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ABSTRACT

Detailed literature reviews were performed for three:of the organic priority
pollutants. These reviews were strictly oriented toward the terrestrial system
response, including soil adsorption, microbial decomposition, abiotic losses,
plant phytotoxicity and uptake by vegetative species. Data and conclusions from
these evaluations can be used directly in land treatment design, in-situ spill
cleanup design, and multi-media effects studies on terrestrial systems.

‘ Specific soil decomposition experiments were conducted for di-n-butyl
phthalate (DnBP) and 2,4 dinitrophenol (DNP). The half life of DnBP when applied
at 1,000 - 10,000 ppm (dry soil basis) was in excess of 26 weeks while at 200

ppm t}; is about 12 weeks (the latter is closer to actual land treatment loading
rates). For DNP the half life was less than 4 weeks for soil loadings of 5-50 ppm
(dry soil basis). '

Volatilization and abiotic loss rates for DnBP and DNP were also determined.

DnBP had less than 57 loss by these mechanisms while DNP losses were greater than
90%.

Phytotoxicity studies were conducted on corn, soybean and fescue seeds
freshly planted in the chemical-soil mixture. For toluene a significant germina-
tion effect was determined at 2000 ppm for corn and soybeans, while effects on
fresh top weight were not generally evidenced until 20,000 ppm. These effects
tended to disappear after three weeks as demonstrated by a second planting.,

DnBP affected soybean germination at 200 ppm but not corn (even at 20,000 ppm).
However at 200 ppm the fresh top weight of all three species was reduced below
controls, Again, these effects disappeared on second planting. DNP was the
most phytotoxic with germination effects appearing at 80 ppm for corn and 40 ppm
for soybean. Between 20 and 40 ppm DNP (dry soil basis) reduced the fresh top
weight of corn, soybean and fescue. There was some reduction in growth inhibi-
tion at second planting, and almost complete elimination of effects at a third
planting 16 weeks after initial loading. In general, foliar application at the
same areal rates produced less effects for these three organic priority pollu-
tants.

Disclaimer Statement

Contents of this publication do not necessarily reflect the views and
policies of the Office of Water Research and Technology, U. S. Department of
the Interior, nor does mention of trade names or commercial products con-
stitute their endorsement or recommendation for use by the U.S. Government.
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1.

CONCLUSTIONS

The research results reported herein anticipate the general trend to establish
the behavior of priority pollutants in waste management alternatives for
industry. In the municipal effluent and sludge land treatment areas these
research results are the early assessments of priority pollutant behavior.

There have been considerable research studies on aspects of the terrestrial
response to the addition of di-n-butyl phthalate (DnBP), toluene, and 2,4
dinitrophenol (DNP). These information are useful in land treatment design.
It would appear that a similar level of previous research may also be avail-
able for other organic priority pollutants.

Auxilliary utilization of the decomposition and vegetative response information
of this report are likely in

i. 1in situ spillor contaminated:site cleanup of organic priority
pollutants,

ii. multimedia impact of compounds on the terrestrial system.

Di-n-butyl phthalate is biologically decomposable in a soil system although
the rate is moderate to low. At realistic rates of application to land, DnBP
exerts little phytotoxic effect to freshly planted or already growing plants.

The decomposition loss rates for DNP are less clear. There is substantial
disappearance of DNP but abiotic pathways are probably very significant, at
least initially. DNP is also phytotoxic but whether these concentrations
are likely in a waste stream applied to land is unclear.

Toluene is moderately phytotoxic to corn, soybeans, and fescue at higher
rates of application. These effects disappear within three weeks.

Treatability was measured for three organic priority pollutants thus develop-
ing land application as nondischarge option for certain industrial wastes.
The presence of this option reduces the partial treatment and stream dis-
charge alternative thus impacting positively water resources.

The organic priority pollutant information from this research is a part of
a continual expansion of land treatment technology to greater variety of
wastes (as effluents or sludges).

RECOMMENDATIONS

Detailed literature reviews of all the organic priority pollutants should
be undertaken before further terrestrial response research is formulated.

Having defined the soil disappearance rates and the critical level at which
phytotoxicity occurs, uptake studies are the next logical step. At levels
below phytotoxicity experiments should be conducted to determine the amount
of DnBP, toluene, and DNP that enter the plant.

More specific organic compounds should be evaluated in regard to land
treatment design.
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~tons during 1970. In 1973, virtually all the Plastic produced in U.S

- CHAPTER 1 PHTHALIC ACID ESTERS
INTRODUCTION

Chemistry and Properties

that exhibit maximunm absorbance at 275 - 278 nm in the ultra—violet'region.
Phthalates are manufactured industrially by esterification of the requisite
alcohol with Phthalic anhydride in the presence of a catalyst such as sul-
furic acid, or p-toluene sulfonic acid, or non-catalytically at high tem~
perature., Phthalic anhydride itself ig made by oxidizing naphthalene in air
using vandium penta-oxide as a catalyst and is purified by distillation.

The chemical Structure of di-n-butyl phthalate is shown below:

-Various synonyms use

 DBP, n-butyl pPhthalate, benzene o~dicarboxylic acid,‘di—n-butyl ester, o-

benzene dicarboxylic acid and dibutyl ester. The molecular weight of DBP
is 278.3 g/gmole with a melting point - 35°¢ below freezing and a boiling

- Point of 340°C. Vapor proceons of di-n-butyl phthalate at 115°C is 0.1

um Hg (Patty, 1963), The solubility of di-n-butyl Phthalate in water at
25°C is 4,500 mg/1l (Peakall, 1975) and logarithm of octanol/water parti-
tion coefficient ig 74.42, Di~n-butyl phthalate is a clear, colorless
liquid like an o0il with specific gravity near that of water (sp. gr. 1.047).
The PAE as a ‘class are lipophilic, lyophobic colorleSS‘liquids of medium
viscosity and high boiling points.

World production of plasticizer phthalate esterg is nearly a million
tons per year. In the U.S., phthalate ester production was 0.65 x 106

Plasticized with PAEs. The plasticized plastics are used in many situations

‘such as home construction, furnishings, vinyl floor coverings, appliénces,

automobiles, textiles, water-proof boots and shoes,ffood‘containers,'food
wrappings, apparel, blood storage, and medical equipments. Fronm such useg
about 4.3 billion kg plastics are generated as waste annually in U.S.4A.

The PVC plastics contain 1 part PAEs for every 2 parts resins.. During-
1973, nearly 450 million kg PAEs were Produced. Of thig amount, 23 million
kg were used ag pesticide carrier, insect repellant, dyes, cosmetics, fra-

grances, munitions and lubrications. The remaining was used to'plasticize



PVC, polyvinyl acetate, polyvinylidene chloride, polystyrene, ethyl cellu-
lose, cellulose nitrate, cellulose acetate, cellulose acetate butyrate,
chlorinated rubber, high styrenebutadiene protein compound, shellac,
acrylic-type resins, polyamides, polyesters, epoxy alkyds, phenolic alkyds,
polyurethan, nitrite, neoprene-rubber and chlorethylene resins.

Occurrence

As the plastics and other waste products containing PAEs come in
contact with soil and water, the problem of plasticizer contamination and
pollution becomes a possibility particularly if stored in massive amounts
in a landfill. Di-n-butyl phthalate is widely distributed in the environ-
ment, appearing in some samples of well waters, drinking as well as irri-
gation waters, soils, plants, fish, animals, food, human tissue, and blood.

Shackelford and Keith (1976) reported that di-n-butyl phthalate may
be present below detection limits in ground water, well water, drinking
water and river water. In a recent survey of the Mississippi River Delta
and of the Gulf of Mexico (Giam et al. 1978) the concentrations of sediment
and water were 12 and 0.2 ppm, respectively.. Of this, only one-third to
one~half were di-n-butyl phthalate.

Overcash et al. (1981) extracted phthalates from Lakeland sand, Davidson
clay loam, and other soils in 80% ethanol and analysed by ultra-violet
spectrophotometry at 276 nm. The background levels for the broad class of
compounds absorbing at 276 nm were in the range of 1,200 to 1,400 ppm for

. the Davidson clay loam and Lakeland sand.

Bauman (1967) detected phthalate esters in the lipid extracts of soil
samples stored in -standard soil bags which may have contaminated the
sampled soil. Cifrulak (1969) discovered 800 ppm PAEs by weight in soil
which may have been contaminated by river sediments and sludge material.
Phthalate concentration in sediment and water far exceed that in biota or
air. Total PAE in the air over the Gulf of Mexico showed mean concentration
of 0.7 ng/m3. Phthalates have also been detected in the air sampies in ng
quantities near the incinerators in Hamilton, Ontario (Canada) where waste
plastics are burned.

The extent of PAE distribution and occurrence in natural soils in the
absence of or due to man's activity is not fully known. Phthalic acid and
dimethyl phthalic acids are known to be formed by Gibberella fujikuroi, but
the mechanism of their formation remains unstudied (Gross et al. 1963).
Dibutyl phthalates are also synthesized in nature by a soil bacterium strain
BD 34, capable' of utilizing 2-butyne-1, 4-diol as a carbon source but in-
apable of utilizing glucose. Thus the natural occurrence of di-n-butyl
phthalate .in .soils by microbial biosynthesis appears to be a possible
source (Miyoshi and Harada, 1970). ’

There is evidence that PAEs are biosynthesized and occur naturally
in plants and organisms (Autian, 1973; Peakall, 1975, and Mathur, 1974b).
Phthalic acid and its short chain alkyl esters occur in lipid extracts of



plant materials, microbes and tobacco smoke (Sugiyama et al. 1966).
Phthalic acid can be synthesized in rat liver and some bacteria can bio-
synthesize diesters of phthalic acid (Nair, 1971). Thus the occurrence of
PAEs found in biological and geochemical samples being of natural synthesis
cannot be ruled out.

There may have been some contribution of contamination prior to or
during sampling and analyses.. For example, lipid soluble phthalate esters
can migrate. from plastic packaging into foods. Feofanov et al. (1971)
estimated that 150 mg Zi-n-butyl phthalate moved into 1 kg cheese with 15%
fat content. Phthalate esters have also been identified in fat used in deep
fryers (Perkins 1967).

Rybin (1971) hypothesized that shock lung may be related to increasing
phthalate levels in blood due to use of plasticized PVC tubing and storage
bags for transfusions in surgical operations. This hypothesis has not been
confirmed as of today (1981). Phthalic acid is of low toxicity and is ex-
creted quantitatively. The toxic of phthalates depends largely on the
nature of alcohol. In di-n-butyl phthalate case, butyl alcohol is re-
leased on hydrolysis, which is readily metabolized in living organisms.

The 50% lethal dose, LDgg, of di-n-butyl phthalate for mice is 4 g/kg weight.
Esters with greatest solubility in water exhibit greatest toxicity. The higher .
the molecular weight of phthalate, lower the toxicity (Fishbein et al., 1972).
On human subjects, a single oral dose of 5 g diethyl hexyl phthalate (DEHP)

did not do any noticeable damage. At 10 g DEHP administration, DEHP caused
mild gastric ‘disturbances and some loose stools. There is no such data on
di-n-butyl phthalate. ‘

Thus phthalate acid esters have been recognized as micropollutants of
the natural ecosystem and have become ubiquitous because of large scale
manufacture and use in the environment. The steady build up of PAEs in the
environment-is of great concern to environmental scientists, engineers,
conservation groups, industries as well as government agencies. And there-
fore, the fate of PAEs in the natural environmental must be understood and
the investigations should be initiated under controlled environmental con-
ditions to find out the best management alternatives for waste containing
phthalate acid esters. The objective of this review is to compile avail~-
able information on the various fates of di-n-butyl phthalate and other PAEs
in the terrestrial environment.

BEHAVIOR IN SOILS
Soil Response to PAFs

PAEs are considered broadly present in nature and soil enviromment. In the
vicinity of a PAE manufacturing factory in Finland where wastes were dumped,
the soil level did not exceed 0.5 ppm diethylhexyl phthalate (DEHP)
‘(Persson et al., 1978). At this low level, soil arthropod population was
increased. The muscle and kidney of pike (Esox lucius) were free from con-
tamination but the pike's liver did accumulate PAEs. In higher animals the




direct admlnlstratlon of phthalate esters at very high levels, produced
evidence of growth inhibition of repllcatlng cells and manifestation of
teratogenic and mutagenic activity of these compounds (Dillingham and
Autian, 1973), Application of 200 ppm of di-n-butyl phthalate to a
Davidson clay loam and a Lakeland sand, resulted in a slight decrease in
total bacterial count per gram of soil. At 1,600 ppm application rate
after 90 days of contact, the number of bacteria were reduced from 5.3 x
105/g soil in control to 2.9 x lOS/g«soil in treated Davidson clay loam.
In Lakeland sand, effects of di-n-butyl phthalate treatment were more
pronounced than in Davidson clay loam.

Influence of PAE application at low levels (up to 2,000 ppm) on
s0il physical and chemical properties have not been evaluated, but are
projected to be minimal as far as soil fertility is considered. Higher
levels may Induce nutritional stresses by immobilization of nitrogen,
phosphorus and micrenutrients required to sustain a microbial population
utilizing PAEs as energy and carbon sources. Thus the effects of phtha-
late acid esters at high application rates would be similar to that of
hydrocarbons, organic acids and alcohols, oils, and aromatic compounds
" (Overcash and Pal, 1979). The C/N ratio of the soil waste mixture will be
widened and there would be immobilization of N, P, S, and other essential
nutrient elements required for rapid microbial proliferation. The microbes
that are sensitive to PAEs would probably not be as active as those utiliz-
ing PAEs as substrate. Realistically, soil levels of PAE high enough to
evidence C/N shifts and changes in physical properties probably would never
occur.

Biodegradation

There is considerable evidence that PAEs are biodegraded and meta-
bolized by enzymatic routes in higher animals, plants, and microbes.. Tarvin
and Bushwell (1934) reporeted for the first time that Rhodopseudomonas palus-
tris partially degraded phthalic acid. Stahl and Pessen (1953) used
Aspergillus versicolor QM 432 and Pseudomonas aeruginosa QMB 1408 to study
the breakdown of plasticizers. N-octyl, ethylhexyl, and methylheptyl
phthalates were studied as carbon sources for the organisms and it was
found that the 3 isomers of octyl ester supported no growth of A. versicolor
but supported the growth of P.aeruginosa. '

Klausmeir and Jones (1960) found that cultures of Fusarium 2 P3 were
capable of growing on dibutyl phthalate and other phthalate esters such as
dimethyl phthalate, diethyl phthalate, butyl isodecyl phthalate, and
isooctyl-isodecyl-phthalate. The mechanism of degradation was proposed as
de-esterification of one of the alcohol moeities on the diester, yielding
monoester phthalate with no further de-esterification of the second group.
The esterases in most biological systems are capable of hydrolysing most of

' the PAEs with exception of DEHP (diethyl hexyl phthalate), which degrades
very slowly under most conditions. Klausmeir and Jones (1960) hypothesized
that an extracellular esterase was involved which may have been very specific
for the diester substrate.
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Engelhardt et al. (1978) studied the microbial metabolism of various
dialkyl phthalates. Penicillium lilacinum, Nocardia, Arthrobacter,
Pseudomonas and Alcaligenes biodegraded di-n-butyl phthalate to mono-n-
~butyl phthalate, and the butanol moiety was utilized as a carbon source.
~ As outlined in Figure 1.1, it was thought that mono-n-butyl phthalate
degraded to phthalic acid, although it was never detected as an inter-
mediate (Engelhardt et al. 1975). They identified protocatechuic acid and
4,5-dihydroxy phthalic acid as intermediates which were metabolized further
to CO, and H,0. Similar pathway was conceived by Ribbons and Evans (1960)
for soil Pseudomonads. They expected that mixed populations of soil were
most effective in degrading PAEs. The hydrolysis of second alcohol moiety
was found as the rate limiting step in biodegradation. Various reports on
biodegradation of PAEs are summarized in Table 1.1.

Table 1.1. Reports on Biodegradation of PAEs. . T

Investigator“ ‘ l Summary on Biodegradation

Tarvin et al. (1934) Rhodopseudomonas palustris degraded phthalic
acid

Stahl et al. (1953) Pseudomonas aeruginosa QMB 1408 decomposed

n-octyl ester

Klausmeir et al. (1960) Fusarium 2p3 degraded di-n-butyl phthalate
and other esters of phthalic acid

Ribbons and Evans (1960) PAE degradation was more rapid with mixed
: population that with pure culture of
Pseudomonads. The rate limiting step in
biodegradation was the hydrolysis of second
alcohol moiety. Mechanism of phthalate de-
gradation was postulated.

Stanier et al. (1966) Pseudomonads utilized o-phthalic acid as
, €-source and terephthalic acid was also
degraded by the same organism.

Eggins et al. (1971) Utilization of 7 plasticizers by mesophilic
organisms and breakdown products of 2
plasticizers by thermophiles: were reported.

Mathur (1974a) " Degradation of PAE at 4 and 1Q°C was
marginal but at 22-25°C and 32°C was sub-.
stantial when di-n-butyl phthalate and
other PAEs were added to a loam soil at
0.3% rate of soil weight.




Table 1.1. (Continued)

Investigator

Summary on Biodegradation

Mills and Eggins (1974)

Engelhardt et al. (1975
and 1977)

Mathur and Rouatt (1975)

Engelhardt et al. (1976

and 1978)

Nagata et al. (1976)

Saeger and Tucker (1976) °

Harada and Koiwa (1977)

Thermophilic fungi decomposed dioctyl
phthalate and the growth of thermophilic

 organism was abundant on a mineral media

containing 17 dioctyl phthalate as carbon
and energy source.

Penicillium lilacinum and 3 bacteria
(identified later) were involved in de-~
gradation of di-n-butyl phthalate. The
intermediates and metabolites of bio-
degradation were also identified.

Serratia marcescens degrades DEHP up to
2.5% concentration in the media and can
decompose 95% of the PAE in 3 weeks.

Nocardia, Arthrobacter, Pseudomonas spec
5030, and Alcaligenes spec, DSM30128 bio-
degraded di-n-butyl phthalate via 4,5~
dihydroxy-phthalic acid, proto-catechuic
acid, and cis-cis-B-carboxymuconic acid.
Mechanism of degradation was identified.

Bacterial strain PB73 degraded 907 of
di-n-butyl phthalate in 60 hrs while
bacterial strain P032 degraded 80% of
dioctyl phthalate in 60 hrs from a medium
containing-1%Z PAE. These strains could
grow in a medium containing up to 20% of
PAE.

PAE plasticizers and metabolites rapidly

‘underwent ultimate degradation in differ-

ent mixed microbial systems at concentra-
tions ranging from 1 to 83 mg/l river
water or activated sludge.

Alcaligene P3 and P12, Cornynebacterium
P49, 1P4, 1Pt and Arthrobacter 1P3, TP2
attacked phthalic acid, terephthalic acid,
and isophthalic acid, and the products of
metabolism were 3-hydroxyphthalic and
protocatechuic acid. '



Table 1.1. (Continued)’

Investigator Summary on Biodegradation

Kurane et al. (1977a and b) Pseudomonas acidovorans 256-1 decomposed
‘ 0.5% of DEHP in media completely in 72 hours.
Most phthalate esters could be assimilated
regardless of the side chain length.
Branched alkyl phthalate was assimilated
better than n-alkyl phthalate.

Overcash et al. (1981) Mixed populations of microbes from Davidson
clay loam and Lakeland sand effectively
. biodecomposed di-n-~butyl phchalate, ranging
from 18 to 34% of the added amount at 1,000
‘to 10,000 ppm application rate over 3 months
period. At 200 and 800 ppm application
rates, the losses due to microbial decay.
were higher over the same incubation period.

Saeger and Tucker (1976) reported that PAEs were degraded in acclimated
activated sludge processes in which the phthalate ester was hydrolysed to
phthalic acid monester and an alcohol. Graham (1973) reported 917 degrada-
tion of DEHP and 99% degradation of butylbenzyl-phthalate in an activated
sludge process under controlled conditions at a continuous feeding rate of
5 mg/48 hours. Thom and Agg (1955) observed enhancement of phthalate bio-
degradation by biological sewage treatment with suitable acclimatization.
Experiments by Monsanto indicated bidédegradabilities of 917% for DEHP and
99% for butyl benzyl phthalate compared to 99+7% for linear alkyl benzene
sulfonate in a semicontinuous activated sludge unit.

Saeger and Tucker (1976) concluded that phthalate esters and subsequent
metabolites undergo ultimate degradation in mixed microbial systems of
sludges and river water/sediments at concentrations ranging from 1 to 83

~mg/l. Mathur et al. (1974a) found that four phthalate esters biodegraded in

soil and suggested the mechanisms to be some form of hydrolysis by specific
esterases. Degradation rates decreased at lower temperature. Johnson and
Lulves (1975) in a laboratory study found that 14%C-carbonyl labeled di-n-.
butyl phthalate degraded in freshwater hydrosoil with a half 1life of 1 day
under aerobic conditions. The rate of degradation was much lower under
anaerobic conditions. The first degradation step was also found to be
enzymatic hydrolysis to a phthalic acid monoester and an alcohol. Subsequent
oxidative decarboxylation of the exposed COOH group may result in 1,2~
dihydroxybenzene as a final stable product.




Aftring et al. (1977) found anaerobic decay of phthalic acids in the
presence of nitrates and.denitrifying population. The degradation product
was benzoic acid. Comparison of the decomposition rate to that under aerobic
conditions was not made.

Other reports dealing with biodeterioration of plasticizers by soil
organisms relate to World War II, when plastics were exposed to tropical
and subtropical climates. The plastics became brittle because of the loss
of plasticizer by microbial decay. Then efforts were directed at developing
more persistent plasticizers which could economically be included into formu-
lations to keep plastics flexible and unbrittle for longer time periods. In
1968, Booth and Robb buried PVC films in soil inoculated with Pseudomonas and
Brevibacterium. The extent of plasticizer decay was different for each
stabilizer used in the PVC formulation. 1In the same year, Decoste '(1968) re-
ported the loss of plasticizers from a vinyl chloride plastic buried in soils
of Georgia and New Mexico for 4 years. Wendt et al. (1970) buried plastic in
soil and found a 167 loss in weight of PVC film which he attributed to bio-
logical decay of PAEs that were lost during 2 weeks of contact at 30°C.
Eggins et al. (1971) tested biodegradation of synthetic polymers at 48°C by
soll organisms and found that thermophilic fungi did attack certain plasti-
cizers .but not all. Overcash et al. (1981) found that di-n-butyl phthalate
is lost from soils when applied at rates ranging from 200 to 10,000 ppm of
soil weight. The loss rates ranged from 19 to 347 of added amount over a 12
week period for applications above 1,000 ppm in the soil. At 200 and 800 ppm
applications the losses were of the order of 53 to 57% of the applied amount
(Table 1.2). )

Table 1.2, Rates of di-n-butyl phthalates loss from amended Davidson clay

loam.
Phthalate Application Rate - - % of Added Amount Lost Over 12 Weeks
(ppm of soil wt) : (+ 0.5%)
200 55%
800 ' _ 16%
1,000 | 34%
1,600 | 30%
2,000 26
4,000 ' 19
6,000 19
10,000. 23

Glassware was utilized in the experiment with no contact of plastics.



A variety of organisms take up and accumulate phthalate esters,

Table 1.3. Phthalate assimilating microbial genera
in the environment. Some of the soil species that can utilize PAEs have

occur abundantly -

not been characterizeéd and the list is indeed longer than presented in

Table 1.3. A variety of bacterial, fungal and actinomycete  strains have

been shown to possess the agbility to take up and accumulate phthalate
esters. Mixed micropopulations can degrade PAEs more rapidly than pure
cultures. Degradation is slower under anaerobic conditions than aerobic

conditions. A variety of multicellular organisms have demonstrated ability
to. biodegrade di-n-butyl phthalates.

In summary, biotransformations and

biodegradation are important fate processes for phthalate esters as a group,
which are degraded under most conditions.

Table‘l.3. Microbial Genera

“and Water.

Decomposing Phthalate Acid Esters in Soil

Bacteria Fungi Actinomycetes
Rhodopseudomonas Fusarium Nocardia
Pseudomonads . Penicillium
Arthrobacter Aspergillus
Alcaligenes Cephalosporium
Serratia Mucce
Bacilli Torula
Corynebacterium Sporotrichum
Unknown and unidentified Thermoascus
strains of mixed soil
population Malbranchaea
Chaetomium
Humicola
‘Thermoascus
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Chemical Conversions, Photolysis, and Volatilization

The hydrolysis of phthalate acid esters is accomplished by both acids
‘and bases (Thanassi and Bruice 1966). Radhakrishnamurti and Patro (1971)
calculated the second order rate constant for alkaline hydrolysis of di-
methyl phthalate at 30°C in 50% aqueous dimethyl sulfoxide. From this rate
constant, 0.14 liter/mole/sec., the half-life of PAEs was estimated to be 1.6
years. In the soil-plant system, acid or alkaline hydrolysis of PAEs are
not likely to be significant unless the land application area is a seriously
acid or alkali-affected soil.

The PAEs do not undergo photolytic decomposition. Indirect photolysis
involving interaction of -OH . radical with aromatic ring may proceed in
natural water at a very slow rate which i1s envirommentally insignificant
(Dorfman and Adams, 1973).

No. information was found in reviewed literature to suggest PAE volatiliza-
tion as a major transport process in soil-plant ecosystem. Di-n-butyl phtha-
late in the terrestrial as well as aquatic environments are virtually non-
volatile at usual temperatures. There is some evidence that PAEs are slightly
volatilized from plastics into air -at higher temperatures (Thomas 1973 and
Marx 1972). Phthalate esters were found in the air and coated on the windows
of automobiles in hot climate due to volatilization from vinyl furnishings
(Autian 1973 and Mathur 1974a). Thus in extremely hot conditions the PAEs
'may escape as vapors.

Vapor pressure for PAEs at 25°C are extremely low, contributing much to
their general stability in plastics, the vapor pressure of di-n-butyl phtha-
late is approximately 0.1 torr at 115°C (Patty, 1963). Data on activity co-
efficients of PAE in water or aqueous phase are lacking (Mackay and Wolkoff,
1973). Volatilization of PAEs from sorbed state is much less than in free
(unsorbed) state. .

Since di-n-butyl phthalate (DNBP) is readily sorbed on particulates,
volatilization is not considered a:likely transport process for DNBP in
natural environment. Furthermore, the solubility of DBP in water is fairly
high (4,500 ppm), and as a consequence the volatility of DBP from aquatic and
soil-water systems is further decreased. Under sterilized soil conditions, O
Overcash et al. (1981) found no volatilization of di-n-butyl phthalate from
Davidson clay loam and Lakeland sand amended with 2,000 ppm rate. After 3
months of treatment, all of the added DBP was extracted from the spiked soil
samples. . This observation confirms the results of Saeger and Tucker (1976)
where they found no significant loss due to volatilization in an experiment
with two phthalate acid esters in an activated sludge plant.

Thus phthalate volatilization from soil-plant system is not viewed as
a competitive or important process for either dispersive loss or transport/
migration in the overall recycle of synthetic organics. Under natural con-
ditions, the volatile losses would be less than 0.5% of the total PAE in the
system.
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Adsorption, Leaching, and Runoff

Sorption of phthalate acid esters to particulates and complexation
with humic ‘substances are probably the most important mechanisms for bind-
ing of phthalate esters—in soils. Since the PAEs are nonionic the binding
involves solvation, attraction to soil colloids, or ligand exchange are
the probable mechanisms for sorption.

Phthalate esters interact readily with fulvic acid present in soils
and water. The interaction forms a fulvic acid-phthalate ester complex
which d4s. almost completely.soluble: in water and thus mobilizes and trans-
ports phthalate esters (Ogner and Schnitzer, 1970). As the soil pH in-
creases from 2.5 to 7.0, the phthalate ester complexation with soil humic
material decreases by 25% (Matsuda and Schnitzer, 1971). It is estimated
that one normal average molecular weight fulvic acid solubilized one mole
of di-n-hutyl phthalate. 1In 24 hours, 125 mg fulvic acid solubilized about
35 mg di~butyl phthalate from a mixture.

Runoff data for phthalate acid esters have not been reported. The low
level of PAEs in soil and the competing mechanisms of decomposition may
realistically limit any nonpoint source pollutional impact. Should it be
necessary to predict the rainfall runoff transport of PAE's the basic model
formulations are available (Donigian 1977, Overcash 1982). One would use
the pesticide transport model with inputs relating to the soil level,
adsorption/solution coefficient, and water solubility.

PLANT EFFECTS
Phytotoxicity

Foliar application of di-n-butyl phthalate at 0, 1, 10, 100, and
1,000 kg/ha rates to soybean revealed that 100 kg/ha rate was, phytotoxic.
Typical bleaching symptoms were apparently similar to zinc deficiency
symptoms in plants.

Effects of soil applied di-n-butyl phthalate on corn, soybean, and
fescue revealed that phthalate application above critical levels produced
bleaching of older leaves.in every crop and soil type. The characteris-
tic white or bleached leaf symptom in phthalate-affected plants seems to
disappear with growth and time, as phthalate loss from soil ensues. The
bleaching effect could not be corrected by supplemental zinc applications
(Shea, 1981) to soils. Adverse phthalate effects on all crops tested
were visible at soil concentrations greater than 2,000 ppm. At 20,000
ppm rate, the toxicity symptoms persisted longer than 10 weeks.

At 200 and 2,000 ppm application rate of di-n-butyl phthalate, the
growth of corn, soybean, and fescue were increased when planted as a
second crop after 5 weeks of phthalate treatment. The critical phyto-
toxic level of di-n-butyl phthalate in Lakeland sand is 200 ppm of soil
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weight and in Davidson clay loam is 2,000 ppm for corn and soybean. Above
these soil incorporation levels, phytotoxicity symptoms of di-n-butyl
phthalate become apparent. The germination of soybean and corn remained
unaffected even at 20,000 ppm rate but the growth was affected at 2,000
ppm rate of soil weight. Similar:observations were made for fescue.

Plant uptake and biocaccumulation

The evidence of phthalate uptake by terrestrial plants was judged to
be negative by Versar, Inc. (1979). Although PAEs have been identified in
certain living organisms, there is dilemma on whether these are bioaccumulat-
ed from the external environment or synthesized by the organism itself. Re-
cent studies of plants from soils with high rates of DNBP have shown some
phthalate ester uptake (Shea 1981).

In aquatic systems, Metcalf et al. (1973) reported that phthalate
esters were bilomagnified by a variety of aquatic plants but the degree of
bioaccumulation was less than organochlorine insecticides.
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Chapter 2. 2y 4-DINITROPHENOL

INTRODUCTION
Chemistry and Prbperties

2,4-dinitrophenol (DNP) is a phenol with NOj, substitutions at the C-2
and C-4.positions on the aromatic ring. Preparation of 2,4 DNP is by :
alkaline hydrolysis of 2,4-dinitro-l-chlorobenzene, which in turn is pre- ' “
pared from the nitration of monochlorobenzene (Hartford, 1973). Alternate

.routes of preparation are by nitration of benzene with NO; and mercurous
nitrate, and by the oxidation of m~dinitrobenzene. Pure DNP is a solid of
yellowish to yellow orthorhombic crystals, with a molecular weight of 184.11,
a density of 1.683 g/ml, and a melting point of 112 to 114°C (Anon, 1976).
The compound is sparingly soluble in cold water, but solubility increases
‘with temperature, 6.0 g/l at 25°C (Morrison and Boyd 1973). DNP is quite
soluble in most organic solvents and essentially non-volatile. The com~
pound is moderately acidic, with a pK, of 4.09 (Pearce and Simplins,
1968). The structure and ionization of DNP is given in Figure 2:1. At pH
2.6, DNP is colorless, but becomes yellow at pH 4.4, and hence has been
used as an indicator species (Anon, 1976). DNP can also be used as a
reagent to detect KT and NHy' ions.

Nitro groups are electrophilic, and the election~withdrawing effect
of one NO, group on the ring enhances the reactivity of the oxygen on the
other NO, group. This is important, since biodegradation of nitroaromatic
compounds has been found to involve the conversion of NOp groups to OH .
groups (Alexander and Luitigman, 1966; McCormick et al., 1976; Woodcock,
1978),

Alexander and Lustigman (1966) proposed three possible processes in
the transformation of DNP: (1) reduction of the nitro group, (2) hydroxy-
lation of the aromatic ring, and (3) displacement of the nitro groups by
hydroxyl groups. The positions.of: the nitro groups are important in
determining the reducibility of DNP. Ortho-substituted NO, is generally
considered to be more readily reduced than p-NO, in nitrophenols
(McCormick.et al., 1976), but para orientation of the hydroxyl and nitro
groups may be more important in microbial degradation of DNP (Gundersen
and Jensen, 1956). In any case, nitro groups of DNP (as well as in dini-
troaniline) are generally more slowly reduced than those of dinitrobenzoic
acid and dinitrotoluene (McCormick.et al., 1976). Nitrophenols are also
subjeet to oxidation through.nucleophilic attack by hydroxyl radicals at
the C-2 and C-4 ring positions, which may result in the formation of
benzosemiquinones (Suarez et al., 1970).

Spectrochemically, CNP absorbs light at 360 nm (at neutral pH) and
this characteristic can be used as an analytical tool. The position of
the peak of maximum absorption is pH-dependent, though rather stable be=.
tween pH 6.0 and 12.0 (Stenlid, 1949; Rao, 1969). For illustration, the
spectra showing maximum absorbance peaks for DNP at pH 1.5 and 8.5 are
given in Figure 2.2.
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Fig. 2.1. Structure and ionization of 2,4-dinitrophenol.
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There are two dangers. inherent in the use of nitrophenols: (1) they
may cause explosions, and (2) the free compounds are highly corrosive
(van Groenou, et al., 1951). Thus they are often combined with other
compounds, particularly metallic salts, when used in industry.

Occurrence

Phenolic compounds have a widespread distribution in nature, since
they occur both naturally and also originate from industrial sources
(Glass .and Bchm, 1971; Reed, 1972; Leithe, 1973; Miller, 1977, Weber,
1978; Weber and Sheets, 1978; Overcash and Pal, 1979). Sources of
industrial waste effluents include mines, foundries, metal and petroleum
plants (Leithe, 1977). Nitrophenol may enter the environment as a de-
gradation product of other compounds, such as in the formation of p-
nitrophenol from parathion (Sethunanthan, 1973; Barik and Sethunanthan,
1978). :

Nitrated phenols have. been used in the preservation of wood since the
end of the 19th century (van Groenou et al., 1951), usually in combination
with metallic salts such as NaF or ZnF,, NaCl, or K,CrO,. For example,
FCAP type B (fluor-chrome-arsenate phenol) is a waterborne preservative
(orginally manufactured in a form known as Tanolith) containing 20% F, 37%
Cr®F, 25% As, and 16% DNP (Hartford, 1973).

Davies (1967) reported the average phenol concentration in wastewater
from 16 petroleum refineries was 135 ppm, but was reduced to an average of
7.8 ppm by wastewater treatment. In studying secondary waste treatment
systems, Miller (1977) found the average concentration of released phenolic
compounds represented a reduction from 65 to 99 percent. Reed (1972),
using a typical effluent analysis of 0.3 mg/l phenolics, calculated that
6.2 1b/A . would be applied to land receiving 2 inches per week over a 40
week period.

Low concentrations of DNP may actually be beneficial to waste water
treatment systems. Shah et al. (1975) reported stimulation of glucose
consumption when DNP was added to the system (Figure 2.3). Maximum con-
sumption occurred at-5 x 1076 M BDNP (~0.92 mg/l) at which concentration
the system was 85 percent more efficient than that receiving no DNP.
Material balance curves indicated that the excess glucose consumed was
aerobically degraded by the microbes to COp and H,0. At higher DNP con-
centrations, glucose consumption decreased, then fell to almost zero as
toxic levels were reached. The effects of DNP on glucose consumption
were attributed to increased respiration and the uncoupling of oxidative
phosphorylation (see later section)-

The reactions and fate of dinitrophenols (as with all organics) in
the enviromment are dependent on the chemical properties of both the
sludge components and soil constituents receiving them (Weber, 1978; Weber
and Sheets, 1978). Chemical properties of the components include mole-
cular structure, vapor structure, ionizability, polarizability, and water
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solubility. Soil properties include percent sand, silt, clay and organic
matter,. cation exchange capacity base saturation, pH, bulk density, and
moisture levels. All of these factors will determine the degradation and
transfer processes which will sccur to land-applied phenols.

Toxicity

Although this review concerns itself primarily with the effects of
DNP in. soil-plant systems, a few remzrks on toxicology are helpful in
generating an overall understanding of the nature of this compound .

DNP is a highly toxic substance, with an LD5g (lethal dose resulting-
in 507% kill) in rats of 30 mg/kg (mammalian LDsy's reported in the litera-
ture generally range from 30 to 50 mg/kg of body weight, Simon 1953).

DNP is readily absorbed through the skin, and vapors can be absorbed
through the respiratory tract. It causes an increase in metabolism, bady
- temperature, and profuse perspiration, which is usually followed by colla
collapse and death. DNp may cause dermatitis, cataracts, weight loss,
franulocytopenia, polyneurcpathy, snd exfoliative dermatitis (Anon, 1976).
DNP poisoning can alsc result in the marked disappearance of glycogen
from the liver and muscles (Simon, 1953). P

BEHAVIOR IN SOILS
Biodegradation

Miller (1977) classified phenclics as "slowly degradable", although
DNP can be rather persistent in both socil and aquatic systems. Decom~
position has been demonstrated by certain strains of bacteria (Simpson
and Evans, 1953; Gundersen and Jensen, 1956; Germanier and Wuhrman, 1963;
Alexander and Lustigman, 1966; Jensen and Lautrup-Larsen, 1967;
Sethunathan, 1973) and by a‘fungusm(Mﬂdho&ingh,v196l) (Table 2.1). The
compound 2,4 1BP is bactericidal at high rates and low PH, and thus
these factors play the major role in determining both toxicity and
metabolism in soils.

Hydroxyl and carboxyl groups. are generally more amenable to micro-
bial attack than nitro substituents, This was demonstrated by Alexander
and Lustigman (1966) with the use of spectrophotometric techniques. They
found no significant ring cleavage in 5 pg/ml nitrobenzene after 64 days,
yet only one day was required for cleavage of phenol at a concentration
fo 25 ug/ml, O-nitrophenol was found to be more resistant to degradation
than either para or m-nitrophenol.

The position of the nitro group appears to be important in deter-
mining NO, reduction (McCormick et al., 1976). The reduction of No,
groups in dinitrophencls is slower than in dinitrobenzoic acid or in
dinitrotoluene. These authors. observed that ortho-NOy groups were more
readily reduced than‘parafgnaups.in nitrophenols. - Yet Gundersen and
Jensen (1956) hypothesized that the decomposition of DNP requires para

19



0c

Table 2.1. Micro—drganiéms»repafted_to degrade

metabolites removed.

2,4—dinitrophenols and nitrophenols and

Major

gl

Organism Chemlcél: Optimum.pH Metabolite (s) References
Pseudomonas Spp. o-nitrophenol 7.0.- 7.5 catechol, nitrite Simpson and Evans,
Pseudomonas spp. p-nitrophenol 7.5 - 8.0 quinol, nitrite 1953
Corynebaéterium 2,4~dinitro phenol 7.3 - 8.5 nitrite Gundelson and
simplex . .Jensen, 1956

Fusarium exysporum 2,4—dinitrophénol 7.2 4-amino—2- Médhosingh 1961

nitro phenol

2<-amino-4-

nitro phenol
Nocardia alba 2,4-dinitrophenol nitrite Germainier and

Wuhrmann, 1963
"pgseudomonads" p—nitrophénoi 7.0 nitrite Jensen and Lautrop-
"Arthrobacter-like" 2,4-dinitrophenol Larsen, 1969
Bacillus sp. p-nitrophenol 5.5 (soil Sethunathan, 1973
) s solsie)

Pseudomonas sp. p-nitrophenol nitrite Barik and

Sethunathan, 1978




2,4~ dlnltrophenol
QH

o Ny | o
[::::ro : NO,
-«-— » —
SoNop

S,

OH OH ' , OH
—
N0, o NHOH
2= hydfoxjamlno- 2~-amino- 4—am1no- 4 hydroxyamlno-
‘,4-n1trophenol 4-n1tr0phen01 2-nitrophenol" 2-n1tr0phenol

“vFig;Z}é Suggested degradation pathway for 2 4-din1trophenol (Woodcock, 1978)
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orientation of the OH and NO, groups, such as in metabolism by
Corynebacterium simplex, in which nitrite is released. Thus, McCormick
et al. (1976) summarized two possible modes of attack by microorganisms
on nitrophenols: (1) reduction of the nitro groups to amino groups,
followed by oxidative deamination with the release of ammonia, or (2)
the release of a nitro group as nitrite,.

The first mode appears to be the most significant in the metabolism
of mono-substituted aromatic nitro compounds, including nitrobenzene and
nitrophenol (Jensen anid Lautrup-Larsen, 1967). However, this may also be
occurring in the metabolism of 2,4 DNP by the fungus Fusarium oxysporum.
Madhosingh (1961) observed that this organism was capable of facilitating
the infestation and spread of the wood-decaying fungus Coprinus micaceus,
by reducing the toxicity of the wood preservative DNP. Both organisms are
found in association in decaying fence posts, but Coprinus is far more
susceptible to DNP. In DNP-treated media (buffered at pH 7.2), 86 percent
of 32.6 1 moles/100 ml was degraded to 2-amino-4-nitrophenol and 4-amino-
2-nitrophenol, plus an unknown (perhaps a metabolite of one of the former),
during the first 30 days of incubation. The metabolism rate was greatest
during the first 20 days. The optimum pH for the process was 7.1, and a
decrease in metabolism occurred under either more acid or alkaline condi- -
tions,. but especially at lower pH. As the pH was lowered, the 4-amino isomer
dominated; under more alkaline conditions the 2-amino isomer was the major
product. Woodcock (1978), in reviewing the microbial decomposition of DNP,
diagramed these pathways based on reduction observed by Madhosingh, and
including nitroso intermediates postulated by Yamashima et al. (1954) (Figure
2.4).

Decomposition of nitrophenols and dinitrophenols, with subsequent re-
lease of nitrite, has been more freéquently reported in the literature. Two
species of Pseudomonas isolated from filter beds of a biological detoxication
plant were demonstrated to.decompose o- and p-nitrophenol (Simpson and Evans
1953). This activity was pH dependent, and maximal growth occurred between
pH 7.0 and 7.5 and between pH 7.5 and 8.0 for the o- and p-nitrophenol decom-
posers, respectively. Metabolism resulted in the production of catechol,
which could then be further metabolized by previously described pathways
(Gibson, 1968). Simpson and Evans (1953) also isolated an unidentified
organism from a soil which could similarly metabolize DNP. Douros and Reed
(1956) found that Pseudomonas aeruginosa and Pseudomonas putida produced
reasonable growth on mineral salt media containing DNP as the sole carbon
source. :

Gundersen and Jensen (1956) demonstrated decomposition of DNP by
Corynbacterium simplex, with the subsequent release of nitrite (Figure 2.5).
This decomposition was pH-dependent: For media DNP concentrations of 0.0l
to 0.1 percent, decomposition occurred only between pH 7.3 to 8.5 (Figure
2.6). Little activity occurred at pH less than 7.0. DNP became phytotoxic
at either higher concentrations (0.5% in their study) or at lowered pH.
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Fig. 2.5 Decomposition of 2,4-dinitrophenql (DNP) by Corynebacterium

simplex and the release of nitrite (Gundersen and Jensen, 1956).
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“"Fig.'2.6 ‘Decomposition of 2,4-dinitrophenol (measured by'nitrife production)

by Corynebacterium simplex as a function of the pH of the medla
(Gundersen and Jensen, 1956) .
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Nitrite release was also observed in the metabolism of DNP by strains
of Nocardia alba (Germanier and Wuhrman, 1963). They found that the organism
assimilated 35 percent of the DNP-nitrogen, and 64 percent of the nitrogen was
detectable. in the nutrient media as nitrite. Although the authors speculated

‘  that such oxidative cleavage of the nitro groups would lead to the formation

of oxydihydroquinone, this compound was not found in the medium. Thus they
 hypothesized cleavage of the C-2 nitro group, followed by ring fission and
subsequent cleavage of the nitro group at C-4, as previously shown for
chlorophenoxyacetic acid (Evans and Smith, 1954). Yet this mode should pro-
duce an intermediate 4-nitro compound, and this was not detected in the media.
.8imilar findings were reported by Jensen and Lauthrup-Larsen (1967), who
attempted to explain the production of nitrite as occurring by necessity:

' since the metabolism would require a very appreciable part of the substrate
carbon for protein synthesis, there would be hardly any H-donor remaining for
the reduction of surplus nitrogen from the dinitro compounds to ammonia. Thus
the production or release of nitrite would, in effect, be an energy-saving
device.

Dinitro~-o-cresol (DNOC), DNP, and picric acid (2,4,6-trinitrophenol) were
attacked by Arthrobacter species and formed nitrite in the basal agar medium
at 2 x 107" M DNP (Jensen and Lautriup-Larsen, 1967). In the decomposition of
DNOC by Pseudomonas, nitrite production decreased with pHibelow 8.3. At pH
7.0, a steep decline occurred, and only slight activity was observed at pH
6.4. Traces of nitrite were found at pH 5.9 to 6.0, and no nitrite was
measured at pH 4.0 to 4.4, or above pH 8.0 to 8.4. Assimilation of DNP was
similar, but much reduced, with only one-third of the DNP-N being released
as nitrite. This was taken to indicate that DNP was less available than DNOC.
These authors theorize that the increased inhibitory effects of DNP at lower
pH are due to the greater permeability of the cytoplasmic membrane to the
undissociated molecules, the concentrations of which are determined by pH.

But since Pseudomonas was observed to be still active at pH 4.4, they believe
it must have NOp-liberating enzymes with properties different from those of
other decomposing organisms, or it may possess a more efficient mechanism for
the regulation of intracellular pH. )

Gibson (1968) maintains that the secondary metabolism of the benzene
ring of phenols is dependent on dihydroxylation, in which OH groups become
oriented ortho or . para to.each other (catechol or hydroquinone, respectively,
and possibly derivatives). Varga and Neujahr (1970) observed thirteen strains
of microorganisms (6 bacteria, 3 yeasts, and 4 mycelial fungi) that could
grow on phenol and produced catechol.as a degradation product. Subsequent
degradation of catechol or hydroquinone could then follow (Gibson, 1968).

There is also the possibility for cometabolism (simultaneous metabolism
of two compounds both not necessarily utilized directly by the organism, as
demonstrated for p-nitrophenol by an isolate of a Flavobacterium species or
a Flavobacterium-like species of bacteria (Raymond and Alexander, 1971).
4-nitrocatechol was found as a degradation product.

Nitrophenols may enter the environment as degradation products of
other compounds. -In an initial study, Sethunathan (1973) showed that hydro-
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lysis of the organophosphate insecticide, parathion, in flooded soils
resulted in the formation of .p-nitrophenol, which was then decomposed by

a bacterium believed to.be a species of Bacillus. P-nitrophenol (20

ppm) was degraded by 75 percent in 24 hours, and 100 percent after 48

hours in inoculated mineral growth medium. In a later study, Barik and
Sethunathan (1978) found that a Pseudomonas sp., isolated from a parathion-
amended alluvial soil (pH 6.2), was capable of readily hydrolyzing para-
thion to p-nitrophenol, and then degraded the latter with the production

of nitrite. A Flavobacterium species was also isolated which could com-
pletely hydrolyze 40 ug parathion in mineral salts medium (pH 7.1) in 72
hours and produce 18.6 ug of p-nitrophenol. These authors found no de-
gradation of DNP in a mineral salts medium containing 15 mg/l DNP and
inoculated with parathion-enrichment cultures from either an alluvial soil
(pH 6.2) or an acid sulfate saline soil (pH 4.2), even after 12 days of
incubation. When 50 ppm DNP was added to these same soils under flooded
conditions, degradation did occur over the same time period and nitrite
was recovered from the alluvial soil inoculated with parathion-enrichment
cultures from that soil (Table 2.2). DNP degradation on the acid soil .
where no nitrite was. produced, may be partially due to increased fungi popu-
lations at lower pH.

~ Table 2.2, Metabolism of DNP in flooded alluvial and acid sulfate soils
inoculated with parathion-enrichment cultures from respective
soils (Barik and Sethunathan, 1978).

Inéubation after Alluvial Soil Acid Sulfate Soil

Inoculation Inoculated Uninoculated Inoculated Uninoculated
—————————————————— ug recovered/20 g soil-=——————m————————=

0 hours ° 4501 (0)2 468 (0) 428 (0) 441 (0)

72 hours 315 (0) 323 (0) 180 (0) 208 (0)

7 days 80 (40) 240 (0) 0 (0) 105 (0)

10 days S0 @01y . .120 (0) 0 (0) 0 (0)

IDNP recovered.

2Nitrite recovered.

The studies of decomposition of 2,4 DNP and related compounds haveAbeen
almost exclusive incubated media investigations using microorganisms: common
to soils. Thus one concludes that since decomposition occurs there. is
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