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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
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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
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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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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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a strong probability that microbial breakdown would also occur in soils
receiving 2,4 DNP. However the rate of decomposition may be lower be-
cause of less than optimum laboratory conditions and because of competing
adsorption phenomena.

Chemical Conversions, Volatilization, and Photolysis

P-nitrophenol, at a concentration. of 200 mg/l, has been shown to be
degraded in aqueous solution within 1 to 2 months when exposed to sunlight,
resulting in the production of hydroquinone, 4-nitrocatechol, and a dark
inextractable polymer (Nazkagawa and Crosby, 1974). No specific information
was located for 2,4 DNP, but an analogous photochemical hydrolysis would
produce 4-nitrocatechol, 2-nitrohydroquinone, and 3,5-dinitrocatechol (U.S.
EPA, 1979). Coffman and Woodbridge (1974) showed that a dose of one million
rad of gamma radiation would result in nearly complete destruction of the
structure of phenol at 10 mg/l. They presumed this occurred through oxida-
tive radiolysis in the presence of water. Massini and Voorn (1967) reported
the reduction of DNP to 2-amino-4-nitrophenol in the presence of light,
ascorbate, and chlorophyll a. Photoreduction was observed to be stimulated
by.ferrous ions, which likely act as reductants in the reaction. These
reactions are understandable, since aromatic nitro groups are generally re-
duced photochemically in the presence of suitable - H-donors. - :

The log of the octanol/water partition coefficient of DNP (=1.53) indi=
cates  a slight potential for adscrption by suspended aquatic organic matter,
which may in turn alsc serve as a reducing agency in photoreduction
(Morrison, 1969).

The vapor pressure of 4-nitrophenol at elevated temperatures (146°C)
isionly 2.2 torr. As a more highly substituted nitrophenol, the wvapor pres-
- sure of 2,4-dinitrophenol-under ambient conditions would be expected to be
- less, and as a result, volatilization is a highly unlikely transport pro-
cess. In addition, the high solubility of 2,4~dinitrophenol in water
(5,600 mg/1 at 18°C) and its presence in solution primarily as an anion
strongly favor a partitioning tendency toward water rather than air. It
is reported that 4-nitrophenol does not even volatilize from boiling water
(Morrison and Boyd 1973) and 2,4-dinitrophenol would be expected to behave
similarly.

Adéorption

; Although few literature reports on the soil behavior of 2,4 DNP could
be located, research has been reported for other phenolics, including
phenol, monosubstituted nitrophenols, phenolir acids, and phenolic herbi-
cides. Some of this work is discussed briefly in the following section.

" Cowan and White (1962), using differeﬁtial thermal analysis and

"electron density measurements, studied the adsorption of phenol on ammonium
.saturated bentonite (decylammonium and dodecylammonium bentonite). Adsorp-
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tion was greatest on dodecylammonium bentonite. The authors suggested
that adsorption was occurring at hydrophilic sites through electrostatic
and hydrogen bonding, while adsorption at nonpolar sites would be by van
der Waals bonding with the adsorbate. The greater adsorption on the
dodecylammonium bentonite was attributed to the greater exposure 6f clay
surfaces (43.57%) as a result of the increased spacing between clay layers
(8% as compared to 44 in decylammonium bentonite). Adsorption was -
hypothesized to be determined by (1) the balance between hydrophilic and
nonpolar .sites and properties of the clay, and (2) the possession of a

. localized center of high electron . density (polar portion) and a nonpolar
portion in the phenocl molecule.

Harris and Warren (1962) studied the adsorption and desorption of
‘several herbicides.by soil and exchange resins, including 4,6-dinitro-
sec-butylphenol (DNBP). All of the DNBP was adsorbed by the anion ex-
changer (Amberlite IRA-400) at pH 5.4 over a concentration range from 10
to 30 x 107> M in 27 ml aqueous solution. No adsorption was observed on
Mississippi bentonite (predominately Ca-montmorillonite) at pH 8.4, yet at
PH 2.3, nearly all of the herbicide was adsorbed. Adsorption was also
greater .at 0°C than at 50°C. This temperature difference was explained
by the fact that adsorption processes are exothermic, and reduced adsorption
would be expected at higher temperatures.

Using infrared adsorption techniques, Saltzman and Yariv (1975) found
that complexes.of p-nitrophenol and montmorillonite were more than those be-
tween the clay. and phenol. While phenol desorbed almost completely when
saturated films were left for 1 week at 40 percent relative humidity, al-
most completely when saturated films were left for 1 week at 40 percent
relative humidity, almost no p~nitrophenol was desorbed under the same con-
ditions. When the complexes. were heated under a vacuum, none of the nitro~
phenol, but most of the phenol, was lost. A nitro group attached to an
aromatic ring almost always acts like a base, and the infrared analysis
suggested the formation of the structures illustrated in Figure 2.7, in
the association of p-nitrophenol with the clay. Configurations I and II
show binding. is likely to .occur through the phenolic (OH) group. Interaction
I appears to occur in hydrated Al, K and Na - saturated montmorillonite,
while II would occur under dehydrated conditions. The possible configura-
tions due to bonding with the nitro group are represented by structures III-
V. Under hydrated conditions, infrared analysis indicates configuration III
predominates regardless of substrated cations. Under dehydrated configura-
tions II would occur between p-nitrophenol and the clay when Na, K, or Al
are present and configuration V would be most likely when Ca and Mg dominate
the exchange sites.

The stability of the association may be due to the reduced accessibility
of the electron pair of the 0 atom to an H+, and the basicity of the phenol
group may be insufficient to break hydrogen bonding to a hydrated Kt clay
sheet. When montmorillonite was heated under a vacuum at 200°C, water was
lost, and direct interaction between the basic oxygen sheet and the acidic
phenol occurred. Thus phenols can apparently compete with water to act as
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proton donors.or acceptors in clay. interlayers, and the electron-withdrawing
NO» group enhances the tendency. of p—nitrophenol to act as a proton donor.

The effect of several organic compounds, 1nclud1ng o-nitrophenol, p-
nitrophenol and. trinitrophenol, on flocculation of calcareous Ca- and Na-
saturated.Gila clay (predominately montmorillonite) was studied by Cheng .
and Anderson (1968) (Table 2.3). They found that the effectiveness of
organic compounds on flocculation.of calcareous clay increased as the pH
dropped..to 6.0, and this was attributed to the formation of soluble salts
and the resulting.exchange of calcium for sodium. When the carbonates were
removed, the effect of decreasing pH was not evident until pH < 4.0, and
this was thought to be related to.the.solution of Al from the clay minerals.
The ability of the nitrophenols to induce flocculation was attributed to the
presence of the NO, and OH groups. Flocculation may also involve chelation
by bonding to the Al and Fe-exposed edges of the clay particles. X-ray de-
fraction showed interlayer adsorption of both o- and p-nitrophenol on Na-
montmorillonite, while only interlayer adsorption of p-nitrophenol was
observed on Ca-montmorilionite. Incomplete, or no adsorption was observed
on-'soil vermiculite. The authors postulated two mechanisms to account for
the observed flocculation phenomena: (1) the linking together of clay
particles by substituted aromatic compounds through the action as dipoles
(with the cation linkages. oaccurring at the negative ends and anidén adsorp-
tion occurring at.the positive ends), or through coordination complexes of
the organic compounds, and (2) the linking together of chelating agents, such
as with EDTA, .which would be capable of forming stable bonds with the Al and
Fe ions at the edges of clay particles.

Huang et al. (1977) reported that phenolic acids were rapidly adsorbed
by nonecrystalline Al and Fe oxides, which were very efficient in removing
them from the soil solution. Using x-ray diffraction techniques, these
authors found that the internal surfaces of vermiculite minerals generally
were not of great significance in the retention of. phenolic acids, which
they attributed to steric hinderance and negative repulsion. The high adsorp-
tion capacity of hydroxy Al and Fe compounds for phenolic ac1ds was attributed
to.the chemical reactivity of the positively charged Al- OHZ *5T and Fe-OH
functlonal groups towards the negatively charged C=0 and R-0T groups. They
found hydroxyl-Al and. -Fe. compounds far more reactive than the clay minerals
in.the adsorption of phenolic acids. The authors further speculated that -
such adsorption cpuld result in (1) reduction'in phytotoxicity of the phenolic
acids, (2) protection against biodegradation, and for (3) a catalytic effect
in:oxidative polycondensation of many phenolic molecules, which could result
inthe formation of stable skeltons in the soil humic materials.

PLANT EFFECTS
Gréwth, Development, and Uptake

DNP has been observed to produce many effects, both direct and indirect,
on ‘the growth and development.of plants, beginning with germination. Purohit
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Table 2.3. Effect of several phenols.on floculation in a 0.5% suspension of <2p Gila clay

(Cheng and Anderson, 1968).

Unaltered Clay.

Carbonates and

" -Carbonates Removed

Compound Organic Matter Removed
Ca—-Clay Na-Clay Ca—-Clay Na-Clay Ca-Clay Na-Clay
pH ZFlocc pHVZFlocc pH.ZFlocc pH Z%ZFlocc pH ZFlocc pH ZFlocc

phenol 8.2 43.9 8.7 4.0 6.2 0.0 7.9 0.0 } 7.5 0.0 7.8 0.0

‘ornitrophenol 68 _,84;0 7.3 72.0 6.1 3.3 4.1 0.0 8.3 0.0 6.4 0.0

p-nitrophenol 6;6A 100.0 - 6.4 100.0 5.7 6.7 3.3 0.0 5.6 117.8 5.9 9.6

dinitrophenol 2.4  93.0 2.4 92.0 2;2 100.0 2.2 100.0 2.2 100.0 2.2 100.0




(1978a) showed that the germination of sunflower (Helianthus annus L.)
seeds was reduced by 50 percent with 7.5 x 1073 M DNP in either darkness

or light, but subsequent shoet growth was more reduced in darkness. DNP
appears to have its greatest sffects at the early stages of the germination
process. Speer (1973) demonstrated that 5 x 10™% M DNP {at pH 6.5) pro-
duced the greatest reducticns in the germination of Grand Rapids lettuce
(Lactuca sativa L. "Grand Rapids') when they were exposed during the first
0 to 2 hours of a 12-hour gerxmination period (Figure 2.8).

DNP is most toxic to plants at lower pH, where the weak acid is
largely in the molecular, undissociated form {Simon, 1953; Stenlid, 1949).
In young wheat (Triticum aestivum L.} roots, Stenlid (1949) observed the
greatest DNP uptake at pH 4.5, The roct tips turned yellowish at this pH,
but no change in color was cbserved at pH 7.0. In fact, for each unit
change in pH, DNP toxicity (at the same concentration) has been observed to
decrease by as much as 300 percent {(Simon, 1953).

The general effecit of phenols on plant roof growth has been studied by
Wang et al. (1967). They found that at a concentration of 50 ppm, a wide
range of soil phenolics caused necrotic roots, loss of root hairs, leaf
tip yellowing, and coverall plant stunting in sugarcane (Saccharum
officinarum L.).. However, low concentrations of phenclics are often
stimulatory towards roct initiation and development, exhibiting auxin-like
activity or acting through indolescetic acid (IAA) metabolism (Nanda and
Dhawan, 1976). Krul (1968) observed an increase in roct initiation in
pinto bean (Phaseolus vulgaris L.) hypocotyls at DNP concentrations from
0.1 to 100 mM. At 100 mM, & three~fold increase in the number of root
primordia was observed 7 days after treatment. In studying structure-
activity relationships between metabolic effectors and the development of
roots in mung bean (Phaseolus aureus Roxb.) cuttings, Krul et al. (1978)
found maximum stimulation with disubstdtuted nitrophenols (substitutions
at C-2, 4, or 6). A complete loss of activity was cbserved if the hydroxyl
group was replaced, while mono-substituted nitrophencls were only weakly
active. In black gram (Phaseolus mungo L.), 5 pg/ml DNP enhanced rooting,
particularly in the numbers of hairs per root, by 233 percent in water, 272
percent in water + 1 ug/ml TAA, 172 percent in 1.0% sucrose, and 271 per-
cent in water + 1 pg/ml IAA + 1.0% sucrose (Nanda and Dhawan, 1976). They
suggested that promotion was more likely a result of increased respiration
and the uncoupling action of DNP than due to interaction with IAA or TAA
metabolism. Yet an indirect effect on IAA concentrations and transport may
be occurring, since Rubery (1979) observed DNP-inhibition of IAA (and 2,4-
dichlorophenoxyacetic acid) uptake by suspension cultured crown gall cells
of Parthenocissus tricuspidata Planch. at a pH from 4.0 to 6.5. Low con-
centrations of DNP (10 and 20 umoles/l) were also found to initially inhibit,
then promote TAA efflux. Higher DNP concentratiocns stimulated the eéfflux
of TIAA,

Bonner (1949) found that DNP was a very powerful inhibitor of oat
(Avena sp.) section growth (Figure 2.9), and increased the respiration rate
at 5 mg/l and pH 4.5. Exposure to DNP inhibited the utilization of suc-
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Time course of the effect of 0.5mM 2,4-dinitrophenol on the germi-
nation of punched lettuce seeds. The inhibitor was added in 2-hour
pulses in 20mM tris-malate buffer (PH 6.5), and then washed out at
the end of the 2-hour period. Shaded areas represent data in which
the DNP was left in contact with the seeds until 12 ‘hours and then .

‘washed out. Dashed line Tepresents buffer controls, Germination

was scored at 24 hours, Range marks represent standard error.
(Speer, 1973),
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Flg 2.9 Effect of 2,4-dinitrophenol (DNP) concentration and pH on
“the growth of Avena coleoptiles (Bonner, 1949),
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" rose, but not of pyruvate. There was an 80 percent reduction in growth

at 5 mg/1l DNP, yet a 19 to 38 percent increase in respiration also occurred.
Although growth was completely inhibited at 10 mg/l, respiration continued
beyond 24 hours at a rate equal to.85 percent of normal. Apparently, at
low concentrations, DNP can suppress .Avena growth and the effect of auxin
on growth without decreasing respiration. Bonner found that neither argin-
ine, Mn, or IAA could offset inhibition due to DNP at the concentrations
used. ‘

DNP has been demonstrated to cause the accumulation of nitrite in
excised wheat leaves (Triticum aestivum L. 'Centurk')(Klepper, 1979).
Nitrite accumulation was greatest in the light, where as much as a 7,000-
fold increase over that in the controls was observed. DNP may play a role
in stimulating the reduction of nitrate to nitrite, yet inhibits further
reduction tfo ammonia in wheat leaves. A decrease in nitrite reduction in
Chlorella with increasing concentrations of DNP was also reported earlier
by Kandler (1958), and the response is illustrated in Figure 2.10., Inhibi-
tion of reduction of nitrite could result in nitrogen deficiencies and
even lead to toxicity due to nitrite accumulation. Another explanation
for the observed increase in nitrite could be as a result of decomposition
of DNP, since thisg has been shown to occur in microbial decomposition.

DNP may also influence the permeability of plant cells to water.
Stuart (1973) demonstrated that 1 x 10~% M DNP (at pH 5.3) reduced.the
water permeability of potato tuber (Solanum tuberosium L.) discs by 44
percent compared to that of the controls. DNP at concentrations of 5 and
10 x 10”3 M caused the tissue to lose turgor, while at 1 x 107° M there
were no effects. It was also shown that ATP additions were not effective
in reversing .the DNP-induced reduction in water permeability, most likely
due to the fact that DNP also. promotes the hydrolysis of ATP and its un-
coupling from respiration. Couderchet and Girard (1978) found that DNP
decreased KT uptake from solution, but also increased the loss of KT from
the plant, presumably through a change in membrane permeability. Humphreys
(1975) suggested that K¥ efflux accompanied the influx of H' ions which he
observed in maize scutellum exposed to 5 x 10 % M DNP. He found ut influx
was pH dependent, and was slow at pH 5.0, but increased rapidly as pH was
lowered to 3.5. He felt that the influx was induced, but not directly
caused by the DNP, and suggested the involvement of an ut pump or H
carrier (perhaps an ATPase). An ATP-driven HT pump could be inhibited by
DNP, after which passive mt passage across the plasmalemma might occur.
Or, if an ATPase carrier is involved, DNP could cause it to reverse by
miintaining high ‘ADP (low ATP) levels in the cells. DNP~induced uptake of
H ions was also implicated by Rubery (1979) in the promotion of cyto-
plasmic acidification in crown gall cells of Parthenocissus tricuspidata.

Vatrubova-Vanousova (1977) found that DNP inhibited the uptake of both -
RbT (Figure 2.11) and Ca?t ions (Figure 2.12) by pumpkin plants (Cucurbita
e L.) from nutrient solution. Rb' uptake was significantly reduced at
10-° M DNP to 57.5 percent of that of the controls after 5 hours. At this
concentration, Ca?t uptake was decreased by & percent. At 107" M DNP, RbT
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uptake was only 11 percent .of that of the controls, and was found only in
the free spaces of the root, while Ca+‘uptake was still 72 percent .of the
controls. Vanousowa suggested that only uptake into the inner cell spaces
was DNP-sensitive, while absorption into free space was not sensitive to.
DNP. Most Ca? appeared in the free space. Translocation shoots were
influenced by DNP; the Ca’T content of the shoots was reduced by 10~6M
DNP, and translocation was almost completely inhibited at higher concen-
trations.

Barber and Koontz (1963) studied. the uptake of DNP in barley
(Hoodcum mulgure-L.)- seedllngs and its effect on transpiration and calcium
accumulation. DNP at 10~ M,strongly inhibited transpiration (Figure 2.13).
The accumulation of calcium in the shoot was observed to be enhanced or
inhibited by DNP, depending on pH, DNP concentration, Ca?? concentration,
and period of uptake. The effect of DNP on transpiration appeared related to
the accumulation of the inhibitor in the shoot and its effect on stomatal
closure. Stomatal closure was induced within 45 minutes after adding 107°
M DNP at pH 4.0, but no closure occurred at pH 6.0. They suggested that the
effect of DNP on transpiration was not due to a decrease in water conducti-
vity of the root, since (in an unpublished study using bean roots) conducti-
vity was observed to increase in the presence of DNP, caZt uptake by barley
roots was significantly reduced by 1075M DNP (pH 4.0) at 0.5 mejg ca?t/1 but
not at 5.0 meq Ca2+/l The action of DNP was observed to be primarily depen-
dent on the solution pH: the concentration required to reduce the rate of
transpiration and. Ca?t uptake by 50 percent was 20 to 25 times greater at
pH 6.0 than at pH 4.0. Calcium uptake was more .sensitive to DNP than trans-
piration. A 50 percent reduction in the.rate of uptake was attained at only
one—third of the concentration required to reduce transpiration by the same
amount (at edther pH). The uptake of DNP was studied using a 1"C radioiso-
tobe and counted with a proportional counter. The greatest uptake of DNP
occurred during the first 12 hours (the period when Ca?t uptake was slowest),
presumably before prolonged exposure significantly damaged the roots _
(Figure 2.14). DNP accumulation was greatest in shoots of plants with live
roots, suggesting that live roots were highly permeable to DNP. This was
attributed to the lipophilic property of the undissociated DNP facilitating
its movement through the plant membrane, and that the: initial uptake of DNP
was 80 rapid that it was believed to move predominantely along the lipid
phase of the plasmalemma directly to the plant vessels. Also, the accumulated
DNP.in the shoots was belleved to be all unmetabolized DNP, since in paper
chromatography all of the. C activity was found 1n a single spot correspond-
ing to that of the inhibitor.

Pemadasa and Koralege (1977).found that 10 M DNP prevented the wide
opening of stomata of excised turgid leaves of Stachytarpheta indica (L.)
Vahl. during illumination, and.also prevented their closure in the dark.
This was attributed to DNP. induced. changes in stomatal starch and Kt con-
centration in the guard cells (Figure 2.15). The authors suggested that
DNP, as.a. result, of its effects on ATP and oxidative phosphorylation
inhibited the hydrolysis of stomatal starch and the active transport of
Kt to and from the guard cells. Even in the presence of DNP, the stomates
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opened fairly rapidly during the fir'st 60 minutes of exposure, but subse-
quently showed no further change (those of untreated leaves continued to
open) as DNP became effective. Similar effects of DNP were also observed
in the stomates of sunflower {(Purchit, 1978b). Significant changes in the
opening of stomates occurred within 3 hours after incubation of epidermal
peelings in the light with 6.25 x 107 3M DNP, but 6 hours were required
for the same response at 3.75 x 10-3M. Complete closure occurred within
24 hours at 8.5 x 1073M DNP, or after 12 hours at 10" x 10~3M DNP.

DNP is closely related to 3,5-dinitrocresol (DNOC), a selective herbi-
cide which has been shown to be rapidly taken up by plants at the seedling
stage by diffusion through epidermal layers (Simon, 1953). In warm weather,
DNOC applied to plant foliage can result. in wilting, which leads to the
collapse and death of plants within a few hours. A longer period is re-
quired in cooler weather.  DNOC.has been shown to be actively translocated
to the .leaves of plants.(Fogg et al., 1948). After leaf application to
Simnapsis arvensis L. leaves, little movement was observed, and penetra-
tion was hypothesized to occur by simple diffusion of the undissociated
phenol through the 1ipid components of the membrane, a pathway commonly
associated. with nonionic forms of chemicals. Necrotic spots at the site
of .application were also reported.

The application of and/or present of DNP may also have some positive
effects on plants. Prakash and Joshi (1977) observed that DNP at a
concentration of 10 ppm decreased the infection of sugar cane mosaic virus
'strain A by 40 percent in maize after the inoculum was incubated for 5
minutes at 20°C with DNP.. A 70 percent reduction in infectivion occurred
when maize seedlings were treated with 1,000 ppm DNP' 16 hours prior to
inoculation with the virus. An 80 percent inhibition occurred when DNP was
applied 8 hours after inoculation. A decline in effectiveness occurred at
a later application time, indicating that DNP inhibits the virus at the
establishment phase.

The ablllty of plants to degrade DNP or decrease its tox1c1ty is less
well understood, although it has been shown that many plant cells can
actively degrade phenoli¢ compounds (Berlin et al., 1971). Enzymatic re-
duction and degradation of compounds containing nitrate groups could be a-
potential source of nitrogen (Klepper, 1979) once the chemical is in a
nontoxic form, although large concentrations would likely be necessary,
and these could be inhibitory. The impact of such a process would be more
beneficial to microbial growth that to that of plants, and could lead
indirectly to plant benefits. One common .criticism of plant degradation
studies is that there is virtually mno assurance of elimination of micro-
organisms from the experimental system (Ellis and Towers, 1970), and this
could lead to false conclusions.
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Metabolism

Respiration

DNP is a respiratory inhibitor, that is, it inhibits the uptake of
oxygen when present at toxic. econcentrations. However, at lower concentra-
tions the ccmpound has been observed to stimulate 0, uptake. Beevers (1953)
found that 10'5M DNP stimulated O, uptake by corn, but a sharp decline
occurred at 10™%M. Concentrations as low as 107°M resulted in the stimula-
tion of 0, uptake, but maximum stimulation occurred at 3 x 10  °M, where
respiration was 170 percent of that of the controls. COp output was observ-
ed to rise and fall as well, and peaked at 230 percent of that of the con-
trols. This caused an increase in the respiratory quotient (RQ.=_moles of
COy produced/moles of Oy absorbed) which approached 2 at this DNP concen-
tration (at pH 5.0). Similar observations were made by Gaur and Beevers
(1959) in carroft discs, in which a 236 percent increase in 0O, uptake over
that of the controls was observed at a DNP concentration of 2.5 x 107°M.

The. para—-substituted monomer, p-nitrophenol, also showed some stimulation,

but higher concentraticns were required. In castor bean (Racinis communis L.)
endosperm, the maeximum stimulation of 0, consumption was observed at 3 P
M DNP, where there was.a 204 percent increase over that of the centrols. At
6.3 x 107°M DNP a 50 percent reduction occurred as toxicity increased. ’
Kandler (1958) observed inhibition of respiration at concentrations greater
.than 107*M DNP in Chlorella, and stimulation at lower concentrations was

‘never more than 50 percent greater than in the controls (Figure 2.10).

Porter and Runeckles (1959) observed that a concentration of 5 x 10~°
M DNP produced an increase in 0, uptake by tobacco (Nicationa tabacum L.)
leaf discs, and reached a steady state after 8 hours. Higher DNP concentra-
tions of 2 and 5 x 10 "M caused an initial increase of 0, uptake, but was
followed by a sharp decline to almost zero as the system become significantly
damaged. . Stimulation occurred at lower concentrations, with a maximum
between 10~°> to 10™“M DNP. .Work by Bottrill and Hanson (1969) showed that
high concentrations of DNP which caused the inhibition of O, uptake by corn
(Zea maize L.) root mitochondria was inhibiting malate dehydrogenase
aEEEﬁityx They suggested that this inhibition may demonstrate that DNP
affects respiration at the substrate level.

Like all activities of DNP, the effect on respiration is both concen-
tration and pH dependent. These effects were observed in corn (Beevers,
1953), oat (Bonner, 1949), and wheat (Stenlid, 1949). Stenlid observed more
activity of DNP in decreasing respiration at pH 4.5 - 4.7 (Figure 2.16) than

Cat pH 5.8 to 7.0. He alsc observed similar pH effects with other nitro-
phenols, although higher concentrations were required because of the higher
PK,'s .of those compounds.

Glycclysis

High concentrations of DNP induced increases in glycolysis in carrot
discs (Beevers, 1953), as demonstrated by the production of alcohol and
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acetaldehyde end products (Figure 2.17). A high RG also occurred at
DNP gegncentrations greater than 10'5M, which may infer the induction of
fermentation.

‘Forward and Cheung (1978) demonstrated that the addition. of 9 x 10-6
M DNP enhanced glycolysis and the redistributiion of products.in corn
coleopriles. The effects were similar to those resulting from oxygen .ex-
clusien. The increase in .glycclysis could be the result of the increased
rate.of ‘respiration, which would promote an increase in the use of carbo-
hydrate (Porter and Runeckles, 1959). An incresse in oxidation of non-
carbohydrate materials .was alsoc observed. Stenlid (1949) found no stimu-
lation of glucose uptake by DNP in wheat roots, but the uptake was inhi-
bited at. higher concentrations. Yet, additions of glucose caused no
~gignificant .increase in respiration in the presence of DNP (Kandier, 1958).
Thus the increase in glycclysis would be the result of an insufficient
. carbobydrate pocl In the presence of effective concentrations of DNP.

Oxidative Pheosphorylation

DNP is often referred to as a "classic uncoupler of oxidative phos-~
phorylation' (Bonner and Miller, 1953), and the observed effects on
plants and animals may be due to this energy-usurping activity. Un-—
coupling of oxidative phosphorylaticn prevents contrcl of respiration
rates by the amount of inorganic phosphate or phosphate acceptor present
(Randler, 1958). Kandier showed that, in a steady state of endogenous
regpiraticn, the addition of DNP leads to an increase in the accumulation
of inorganic phosphate. He found that the P/0 ratio was 1.14 in the
‘presence of DNP as compared to a contrcl of 1.78, or a 30 percent inhibi-
‘tisn of phosphorylation. - ‘

Bottrill znd Hanson (1969) presented an explanation of the action of
DNP on.oxidative phogphcrylation based on work by Stoner et al. (1964)

. (Figure 2.18). In oxidative phogphorylation, an intermediate (XI),
essential to the coupling sites of the electron .transport. chain, forms a
high energy bond (X~1). -The addition of phosphate leads to the formation,
of. a high: energy phosphorylated intermediate (XI~Py), which passes phos-
-phate to ADP, rvesulting in ATP formation and the regeneration of the
original intermediate (X1). The presence of DNP promotes the hydrolysis
of the high energy bond (X~I). Since ATPase activity is due to the
irreversibility of these steps, the hydrolysis of X~I. brought about by
DNP results in irreversibility and the stimulation of ATPase. The effect
of -DNP econcentration on ATPsse activity in corn root mitochondria is
illustrated in Figure 2.19. )

Photosynthetic Phosphorylaticn

Similar effecrs of DNP have been observed on photosynthetic phos-
phorylation (Wessels, 1959). He observed that 5 x 107"M and 2 x 107%
M DNP.inhibited photosynthetic phosphorylation in the presence of vitamin
Kz by 40 and 10 percent, respectively, and in the presence of FMN
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(flavine monocnucleotide) by 70 and 25 percent, respectively. At lower

DNP congcentrations, no inhibition was observed, and between 0.6 x lO'GM,
and 1.5k 107%M, the generaticn of ATP in illuminated chlecroplasts was
stimulated. Tnls‘catalyst activity was greater than that produced by FMN
alone, but was not as great as that of vitamin K3z alone. Similar obser-
vations were made using m-nitrophenol and o-nitrophencl, but only slight
ATP-gtimulating activity was observed with p-nitrophenol. Wessels
theorized. that DNP may act: (1) as an electron carrier across some gap in
the electron transport chain in isclated chloroplasts,. (2) inhibit some
reaction which, in. the absence of an intermediate electron carrier such as
vitamin Kz or FMN,.competes with ph>rophosphorylation in vitro, or (3)
there may be some cennection between the catalyzing action and its un-
coupling. activity in oxidative phosphorylation (althcugh other uncoupling
agents were found to be incapable of catalyzing photosynthetic phosphoryla-
tion).

-

- Photosynthasis

The effect of DNP. on phorosynthe31s An Chlorella was studied by
Kandler (1958) (Figure 2.10). High 1ight intensities strongly inhibited .

. the uptake of gluccse by starved cells, while under low light intensities
glucese uptake was stimulated. At a concentration of lO_QM DNP caused an
additional 50 percent inhibition of glucose uptake over that due to
intense light, yet photosynthesis was only partially blocked. At a DNP con-
centration causing a .30 percent decrease in .glucose uptake, no effect on
photosynthesis was. observed. Only very high concentrations of DNP resulted
in severe inhibiticn .of photosynthesis, thus it can-be hypothesized that
_the\ph@t@gynthﬁtic mechsnism is. not a primary site of DNP gction in plants.

SUMMARY

2,4~dinitrgphencl (DNP) is a moderately acidic phenol with a-pK, of"
4,89 It cccurs -As a waste contaminant originating from many industrial
sources, is closely .related to several currently. used herbicides, and
may occur as a degradation. product from other compounds. DNP is subject
to reduction, hydroxylation and hydroxyl displacement of the nitro groups,
and ring cleavage. It is rather toxic (LD5g in rats = 30 mg/kg), and
toxicity is inversely related to. pH. '

The undissociated melecules of DNP are more readily taken up by
plants, and have greater activity than the dissociated anions. The pri-
mary modes of acticn of DNP appear to be in increasing respiration, un=
coupling oxidative phosphorylation, and activation of ATPase, but DNP
also increases glycolysis, and, at high concentrations inhibits photo-
synthesis. In plants it may reduce germination, (particularly in the
dark), inhibit seedling growth, cause considerable root damage, and re-
sult in the accumulation of nitrite in shocts. DNP influences the water
relatiens and nutrient status of plants, probably by influencing BT move-
ment (and thus Kt movement) across membranes (thus causing the closure of
stomates) and, at higher concentrations, by directly damaging the




membranes. . At low concentrations (nontoxic) it may catalyze photosynthetic
phosphorylation and encourage root initiation.in some plants, -dnd stimulate
microbial assimilation of carbon.

DNP is .rather persistent in soils, particularly at low pH, but can be
metabolized by .a number of soil organisms, including Fusarium. oxysporum,
Pseudomonas Spp..,.Corynebacterium simplex, Nocardia .alba, and possibly
‘some species.of .Flavobacterium, Arthrobacter, and Bacillus. The release -
of nitrite often accompanies degradation. It is also subject to photo-
oxidation, photo-reduction, and chemical reduction and hydrolysis in the
soil, ' o

Adseorption of the DNP-relative -DNBP was observed to be greatest on
an anion exchange resin at. high pH, while only molecular adsorption
occurred on montmorillonite clay. . Adsorption was also greater at lower
temperatures. Para~nitrophenol was observed to form stable complexes with
montmorillonite clay, which was hypothesized to be due to bonding through
wWater bridges to the clay components and cations, or directly to the clay
under -dehydrated conditions. Ortho-nitrophenol, p-nitrophenol, and tri-
nitrophenol were observed to cause flocculation of Gila clay. Floccula-
tion was greatest on calcareous unaltered clay,.and more on Ca-clay than
on Na-clay. When carbonates and organic matter were removed, only p-nitro-
‘phenol rand: trinitrophenol continued to cause flocculation. Flocculation
may result from the linking together of clay particles through the dipole-
characteristics of these compounds, through the formation of coordination
complexes, and the linking together of chelating agents and the bonding
to Al and Fe functional groups in the clay.
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Chapter 3 - TOLUENE
INTRODUCTION
Chemistry and Properties

Toluene is a methyl substitution on the aromatic benzene ring.

CH

Alternative terms for toluene are toluol, phenyl-methane, methyl benzene
methylbenzol, or methacide. Toluene boils at 110.6°C with a molecular
weight of 92.1. The density of toluene is 0.86 g/ml at 25°C. The vapor
pressure at 25°C is 28.7 torr (Weast, 1977). The vapor pressure curve
for toluene is described by the equation:

log oy P = 6.95 - [1344/(219.4 + t)]

where P is vapor pressure in mm Hg and t is temperdture in °C. The re-
fractive index of toluene is 1,494 at 25°C. Other properties and spectral
data of toluene is compiled by Thomas et al. (1977). The melting:point of
toluene is 95° below the freezing-point of water. Solubility of tolune in
water is 535 mg/l at 25°C or 566 ppm at 20°C. The distribution coefficient,
of toluene in water relative .to the concentration of toluene in oil (when

5 ml of paraffin oil with 1 M toluene concentration is brought in contact
with 25 ml water and permitted to come to equilibrium) has been determined
for toluene and found to be 0.0014, This means that toluene is lipophilic or
hydrophobic. The logarithm of the octanol/water partition coefficient is
2.69 (Tute, 1971). - Toluene is more lipophilic than:benzene but less than
xylene. Although toluene i1s a polar, organic with a methyl and a benzyl
radical combined, it is highly flammable and a reactant for many organic
synthesis processes. Toluene is an excellent organic solvent. Toluene is
miscible in alcohols, ethers and most organic solvents. Toluene is be-
lieved to be less carcinogenic than benzene hence the increased usage of
.toluene as an industrial chemical. L

Occurrence
Toluene is widely distributed in finished drinking water, industrial

effluents, and ambient surface waters. (Shackelford and Keith, 1976).
Toluene also occurs naturally in the aroma of unprocessed rice in trace
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amounts. Out of 174 organics identified in the aroma of unprocessed rice,
toluene was one of them. Toluene is used as a drug carrier and solvent for
drugs like dichlorophen.

Toluene concentration in the ambient air increased with automobile
exhaust activity, from 20 ppb to 50 ppb in Toronto area. This is roughly
2.4 fold of emitted benzene concentrations (8-20 ppb in air). These con-
centrations varied by a factor of 24 or meore between sampling locations
(Pilar and Graydon, 1973). The average toluene concentration in downtown
Los Angeles during 1966 was 37 ppb, whereas .in downtown Toronto during
1971 was 30 ppb. For occupational safety and health, levels NIOSH (1975)
has recommended that toluene concentratlon in air on a tlme—welghted
average of 40 hour work week must be less than 100 ppm (377 mg/m® air) with
a ceiling value of 200 ppm (754 mg/m ). The odor threshold for toluene is
40 ppm or 150 mg/m air (NIOSH 1975).

Toluene has been found in municipal sludges .at'.concentrations as high as
42 ppm, the highest organic pollutant of the municipal sludges.” In municipal
secondary treated effluent toluene levels were as high as 1.1 mg/l (Feiler
1980). Toluene is one of the most' commonly used solvent and process reac-
tants in many organic chemical industries. Toluene is produced commercially
by fractionation of light oils of coke oven gas, carburetted water gas, coal
tar, and aromatic hydrocarbons from petroleum cracking and hydroforming. It
is used largely as a raw material in manufacture of materials such as dyes,
polymers, fibers, detergents and synthetic organic. In motor fuels, toluene
is added as an antiknocking ingredient. It is also used as a solvent in
chemical processes, paints and varnlshes, dry cleaning, degreasing and
extraction.

Literature on toluene to mammals, birds, fish, reptiles, amphibians
and invertibrates has been reviewed by Miller et al. (1977). Although there
is no information available on the transport of toluene in the food chain,
it is well known that toluene is moderately toxic to fish; the 96 hr LCsg
ranges from 22.8 to 59.3 ppm. Toxicity may progressively increase with
length of exposure. The noxious odor of toluene-contaminated fish is not
removed by cooking and processing of such fish for market products.

BEHAVIOR IN SOILS
Soil . Response to Toluene

Donnelly (1979) .observed that addlng toluene at 27 of s01l weight,
increased the population of bacteria and fungi in Davidson clay loam while

the actinomycetes population was not affected substantially during the
first 7 days. Waksman and Starkey (1923) also observed the increased number

of micro-organisms after the partigl sterilization effect of toluene was

over. .Buddin (1914) noted that toluene exerted a partial sterilization
effect on soils-at 500 ppm of soil weight. Ammonia accumulates in partially
sterilized soils in excess over control, especially in soils rich in the
organic matter. In low organic matter soils, rapid development of fungi
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may lead to utilization of mineral N (Waksman and Starkey, 1923). Waksman
and Starkey (1923) found no correlation between the increase in bacterial -
numbers and accumulation of ammonia when soils with different organic matter
contents were compared after the application of toluene. Toluene has also
been found to inhibit the activity of methane-~producing bacteria at 200
mg/1l (Barash, 1957). At 20 mg/l, toluene produced a temporary increase in
the rate of CHy evolution from sewage sludge (Barash, 1957).

Toluene treatment of soil results in drastic reduction in bacterial and
fungal numbers and totally eliminates the actinomycetes population at 2 ml
toluene/g soil rate or 160% of soil wt. (Vishvanath, et al. 1975). Gram
positive, spore forming rods survived the toluene treatment better than non-
spore forming, gram positive cocci in most soils. These high rates of toluene
treatment are quite uncommon in land treatment systems unless there is an
accidential spill. At high application rates (1.7 g/g soil) toluene may
eliminate enzyme activities such as dehydrogenase, saccharase, urease, and
phosphatase activity (Cerna, 1970). Some resistant species of Bacillus,
Aspergillus, gram negative rods, and gram positive cocci survived this level
of toluene addition. Overcash and Pal (1979) concluded that organic matter
appears to provide some protective action for microflora, hence the steriliza-
tion effects are more pronounced in light-textured soils than in heavy clay or
organically rich soils. The toluene influence on enzyme activity is also
dependent on soil type (Thente 1970).

When 50 ul toluene.ml culture is added to exponentially growing cultures
“of Escherichia coli, a time dependent loss of turbidity is observed which is
concurrent with a loss of material to the medium and with unmasking of
B-galactosidase. 1In addition, the galactoside permease system is destroyed.
The loss ¢f RNA and protein also occurs due to the toluene treatment. Thus
toluene causes disruption of E. coli and other bacteria (Jackson and DeMoss
1965). Other reports (Woldringh, 1973) confirm that treatment of E. coli
with 0.25% toluene caused partial dissolution of the plasma membrane con-
comitant with displacement of nuclear material towards the cell periphery.

Toluene damages the membrane of Escherichia coli K~12 and was associated
with release of periplasmic enzymes like penicillinases into the surroundings
within 10 minutes of incubation at 37°C (Teuber 1970). Toluene is routinely
used to sterilize soil at high levels (about 1.7 g toluene per g dry soil).
The biological impacts of toluene that have been observed related to (i) a
decrease. in extracellular urease activity, (ii) an increase in cell-wall
permeability of microorganisms, and (iii) lysis of susceptible cells. The
combination of these three factors at high loading rates (such as 170% of
"soil weight) contributes to partial sterilization of the treated soil samples.
The toluene-resistant population exhibits an apparent competitive advantage
over the sensitive microflora and fauna (Waksman and Starkey, 1923). Decay
of the dead pathogens and sensitive microflora and fauna may lead to an in-
creased nutrient availability in toluene~treated soils over the natural soil
controls. Toluene, per se, is highly carbonaceous and its utilization as a
substrate will be associated with the immobilization of nutrients like N, P,
S, and other essential &lements. The extent and rate of toluene utilization
by soil microbes is still unknown and hence the extent of immobilization of
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essential nutrients by soil microbes .due to toluene application in soil
cannot be assessed or predicted based on available information.

Biodegradation

Toluene is one of the naturally occurring metabolites or intermediates
in the decomposition in soil of organic chemicals. The available evidence
indicates that toluene is an acceptable substrate for soll organisms
(Overcash.1979). The toluene biodegradation pathway is documented in
Figure 3.1. The degradation of toluene has been studied by measuring €O,
evolution as well as the ‘disappearance of parent compound.

Many fungi, actinomycetes, and bacteria that utilize oils, hydrocarbons,
and aromatics can also metabolize toluene. Some species of soil bacteria
are capable of using toluene as a sole carbon source (Claus and Walker,

1964, Gibson et al., 1966). The oxidative, microbial degradation proceeds
via hydroxylation of the aromatic ring to a mixture of catechols and
cresols which are then metabolized further. The final end products are
COp, water, energy and biomass. In animals, toluene may be detoxified by
oxidation to benzoic acid which then reacts with glycine to form hippuric
acid (Ogata et al, 1970). Hippuric acid is rapidly excreted in the urine.

Carpenter et al. (1978) studied the microbial transformationsof
14¢ 1abeled 2,4,6~trinitrotoluene in an activated sludge system and re~
ported that only 0.5% of added radiocactivity was lost as 1l‘“COZ. " Thus nitro-
substituted toluenes are resistant to biodegradation and microbial meta-
bolism: (McCormick et al. 1978). '

- Enzyme »systems that cleave the catechol ring and other aromatic com-
pounds into linear organics have been reviewed by Gibson (1966). Toluene
has also been noted to oxidize to cresols through epoxides by the mono-
oxygenases of the fungus Cunninghamella bainieri (Ferris et al. 1973).
Gibson (1971) postulated formation of dioxycompounds are subsequently con-
verted to dihydrodiols.

" Donnelly (1979) in a laboratory study examined toluene losses by micro-
bial decomposition and those by volatilization. At 5,000, 10,000 and
20,000 ppm application rates of toluenme (1%C) to Davidson clay loam, he
found that 200, 625, and 25 ppm toluene, respectively was left at residual
after a week .of application. Thus, a maximum of.6.25% of added toluene
remained in soil over a week of incubation and the remaining was lost by
microbial decay as well as wvolatilization.
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Figure 3.1.
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‘Mechanlsms of toluene metabolism.

By this mechanism, toluene is converted to 3-methyl catechol. Methyl substltutents

may also be affected by bacterial action but may remain in-tact during hydroxylation
(Chapman, 1954). After hydroxylation, the methyl group ‘may be oxidized to carboxylic
groups.  Carboxyls may be removed prior to ring cleavage, but may also remain intact
on the ring.
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Chemical Conversions, Photolysis and Volatilization

Reaction of toluene in water by irradiation produces benzaldehyde,
benzyl alcohol, and an isomeric mixture of cresols (Jefcoate et al. 1969):

Mg
@ Vs M
' IRRADTATED
WATER
(HZOZ)

The rate of oxidation was not measured. Toluene is readily photolyzed with
the formation of benzyl radical which reacts with molecular oxygen to give

benzyl hydroperoxide. The benzyl hydroperoxide can photochemically trans-

form into benzyl alcohol and benzaldehyde.

Ci, - 0 OH CHO
PHOTOLYSTS N OpnoTorysts '
—7—-» — +
o 0 g N
ca, )
BENZYL BENZYLHYDRO-
PEROXIDE

Toluene does mnot absorb light at wavelengths greater than 286 nm, but
formation of a charge transfer complex between toluene .and molecular oxygen
absorbs. electromagnetic radiation to at about 350 nm (Wei and Adelman,
1969). Photolysis of the charge-transfer complex, is responsible for the
formation of benzyl alcohol and benzaldehyde under ambient conditions. The
rates of these photochemical reactions have not been measured. The complex
photochemical reactions have been studied in simulated smog chambers. The
half-conversion time of toluene has been estimated approximately 15 hours
with benzaldehyde as the principlée product from the photochemical reaction
of toluene (Laity et al. 1973). These estimates are based on laboratory
irradiation experiments of short durations and do not account for many
variables within a natural ecosystem such as the soil.
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‘Principal mechanism of toluene removal from aquatic environment is normally
volatilization. The vapor phase toluene ‘is generally lost by photolysis.
The half-life with respect to volatilization from a water columm (one
meter.thick) is estimated to be 5.2 hrs (Mackay and Leinonen, 1975).
This estimation'is subject to following assumptions (i) the toluene concen=-
tration is in solution, rather than in suspended colloidal, ionic, complexed,
or adsorbed form; (ii) the vapor is in equilibrium with the liquid at the
interface, (iii) water mixing with toluene is rapid so that the concentration
at the interface approaches that of the bulk of water, and (iv) the rate of
water evaporation is not affected by the toluene mixing.

Donnelly (1979) also confirmed substantial losses of toluene from soils
under constant air flow but could not partition the losses due to microbial
decay from those by volatilization. Because of the addéd protection by soil
organiec matter .and mineral soil particles, half-life of toluene volatiliza-
tion from soil-plant-water system is expected to be longer than from pure
water and to a great extent would depend on the concentration gradients
established. :

Adsorption and Leaching

.Thomas and Lombardi (1971) concluded that a single component isotherm
for toluene adsorption on activated charcoal can be fitted by a Langmuir
equation. Toluene in soils will reaect and adsorb more on the organic
fraction components than on the inorganic components. Similar results were
confirmed by Moore-and Phillips (1975) for crude oil aromatics.

The aqueous solubility of toluene #s 535 ppm. The log octanol/water
partition coefficient is close to 2.7 indicating that toluene would adsorb
readily on the organic sediments and soil organic matter. The extent to
which toluene adsorption prevents its removal in water runoff has not been
assessed. . Organic matter and lipophilic fractions in soils and sediments
play a great role in toluene adsorption-desorption.

Nathwani et al. (1977) found that toluene adsorption on soils followed
Freundlich isotherm between .concentration ranges 1-100 ppm. The typical
Freundlich equations for toluene adsorption in various soils were:

s = rC™ = 3.52 Cl'QOS Wendover silty clay (pH 5.4, org. matter 16.2%)
S = 2.69 Cl'002 Vaudreil:sandy loam (pH 5.1, O.m. 10%)

S = 0.9 CO'996 Grimsby silt loam (pH'4.3, 0.m1%) |

.S = ug toluene adsorbed/g’soil = ppm.

Soils adsorb toluene more strongly than benzene but less than xylene.
The percent of toluene desorbed from soils varies inversely with the
amount of organic matter. The amount of toluene desorption decreases
rapidly upon subsequent extractions. The removal of soil organic matter
by heating causes a decrease in total adsorption of toluene up to 80%.

54




Transport of toluerne with runoff water and sediments i1s unknown. At
low concentrations such as in muniecipal sludge, toluene transport in
drainage water would be insignificant because of its high volatility and
microbial degradation potential.

PLANT EFFECTS
Phytotoxicity

Overcash et al. (1981) studied the phytotoxic response of corn,
soybean and fescue to toluene applications in two benchmark soils - Lakeland
sand and Davidson clay loam at 200, 800, 2,000 and 20,000 ppm application
rates. A 10% yield reduction on the Lakeland soil was evident at 200 ppm
for corn, 800 ppm in soybean, and 2,000 ppm in fescue. At 2,000 ppm or more,
there was at least 507 or more reductlon in the fresh weight of all three
crops. There were no visible symptoms of toluene toxicity above the criti-
cal levels. 1In the Lakeland soil, fescue appears to be more tolerant to
toluene, followed by soybean and corn, respectively. On Davidson clay loam,
corn was more tolerant than soybean. The critical phytotoxic limit on
Lakeland sand is 200 to 2,000 ppm of toluene while on the Dav1dson clay loam
the critical level is 2, OOO to 20,000 ppm toluene.

Toluene evaporates to atmosphere from the soil-plant system quite readi-
ly and is alsc decomposed or metabolized in soils. Planting of a second
crop, 5 weeks after the initial toluene application of 20,000 ppm, there
was a stimulation of plant growth, probably due to increased nutrient avail-
ability as a result of partial sterilization effect.

In many greenhouse as well .as gas—chamber experiments by Currier (1951)
foliar application of toluene wapor on tomato, barley, and carrot revealed
that 1.3 x 10™% M concentration in air was adequate to cause phytotoxic
response within one-half hour. Toluene was more toxic to plants than
benzene but less toxic than xylene (Crafts and Reiber, 1948)., The first
noticeable symptom of toxicity was a darkening of the tips of the- ‘youngest
leaves. The darkening then spread to older leaves. There was a loss of
turgor, with drooping of stems and leaves. In bright sunlight, chlorophyll"
was destroyed, sometimes resulting in complete bleaching of the dead por-
tions. In a controlled growth chamber, concentration of aromatic hydro-
carbons in air stream was regulated at 2 x 10 % M and the toxicity to plants
increased as the number of methyl groups on the aromatic ring increased.
Even one hour exposure to 6.4 x 10 4+ M (per 1 of air) concentration of
benzene and. toluene, more than 507 damage to growth was apparent leading to
a complete collapse of barley seedlings. Among the three crop species,
tested, carrot was most resistant to toluene treatment and tomato was the
most sensitive. Barley exhibited intermediate resistance to aromatic hydro-
carbons. Carrots were affected adversely by a foliar spray of 10 ml benzene,
5 ml toluene, or 2 ml of xylene. Toluene vapors can enter the plant foliage
through. the cuticle as well as through stomata. Thus the injurious effects
depend not only on the concentration of toluene in the air, but also on the
length of time exposed. Some of the critical time limits for aerial concen-
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trations of toluene relative to plant growth at 1.3 x 10°"* M/1 are 1/2 hr
for carrocts, bariey and tomato. These toxlc effects of zerial vapor may be
overcome within 1-4 weeks. The .taxic effects of foliar spray of toluene,
even at 2 ml/pot rate, increased with time. At 5 ml toluene/pot, more than
50% of barley, carrot and tomato were damaged permanently. At 10 ml to 20
ml/pot spray, toluepe killed the plants completely.

Thus the effects of high levels of toluene on plants and seeds are
acutew: Toluene is not accumulated oy stored in plants as such and the
killing effect fades away with time after treatment. In case of seeds, it
is postulated that high levels of tcoluene willi kill the embryo. A given
concentration of toluene in zir is mubh more than same concentration in
water or soil. Also the san CE vezzr 18 mere injurious to
plants than corresponding CUHCQﬂtf@tlunb in cils or soils. Toluene vapcrs
are non-polar, lipophilic and may dissolve lipoproteins of the mesophyllic
cell walls and membranes. Toluene in vapor form may be more active than in
liquid form. When plants are sprayed with toluene, evaporation from surface
begins immediately and the.amount getting inte leaf depends on volatility
factors and resistance to penetration offered by the leaf or seed. The
toluene is toxic because it is a good fat sclvent. The rapidity of volatility
and penetration is = e it permesblility and killing of
young growing tissues. .The lipid Tth piasma membrane is dissolved by
toluene readily and thus abeve the critical levels of ¢.00913 M/1 in gir
(960 ng/m®), the plant growth is affected within a few minutes. Miwa et al.
(1946). noticed that toluene vapors damaged the semi-permeability of the pro-

causd of

toplasm of sweet potatces causing a hardened outer covering.

Toluene toxicity can be explained by iteg ability £o dissolve oily
materials and on the basis of partition coefficients of toluene between oils,
water, and ailr .or soils, water, plants, and sair. Mechanisms of toluene toxi~
city to plants are =zimilar to those of benzene. Pringshein (1930) also
noticed that tocluene affected the intake of water by seeds of Lipinus, Zea,
and-Pisum. Toluene in excess of 27 of soil weight tends to kill seeds and
inhibit g germination. Another effect of toluene is the initiation of the
oxidation of glutathicone by a lipoxidase enzyme in ungerminated pea seeds.
This is due tgachange in fatty acid substrate induced by toluene. Normally,
oxidation of glutathione occcurs only in germdnated seeds (Mapson 1955).
Toluene appears to enter the plant readily probably through the stomata and
cuticle (Currier, 1951). Abgorption or penetration of toluene into plant
foliage will depend con such factors as 1lipid make-up of cuticle, plasma
membrane, surface tension, and rate of waporization.

The impact of toluene contaminared plants on humans or herbivores 1is
relatively unknown and“unclear. Notr can it be predicted without further
studies.




Plant Uptake

Information on toluene biocaccumulation is scanty. Metcalf and Sanborn
(1975) believed that organic compounds, with water solubilities greater than
50 mg/1l, exhibit little potential for aquatic biocaccumulation. In terres-
trial systems . also, toluene does not appear to be directly or actively taken
up by the plants because of the high reactivity, volatility, and rapid dis-
appearance from the total .ecosystem. Indirectly, toluene may passively adsorb
on the organics including roots or foliage or may penetrate the plants by
virtue of its dissolving characteristics and may cause local - damage on the
reaction site by dissolution of lipids and by changing the fatty acid com-
position as well as organic acid balances. Toluene 1s absorbed and detoxi-
fied by roots, foliage as well as fruits (Durmishidze et al. 1967,

Tkhelidze, 1969, Jansen and Olsen, 1969). Russian workers (Durmishidze et al.
1976) have established that organic acids are the primary products of cleav-
age of. the toluene aromatic ring. Using radioactive labeled toluene, these
authors found .that .corn and bean seedling absorbed toluene more rapidly than
the 2-yr old plants of tea and grape. The tagged carbon from toluene was
incorporated into various or%anic fractions of the cells and some of the Cl*
lost through respiration as “COz. The oxidation of toluene and its metabo-
lites to COp was more rapid in corn and bean seedlings than perennial plants.
Most lL'*C‘.incor’porated into organic acids such as glycolic, glyoxalie, fumaric,
succinic, and malic acids. Some radiocactivity was detected in aromatic amino
acids (phenylalanine and tyrosine). Regardless of the method by which toluene
was taken up by plant roots or leaves, the same metabolites were found in all
species. Distribution of toluene radioactivity in various subcellular frac-
tions of corn leaves after 48 houn exposure at 21°C is shown in Table 3.1.
(Durmishidze et al. 1974). ‘

Table 3.1. Distribution of toluene radioactivity in various subcellular
) fractions of corn leaves.

Fraction cl*, % total = TFractionm : cl*, total
radioactivity radiocactivity
Nuclei and cell 7.1 Ribosomes 0.8
membranes 7.1 Soluble substances 54.6
Plasmids 25.5
Mitochondria: 12.0

Assimilation of toluene in plants contributed 55% to soluble sub-
stances and 25.57% to plasmids, and remaining t¢é mitrochondria, muclei, and cell
membranes, etc. The general pathway of toluene metabolism in plants is
outlined in Figure 3.2 (Durmishidze et al. 1974). It is thus clear that
plants can assimilate and detoxify toluene by 'oxidative decomposition. The -
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~ Figure 3.2. 'General pathway of toluene metabolism in plants.
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oxidative-decomposition products of toluene are incorporated in the overall
metabolic cycle of plants.

Toluene is metabolized by fruits of several plants.such as avocado
and fruit (Jansén and Olson, 1969). Tkhelidze (1969) found that l%C
toluene was metabolized in grape berries during germination, growth and
maturation. An enzyme system in plants is thus capable of degrading
benzene ring and transforming aromatic into aliphatic compounds. In
summary, toluene that enters the plant system either through roots, stems,
leaves, or fruits is not bioaccumulated or translocated as such but it is
readily metabolized and assimilated into the plant-cell components and
carbon dioxide.. The excess toluene dissovlves plant cell lipids and
damages or kills the young tissues (lipids rich, rapidly growing meriste-
matic cells). .
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Chapter 4 DECOMPOSITION STUDIES OF DI N BUTYL PHTHALATE

MATERIALS AND METHODS

Soils utilized for various extraction, biodegradation, and volatiliza-
tion experiments were Davidson clay loam, Lakeland sand, and Norfolk fine
sandy loam. Soil characteristics are described in Table 4.1.

Phthalate Extraction and Recovery Experiments

About 20 g of dry soil for Davidson clay loam,. Lakeland sand, Norfolk
fine sandy loam and pure sand were spiked separately to 0, 1,000, 2,000, =
4,000, 6,000, and 10,000 ppm di-n-butyl phthalate level on a weight basis.
For spiking purposes, 2 ml of 0, 10,000, 20,000, 40,000, 60,000, or 100,000
ppm solution of di-n-butyl phthalate in 80% ethanol was added to each 20 g
soil sample in plastic tubes. . After thorough mixing and soil contact, the
samples were extracted in 20 ml of 80% ethanol. The extract was analyzed -
for phthalate at 276 nm on an ultraviolet spectrophotometer. From these
data, ‘recoveries of phthalate extraction in 80% ethanol were calculated.

Since the greenhouse screening experiments, indicated the phytotoxi-
city symptoms at 2,000 ppm application rate most land:treatment -
system would utilize an assimilative capacity of 1,000 to 2,000 ppm phtha-
late of the soil weight. Hence, the extraction efficiency of 80% ethanol
were extensively studied at loading range of 1,000 ppm to 2,000 ppm (soil
weight basis). . ‘

In a second experiment, 5 g Davidson clay loam was used and spiked
‘with di-n-butyl phthalate at 0 and 1,000 ppm .level. Several replications
were started at a time so that after a thorough mixing and soil contagt, the
samplés could be extracted after different shaking periods, viz., 0.5, 1.0,
2.0, 5.5 and 24 hours after treatment with 20 ml of 80% ethanol. The
extracts were analysed for di-n-butyl phthalate and percent recoveries
calculated for each shaking time.

In a third experiment, soil sample size was further reduced to 2 g.
Again the Davidson clay loam was used and a soil sample was amended with
2,000 ppm of di-n-butyl phthalate. After 1 hour of soil contact and
equilibration, the soil samples were extracted with 10 ml of 80% ethanol
and allowed to shake for different times ranging between 0.5, 1.0, 2.0,
5.5, and 24 hours. The extracts were analyzed for di-n-butyl phthalate
and the percent recoveries for different shaking periods were calculated.
While -there was some phthalate leaching from the tubes the amount was very
low compared ta the concentrations being utilized in the study. The total
extractable phthalate in plastic tube amounted to 6.2 pg/tube which is
equivalent to 0.31 ppm in the extract or. less than 1% of the amount present
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Table 4.1. Characteristic properties of soils used in Di-n-butyl phthalate
experiments.

Soil Property

Davidson
clay loam

Norfolk fine
sandy loam

Lakeland
sand

Seventh Approxi-
mate Name

Clay, 7%

Silt, %

Sand, %

Texture

Bulk density, g/cc
Base saturation, 7%
pH

Organic métter, %
Exch. Ca, meq/100 g
Exch. Mg, meq/100 g
Exch. Na, meq/100 g
Exch.~K; meq/100 g

CEC, meq/100 g

Clayey, Kaolini-

tic, thermic

(oxidie) Rhodic,

paleudutts
30
30
40
clay loam
1.13
75

4.5

Fine loamy
siliceous,
thermic typic
paleudutts
10
15
75
sandy loam
1.4
25
5.0
1.0
0.5
0.7
0.02
0.02

2.6

Typic Quartzi-

psamment,
thermic coated
entisol
5
6
89
sand
1.3
20
4.8
1.4
1.3
0.5
0.08
0.1

3.9
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in each gram of soil. Thus, the phthalate contamination from tubes was
negligible. Phthalate extraction efficiency of 60% ethanol was comparable
to that of 80% ethanol.

‘Biodegradation Loss Study

Experiments at low application rates were conducted with Davidson
clay loam and Lakeland sand at 0, 200, 800 and 1,600 ppm di-n-butyl
phthalate: of soil weight. About 10 g of soil (dry weight equivalent) were
used for each treatment with 6 separate flasks to allow duplicate analyses
at 4, 12, and 26 weeks after the incubation began. The soil was weighed-
directly into incubation beakers. The moisture was maintained at near
field capacity, that is 60% of saturation, by making up every week the
lost weight due to evaporation of water. To minimize water loss the beakers
were covered with perforated aluminum foil.,” Thé incubation was carried
out at room temperature, 21 + 2°C. The samples were extracted with 95%
ethanol and analysed by UV-spectrophotometer for phthalates at 276 nm.

The Uv-spectrophotometric data were saved for confirmation with gas
chromatographic analyses of the same samples to 'verify the phthalate
concentrations in the extract ard to test the reliability of UV-spectro-
photometric analyses. These analyses gave a ratio of 1.3 + 0.4 for the
DnBP concentration measured by UV~ to that detected by GC. The UV
determined concentrations were useéd in the data analyses.

Additional treatments were set up with quartz sand at 200 ppm of
di-n-butyl phthalate supplement :and at 1,600 ppim DnBP in a blank (no
soil) treatment similar in all other ways to those flasks with soil
samples. Different rates of di-n-butyl phthalate were used in plant
response experiments to find the critical phytotoxic level (0, 200,
2,000 and 20,000 ppm of soil) illustrated that the phytotoxicity limit
is about 2,000 ppm or higher for most test species (Shea, 1980). Hence,
a range of phthalate loading rate from 0, 1,000, 2,000, 4,000, 6,000 and
10,000 was utilized to assess potential of soil microbes in the phyto-
toxic range. The decomposition kinetics at high loading rates was
especially investigated to find out the length of time periods needed
prior to crop planting in case of loading rate or accidental spills in
excess of phytotoxicity limits.

In a separate experiment, Davidson clay loam was amended with O,
1,000, 2,000, 4,000, 6,000, and 10,000 ppm of di-n-butyl phthalate and
the percent loss of added material during 2, 4, and 12 weeks of incuba-
tion was measured by the indirect method of soil extraction and deter-
mination of remaining phthalate in the extract at end of each incubation
period. About 20 g Davidson clay loam (dry weight equivalent) were
weighed in plastic tubes and treated with 1,000, 2,000, 4,000, 6,000,
and 10,000 ppm di-n-butyl phthalate. After a thorough mixing the mois-
ture was brought up to 607% of saturation and incubation was carried out
at room temperature. Moisture loss was made up by weighing every other
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week. Each treatment was replicated 6 times and 2 replicates of each
treatment were analyzed for di-n-butyl phthalate at 2, 4, and 12 weeks
- after. incubation. The moist soil samples were extracted with 20 ml of
analysis. Loss of di-n-butyl phthalate from soils as a function of
time was calctilated for each rate of loading.

Volatilization Loss Study

About 10 g each on a dry weight basis of Davidson clay loam and
Lakeland sand were weighed in plastic tubes for this study and di-n-butyl
phthalate was added at one rate, 2,000 ppm of soil weight. A set of
controls for each soil were set up to subtract the background levels from
treated samples. A blank (no soil) but with the phthaiate .content corréspond~-
ing to 2,000 ppm level was also prepared to measure the phthalate loss
from the incubation system when no soil was present. The soil moisture
was raised to 80% of saturstion. The containers were cotton-plugged and /
the soil samples were sterilized with ethylene oxide at 15 1w/ in“ pressure
for 2 days. The incubation was carried out at room temperature. Dupli-
cate samples were extracted at 2, 4, and 12 weeks after the incubation
with 25 ml of 80% ethanol. The extract was analysed for di-n-butyl
phthalate and the percent recovery of phthalate after each incubation
period was calculated. The percent loss of phthalate or gain of ;
phthalate under sterilized conditicns was assessed indirectly by sub-
traction of percent recovery from the gdded amcunt taken as 100%.

RESULTS
Extraction Efficiencies

Recovery percentages of added phthalate from Davidson clay loam,
Lakeland sand, Norfolk fine sandy lecam, and pure sand are presented in
Table 4.2. The recoveries at all levels of amendment ranged from 89 to
120%. The phthalate recovery in excess 'of that from quartz sand can
be attributed to native organic compounds in soil that adsorb at 276 nm.
The data clearly establish that 807 ethanol is a good extractant of
di-n-butyl phthalate and nearly 1007 recovery is attainable at 1,000,
2,000, 4,000, 6,000, and 10,000 ppm application rates. Table 4.3 is
assembled from twe separate experiments which indicate that recovery
of added phthalate from Davidson clay loam is unaffected by (i) shaking
time between 0.5 and 24 hours, (ii) amount of soil sample size for
extraction efficiency tests and (iii) the amount of phthalate added to
soil between 1,000 and 10,000 ppm rates (Table 4.2). The minimum con-
tact time between soil and ethanol extractant was 52 minutes during
which 30 minutes was in shaking.

Biodegradation Rates

Cumulative loss of di-n-butyl phthalate from Davidson clay,
Lakeland sand, pure sand, and blank at low application rates (between
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Table 4.2. Recovery of added di-n-butyl phthalate from spiked soils in
807% ethanol.

*

Soil Back- % recovery of added phthalate at rates
ground ——
level, 1,000 2,000 4,000 6,000 10,000
ppm ppm ppm bpm ppm ppm. . ..
Davidson cl 1390 89 99 97 101 106
Lakeland sand 1254 120 113 97 99 103
Norfolk fsl . 676 109 103 95 99 115
Pure sand 63 95 90 92 96 96
%

Recovery was calculated after subtraction of the background levels.

Table 4.3. Recovery of added di-n-butyl phthalate from spiked soil
-samples in 807 ethanol at different shaking times.

Shaking Time, % recovery of added phthalate at rates
hr 1,000 ppm 2,000 ppm
(5 g soil used) (2 g soil used)
0.5 91 (52 min) 103
X
1.0 94 (82 min) | 107
%
2.0 96 (142 min) | 105
24 ~ - 105
*

Total contact time, in minutes.
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200 and 1,600 ppm of soil weight) is shown in Table 4.4. At 200 ppm
application rate, :almost all di-n-butyl phthalate was lost within 26 weeks
from Davidson clay loam whereas loss from Lakeland sand during the same
period was only 667 of the added amount. Total losses during 26 weeks

at 850 and 1,600 ppm application rates ranged between 35 and 437% from
both soils. There was no loss of di-n-butyl phthalate from pure sand at
200 ppm application rate throughout the course of study. Blank (no soil),
corresponding to 1,600 ppm application rate in soils, did not exhibit any
loss with time. It was inferred from these experiments that di-n-butyl
phthalate loss by wvolatilization was minimum and most of the loss occurred
through biodegradation in soil-water systems.

Bacterial enumeration of wvarious phthalate treated soil samples
after 90 days of incubation indicated a decrease in both soils at 1,600
ppm PAE treatment., 3Blanks (no soil) contained 10,000 bacteria per ml
while control Davidson clay loam contained 5.3 x 10° and control Lakeland
. sand 3.3 x 10°, Application of PAE at 800 ppm level to Lakeland sand did
not influence soil bacterial population appreciably, whereas the popula-
tion of Davidson clay loam was more sensitive to phthalate application,
even at 200 ppm rate. Data on bacterial enumeration for various treat-.
ments is presented in Table 4.5. Glucose treatment of Davidson clay loam
at 800 and 1,600 ppm rates increased the bacterial count in soil, but as
a result of ‘this activity, no phthalate was detected during the soil
metabolism. '

At high application rates (between 1,000 and 10,000 ppm of soil
weight), cumulative loss of di-n-butyl phthalate ranged between 18-247%
of the added amount over 12 week incubation period (Table 4.6). These
results agree with the 800 'and 1,600 ppm di-n-butyl phthalate studies
conducted over the 26 week period but not with the 200 ppm investigation.:
Thus below a certain soil level below. 800 ppm the decomposition rate may
be greater than that above 800 ppm. No trend was evident with respect
to the rate of phthalate application and percent of added phthalate -loss
from amended soils above 800 ppm. The half-life of added phthalates may
be close. to 4 months in Davidson clay loam and 8 months in Lakeland sand
for. all rates  of-application above 800 ppm in soils. At lower rates or
with repeated applications after a phthalate utilizing population is
established), there is considerable possibility that half-lives of di-n-
"butyl phthalate may be considerably shorter.

Volatilization Loss Rates and Extent

An investigation of the extent of phthalate volatilization losses
or gains from soils over 2, 4, and 12 week period 1s presented in Table
4,7. Phthalate loss did not exceed 5.6% of added amount in any case and
at any time under the incubation conditions. In both soils, incubation
under sterilized conditions led to gains of phthalate in negligible
amounts probably from the container or soil that did carry organic. sub-
stances peculiar to phthalate absorption peak at 276 nm. The phthalate
gains'were relatively small, ranging from 2.5 to 6.3% of the added
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Table 4.4. Loss of di-n~butyl phthalate from Davidson clay loam,
Lakeland sand, quartz sand, ‘and blank at low application
rates over 12 and 26 weeks of incubation.

Phthalate Application Rate Loss of Di-n-butyl Phthalate
: ' (% of added amount)-

ppm, soil weight 12 weeks 26 weeks

Davidson clay loam

200 55 - 98
800 ‘ 16 | 35
1,600 . 30 40

Lakeland sand

200 53 66
800 24 43
1,600 32 40

Quartz sand
200 0 0
Blank (no soil)

1,600 0 \ 0
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Table 4.5. Bacterial counts in soil and blank samples treated with
phthalate (Di-n-butyl) and glucose.

Treatment - p ‘ " Bacterial Number/g soil

Di-n-butyl phthalate treatments:

Davidson c.l. control | 5.3 x 105
Davidson c¢.l. + 200 ppm Di-n-BP | 4.7 x 105
Davidson c.l. + 800 ppm Di-n-BP - 6.4 x 105
Davidson c.l. + 1,600 ppm Di—n*BP * ‘ 2,9 x 105
No soil + 1,600 ppm Di-n-BP 1.0 x 104
Lakelénd s. control | 3.3 x lO5
Lakeland s. + 200 ppm Di-n-BP | | 3.1 x lO5
Lakeland.s. + 800 ppm Di-n~BP | o 3.0 x‘lO5
Lakeland s. + 1,600 ppm Di-n-BP o 3.5 x 10
Glucose treatments: )
Davidson c.l. + 200 ppm Glucose 4.2 x 105
Davidson c.l. + 800 pPpPm Glucosé ‘ 8.5 x’lO5
Davidson c¢.l. + 1,600 ppm Glucose 8.6 x lO5
Alnitial count in Davidson c.l. 92 x lO5
Initial count in Lakeland s. ‘ 1'x lO7
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Table 4.6. Loss of di-n-butyl phthalate from Davidson clay loam at
. application rates ranging from 1,000 to 10,000 ppm of soil

weight.
Phthalate apﬁlication Loss of Di-n-butyl phthalate in (7% of added
rate (ppm of soil amount) , ’
weight) ‘ v
2 weeks . 4 weeks - 12 weeks
1,000 ' 2.6 3.3 - 33.9
2,000 6.1 1.9 ’ 25.6
4,000 2.5 15.0 18.5
6,000 7.9 10.4 18.5
10,000 8.2 9.5 23.1

1,000 - 10,000 2-8 - 2-15 18-34

Table 4.7. Extent of di-n-butyl phthalate loss and gain under sterilized
conditions from soils spiked with 2,000 ppm di-n-butyl
phthalate.

Soil Treatment Relative loss or gain of phthalate
(% of added amount) over:

2 weeks 4 weeks 12 weeks
1. Davidson é.l. +
2,000 ppm DHBP . +4 -3.1 +2.5
2. Lakeland sand +
2,000 ppm DmBP +3.1 5.6 +6.3
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amount. Thus velatilization losses or gains under chemical steriliza-
tion with ethylene oxide were negligible because these fall within the
range of variability in measurements.

SUMMARY

Input of phthalate acid esters (PAEs) into sludges and soils has
increased steadily with use of plasticizers. The objectives of the present
study were (i) to determine the extraction recovery of PAEs from soils,
and (ii) to find out the potential rates of PAE degradation and loss
from soil environment. The extraction was carried out with 807 ethanol
and phthalates were determined by UV spectrophotometry. Phthalate re-
covery from spiked soils ranged from 80-1207% of the amount in various
soils.

A series of laboratory incubation experiments were conducted under
natural and sterilized soil conditions. Loss of PAE was measured from
Davidson clay loam and found to be 18 to 34% of the added amount (1,000
to 10,000 ppm of soil weight) over a 12 week period. 1In another experi-
ment at 800 and 1,600 ppm application rate, the loss rates ranged from
35 to 43% of added amount over a 26 week incubation period. The
phthalate loss was primarily due to biological decomposition. Up to
800 ppm, there was no evidence of phthalate limiting bacterial popula-
tion but at 1,600 ppm, baeterial number decreased to one-fifth and one-
eighth of the original population in control samples. There was no
evidence of phthalate loss by volatilization under sterilized or un-
sterilized soil condition.
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Chapter 5 DECOMPOSITION STUDIES OF 2,4~DINITROPHENOL
MATERTALS AND METHODS

The soils used in these experiments with dinitrophencl were Davidson clay
loam and Lakeland ssnd. The chsracteristics of these soils are given in Table
4.1. The moist soils were ground, homcgenized and sieved prior to each
experiment.

Extraction Efficiency Determination

Moist Davidson clay losm (24.57 moisture) was weighed into plastic tubes in
amounts equivalent to 10 g dry weight. From the greenhouse screening experi-
ments,- 4t was concluded that the 2,4-DNP affected plant growth at concentrations
as low.as 10 ppm and growth of many test crops was severely restricted at 100
ppm or higher. Hence the soil samples were treated in duplicate with 0, 5, 10,
20, 50, and 100 ppm DNP ¢n a dry soil weight basis. The samples were mixed
thoroughly for uniformity of each treatment. After 24 hours of treatment, the
samples were extracted with 20 ml of 95% ethanol by means of a centrlfuge. The
supernatant was analyzed for 2,4- -dinitrophenol by ultraviolet spectrophotometry
at 255 and 360 nm and also by hlgh pressure liquid chromatography (HPLC).
Extraction efficiency of 957 ethancl for DNP from soils was calculated from
these data.

Determination of 2,4-DNP Less. With Moist Field Soil

Moist Davidson clay loam was weighed into plastic tubes in amounts equiva-
lent te 4 g dry weight. The following treatments were set up with 6 replicates.

Soil control

Soil <+ 5 ppm DNP

Seil + 12.5 ppm DNP

Soil + 25 ppm DNP

. Soil + 50 ppm DNP

. Blank {(no soil) with same treatment as 5.

L3 a

o

N W N
B

The soil moisture in each treatment was raised to 80% of saturation and
incubation carried.out .at room temperature, 20 + 5°C. The tubes were covered
with perforated parafilm to allow aeration. The moisture losses were made up
every other week and moisture fluctuations ranged between 40% and 80% of
saturation moisture during the tenure of experiment. The samples were
extracted 4, 12, 24, and 36 weeks after incubation with 95% ethanol. The
extracts were analyzed by UV-spectrophotometry at 360 nm and 255 nm for 2,4~
DNP. After appropriaté adjustments for the extraction efficiency, the quahtity
of DNP lost over each incubation period was calculated.

Determination of 2,4-DNP Loss With Sterile Soils
In this experiment, both Davidson clay loam and Lakeland sand were utilized.

About. .5 g dry weight equivalents of each soil were placed in the plastic cen-
trifuge tubes. The treatments were: :
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. Davidson c¢.l. control

Davidson c¢.1. + 100 ppm DNP
Lakeland s. control

. Lagkeland s. + 100 ppm DNP

. No soil + same treatment as 2 and 4.

Ut E W N

Fach treatment was replicated 6 times to allow duplicate analyses at 2,4 and 12
weeks after incubation. The tubes were cotton plugged and the treated soil
samples ‘were sterilized chemically with ethylene oxide at 15 1bs pressure for 2
days. The incubation was. carried out at room temperature. At the end of each
incubation period, duplicate samples were extracted with 25.ml of 95% ethanol.

The extract was analysed on a UV-spectrophotometer at appropriate wavelengths

for 2,4-DNP.. :The.loss of DNP from soils under chemically sterilized condition was
calculated from these data.

RESULTS
Extraction Efficiencies

Recoveries of 2,4-dinitrophenol (DNP) from Davidson clay loam (amended with
5, 10, 20, 50, and 100 ppm) are presented in Table 5.1, The same extract indicates
a range of recoveries by the 3 methods of determination. Analyses by HPLC did not
exactly reproduce the recovery data by UV-spectrophotometry at either wavelength.
For HPLC, the range of DNP recovery from soils was large, 83 to 1207, which in-
creases with increasing rate of DNP-application. The data on DNP recovery per-—
centages by UV-spectrophotometry, at 255 nm A were most consistent ranging from
81 to 1127 at each loading rate. Recovery percentages of DNP calculated from data.
obtained by UV-spectrophotometry at 360 nm were also consistent ranging between
90 and 120% of added amount with no clear trend relative to the rate of DNP added
to soil. The extraction efficiency was attainable by UV-spectrophotometry at 255
nm " and 360 nm,  which is confirmed by HPLCU recovery data also.

Loss -Rates: of 2,4~Dinitrophenol from Soils

At 5, 12.5, 25, and 50 ppm application rates of DNP to Davidson clay loam,
the % losses over different incubation periods are presented in Table 5.3.
Highest rates of loss occurred during first 4 or 12 weeks. There were substan-
tial logses of DNP from blanks as well, ranging from 407 of added amount in 12
weeks to 497 of added amounts in 24 weeks. Losses of DNP from soils always
exceeded the no-soil blanks. From this it could be inferred that at least one
half of DNP was lost by mechanisms other than soil microorganisms during the
incubation period of 24 weeks.

In order to find the extent of DNP loss rates by nonbiological routes such
as chemical and physical routes, the results of an experiment conducted under
sterile conditions are presented in Table 5.3. At 100 ppm application rates,
‘the chemical and physical loss rates of DNP from Davidson c¢.l. and Lakeland s.
were of the order of 92,5% and 90.8% of the added amount, respectively, during
first 2 weeks of incubation under sterilized conditions. These high rates of
DNP loss from both soils were reproducible at 4 and 12 weeks of incubation and
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Table 5.1. Recovery of added DNP from Davidson clay loam.

"% recovery from soil by

Treateat
. with DNP UV (360 nm) UV (255 nm) HPLC
Soil +"5 ppm 120 112 100 - 120
Soil + 10'pbm 90 96 84
Soil + 20 ppm 100 108 83
Soil + 50 ‘ppm. 108 82 128
Soil + 100 ppm 104 81 102

Table 5.2. Loss of DNP from Davidson clay loam under natural (unsterilized

conditions,

Treatment Percent of added amount lost over
with DNP 4 weeks 12 weeks 24 weeks
Soil + 5 ppm 40 - 65 82.5 90
Soil + 12.5 ppm 62 - 66 90 68
Soil + 25 ppm 65 ~ 68 88 80
Soil + 50 ppm 70.5 - 71.5 87 82

0 40 49

Blank + 200 ug

Table 5.3. Loss of DNP from Davidson clay loam and Lakeland sand under
sterilized conditions.
Treatment Percent of added amount lost over
2 weeks 4 treeks ' 12 weeks
5 g. Davidson c.l. + 500 uyg DNP  92.5 94.6 97.5
5 g Lakeland s. + 500 ng DNP 90.8 9l1.5 84.5
No soil .+ 500 ug DNP 31.8 52.3 46.0
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- were considered ‘abiological. Since DNP is a well known for its capacity to
inhibit respiration as an uncoupler of oxidative phosphorylation and, while

a single molecule of DNP would carry on its uncoupling function repeatedly, the
mechanisms of chemical and/or physical loss of DNP from soils as a function of
time are relatively unknown. But high losses during first 2 to 4 weeks suggest
direct or indirect adsorption, photo-oxidation; photoreduction, and/or hydrolysis.
These are.a few hypothetical explanations for high losses. No direct evidence
of volatilization exists in literature (Versar, Inc. 1979).

As an uncoupler of oxidative phosphorylation in the respiration process,
DNP is toxic to soil microorganisms as well as plant roots. The concentra-
tions as low as 10 ppm may prevent oxidative phosphorylation and yet stimulate
the rate of oxygen consumption.

SUMMARY

The relatively rapid loss of 2,4 DNP with a sterile soil indicates the
chemical, photolysis and possibly volatile pathways are the major mechanismy
for loss. Since the no soil experiment yielded about a 50% loss of DNP then
photolysis is likely. The fact that the losses with sterile soils exceeded
those with moist soils may indicate some biological binding of 2,4 DNP which
reduces the abiological pathway for loss.
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Chapter 6 ~* - PHYLOTOXICITY STUDIES OF TOLUENE, DI-n-BUTYL PHTHALATE
AND 2,4-DINITROPHENOL APPLIED TO CORN, SOYBEAN, AND FESCUE

v Toluene, di-n-butyl phthalate, and 2,4-dinitrophenol were applied
to Lakeland sandy loam and Davidson clay soils and the effects of the
chemicals on the germination and. growth of corn, soybean, and fescue
- were measured. Measurements were also made on the effects of the chemicals
applied to the foliage of the three crop plants.

MATERTALS AND METHODS
Soil-Applied Studies

Toluene and di-n-butyl phthalate were applied to and mixed with 433 g
of Lakeland or 524 g of Davidson soil (dry weights) at rates of O ppm,
200 ppm (0.1 ml), 2,000 ppm (1.0 ml), and 20,000 ppm (10 ml). Dry crystal-
line 2,4-dinitrophenol was added to and mixed with 400 g (dry weight) of
each of the soils at rates of O ppm, 10 ppm (4 mg), 20 ppm (8 mg), 40 ppm
(16 mg), 80 ppm (32 mg), and 100 ppm (40 mg). The soils were added to
styrofoam pots and immediately planted with 4 corn (Zea mays L. 'Pioneer'),
6 soybean (Glycine max L. 'Ransom'), and 1.5 cm® tall fescue (Festuca
arundinaceae L. 'Kentucky 31') seed. Ten ml of full strength Hoagland's
nutrient solution were added to the soils in each pot weekly. Plants
were measured and harvested at the end of 3 weeks.

Lakeland soil had a native pH of 4.0 and a pH of 5.5 to 6.0 when
limed with Ca CO3., Davidson soil had a native pH of 4.5 to 5.0.

Foliage-Applied Studies

Corn, soybean, and fescue were seeded as described previously. At 2
weeks after planting, toluene, at rates of 0, 10, 100, and 1,000 kg/ha
(based.on a pot area of 56.7 em?), in 3 ml of water (plus 2 drops of
"Tween 20" surfactant) was applied to the foliage of all three crops and
di-n-butyl phthalate, at the same rates, in 6 ml of water (plus 'Tween
20"), was applied to the foliage of corn and soybean. 2,4-dinitrophenol,
at rates of 0, 2, 4, 6, 8, and 10 kg/ha, in 10 ml of water, was applied
to the foliage of all three crops. Two weeks after chemical treatment
the crop plants were harvested and foliage and root measurements were taken.

RESULTS AND DISCUSSION
Soil+Applied Studies

Toluene appliedvto the soil decreased the germination of the initial
planting of corn and soybean at rates of 2,000 and 20,000 ppm but had no-
effects at the lower rates of application (Table 6.1). Toluene had no

effect on germination of the second planting of the two species and had
probably wvolatilized from the soil by that time.
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Table 6.1. Effect of tolﬁene, di—thutyl phthalate, and 2,4-dinitrophenol
incorporated in Lakeland sandy loam soil (unlimed) on germi-
nation of corn and soybean seed.

% Germination!

Corn Soybean
Rate Initial Second? Initial Second?
Chemical (ppm) Planting Planting Planting Planting
Toluene » 0 92 . 96 50 49
200 92 100 - 47 50
2,000 75 100 25 61
20,000 13 100 0 ' 53
Di-n-butyl : ‘ .
phthalate 0 100 100 © 6l 55
200 100 - 100 27 23
| 2,000 100 100 33 37
| 20,000 92 100 40 20
2,4-dinitro-
phenol 0 100 100 67 62
10 96 ¢ 100 . 67 83
- 20 100 100 72 44
40 100 96 47 47
60 9% - 58 9 14
80 58 : 71 0 6

100 38 71 0 17

»;1 :
Means of duplicate studies for toluene @nd 2,4-dinitrophenol on corn
and soybeans, and di-n-butyl phthalate on corn, and single study for
di-n-butyl phthalate on soybean.

2 : : B
The second planting was made 3 weeks after chemicals were applied to
the soil. !
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Di-n-butyl phthalate applied to the soil greatly decreased soybean
seed germination in both plantings at all three rates of application but
had no effect on:the germination of corn (Table 6.1). Since the
chemical affected the germination of the second planting of soybean, it
was apparently still present in the soil in a biologically available form
at the end of the 3 week period.

2,4~dinitrophenol applied to the soil decreased germination of both
plantings of corn at rates of 60, 80, and 100 ppm (Table 6.1). The
chemical decreased soybean seed germination at rates as low as 20 ppm, in
the second planting, and completely killed soybean seeds at rates of 80
and 100 ppm, in the first planting.

Di-n-butyl phthalate applied to soil significantly decreased the
growth of corn and  soybean by 29 to 807 at rates of 200 ppm and higher,
and decreased the growth of fescue by 56 to 897% at rates of 2,000 ppm and
higher (Table 6.2). The chemical appeared to be equally effective in
both soils, but was significantly more persistent in the Davidson soil-
than in the limed Lakeland soil.

Di-n-butyl phthalate applied to Lakeland sandy loam significantly
inhibited the height, fresh top weight, and fresh root weight of corn at :
rates of 200 ppm and higher (Table 6.3). Plant growth inhibition was
relatively similar for all rates of the chemical and ranged from 13 to
247 inhibition of plant height, 30 to 47% inhibition of fresh top weight,
and 26 to 447% inhibition of fresh root weight. Inhibition was highest
at the highest concentration applied, however.

Toluene applied to Lakeland sandy loam (limed) and Davidson clay soils
inhibited: corn and soybean growth in the initial planting at the 20,000
ppm rate only and did not significantly affect the growth of fescue
(Table 6.4). Rates as 1ow as 200 ppm toluene inhibited growth of corn on
the Davidson soil, but even the highest rate of 20,000 ppm had little or
no effect on growth of sbybean or fescue on this soil. Toluene had no
significant effects on the growth of the crops in second plantings.

2,4-dinitrophenol applied to Lakeland sandy loam soil significantly
decreased- the growth of corn and fescue in initial plantings by 25 and 117,
respectively, at rates as low as 20 ppm (Table 6.5). Increased rates
decreased plant growth proportionately and rates as low as 60 ppm com-
pletely killed soybean plants. Liming the Lakeland soil, greatly and
significantly, decreased phytotoxicity of the chemical to corn and fescue
but did not have a significant effect on soybean. The chemical was also
significantly less toxic to the crops in the Davidson soil as compared ‘
with Lakeland. Each successive planting of crops was less affected by 2,4~
dinitrophenol demonstrating that the chemical degraded or somehow became
less toxic with time.
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Table 6.2. Effects of soil-applied di-n-butyl phthalate on fresh top
v ‘wedlghts of corn, soybean, and fescue grown in Lakeland
sandy loam (limed) and Davidson clay soils (at 3 weeks after
planting).

Chemical Initial Planting Second Planting
Soil Rate Corn  Soybean  Fescue Corn  Soybeanr  Fescue
Type (ppm) (g) (g) - (g) (&) (g) (&)
Lakeland 0 15.1a! 4.2a 0.9b 18.7a  3.8a “2.la
200 8.4b 3.0ab 1.2a 17.2a 2.8a 1.9
2,000 3.0c - 2.,7ab 0.4c 19.1a 3.9a 1.8a
20,000 3.2¢ 1.6b 0.1d 19.1a 4.1a 1.1b
Davidson 0 9.6a . -2 l.1a 13.5a 2.8a 1.3¢c
‘ 200 7.4b 0.9a 12.5a 3.3a 1l.4be
2,000 4.2¢ 0.3b 8.6b 1.3b l.7a
20,000 3.0c 0.2b 2.8¢c 1.1b 1.7ab

1
Treatment means within a column followed by the same number are not signi-

ficantly different at the 5% level, as determined by Duncan's multiple
range test.

2eregular germination and growth precluded measurements.

Table 6.3, Effects of di-n-butyl phthalate applied to Lakeland sandy loam
soil on growth of corn (at 3 weeks after planting).

Rate v Plant height , Fresh Top Weight Fresh Root Weight

(ppm) (cm) Zrt (g) %I (g) %I
0 34.7a? - 9.4a - 11.2a -
200 30.2b° 13—  6.2bc 34 7.7bc 31
400 27. 5be 21 5.5¢ 41 7.5¢d 33
600 28.6bc 18 5.7¢ 39 6.7de 40
800 29.8b 14 6.6b 30 8.3b 26
1,000 27.9bc 20 5.7¢ 39 6.9de 38
2,000 28. 1be 19 6.1c 35 6.6e 41
20,000 26.4c 2%, 5.0d 47 6.3 4t

1% I = percent inhibition.
2See footnote 1 of Table 6.2.
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Table 6.4.

Effects of toluene applied to Lakeland sandy loam (limed) and

Davidson clay soils on fresh top weights of corn, soybean,

and fescue (at 3 weeks after planting).

Second Planting

: Chemical Initial Planting

Soil "Rate Corn Soybean Fescue Corn - Soybean . Fescue

Type (ppm) (g) (g) (g) (g) (g) (g)
Lakeland 0 5.26al 2.79a .64a 22.0la 3.13a 1.50a
200 6.63a 1.67a .74a  21.37a 2.19a 2.62a
2,000 6.69a 1.86a .8la 21.04a 2.6la 1.82a
20,000 1.68b  0.06Db .50a 17.48a 1.42a 1.96a
‘Davidson 0 10.04a 3.25a .70ab 16.21a 3.51a 1.65a
200 7.00b  4.34a .43ab 16.60a 4.52a 1.60a
2,000 6.90b 4.19a .16b 16.08a 4.32a 1.32a
20,000 3.02¢ 2.21a .92a 18.42a 4.43a 1.98a

1

See footnote 1 of Table 6.2.
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Foliar-Applied Studies

Toluene applied to corn and soybean foliage at rates of 1, 10, 100,

and 1,000 ppm had little or no effects on growth of the plants (Table
6.6). Application of the chemical to fescue foliage appeared to stimu-
late growth of the plant by 67 to 87Z.

Di+n-butyl phthalate applied to the foliage of corn at rates of 1,
10, and 1100 ppm had no effects but the 1,000 ppm rate inhibited growth
by 88%. . Soybean growth was inhibited by 407 by the 100 ppm rate of
di-n-butyl phthalate and the 1,000 ppm rate inhibited growth of the
plant by 877%.

2,4=dinitrophenol applied to the fcliage of plants growing in
Lakeland soil significantly inhibited the growth of corn, soybean, and
fescue foliage at rates of 4, 6, and 8 ppm, respectively (Table 6.7).
Higher rates of the chemical were required to cause similar inhibitory
effects to plants growing in the Davidson soil. Root growth of corn,
soybean, and fescue were gignificantly inhibited by rates of 6, 4, and
4 ppm, on the Lakeland soil, and 6, and 8 ppm for corn and soybeans on
the Davidson soil. Root growth of fescue growing on the Davidson soil
was not significantly effected by even the highest rate of foliage
applied 2,4~dinitrophencl. The 10 ppm rate of 2,4~dinitrophenol

inhibited foliage growth of corn, soybean, and fescue by 31, 45, and 644,

respectively, on the Lakeland soil.
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Table 6.6. Effect of foliar applications of toluene and di-n-butyl
phthalate on yields (fresh top weight) of corn and soybean.

Toluene DNBP®
Rate! Corn? Soybean® v Fescue” 7 _Corn2 Soybean3
(kg/ha) (g) %2 1I° (g) %1 (&) %1 -(g) %2 L (g) Z T

0 8.37 - 6.57  —- 2.06 - 13.73  ~-- 6.83 -—-

1 13.85 +1 5.97 13

10 9.22 +10 6.58 0 3.45 467 14.68 + 7 6.45 6
100 8.53 + 2 5.60 15 3.85  +87 13.18 4. 4,07 40
1,000 8.70 + 4  6.55 0 3.68 479 1.70 88 0.92 87

Tncludes a few drops of "Tween 20" surfactant, 2Appiied at 3 to & leaf
growth stage, 3A%plied at second trifoliate growth stage, LrApplied to 10
em tall plants, °DNBP = di-n-butyl phthalate, 52 I = percent growth
inhibition; positive sign signifies stimulation.

Table 6.7. Effects of foliar-applied 2,4-dinitrophenol on fresh foliage
and root weights of corn, soybean, and fescue grown in Lakeland
sandy loam and Davidson clay scils (chemical applied to 2 week
old plants and evaluated 2 weeks later).

Chemical Corn Soybean FFescue
Soil Rate Foliage Root Foliage  Root Foliage Root
Type (kg/ha) (&) (8) (g) (g) (g) (g)
Lakeland 0 16.10a*  9.83a 9.88a 4.54a 13.19a 9.67a
2 15.26ab 8.11a 8.45ab 3.78ab 13.56a 7.75ab
4 13.98be 8.77a 8.38ab 3.02b 10.0%9ab 5.29bc
6 12.53cd 5.81b 7.44b 3.59ab 10.23ab 4.75bc
8 11.004 5.58b 6.59bc 2.32b 6.67bc  4.00c
10 11.174 5.49b 5.3%¢ 2.45b 4,78¢c 2.71c
Davidson 0 6.90a 3.558 4.45a 0.36b 4.03a 2.63a
2 6.47sb 2.80abc 4.20a 0.34b 3.50a 2.77a
4 6.36ab 2.89ab 4.57a 0.40b 4,00a 2.74a
6 5.86bc 1.89bc 4.72a 1.06a 4.21a 3.04a
8 5.41c 2.08be 2.53b 0.22b 3.68a 2.20a
10 3.86d 1.67¢ 2.53b 0.22b 3.442a 2,6la

lgee footnote 1 of Table 6.2.
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