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Abstract 

The transformation of specific organic compounds was investigated by in situ and laboratory 
experiments in an anaerobic landfill leachate pollution plume at four different distances from the 
landfill. In a previous paper (Part 1, also published in this issue) we described the in situ 
microcosm and laboratory batch microcosm experiments performed focusing on redox conditions, 
microbiology and the fate of 7 phenolic compounds. In this paper we present the results on the 
fate of 8 aromatic compounds and 4 chlorinated aliphatic compounds. 

Nitrobenzene was transformed at all distances from the landfill in methanogenic, and Fe(III)-and 
NO3-reducing conditions. Toluene was transformed slowly in one out of three in situ experiments 
at the distance of 250 m from the landfill in the Fe(III)-reducing part of the plume after a lag 
phase of ~ 3 months. Benzene, o-xylene, p-dichlorobenzene, o-dichlorobenzene, naphthalene 
and biphenyl were not transformed at any of the investigated distances from the landfill, neither in 
in situ nor in laboratory experiments. In the methanogenic part of the aquifer 2 m from the 
landfill, 1,1,1-trichloroethane, tetrachloromethane and tetrachloroethene were transformed in in 
situ experiments while trichloroethene was not. Lag phase periods were up to 40 days for 
1,1,1-trichloroethane and up to 100 days for tetrachloroethene. No or only short lag phases ( <  10 
days) were observed for tetrachloromethane. Tetrachloromethane was furthermore transformed at 
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distances of up to 250 m from the landfill in Fe(IIl)-reducing conditions but not in NO3-reducing 
conditions at 350 m from the landfill. Abiotic processes apparently contributed to the transforma- 
tion of tetrachloromethane. A local variation in the transformation of the chlorinated aliphatic 
hydrocarbons was observed at 2 m from the landfill. In general, good accordance with respect to 
compound transformation was observed between in situ and laboratory experiments, but in a few 
cases more compounds were transformed in in situ experiments than in the corresponding 
laboratory experiments. 

1. Introduction 

Landfill leachate contains a variety of specific organic pollutants which may poten- 
tially be transported through the sequence of redox zones formed in the aquifer 
downstream of the landfill. The fate of these compounds in the aquifer is associated with 
much concern due to their potential health risk (Christensen et al., 1994). 

This paper is the second of a series of two papers focusing on the fate of phenolic, 
aromatic and aliphatic compounds in the leachate plume of Vejen Landfill (Denmark). 
In Part 1 (Nielsen et al., 1995 published in this issue) the experimental conditions (redox 
chemistry and microbiology in the aquifer and in the experiments) and the fate of 7 
phenolic compounds were reported. In this paper the fate of 8 aromatic and 4 chlorinated 
aliphatic compounds is reported. 

2. Materials and methods 

The fate study of all the investigated compounds was performed in the same in situ 
microcosms (ISM's) and laboratory batch microcosms (LBM's) as described in Part 1. 
Here only a summary is provided. 

The fate study was performed in a shallow, unconfined sandy aquifer in the leachate 
plume downstream Vejen Landfill at four different distances from the landfill. The 
predominant redox conditions were methanogenic, Fe(III)-reducing and NO3-reducing 
as determined by a combination of chemical and biological studies on groundwater and 
sediment. 

The ISM essentially consists of a 2-L stainless-steel cylinder installed in the aquifer. 
The ISM is open at the bottom and screened at the top, and allows for loading and 
sampling of groundwater spiked with a mixture of specific organic compounds. The 
LBM consists of a 2.5-L glass bottle loaded with sediment and groundwater from the 
aquifer and spiked with the same mixture of specific organic compounds as the ISM's. 
ISM's and LBM's were sampled approximately once per week during a period of 
80-180 days. For the interpretation of the fate of the aromatic and chlorinated aliphatic 
compounds the fate curves from LBM experiments were corrected for evaporation to the 
increasing headspace in accordance with Henry's law assuming that equilibrium was 
reached between the samplings. The Henry constants used were determined at 10°C by 
Ashworth et al. (1988) except for naphthalene and nitrobenzene (Montgomery and 
Welkom, 1990) and biphenyl (Schwarzenbach et al., 1993). 
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3. Results and discussion 

Redox conditions and biological conditions were monitored on water samples col- 
lected during ISM and LBM experiments and on sediment and groundwater samples 
collected prior to and after the experiments. The results were discussed in Part 1 and the 
redox conditions during the experiments are summarized in Table 1 and Table 2. 

3.1. Fate curves: examples 

Examples of  the fate curves determined for the studied aromatic and chlorinated 
aliphatic hydrocarbons in experiments representing the four distances from the landfill 
are shown in Fig. 1. In many experiments the compound concentration dropped in the 
beginning of the experiment. After the initial drop, concentrations of aromatic com- 
pounds (except nitrobenzene) remained constant or almost constant throughout the 
experiments at all distances from the landfill. Nitrobenzene decreased either quickly in 
the beginning of the experiments or more slowly throughout the experiments. After the 
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Fig. 1. Concentrations of  aromatic and chlorinated aliphatic compounds as function of time in four in situ 
microcosm experiments (ISM's B, D, F and J) and four laboratory batch microcosm experiments (LBM's B1, 
D2, E2 and J1) at the four investigated distances from the landfill. All concentrations are normalized to the 
initial concentration of ~ 150 I~g L-1. 
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Fig. 2. Concentrations of four aromatic compounds as function of time in a laboratory batch microcosm 
experiment (LBM E3). Concentrations are corrected for evaporation to headspace during sampling and 
normalized to the initial concentration. The lines show the compound losses from days 34 to 93 estimated by 
linear regression. 

initial drop, concentrations of the chlorinated aliphatic compounds remained constant in 
experiments at the more distant part of the plume while the concentrations of some of 
the compounds, especially tetrachloromethane, decreased significantly in experiments 
close to the landfill. The concentration of all compounds, except of nitrobenzene and 
tetrachloromethane, decreased slowly and very similarly in some experiments, especially 
at 250 m from the landfill. 

3.2. Identification of compound transformation 

The aromatic and chlorinated aliphatic compounds could be influenced by sorption to 
the sediment, biotransformation and chemical transformation in both ISM and LBM 
experiments and furthermore evaporation to the increasing headspace during the LBM 
experiments. For the interpretation of the fate of the volatile aromatic and chlorinated 
aliphatic compounds the fate curves from LBM experiments were corrected for evapora- 
tion to the increasing headspace. 

In most experiments the shapes of the fate curves of the aromatic compounds, except 
nitrobenzene, were very similar as illustrated in Fig. 2. For o-xylene, naphthalene and 
biphenyl an initial drop in concentration was followed by a slow levelling off, while the 
nitrobenzene concentration continuously decreased throughout the experiment. The 
initial short-term drop in concentrations of o-xylene, naphthalene and biphenyl and the 
following long-term slow levelling off is evidence for the typical sorption behaviour for 
specific organic compounds in aquifer materials (e.g., Brusseau and Rao, 1989). A 
previous investigation of sorption of naphthalene in the same aquifer (Larsen et al., 
1992) indicated a long sorption period in the Vejen sediment before sorption equilibrium 
was reached. Although the sorption period may be long in this study (2-3 months) it is 
within the range of days to months proposed by Brusseau and Rao (1989) and sorption 
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periods up to 100 days observed by Ball and Roberts (1991). Since the compound loss 
onto the sediment was very small during both the ISM and LBM experiments a mass 
balance was not a useful tool to determine if transformation or sorption or both caused 
the compound loss. In addition, it was not possible to make a mass balance on the 
specific organic compounds after the ISM experiments, as the ISM's were emptied from 
the spiked groundwater during sampling. Therefore, in order to differentiate between 
sorption and degradation, the compound loss was compared with the sorption properties 
of the compounds as exemplified in Fig. 3. The compound loss from day 0 to 34 and the 
compound loss from day 34 to 93 was plotted as function of the octanol/water partition 
coefficients (log Kow) of the compounds. The former loss was estimated by the 
difference in compound concentration at days 0 and 34, while the latter loss was 
estimated by linear regression ( r 2 >  0.77) with respect to time. In both periods, the 
compound losses increased with increasing log Kow-values for all the aromatic com- 
pounds except for nitrobenzene (days 0 to 34: r 2 =  0.79; days 34 to 93: r 2 =  0.78). 
Since the partition coefficient, K a, between sediment and water for organic solutes 
commonly is assumed to increase with increasing log Kow (e.g., Schwarzenbach and 
Westall, 1981) this indicates that the compound loss could be caused by sorption. 
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Nitrobenzene was, however, presumably transformed during the experiment since it 
decreased significantly more than the other compounds and since the compound loss 
was not related to the Kow-value, see Fig. 3. 

The slow levelling off in compound concentration was also observed in the ISM 
experiments (see Fig. 1) and a similar relation between compound loss and Kow-values 
seemed to exist. However, due to more scatter in the ISM observations and the lower 
number of samples collected this cannot be discussed in the same detail as for the LBM 
experiments. When the fate curve of a compound differed from the fate curves of the 
compounds controlled by sorption (e.g., nitrobenzene; Fig. 2), the compound was 
considered to undergo transformation. Some compounds, for example 1,1,1-trichloro- 
ethane, were transformed after a lag phase. The lag phase was defined as the time period 
from the beginning of the experiment until ~ 10% of the compound had been 
transformed. The identification of lag phases was complicated by the sorption in the 
beginning of the experiments and short lag phases ( <  10 days) could generally not be 
determined. Table 1 and Table 2 summarize the transformation of the aromatic and 
chlorinated aliphatic compounds in all ISM and LBM experiments performed. 

3.3. Fate of aromatic hydrocarbons 

Benzene, o-xylene, naphthalene, biphenyl, and o- and p-dichlorobenzene were not 
transformed in any experiments at any of the investigated distances from the landfill, 
while toluene was transformed in one Fe(llI)-reducing ISM experiment at 250 m from 
the landfill; see Table 1. The recalcitrance of benzene and o-xylene in the denitrifying 
experiments 350 m from the landfill is in good agreement with laboratory findings by 
Hutchins et al. (1991) who found that none of the compounds degraded during a 
6-month period. The lack of transformation of aromatic compounds in the NO~-reducing 
part of the aquifer is in accordance with findings by Acton and Barker (1992) who 
performed ISM experiments under denitrifying conditions. However, Acton and Barker 
(1992) found transformation of both toluene and o-xylene in a methanogenic ISM 
experiment, which is in accordance to observations reviewed by Grbi6-Gali6 (1990), but 
not with the findings in this study. The dichlorobenzenes studied were not transformed 
in any part of the plume. Previous studies reviewed by Grbi6-Gali6 (1990) have shown 
that chlorobenzenes may be reductively dehalogenated in methanogenic conditions, but 
that the less chlorinated compounds tend to be the most recalcitrant. 

The transformation of toluene in an ISM installed 250 m from the landfill in 
Fe(III)-reducing redox conditions is illustrated in Fig. 4. The fate of benzene, toluene 
o-xylene and p-dichlorobenzene are included in order to show how the transformation 
of toluene was determined. The fate curve of toluene followed the other aromatic 
compounds during a 3-month period whereafter the concentration began decreasing 
more quickly. Although the samples after day 70 are rather few, the decrease of toluene 
relative to the other compounds most likely was caused by transformation, since 
analytical uncertainties during sampling, extraction and analysis also would have 
influenced the other compounds in a similar way. The observation of toluene transforma- 
tion in the Fe(III)-reducing field experiment 250 m from the landfill is in good 
accordance with Lovley and Lonergan (1990), who found in laboratory experiments that 
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Fig. 4. Concentrations of  four aromatic compounds as function of time in an in situ microcosm experiment 
(ISM G) installed in the plume at 250 m from the landfill in Fe(III)-reducing conditions, illustrating the 
transformation of toluene. Concentrations are normalized to the initial concentration of ~ 150 t-tg L 1 

toluene could be oxidized by a Fe(III)-reducing microorganism (GS-15). Toluene 
transformation has previously been observed in methanogenic laboratory experiments 
(e.g., Wilson et al., 1986), under NO3-reducing conditions in laboratory experiments 
(e.g., Hutchins et al., 1991) and in NO3-reducing field experiments (e.g., Barbaro et al., 
1992). These observations are not in accordance with the lack of toluene transformation 
in the methanogenic and NO3-reducing parts of this aquifer. 

Nitrobenzene was transformed at all distance from the landfill, see Table 1. In almost 
all experiments the remaining concentration of nitrobenzene was < 2 /xg L-~ except 
those performed at 2 m from the landfill. In these experiments the interpretation of gas 
chromatograms was complicated by the presence of several specific organic compounds 
originating from the landfill (Lyngkilde and Christensen, 1992) and concentrations of 
nitrobenzene lower than ~ 50 /~g L-~ could not be measured precisely. With only one 
exception (see Fig. 2) lag phases for nitrobenzene were either short ( <  10 days) or 
absent. In many biologically active experiments and control experiments, nitrobenzene 
and o- and p-nitrophenol (see Part 1) behaved similarly. Biological processes or abiotic 
processes coupled to biological activity seem to be important in the transformation of 
nitrobenzene throughout the plume while abiotic processes seem to contribute to the 
transformation in the more reduced part of the plume at distances up to 250 m as was 
the case also for the nitrophenols. In the reduced environment nitrobenzene may be 
reduced to aniline (see Macalady et al., 1986). 

3.4. Fate of chlorinated aliphatic compounds 

In ISM's installed 2 m from the landfill in the methanogenic part of the plume, 
1,1,1-trichloroethane, tetrachloromethane and tetrachloroethene were transformed, while 
trichloroethene was not (see Table 2). In LBM experiments, only 1,1,1-trichloroethane 
and tetrachloromethane were transformed. No chlorinated compounds except tetra- 
chloromethane were transformed in the more distant parts of the plume. 1,1,1-Trichloro- 
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ethane and tetrachloroethene were often transformed after long lag periods of up to ~ 3 
months, while tetrachloromethane was transformed after no or very short lag phases 
( <  10 days). Chlorinated aliphatic hydrocarbons are commonly assumed to be trans- 
formed by reductive dechlorination in anaerobic environments as described by Murray 

(.3 
(,.) 

(,..) 

1.2 

1 

0.8 

0.6 

0.4 

0.2 

0 

1.2 

1 

0.8 

0.6 

0.4 

0.2 

0 

1.2 

1 

0.8 • • Q 

~ 0.6 
J 

d o.4 

0.2 

0 

ISM A 

ISM B 

0 

ISM C 

0 
o 0 

O 50 100 

Time (days) 

D " - - D - - D ~  

150 

Fig. 5. Concent ra t ions  of  1,1,1-trichloroethane ( n ) ,  te t rachloromethane  (on), t r ichloroethene ( O )  and 
te trachloroethene ( O )  as funct ion o f  t ime in three in situ microcosm exper iments  ( ISM's  A, B and C) installed 

at 2 m from the landfill.  Concent ra t ions  are normal ized  to the initial concentra t ion  of  ~ 150 /xg L ~. 



P. Nielsen et al. /Journal of Contaminant Hydrology 20 (1995) 51-66 63 

and Richardson (1993). These processes may be responsible for the transformation of 
the chlorinated compounds in the methanogenic part of this aquifer. 

The fate of the investigated chlorinated aliphatic hydrocarbons in the three ISM's 
installed 2 m from the landfill are shown in Fig. 5. The compounds were transformed at 
the same sequence at all three locations: (1) tetrachloromethane; (2) 1,1,1-trichloro- 
ethane; and (3) tetrachloroethene. The explanation may be that compounds with a high 
potential to accept electrons tend to be preferred for reductive dechlorination before less 
electron accepting compounds as discussed by Murray and Richardson (1993). The 
concentration of trichloroethene increased when the concentration of tetrachloroethene 
decreased, indicating that tetrachloroethene was dechlorinated to trichloroethene. Reduc- 
tive dechlorination of tetrachloroethene to trichloroethene has previously been observed 
in laboratory experiments under methanogenic conditions by Vogel and McCarty (1985). 

Tetrachloroethene was transformed after lag phases of 3 and 2 months at locations A 
and B, respectively, while no transformation was observed within the experimental 
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period at location C. Variation in the transformation of phenolic compounds was 
observed in the same ISM's  (see Part 1) although no correlation was found. 

3.5. Fate of  tetrachloromethane throughout the plume 

Tetrachloromethane transformation was observed at all the investigated distances 
from the landfill except at 350 m in the denitrifying part of  the plume. The fate of 
tetrachloromethane in biologically active and biologically deactivated ISM's  and LBM's  
at 2, 135, 250 and 350 m from the landfill are shown in Fig. 6. The data presented in 
Fig. 6 originate from both ISM and LBM experiments, because tetrachloromethane was 
not transformed in LBM experiments at the distance of 135 from the landfill (Table 2) 
and all ISM control experiments installed 2, 250 and 350 m from the landfill were 
diluted during the experiments as discussed in Part 1. Since tetrachloromethane is very 
volatile all data from LBM experiments were corrected for evaporation to the increasing 
headspace during sampling (K  H = 0.015 atm m 3 mol ~; Ashworth et al., 1988). 

In the strongly reduced part of the aquifer at the distance of 2 m from the landfill, the 
transformation of tetrachloromethane was fast and only slightly inhibited by the addition 
of the biocide. At the distance of  135 m from the landfill the transformation was slow in 
the biologically active experiment as well as in the control experiment. At the distance 
of 250 m from the landfill the transformation was quite fast in the biologically active 
experiment but very slow in the control experiment. At 350 m from the landfill no 
transformation appeared in neither biologically active nor control experiments. Labora- 
tory investigations by Kriegman-King and Reinhard (1992,1994) and Doong and Wu 
(1992) have shown that tetrachloromethane can abiotically be transformed in the 
presence of sulphide, biotite, vermiculite, Fe(II), and pyrite. Pyrite was present in the 
aquifer at distances up to 250 m from the landfill (Heron et al., 1994) and Fe(II) was 
present in all ISM experiments except those installed 350 m from the landfill (see Part 
1). The abiotic contribution to the transformation of tetrachloromethane may therefore 
be caused by the presence of pyrite a n d / o r  Fe(II). 

The significant biological contribution to the transformation of tetrachloromethane 
250 m from the landfill may have been caused by the high biological Fe(III)-reduction 
activity (see Part 1) in this part of the aquifer. The lack of tetrachloromethane 
transformation at 350 m from the landfill under NO~-reducing conditions is in good 
agreement with observations by Semprini et al. (1992) who found that transformation of 
tetrachloromethane was highest when no NO 3 was present. NO 3 may compete with 
highly halogenated compounds as electron acceptor as discussed by Murray and 
Richardson (1993) and may limit the transformation of tetrachloromethane. 

4. Conclusions 

In a leachate plume at four different distances (2, 135, 250 and 350 m) from the 
landfill, the fate of  8 aromatic and 4 chlorinated aliphatic hydrocarbons was studied in in 
situ microcosm (ISM) and laboratory batch microcosm (LBM) experiments. At the four 
distances from the landfill, the following redox processes were dominant: 2 m, methano- 
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genesis; 135 and 250 m, Fe(III) reduction; and 350 m, NO 3 reduction, as determined by 
a combination of chemical and biological studies on sediment and groundwater (see Part 
1). 

Benzene, o-xylene, naphthalene, biphenyl, and o-and p-dichlorobenzene were not 
transformed at any of  the investigated distances from the landfill during the experimen- 
tal period of 80 -180  days. 

Toluene was transformed slowly after a lag phase of  ~ 3 months in one of  three 
ISM's  installed at the distance of  250 m from the landfill, where Fe(III) reduction was 
the dominant redox process, but not in any other experiments. 

Nitrobenzene was transformed in both ISM and LBM experiments throughout the 
plume in all of the investigated redox conditions. Generally lag phases prior to 
transformation were absent or short ( <  10 days). At distances up to 250 m in 
methanogenic and Fe(III)-reducing conditions abiotic transformation apparently con- 
tributed to the transformation, while no abiotic transformation was observed at the 
distance of 350 m under NO3-reducing conditions. 

1,1,1-Trichloroethane,  tetrachloromethane and tetrachloroethene were transformed in 
ISM experiments at the distance of  2 m from the landfill in the methanogenic part of the 
aquifer while trichloroethene was not. Tetrachloromethane was furthermore transformed 
at distances up to 250 m from the landfill under Fe(III)-reducing conditions. Lag phases 
for 1,1,1-trichloroethane and tetrachloroethene were up to 3 months while no or only 
short lag phases ( <  10 days) were observed for tetrachloromethane. Non-biological 
processes seemed to contribute to the transformation of  tetrachloromethane, but at 250 m 
from the landfill, where high Fe(III)-reduction activity was observed, also processes 
directly coupled to microbial activity were apparently of  importance. 

In general, good accordance with respect to compound transformation was observed 
between ISM and LBM experiments, however, a few more compounds were trans- 
formed in the ISM experiments than in the corresponding LBM experiments. 
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