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Reports 

Phthalate Ester Plasticizers: A New Class of Marine Pollutant 

Abstract. Phthalate ester plasticizers have been detected in the open-ocean envi- 
ronment. Samples consisting of water, sediment, air, and biota from the Gulf of 
Mexico and of water and air from the North Atlantic were analyzed and found to 
contain two phthalate esters, di-(2-ethylhexyl) phthalate (DEHP) and di-n-dibutyl 
phthalate (DBP); the concentrations of polychlorinated biphenyls (PCB's) and 
DDT's (p,p'-DDT and p,p'-DDE) were also determined. Like the ubiquitous 
PCB's and DDT's, the phthalate plasticizers were found in almost all samples ana- 
lyzed; DEHP was present at higher concentrations than the PCB's or DDT's in water 
and sediment. The environmental impact of the concentrations found in these stud- 
ies, coupled with the continued high production and wide use of these plasticizers, 
requires assessment. 

The use and production of phthalate 
ester plasticizers (PAE's) has been 
steadily increasing over the past two 
decades. The total annual production has 
reached nearly a 5 x 108 kg and contin- 
ues to increase. The high rate of produc- 
tion of PAE's, coupled with their wide- 
spread use and some instances of tox- 
icity to aquatic organisms (1), suggested 
to us that PAE's may be contaminating 
the marine environment on a large,scale. 
A search for the more abundantly pro- 
duced phthalate plasticizers, di-2-ethyl- 
hexyl phthalate (DEHP) and di-n-butyl 
phthalate (DBP), in marine water, sedi- 
ment, air, and biota was therefore initi- 
ated. The results we obtained clearly 
show that PAE's are a new class of ma- 
rine pollutant. 

As far as we know, prior to this study, 
no systematic studies of the PAE's in the 
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marine environment have been reported, 
although these materials have been de- 
tected in many environmental samples 
(2). One reason for the paucity of data 
from the marine environment is that suit- 
able techniques for detecting the very 
low concentrations of phthalates ex- 
pected in marine samples have been un- 
available. The major deterrent to mea- 
surement of this ultralow content is the 
extreme difficulty in reducing back- 
ground contamination to acceptable lev- 
els (in the case of water, below parts per 
trillion). One example of this difficulty in 
reducing contamination is a report by 
other workers that background values 
were 1500 ng of DEHP and 1000 ng of 
DBP in spite of precautions taken to min- 
imize these values (3). For our studies of 
concentrations in the marine environ- 
ment, background values of 50 ng of 

DEHP and 25 ng of DBP (or lower) were 
achieved (4). Recoveries of phthalates 
from spiked samples were typically 90 
percent or better. 

The techniques that we used for these 
analyses were based on extraction with 
suitable organic solvents, separations 
from other contaminants by column 
chromatography, identification and 
quantitation by gas chromatography with 
an electron capture detector (4), and 
confirmation by chemical derivatization 
(5). These techniques are suitable for the 
detection and quantitation of a number 
of the dialkyl phthalate esters, but only 
two esters, DEHP and DBP, were de- 
tected in the samples analyzed. More- 
over, with this procedure it was possi- 
ble to determine the ubiquitous poly- 
chlorinated biphenyls (PCB's) and DDT's 
(p,p'-DDT and p,p'-DDE) along with 
the phthalates. These chlorinated hydro- 
carbon pollutants are known to be pres- 
ent in almost all environmental samples 
(6); the data on the chlorinated hydro- 
carbons are given with those for the 
phthalates for purposes of comparison 
(Table 1). Typical background values 
for PCB's and DDT's are <1 ng and 
<1 pg, respectively. 

Sediment samples were taken with 
metal-coring devices and preserved fro- 
zen in glass containers until analysis. 
The core sections analyzed represented 
surface sediment and were taken from 
the top 10 cm. In general, sediment val- 
ues of PAE's, PCB's, and DDT's de- 
creased from the Mississippi delta region 
to the open Gulf of Mexico. 

We either extracted the organic com- 
pounds from the water samples directly 
or concentrated them at the collection 
site by drawing the sample through a bed 
of precleaned Amberlite XAD-2 resin. 
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Table 1. Mean concentrations and concentration ranges of DDT's, PCB's, and two phthalate plasticizers in the Gulf of Mexico (39?00'N, 
70?40'W) and the northern Atlantic (38?00'N, 69035'W); nd, none detected. 

Number of DDT's PCB's* DBP DEHP 
Sample Nuampl er 

samples Mean Range Mean Range Mean Range Mean Range 

Surface water (nanograrns per liter) 
Typical blank <0.002 <0.02 <0.1 <0.2 
Mississippi delta 14 1.7 0.01-2.9 2.45 1.7-3.3 95 6.5-471 70 23-225 
Gulfcoast 10 0.35 0.01-0.6 1.60 0.1-3.1 74 3.4-265 130 6-316 
Open gulf 7 0.25 <0.1-0.6 1.4 <0.1-2.8 93 3-133 80 6-97 
North Atlantict 10 nd nd 0.16 0.02-0.20 nd nd 4.9 0.1-6.3 

Sediment (nanograms per gram) 
Typical blank <0.002 <0.02 <0.1 <0.2 
Mississippi delta 22 4.2 0.2-9.3 18.7 0.2-35 13 <0.1-52.1 69 <0.1-248 
Gulf coast 9 1.3 0.2-4.0 1.97 0.2-6 7.6 <0.1-15.3 6.6 3.4-14.2 
Open gulf 3 0.23 0.1-0.5 0.2 3.4 1.6-5.6 2.0 

Air (nanograms per cubic meter) 
Typical blank <0.0005 <0.03 <0.03 <0.4 
Gulf of Mexico 8 0.04 <0.02-0.09 0.4 0.27-0.91 0.3 0.08-0.7 0.4 <0.4-2.3 
North Atlantic 5 0.006 0.002-0.014 0.46 0.1-0.94 1.0 0.4-2.3 2.9 1.4-4.1 

Biota (nanograms per gram) 
Typical blank <0.003 <0.02 <0.1 <0.2 
Gulf of Mexicot 20 11.4 0.1-55 29.6 1-68 <0.1 4.5 <1-135 

*Samples were compared to Aroclor 1260 or Aroclor 1254. tPart of a large intercalibration study (13). tBiota examined included fish, crabs, shrimp, eel, rays, 
a jellyfish, and a starfish. 

The resin was then covered and trans- 
ferred to the laboratory for elution and 
analysis. Average values (in nanograms 
per liter) for all water samples taken in 
the gulf were as follows: DEHP, 90; 
DBP, 80; PCB's, 2; and DDT's, 1. In 
general, higher concentrations of DEHP 
were found in the coastal regions than in 
the open gulf or in the Mississippi delta 
although the concentration ranges were 
quite large. For DEHP and DBP, rela- 
tively lower average values of 70 and 95 
ng/liter, respectively, were found in the 
Mississippi delta area, whereas the con- 
centrations of DDT's and PCB's (1.7 and 
2.5 ng/liter, respectively) were higher in 
the delta region than in the other areas 
sampled. Sample concentrations from 
the North Atlantic were lower by rough- 
ly a factor of 10 than those observed in 
the gulf. 

Biota samples (mainly fish) were ob- 
tained by hook and line or trawl and 
were stored frozen in glass jars or alumi- 
num foil until analyzed. For larger fish, 
only muscle tissue-free of skin-or ex- 
cised organs were analyzed; smaller or- 
ganisms were analyzed whole. The only 
phthalate detected in the majority of 
these samples was DEHP. An average 
DEHP concentration of 5 ng/g was 
found, a low value relative to the average 
concentrations of 10 and 26 ng/g for 
DDT's and PCB's, respectively. In view 
of the higher water and sediment concen- 
trations of DEHP, this finding indicates 
that the phthalates are either taken up 
more slowly or metabolized and ex- 
creted more rapidly than the chlorinated 
hydrocarbons. In those samples in which 
liver tissue was analyzed separately, the 
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concentrations of DEHP in liver were 
lower than in muscle, whereas the re- 
verse was found for DDT's and PCB's. 
This finding implies that metabolism is 
responsible for the low phthalate con- 
centrations in biota (7). 

We made atmospheric measurements 
over the Gulf of Mexico by drawing air 
through columns of Florisil (8) or poly- 
urethane foam (9). The columns were 
then brought to the laboratory for elution 
and gas chromatographic analysis. The 
samples yielded the following mean con- 
centrations (in nanograms per cubic me- 
ter): DEHP, 0.4; DBP, 0.3; PCB's, 0.4; 
and DDT's, 0.04. The atmospheric con- 
centrations of PCB's and DDT's were 
similar to the values of 0.5 ng/m3 for 
PCB's and 0.03 ng/m3 for DDT's found in 
the atmosphere over the Sargasso Sea 
(10). Atmospheric samples taken in the 
North Atlantic showed generally lower 
DDT but higher PCB and DEHP concen- 
trations. 

The major environmental routes of 
DBP and DEHP to the gulf have not yet 
been established. Although the exact 
transfer pathways and mechanisms are 
not yet fully understood, it is apparent 
that significant amounts of phthalates are 
entering the marine environment. 

Whereas the chlorinated hydro- 
carbons are generally used and dispersed 
as entities, the phthalates are almost ex- 
clusively incorporated into other matri- 
ces such as plastics before being used 
and dispersed. This use pattern, along 
with the high disposal rates of plastics, 
may be producing an environmental res- 
ervoir of the phthalates from which these 
compounds are slowly being leached. 

Such a reservoir has several important 
implications: the concentrations mea- 
sured represent only a fraction of the 
phthalates in the environment, and envi- 
ronmental values would not decrease 
readily even if phthalate use were to be 
stopped. Even though the presence of 
the ester function may make the phtha- 
lates less persistent than the chlorinated 
hydrocarbons, the relatively high con- 
centrations of phthalates found in these 
studies indicate that environmental accu- 
mulation is occurring. 

The significance of the presence of 
phthalates, especially in the Gulf of Mex- 
ico, requires assessment. The toxicity of 
the phthalates to marine organisms has 
not been well documented, but it is un- 
der investigation. Studies with mammals 
have generally indicated a low order of 
acute toxicity (2); however, there have 
been a number of toxic effects reported 
from sublethal exposures. For example, 
a recent study indicates that DEHP af- 
fects lipid biosynthesis in rats (11). Of 
possibly greater importance to the ma- 
rine environment are reports of reduced 
hatching success from brine shrimp eggs 
due to exposure to DBP (12) and of de- 
creased reproductive rates in aquatic or- 
ganisms caused by DEHP (1). The possi- 
bility of reproductive effects along with 
the high concentrations of DBP and 
DEHP in coastal areas where many ma- 
rine species reproduce could cause an 
environmentally damaging disruption of 
marine food webs. 

C. S. GIAM*, H.S. CHAN 
G. S. NEFF, E. L. ATLAS 

Chemistry Department, Texas A&M 
University, College Station 77843 
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microscopy. 

The technique of chemical etching of 
charged particle tracks in plastic materi- 
als has been extended to polyfluoro plas- 
tics. We have obtained porous poly- 
vinylidene fluoride films with fine holes 
several tens of nanometers in diameter 
by the chemical etching of fission tracks. 

Plastics used widely in studies and ap- 
plications of the chemical etching of 
tracks include polycarbonate, polyethyl- 
ene terephthalate, and cellulose esters. 
We are interested in the chemical etching 
of tracks in substances having high 
chemical resistivity such as polyfluoro 
plastics since, from the viewpoint of sci- 
entific and technological applications, a 
membrane filter made by the etching of 
tracks in a chemically resistive sub- 
stance will be extremely useful. 

We have studied the chemical etching 
of tracks in polyvinylidene fluoride, be- 
cause this film is the least porous and 
most impervious to gases of com- 
mercially available polyfluoro plastics, 
and is suitable for an examination of the 
growth of very fine holes. Polyvinylidene 
fluoride is a polymer known to have 
characteristics for radiation exposure in- 
termediate between those of cross-linked 
polymers and degradation polymers. 
Makuuchi et al. and Seguchi et al. (1) 
studied the effects of y- and :3-rays on 
polyvinylidene fluoride and found that 
exposure to radiation in vacuum results 
in both cross-linking and chain scission 
with almost the same G value (the num- 
ber of molecules changed per absorption 
of 100 ev of radiation energy) whereas 
exposure in air favors chain scission with 
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a resultant decrease in the mean molecu- 
lar weight. These investigators also mea- 
sured the concentration of free radicals 
remaining after exposure of the polymer 
to radiation and found the lifetime of free 
radicals to be much longer than 24 hours. 
Accordingly, for the enhancement of the 
chemical etching of tracks in poly- 
vinylidene fluoride, it appears that it 
would be effective to irradiate in oxygen 
or some other gas that reacts with active 
species formed in the cylindrical zone 
around the charged particle trajectories 
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and to form chemical species of reduced 
molecular weight. On the basis of these 
considerations, we have bombarded fis- 
sion fragments in oxygen and found a 
method for enlarging fission tracks in 
polyvinylidene fluoride films. 

Polyvinylidene fluoride films 9 ,tm 
thick (Kureha Chemical Industries Co. 
Ltd.) were irradiated by fission frag- 
ments obtained from the thermal neutron 
fission of 235U in reactor JRR-4 of the Ja- 
pan Atomic Energy Research Institute. 
A natural uranium layer 100 nm thick de- 
posited on an aluminum foil was used as 
a source of fission fragments. A collima- 
tor was disposed between the film and 
the fission source to obtain aligned 
tracks. The film, the fission source, and 
the collimator were contained in a quartz 
tube filled with oxygen and irradiated at 
a thermal neutron flux of 1.7 x 1013 cm-2 
sec-1 for 10 minutes. The thickness of 
the film and of the uranium layer and the 
oxygen pressure were selected so as to 
satisfy the condition that all fission frag- 
ments entering the film have sufficient 
energy to penetrate the film. After cool- 
ing the film for several days to allow for 
the decay of fission products, we took 
the film out of the quartz tube and etched 
it in sodium hydroxide solution. 

Figure la is a surface electron micro- 
graph of a film irradiated in oxygen (pres- 
sure, 250 torr) and etched for 29 hours in 
5N sodium hydroxide at 85?C. The elec- 
tron micrograph was taken with a field 
emission scanning electron microscope 
(Japan Electron Optics Laboratory Co. 
Ltd., type JSM-F7). Holes about 50 nm 

and to form chemical species of reduced 
molecular weight. On the basis of these 
considerations, we have bombarded fis- 
sion fragments in oxygen and found a 
method for enlarging fission tracks in 
polyvinylidene fluoride films. 

Polyvinylidene fluoride films 9 ,tm 
thick (Kureha Chemical Industries Co. 
Ltd.) were irradiated by fission frag- 
ments obtained from the thermal neutron 
fission of 235U in reactor JRR-4 of the Ja- 
pan Atomic Energy Research Institute. 
A natural uranium layer 100 nm thick de- 
posited on an aluminum foil was used as 
a source of fission fragments. A collima- 
tor was disposed between the film and 
the fission source to obtain aligned 
tracks. The film, the fission source, and 
the collimator were contained in a quartz 
tube filled with oxygen and irradiated at 
a thermal neutron flux of 1.7 x 1013 cm-2 
sec-1 for 10 minutes. The thickness of 
the film and of the uranium layer and the 
oxygen pressure were selected so as to 
satisfy the condition that all fission frag- 
ments entering the film have sufficient 
energy to penetrate the film. After cool- 
ing the film for several days to allow for 
the decay of fission products, we took 
the film out of the quartz tube and etched 
it in sodium hydroxide solution. 

Figure la is a surface electron micro- 
graph of a film irradiated in oxygen (pres- 
sure, 250 torr) and etched for 29 hours in 
5N sodium hydroxide at 85?C. The elec- 
tron micrograph was taken with a field 
emission scanning electron microscope 
(Japan Electron Optics Laboratory Co. 
Ltd., type JSM-F7). Holes about 50 nm 

Fig. 1. Tracks of fission fragments in polyvinylidene fluoride film. Scanning electron micro- 
graphs of films irradiated in oxygen at a pressure of 250 torr (a) and in vacuum (b). Both were 
etched for 29 hours in 5N sodium hydroxide at 85?C. A gold-palladium alloy a few nanometers 
thick was deposited on the film. 
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Chemical Etching of Fission Tracks in Polyfluoro Plastics 

Abstract. A method has been developed for the chemical etching of fission tracks 
in polyfluoro plastics. The formation of fine holes several tens of nanometers in diam- 
eter in polyvinylidene fluoride films, bombarded by fission fragments in oxygen and 
etched in 5-normal sodium hydroxide solution at 85?C, was confirmed by electron 
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