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SCIENCE

Treatment of Hazardous Wastes

ost observers agree that the past performance of the Environmental Protection
Agency in cleaning up Superfund sites has been uninspired. In whar has besn
ca]kda“shellgame, the net resuir has largely been to move hazardous waste
from one spot to another or to cover the waste with a clay blanket. There has been linde net
dmmonofdtewmemdhcncehuiemthewayofpemm:wluuommamofmty

Every waste dump is different in geomerry, geology, and conrent of organic and
inorganic chemicals, Orgamcchanscahmthemmt&amd,mmmplusubcmcs
present. Technology exists to deal with parr of the organic wastes (incineration), and
rescarch resuls are pointing the way toward dealing with much of the remainder
(biodegradation). Where applicable—for example, wastes in drums—incineration can
achieve essentially complete destruction. Even the most stable halogen-containing aromaric
chemicals are destroyed at 1260°C. Major chemical companies have been using this
procedure successfully, achieving as much as 99.9999+ percent destruction. Currently, for
hckofmnnmmapmqr,d&mmaZyu:buﬂogofmmbebwmd.To avoid
possible problems during wansport to incinerators and o increase capacity, EPA should
devore some of its funds to the construction of mobile incinerators to be used at Superfund
sites.

Much of the organic chemical wastes have been dumped into landfills. Dilution with
dirt is such that incineration is often not practical, Field experience and research indicate thar
biodegradation could come to have an impormant role. For example, benzene, toluene,
xylenes, and other hazardous aromatic chemicals are found in many waste dumps and also in
leakage from gasoline tanks. These chemicals and many other hydrocarbons can be oxidized
in sirs to CO; and HyO by microorganisms provided that they are fumnished with such
inorganic nutricnts as phosphate and ammonium nitrogen, plus oxygen. Ac the site of a
large gasoline spill, accompanying extraction and injecdon of water, nutrients were added
and oxygen was provided in the form of dilute H;O;. A population of orgartisms (2 x 102
per gram of soil) capable of using gasoline 2 a carbon and encrgy source increased to more
than 10° per gram of soil, and 65 percent of the hydrocarbons disappeared aftcr 164 days.

Among the individual organic chemicals most prevalent ac Superfund dumps are
trichloroethylene, chloroform, tetrachloroethylene, and 1,1,1-michlorocthane. No arga-
nisms have been found that can grow using these substances as sole energy and carbon
sources, However, the compounds can be degraded by bacteria whose growth is supported
by another metabolite. As one cample, methanogenic organisms (anaerobes), when
supplied acetare, slowly degraded tetrachloroethylene and 1,1,1-trichloroethane, as well s
chloroform and carbon tetrachloride.* A different set of organisms has destroyed halogenat-
ed hydrocarbons under aerobic condirions. Thistime,dumergyandurbonsou:cewu
methane, and 12 ved aliphatic h © some exxenc.t
Smhrummd’Glabdedmd\lomedxylenuhowedfamympﬁm&cmon
Prodicts included CO; and biomass; no halogenated organic compound remained. t

In terms of practical applications, there i a long history of use of aercbes in oxidizing
many hydrocarbons such a3 those in oil or gasoline. However, the mast troublesome
componersts of Superfund dumps are the small halogenated hydrocarbons. Priority should
be accorded to expanding laiboratory mvesugnnom deﬂhng with these substances. In
addition, field experiments should be conducred using injection coupled with withdrawal of
nutricnt streams under both anaerobic and aerobic conditions.

The public does not welcome the establishment of waste dumps for toxic chemicals
removed from somewhere else. As currently authorized sites are filled, EPA will find tha it
has no real alternative but to deal with the contents of most sites in sitt. Prospects are good
that multidisciplinary applications of science and engineering can be effective.

—Puise H. ABELSON

*E. MMP.LM,MM 7, 1564 (1988 M. Henson, . W, Cochran, J. T.
(19:6) R. S Ker, in preparadon, M. M. Pogel, A LT-(dh;,)]. l.’o;’d.A”L Envirom. Misrokial. §1, 720
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SQqueniial Dehalogenation of Chlorinated Ethenes
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@ Reductive dehalogenation of tetra- and trichloroethens
to cis- and trans-1,2-dichiorosthene in microcosms simu-
lating groundwater environment has previously been
demonstratad. In this study, anoxic microcosms contai
organic sadiment and water were spiked to contain 5 mg/
of one of the following compounds: 1,1.dichlorosthene
(1,1-DCE), cis-1,2-dichloroethene (CIS), or trans-1,2-di-
chloroethene (TRANS). After incubation in the dark at
25 °C for up to § months, contents were analyzed by gas
chromatography and verified by uf“ chromatography/mass
spectrometry in an attempt to identify sequentisl steps in
the transformation process. Vinyl chloride (VC) was
produced after 1-2 wesks of incubation in all spiked mi-
crocoams, but none was observed in sterile and unapiked
contrals. Chlorosthane (CE) was produced only in mi-
crocoams spiked with CIS, indicating isomer s, and
the occurrence of mechanisms other than reductive de-
chiorination. Kinetic parameters associated with the
microbial dehalogenation of 1,1-DCE, CIS, and TRANS
were

Introduction

Previous studiea of transformations of chlorinated al-
kenes In microcosms simulating underground environ-
ments (I, 2) indicated that tetrachloroethene (PCE) and
trichloroethene {TCE) undergo reductive dehalogenation
to form cis- and trans-1,2-dichloroethens (CIS and
TRANS, respectively). This was recently verified with
TCE Isotopically labeled with one *C atom (3). Further
tranaformation to vinyl chloride was indicated (4) but not

It was reported (2, 4) that microcosms spiked to
contain & mg/L of a chlorinated alkene produced com-
pounds with one leas chiorine than the p t subsirat

The apecific objective of this research wasa to study the
biotransformation of CIS, TRANS, and 1,1-DCE to vinyl
chloride and to measure the rate of deplstion of these
subsirates in microcoams simulating groundwater envi-
ronments.

Experimental Procedures

Chemlicals. 1,1-Dichloroethene (99%) (1,1-DCE), cis-
1,2-dichloroethena {(87%) {CIS), and i{rans-1,2-dichioro-
ethene (98%) (TRANS) were purchased from Aldrich
Chemical Co., Milwaukee, WI. Vinyl chloride (0.2 mg/ml
mathanol) (VC) was obtained from Supelceo, Inc., Belle-
fonte, PA, Chlorosthane (CE) was purchased from

. Eastman Chemical Ca., Rochaster, NY.

Praparation of Microcosms. Natural organic sedi-
ment collected from the Everglades, a graminoid wetland
that is the recharge basin for the Biscayne Aquifer in
southern Florida, was used to construct microcoems. Muck
samples from two sites in the same aras were obtained: site
“A", which was the bottom of & shallow canal, and rits “B~,
which was near the surface. Sites previously uncontami-
natsd by chlorinated organie compounds were chosen for
sediment sources to pravent selection of adapted mi-
croorganisms, which may yield different and variable re-
sults depending on quantity, nature, and age of contam-

inant.

Each sediment sample was thoroughly mixed and passed
through 2 8.34-mm sieve and then weighed (wet) into 50-
mL septum bottles. Care was taken to prepare microcosms
an uniformly as possible. The sediments were used in their
natural state, Averags dry weight was determined for
purposes of comparison and to determine uniformity on

in quantities lesa than 10% of the criginal compound, in
8 wesks of incubation. This means that if cis- and
trans-1,2-dichlorosthene were transformed to vinyl chlo-
rids, the resulting concentzation of vinyl chloride was too
amail for detection by the mathods used (1, 4).
Horowits ot al. (5} and Suflita et al. (6) reported se-
tion of halogenated be~
zoates with 100% of the dichiorinated benzoates trans-
formed to monochlorinated benzoates in approzimately
1 month. . A :
Bouwer and McCarty (7, 8) studied the biotransforma-
tion of several 1- and 2-carbon halogenated aliphatic
compounds tnder msthanogenic and denitrification con-
ditions. ‘Thay observed that removal of chlorine by bio-
oxidation or hydrolysis can occur simuitansously with
reductive dehalogenation, thus causing a greater confusion
in determining the mechanistic steps involved in the
complets removal of halogenated compounds.
Chlorinatad ethenes transform very slowly, and appar-
ently with several simultansous removal reactions. All of
the intermediate products of biotranaformation between
PCE and vinyi chioride, including vinyl chloride itself, that
were observed in Iaboratory studies have been found in
groundwater, The proceases involved and rates at which
thess changes occur are important in assessing risk from

. use of affected waters. This study was made to further

elucidate the behavior and fate of these toxic environ-
mental contaminants by examining each intermediate step

#4  Environ. Sci. Technol., Vol. 20, No. 1, 1988

a mef te net of subsamples and amounted to 4 g dry
waight per 50-mL bottle. After addition of sediment, the
bottles were complataly filled with water taken from the
sample site. The watar was purged with nitrogen prior to
use to eliminate any highly volatile contaminants and to
purgs oxygen sntrapped by sampling. Microcoams were
prepared in sets that included the following controls:
sterile, no-apike, and distilled water. Distilled water con-
trolicontained the arganie sediment, but nitrogen-purged
distilled water was substituted for site water. Sterile
controls were prepared by autoclaving the organic sadi-
ments and the sits water for 20 min on two consecutive
days. . After the matarials were cooled, microcosms were
constructed under aseptic conditions and sealed with
sterile Teflon-lined sspta, preventing headspace formation. -
Spiking solutions were prepared in 50-mL serum bottles
that were sutoclaved along with the distilled water, mag-
netie stirrers, pipets, and the microsyringe used to prepare
solutions. Accurately measured amounts of the three
compounds, CIS, TRANS, and 1,1-DCE, were injected into
separate, aterile bottles containing 50 mlL of sterile, ni.
trogen-purged water and allowed to stir overnight. The

" final concentration of each compound in tha spiking so-

Tutions was 500 mg/L. Half milliliter of each solution was
spiked into each 50-mk microcoam to yield a final con-
centration of 5 mg/L in the microcosms. Ths microcosms
ware spiked 2 weeks after construction to allow equili-
bration and oxygsn depletion to occur inside the test angd
control hottles and thus simulate the original conditions

of the sample site. All microcosms and controls were al-

" 0013-836)/88/0020-0098801.30/0  © 1985 American Chemical Society
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lowed to incubate in the dark at 25 °C for measured time
periods of up to 6 months. Repeated sampling of a single
microcosm in prelimipary studies caused contamination
and a change in the volume of the contents and introduced
a gas phase (headspacs). For this reason, duplicate mi-
crocosms wers constructed as described above, for each
schaduled test period, so that each microcosm was used
only once in an ansalysia. Replicate microcosms wers
provided for concurrently measuring pH and rédox po-
tential (Eh). Although the microcosma wers prepared
homogeneously, variability of lctivity was accounted for
by caleulating the mean of replicate runs.

Sterility of sterile controls and spiking solutions was
determined by streaking these materials on plates of R;A
medium (2, 9), incubating the plates, and obeerving them
for growth.

Instrumentation. A Tracor Model 222 gas chromato-
graph with a 244 em X 2.5 mm i.d. stainless-steel column,
packed with 60/80 meah Tanax GC, and a Hall elactrolytic
conductivity detector, Model 700, were employed for
analysis. Nitrogen carrier gas at 40 mL/min and hydrogen
reaction gas at 50 mL/min were supplied. The column
oven was programmed to hold isothermal for 8 min at 40
°C while § mL of microcosm ¢ontents or standards were

urged with N, directly on the head of the column (10).
g‘he column temperature was then increased from 40 to
220 °C at 8°C/min. The temperaturs of the detactor was
kept at B30 % 20 °C. The three isomers were succeasfully
separated under the stated working conditions as follows:
1,1-DCE at 15.03 min of retention time and TRANS and
CIS at 16.21 and 17.53 min, respactively.

Gas chromatography/mass spectrometry (GC/MS) data
were obtained on a Finnigan 4500 GC/MS system inter-
faced to a Tekman LSC-2 purge-and-trap system. The gaa
chromatographic column was 2 8 ft X 2 mm id. 0.2%
Carbowax 1500 on 80/100 Carbopack B. The data system
was standardized for the dichloroethenes and the purgeahls
gases (vinyl chloride, bromoethane, chloromethano, and
chloroethane). An internal standard mix of fluorobenzene
and p-bromofluorohenzane at the 25 ;g/L level was added
to each sample on the basis ofvolume of extractant water
available,

Redox potentials (Eh) and pH were measured with a
Corning Modsel 7 meter by wsing » Coming glaas electrode
for pH measurements and a Fisher platinum combination
slactrode for redox measurements. For pH measurements
the instrument was calibeated st pH 4 and 7 with Scientific
Prodm reference buffer solutions. For Eh measurements

the inatrument was calibrated at 180 and 0.0 mV by using
pl-I 4and 7 buﬂirwhnﬁommpuuuahd with hydzo-

T "bt-\. -_

quinone
Btnndurd Solutions. Sioek iqueous solutions of 1,1-

.DCE.CIS.ME:memﬁatW mg/L (ppm),

by volumetric tion, similar to the spiking solutions.
Workug standard of the five chlorinated compounds,
1,1-DCE, CIS, TRANS, VC, and CE, were prepared hy
diluting aliquats of the stock solutions with water and
stirring overnight to achieve solutions of the desired con-

contrations. All bottles were wrapped in aluminum foil

to avoid photodecomposition and kept at 4 °C. The system
was checked daily against standard solutions and was re-
calibrated when the deviation was g-ruter than 3%.

Results and Discussion
Evidence for Delulogoution Ths orgamc com-

" pounds produced when 1,1-DCE, CIS, and TRANS were

incubated with oxygen-depleted sediment were identified
by gas chromatography/mass spectrometry.

metry. Vinyl chloride -
~wudetochdmaﬂmiamm{?1¢um 1-3) VC was not
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time in all microcosms spiked with CIS (Figure 3). Sam-
ples spiked with 1,1-DCE and TRANS did not produce
CE, nor did the sterile microcosms spiked with CIS.
Analyses were made only for the intermediate compounds
VC and CE and not for the complete mineralization of the
spike. Only the intermediate steps were sought to dem-
onatrats the stepwise nature of ths transformation process.

Dechlorination of the three compounds under study did
not occur in starilized microcosms. In microcoams spiked
with 1,1-DCE and TRANS (Figures 1 and 2), only the
formation: of vinyl chloride was observed. When CIS was
the parent substrate (Figure 3), however, CE also was
produced. In microcosms spiked with CIS (Figure 3), the
concentration of VC remained low and nearly constant
after 2 weeks of incubation, while chioroethane increased
slowly. Microcosms spiked with TRANS (Figure 2)
showed production of VC similar to ths transformation of
CIS; i.e, low and nudy donstant concentration after 2
wuh but CE ptodneod in this case.
ﬂnt the deplation of the puanl:
lubstnu wu (uently preceded by an apparent initial
increase in concentration. This was caused by an initial
physical equilibration time and adaptation of the micro-
biota to the microcosm and assimilation of the introduced
substrate. The microcosms were shaken vigorously upon
spiking to distribute the chlorinated substrate. *As the
microcosm contents were allowed to settls in the dark at
room temperature, most of the added organic compound
was trapped, and some was adsorbed in the interstices of
the solid phase, i.e., muck. Equilibrium between solid and
liquid phases was establishad in about 2-weeks incubation
time. Other authors have reported lag periods of up to 8
manths (5), caused by the adaptation of the microbiota to
utilize one specific substzate.

The Inconsistency of this initiat equilibration time mads
it 1mpouiblo to measure the initial velocities that are

"” Eﬂﬂ'on.su'l'm Voi, 20No.1 1986
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Figure 4. mmammm 1) trom the depletion
of TRANS in sadiment and waler from site B

valuable in cafculating the true order of reactions.

Figure 3 is a typical plot of a consecutive reaction where
the concentration of the intermediate (VC) rose to a
maximum and then decreased or stayed constant, and the
concentration of the last product (CE) rose to & maximum.
However, VC iz not believed to be en intermediate species
between CIS and CE because chloroethane was not ob-
served in samples spiked with 1,1-DCE and TRANS where
VC was detected.

First-order kinetic models were attempted to depict the
decay of 1L,1-DCE, CIS, and TRANS. In every cass, hofk-
ever, we found that semilogarithmic plots of the data de-
viated from linearity usually after 3-4 months of incubs-

Horowitz et al. (5) olgerved that when S-chisrobenzoate
was the initial substrate, the data followed first-order
depletiomr-kinetica, If the parent substrate was 3,5-di-
chlorohenzoats (6), the dichlorinated substrate competi-
tively inhibited the dehalogenation of the monochlorinated
substrate, causing a deviation from first-order kinetics.
Thess authors (8) found that dehalogenation of mono- and
dichlorinated benzosates exhibited Michaslis—Menten ki-
netics. Good linearity was obtained when our data was
fitted to the linearized form of the Michaelis~Menten
equation which was also used by Suflita et al. (6)

£/(ln (S,/8)] = (1/ V(S - §)/1n (Se/S)]+ Ku/V (1)

where ¢ is time, S, is the initial substrate concentration,
S is the substrate concentration at time ¢, V is the max-
mumrmd‘lnhlmdophtwn and K, Is the half-sat-
uration constant. Michaelis-Menten kinstics only de-
scribes bacterial substrate when this process is unllnlned
to growth of microbial biomaass.

Figure 4 shows the Michaelis=-Menten fit ofthe datafor
the depletion of TRANS in microcoams with sediment
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Table 1. ﬁlnlle Parameters Describing the
Dehalogenation of the Isomers of Dichloroethene by Anoxic
Sediment

debalogenstion Ka, Vigw umol
substrate muck um tﬂ bt &y, b
1,1.DCE sits B 434 0.0155 2.57 % 10
" ite A 36.7 0.0061 1.67 X 107
Cis site B 853 0.0214 8.28 X 10
site A 41.8 0.0038 0.853 x 10~
TRANS site B 35.8 o.0078 2.19 X 10
site A 29.5 0.0058 1.97 x 104

¢ First-order rate constant obtained by V. /Kg.

from site B. 1,1.DCE ghowad the largest deviation from
the Michaelis-Menten model with correlation coefficients
between 0.75 to 0.91. This may be due to 1,1-DCE pro-
ducing the largest amounts of VC, and an inhibition factor
from the consecutive depletion of VC may be important
in this case.

Table I summarizes the kinetic parameters associatad
witb dehalogenation by the sediment microflora. K, and

Voaax values reported in Table [ were attained from a linear
regression analysis of the Michaelis-Menten fit of the data
and subsequently divided by the microcosm volume to
obtain the reported values. As it can be seen, the K,
values for the dehalogenation of the three isomers in the
tested environment varied by a factor of about 2 (30-65
uM), whereas the V. values varied by a factor of 8
(0.0036-0.0214 pmol LT h1), The first-order rats constant
of dehalogenation ranged from 0,853 X 10~ h! for CIS in
sediment to 3.57 X 107 h* for 1,1-DCE in site “B" sedi-
ment, indicating a very slow rate of dehalogenation.

pH of all microcosms was measured and found to remain
constant at 7.0 = 0.5. Redox potential data {Eh) changed
drastically in the first 2 weeks of incubation while equi-
librium wee attained, after which time it remained almost
constant between =20 and ~130 mV.

Not all the substrate that was depleted was transformed
to VC (Figures 1-3), indicating that mechanivms of
transformation other than reductive dechlorination were
taking place, Transformation of substrate by bicoxidation
(Nor hydmbns {(8) are pom'hlo removal mechanizme. The
appearance of CE (Figure 3) in microcosms spiked with
CIS indicates isomer spocificity and a different pathway
of transformation in the sequentisl dechlorination.

Figure 5 shows a summary of transformations that may
occur to tetra- and trichloroethens in oxygen-deplstad
sediment. Steps a~c were reported previoualy (2). Step
d was sus, to occar but naver reported becauss of

possible interference from contaminants (2).. Recently it

was repavted (3) that this iscmer did not result from the
biotransformation of isctopically labeled trichioroethene.
Steps e-h are reportsd in this paper. It is not known
whether steps @ and f occur independently or are inter-
related.

Depletion of those subsatrates, similar to that reported
for trichlorosthylene (2), required longer periods of time
than other chlorinated alkanes reported by different au-
thors (5-8). Most probably the slow biotransformation of
such compounds caused Botuwer at sl (11) to report ob-
serving no appreciable anaerobic degradation of tetrs- and
trichlaroethylene. Figures 1-3 show that only 50-80% of
1,1-DCE, CIS, and TRANS was depleted in & monthl of
incubation,

. Conchmom

lhadyhulhownﬂmtl,l-DCE.CIS,andTRANS

subjectad to the indigenous microbiota of m:mntnmmlted
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environmental organic sediments, under anozic eoudit.lom.
undergo reductive dachlorination leading to the formation
of vinyl chloride. Mechanisms of transformation other
then reductive dechlorination also occur because the sum
of the products observed does not account for all of the
substrate that is removed. Isomers undergo different
tranformations; CIS led to the formation of CE and only
traces of VC; 1,1.DCE yislded greater concentrations of
VC and no CE, TRANS produced VC only.

Kinetic paramqters associated with the microbial de-
halogenation of 1,1-DCE, CIS, and TRANS were calcu-
lated. The ﬁnbordar rate constant &, for the depletion
of t!&z%a_rlmt substrate rangsd from 0.853 X 10 to 3.57
X L . .
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