!
(ionized caboxyl). Carboxylate groups provide humus
with some of its exchange capacity and this finding
indicated that the pesticides were reacting with humus
by cation displacement. Adsorption has been shown
to be temperature independent??, which is also typical
of an exchange mechanism. Adsorption and desorp-
tion experiments with paraquat on humate provide
further support for this theory?4.

Other physicochemical forces are involved in the
formation of bound bipyridylium residues, although
to a lesser degree than cation exchange. Charge-
transfer reactions are one way in which diquat and
paraquat bind to humic substances®!. In their report
on the adsorption behavior of paraquat on humic
acid, Burns et al.?* also mention the possible contribu-
tions of hydrogen bonding and Van der Waals forces
to the process.

Reactions of hydrophobic hydrocarbons

A number of reports show that water insoluble com-
pounds like alkanes, phthalates, and chlorinated pes-
ticides form complexes with humus. While this may
seem surprising in light of their immiscibility with the
soil solution, it appears that hydrophobic hydrocar-
bons can react with nonpolar components of soil
organic matter. These reactions could influence the
movement of xenobiotics in soil and water.

One group of environmentally dangerous hydrocar-
bons are the polychlorinated biphenyls (PCB’s) which
enter soil from industrial pollution, sludge amend-
ments, and herbicide applications. Recent work shows
that they bind to humus in the soil environment. PCB
adsorption has been related to organic matter con-
tent?®30 and the toxicity of the PCB herbicide Aroclor
1254 decreases in the presence of organic matter!!4.
The exact mechanism by which PCB’s are incorporat-
ed into humus is not known. Moza et al.3 speculate
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that PCB’s in soil are metabolized to phenols which
polymerize to form bound residues. However, it is
more commonly accepted that these xenobiotics are
bound to humic material noncovalently through
charge-transfer complexing, electrostatic attractions,
and hydrophobic bonding!"®. Adsorption increases as
the number of chlorine atoms in the PCB molecule
increases® and is influenced by the position of the
chlorine substituent on the biphenyl ring. The 2-,
4-monochloro isomers and 3,4-dichlorobiphenyl were
more likely to bind to organic matter than other
biphenyls®. This latter finding suggests that electro-
static attractions take place between the chlorine
atoms and the humic material.

Chlorinated hydrocarbons such as DDT and dieldrin
do not form bound residues in soil as readily as more
reactive xenobiotics, such as certain organophospho-
rus pesticides’’. This is probably because chlorinated
pesticides are relatively inert, and resist chemical and
biological conversion to more active compounds®. The
residues they do form seem to be complexes with
humic material. Humus takes up much more
pp’-DDT than clay, thus indicating that the organic
component of soil is probably responsible for adsorp-
tion®. Several researchers have shown that humic
substances can bind DDT and its analogues*?%°°, The
content of DDT and related hydrocarbons in marine
sediments is correlated with total organic carbon
content?,

Bound DDT has been associated with the lipophilic
fraction of organic matter®®. Apparently this pesticide
adsorbs to humus by hydrophobic bonding. Cou-
lombic forces may also play a part in adsorption®>.
Mathur and Morley® incorporated methoxychlor, a
DDT analogue, into model humic polymers and their
results imply that the hydrocarbon binds to soil by
forces stronger than those of physical adsorption.
Aliphatic xenobiotics can bind to chemically related
components in humus. Khan and Schnitzer®’ isolated
dialkyl phthalates from a humic acid by exhaustively
extracting it with organic solvents. These authors
imply that some of the phthalates may have been
xenobiotic. They found that extraction was enhanced
for some compounds by subjecting the humic acid to
methylation, a method which disrupted the molecular
sieve-type structure of soil organic matter. Further-
more, that study indicated that humic material could
adsorb more than 2% of its weight in hydrophobic
hydrocarbons. Other authors have examined the ef-
fects of humic substances on various aliphatic com-
pounds, most notably n-alkanes, fuel oil, dialkyl
phthalates and isoprenoid hydrocarbons®®!.

The binding of ordinarily insoluble hydrocarbons to
humus may make them more soluble in water, and
this may affect public health. DDT leaches through
soil and Ballard* assumes that its mobility is due to its
association with humic and fulvic acids. Colloidal
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organic matter serves as a vehicle for DDT in rivers,
and fulvic acids make fuel oil more soluble in sea
water® %, It is conceivable that, in some cases, humus-
hydrocarbon complexes may be potential contami-
nants of ground water supplies and waterways.

4. Factors affecting reactions between xenobiotics and
humic substances

The incorporation of xenobiotics into humus depends
on many environmental factors which vary with sea-
son, climate, soil type, and farming practices. Because
of this variability it is not easy to determine whether
or to what extent a given xenobiotic will bind to
humic material under natural conditions. Therefore, a
certain amount of caution must be exercised in inter-
preting data and extrapolating findings to the envi-
ronment.

The hydrogen ion concentration affects microbiologi-
cal, chemical, and autoxidative processes involved in
forming bound residues. The phenoloxidases of many
soil fungi have pH optima in the range of 4-7'%
When the pH is above or below these values - as in
calcareous or acid soils - the activity of these enzymes
could be reduced, and, consequently, they may not be
able to form residues.

Table 3. Xenobiotics mentioned in the text and their chemical designa-
tion

Common or Chemical designation

trade name
Atrazine 2-Chloro-4-(ethylamino)-6-(isopropylamino)-s-triazine
Benefin N-Butyl-N-ethyl-o, &, ot-trifluro-2, 6-dinitro-p-toluidine
Butralin 4-(1, 1-Dimethylethyl)-N-(1-methylpropyl)-2, 6-
dinitrobenzeneamine
Carbaryl 1-Naphthyl methylcarbamate
Cypermethrin  ¢-Cyano-3-phenoxybenzyl(+)Z, E-3-(2,2-
dichlorovinyl)-2, 2-dimethylcyclopropane carboxylate
2,4-D 2,4-Dichlorophenoxyacetic acid
DCNA 2, 6-Dichloro-4-nitroaniline
DDT 1,1, 1-Trichloro-2, 2-bis(p -chlorophenyl)ethane
Dieldrin 1,2,3,4,10,10-Hexachloro-6, 7-epoxy-
1,4,4a,5,6,7, 8, 8a-octahydro-1, 4-endo-exo-5, 8-
dimethanonaphthalene
Dinosam 4, 6-Dinitro-o-sec-amylphenol
Diquat 6, 7-Dihydrodipyrido(1,2-a:2’, 1’c)pyrazinediium ion
Diuron 3-(3,4-Dichlorophenyl)-1, 1-dimethylurea
Fenitrothion O, 0-Dimethyl O-(4-nitro-m-tolyl) phosphorothioate
Flamprop- Isopropyl N-benzoyl-N-(3-chloro-4-fluorophenyl)
isopropyl alaninate
Fonofos O-Ethyl S-phenyl ethylphosphonothiolothionate
Isopropalin 2, 6-Dinitro-N, N-dipropyl-cumidine
Linuron 3-(3,4-Dichlorophenyl)-1-methoxy-1-methylurea
MCPA 4-Chloro-2-methylphenoxyacetic acid
Methoxychlor 1, 1, 1-Trichloro-2, 2-bis(p -methoxyphenyl)ethane
Oryzalin 3, 5-Dinitro-N*, N*-dipropylsulfanilamide
Oxadiazon 2-tert-Butyl-4-(2, 4-dichloro-5-isopropylphenyl)-AZ-
1, 3,4-oxadiazolin-5-one
Paraquat 1, 1'-Dimethyl-4,4’-dipyridylium dichloride
Parathion 0, 0-Diethyl O-(p-nitrophenyl) phosphorodithioate
Phosalone 0, 0-Diethyl S-(6-chloro-2-oxobenzoxazolin-3-yl)
methyl phosphorodithioate
Prometone 2-Methoxy-4, 6-bis(isopropylamino)-s-triazine
Prometryn 2, 4-bis(isopropylamino)-6-Methylthio-s-triazine
Propanil 3,4-Dichloropropionanilide
TNT 2,4, 6-Trinitrotoluene
Trifluralin o, o, a-Trifluoro-2, 6-dinitro-N, N -dipropyl-p -toluidine
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The pH also influences nonbiological bonding by
altering the chemical characteristics of the xenobiotic
and the humic adsorbent. The charge properties of
triazines, for instance, are determined by the hydro-
gen ion concentration. If protonated, as under acid
conditions, triazines can react with humic material.
Triazines whose pKa is closest to that of the predomi-
nant soil pH are more easily adsorbed to soil organic
matter'?>, The behavior of humic substances is also
governed by pH. In neutral and alkaline solutions
carboxylic and phenolic functional groups on the
humic polymer are probably dissociated and xeno-
biotics may attach to it by cation exchange. In acidic
solutions these functional groups are probably not
ionized and adsorption occurs by hydrophobic in-
teractions and hydrogen bonding. The latter pre-
sumption is supported by a study done by Carter and
Suffet?®, who showed that DDT binding to aquatic
humus increased as pH decreased. Several research-
ers®®! note that the molecular configuration of humic
acid changes with pH, shifting from a stretched
formation at neutrality to a coiled one at lower pH.
Khan®! uses this phenomenon as an explanation for
differences in the adsorption of paraquat and diquat
by humus in neutral and acidic solutions.

The ionic strength of the soil solution is another
important environmental factor. Pesticides ionically
bound to humic matter may be released with changes
in the pH or cation concentration of soil water. The
triazine prometone was released from soil organic
matter with 0.1 N NaCl'?®. Desorption of paraquat
residues from clays have been observed using cal-
cium, aluminum, magnesium, and potassium salts'*.
On the other hand, a high ionic strength apparently
enhances the adsorption of hydrophobic compounds.
More DDT was bound to organic matter with the
addition of Ca?* and with increases in ionic
strength?®. The authors of that study proposed that
the reaction of inorganic ions with humic functional
groups makes humus more hydrophobic and thus
more reactive to hydrophobic chemicals. In seawater
an ionic strength of 0.3 appears to be optimal for the
complexation of n-alkanes with fulvic acid’. The
alkanes are incorporated into fulvic micelles, which
form only when ionic species are in the solution.

Temperature also has to be taken into account in
studying the incorporation of xenobiotics into humus.
Incorporation reactions mediated by plant and micro-
bial enzymes are inhibited at high temperatures. In
warmer seasons and climates the role of these en-
zymes in producing bound residues could be reduced.
The effect of temperature on the incorporation of
xenobiotics into humus depends upon the process by
which the xenobiotic is bound. Increases in tempera-
ture will increase binding if the bond formed is strong
(e.g., covalent and perhaps hydrophobic and hydro-
gen bonding). This is apparently the case with atra-
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zine at low pH, which is more strongly adsorbed at
40°C than at 0.5°C’, On the other hand, Hayes®®
points out that certain weak adsorption processes,
such as Van der Waals attractions, are exothermic,
and that increases in temperature will decrease xeno-
biotic binding by humic materials. Cation exchange
mechanisms are unaffected by temperature. Burns et
al."7 report that increasing the temperature from 30 °C
to 70°C had no effect on the reaction of paraquat
with humic acid.

Moisture levels determine the oxygen content, redox
potential, and type of microflora for a soil. The
amount of water in soil, then, has a profound effect on
the interactions of humus and xenobiotics. When soils
are flooded and, therefore, reduced, dinitroanilines
and nitrobenzenes are changed to anilines, which can
react with humus®’3*85% [n some cases, as with
parathion, anaerobic' microorganisms appear to be
involved in this conversion process>®%’.

The distribution of bound residues in soil organic
matter depends upon whether or not a soil is flooded.
During an aerobic soil incubation oxadiazon residues
were concentrated in the fulvic acid fraction while
anaerobic incubation produced an even distribution
of residues among all the organic fractions?. Residues
of '“C-butralin were mostly bound to fulvic acid in
aerobic soil and to humin in anaerobic soil*®. These
findings are significant in their implications for pesti-
cide transport in soils and waters. Low molecular
weight fulvic acids are more soluble in water than
humic acid or humin, and could serve as carriers for
xenobiotics.

Irradiation may play a part in the humification of
xenobiotics at soil surfaces. The dinitroaniline triflu-
ralin is decomposed to anilines by light*”. Further-
more, bound prometryn residues apparently can be
released from soil organic matter by UV radiation®’.
This finding suggests that certain types of incorporat-
ed xenobiotics are not stable, and may later be
released when surface organic matter is exposed to
sunlight.

Clays may reduce the binding of pollutants by humus.
They adsorb pesticides by ion exchange and by
weaker physicochemical processes®. If soils have an
organic matter content lower than 6%, clays may
compete with humic materials for binding xenobiot-
ics!!. Bipyridyliums, as an example, can be removed
from humic surfaces by clays>’. However, in soils with
a higher organic matter content, competition is
reduced as humus saturates the exchange sites on the
clay. It appears that humus-clay complexes are better
adsorbents of pesticides than clays alone®®83, Pesti-
cides in general seem to preferentially adsorb to
organic matter than to clay, but this again depends on
the type of pesticide and the kind of clay'® 1!,

Particle size and surface area are other influential
factors. The adsorption of PCB’s by organic materials
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was inversely related to the adsorbent’s particle size
and linearly related to the adsorbent’s surface area*’.
DDT analogues were associated with humic particles
of 8 pm or less in size?®.

Soil amendments also affect xenobiotic incorporation
into soil. Lichtenstein et al.”! found that cow manure,
sewage sludge, or atrazine increased bound residues
in soils treated with fonofos, an organophosphorus
pesticide. This increase could be attributed, in part, to
an increase in the amount of organic adsorbents. For
parathion, manure and sludge also promoted bound
residue formation. Ammonium sulfate, atrazine and
the fungicide captafol inhibited the production of
inextractable parathion residues. The authors state
that the amendments altered the composition of the
soil microflora. It has also been found that xenobiotics
bound to humus may be mineralized more quickly if
soil is treated with chemical analogues of the foreign
compound. Aniline, for example, stimulated the min-
eralization of 3,4-dichloroaniline complexed with
humic material'?’. The use of less toxic or more easily
degradable analogues in this manner might reduce
the persistence of xenobiotics in soil.

5. Fate of xenobiotic-humus complexes

The significance and implications of bound xenobiotic
residues in soil is not easy to assess. It was the inten-
tion of this review to show that the incorporation of
man-made chemicals into humus is a complicated
process which is influenced by many variables. There-
fore, it is a difficult task for scientists and regulatory
agencies to establish environmental guidelines which
would prevent potential hazards caused by humus-
bound xenobiotics. »

There is no question that some bound xenobiotic
residues persist in soil. Almost 60% of a prometryn
treatment was found as bound residues in soil 1 year
after application®>. When dichloroaniline was applied
to a German soil, 46% was still in the form of bound
residues 2 years after treatment!', It is also clear that
some of these incorporated soil pollutants can be
released later. Plant uptake of released pesticide
residues from humus has been documented in a
variety of different plant species: oats’*®3 rice!l3,
mustard!'!®, and soybeans*’. Meanwhile, the mechan-
isms of residue release from soil and organic matter
are not known with certainty. Microorganisms appear
to be involved to some extent>>%%7°_ Certain soil fungi
degrade humic substances, and in so doing can free
bound xenobiotics for plant uptake or for further
mineralization.

The essential problem is whether or not xenobiotics
bound to humus represent a danger to health. At
present, most researchers doubt that there are any
immediate hazards from bound residues. Turnover
time for soil organic matter is quite slow and release
of bound residues is probably gradual®?. Contami-
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nants in plants grown on pesticide treated soil are
usually present at microgram per gram concentrations
or lower?$ 104113118 " gtij] et al.!l3 point out that
someone would have to eat 10,000 30-g servings of
chloroaniline contaminated rice before becoming sick.
From this point of view, bound residues do not
appear to constitute a real hazard and may even be
beneficial as they are, for the most part, inactivated
by soil organic matter.

However, the emphasis on the quantity of bound
residues in soils and plants is rather misleading if we
do not know what these residues are. Most studies
done on plant uptake use radiolabeled parent
materials which subsequently undergo transforma-
tions in soil. The nature and toxicity of these transfor-
mation products is largely unknown. In this context it
should be noted that some poisons, such as dioxin, are
potent at very low concentrations. Even if there are no
immediate dangers from bound residues, there is still
a possibility that future problems may develop. Over
time, xenobiotics released from humus may accumu-
late in the food chain through bicaccumulation. No
one knows what effects the prolonged use of agricul-
tural chemicals will have on soil fertility or public
health. It is thus important that we be cautious in
evaluating the environmental impact of xenobiotics
which are incorporated into soil humus.

More research needs to be done if these complex
questions are to be understood and resolved. At
present we do not know if humus-bound residues are
beneficial or detrimental to man. In the environment
both effects may occur under particular conditions. A
better understanding of pollutant adsorption by
humus may allow us to evaluate and influence the
possible fate of these compounds. Irrigation, fertiliza-
tion, and liming of soil, for instance, could influence
the incorporation of xenobiotics into soil organic
matter. In the future more controversial methods,
such as soil inoculation, enzyme amendments or
application of xenobiotic analogues, might serve to
reduce soil pollution. However, until more definitive
data are obtained, one must be cautious in developing
methods which modify the binding of xenobiotics to
humus.
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Use of specialized microbial strains in the treatment of industrial waste and in soil decontamination
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A natural tendency among most waste treatment
specialists is to regard any use of tailor-made cultures
as useless in the effort to abate pollution. Such
skepticism is deeply founded and is expressed, for
example, by engineers whose training and experience
lie not so much in microbiology as in the workaday
world of processing enormous quantities of dilute
municipal sewage containing traces of every imagin-
able substance. Traditionally, and to some extent even
today, the practice has been to dilute the organic
matter and then to disperse it broadly into the
environment. Ecologists, by virtue of to their training,
are usually primarily concerned with observing and
sampling natural environments. Again, the systems
they study are complex and disparate. The general
criterion for assessing the stability and ‘health’ of any
microcosm has to do with the diversity of species -
both flora and fauna, including a broad array of
microorganisms - of which that microcosm is com-

prised. Consequently, one hears such objection as,
‘Your cannot run a waste-treating facility like an
antibiotics plant’ or ‘Any open system will seek its
own equilibrium and will arrive at the same steady
state no matter what the initial conditions imposed
from outside’, or ‘Monocultures are unstable’.

There is a truth in such skepticism. One cannot afford
to be sanguine in the face of many failures by over-
zealous advocates of a controlled environment. One of
the earliest proponents was Charles Darwin himself.
Having established the beneficial effects of common
earthworms on soil structure and fertility, he pictured
their widespread use as inoculants in poor soils. His
suggestions did not work in practice. Earthworms are
indeed abundant in nature and when conditions are
favorable they will multiply rapidly, but in poor soils
they will die out. In more recent times there have
been similarly unsuccessful attempts to establish free-
living Azotobacter in soils so as to fix atmospheric



