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10- L glass bottles. The groundwater samples were used immediately in the 
fluidized-bed experiments, except for one experiment in which artificial 
groundwater was used. 

Fluidized-bed experiments were performed using a 100-cm-long glass 
tube in which 50 g of sediment was placed (Fig. 1). The glass tube was fdled with 
native groundwater from below. A peristaltic circulation pump was used to 
fluidize the sediment. A 0.45-pm filter in a stainless steel filter holder was placed 
following the glass tube to prevent migration of fine particles. Another P-50 
Hiload pump injected (treated) groundwater at a flowrate of 30 mUhr. A]] 
materials in contact with sediment and water were made of glass or stainless steel. 
except a short tube in the peristaltic pump. This was composed of tygon, which is 
a gastight plastic. The groundwater was flushed with a NzICOZ gas mixture tc 
maintain the anaerobic status and fix the pH. A syringe pump injected a BEX 
solution at a flowrate of 0.7 mUhr, Br was added as an inert tracer to calculate the 
dilution with injected (ground)water. Dilution of the BEX solution witl 
(groundlwater resulted in BEX concentrations that are representative for the site5 
studied. The fluidized-bed tube and the groundwater bottle were cooled at 12°C 
Influent and effluent samples were analyzed using routine techniques. 

I 

FIGURE 1. Setup of fluidized-bed experiments. 



Respiration experiments were performed in duplicate at 22°C using the 
microoxymax, which is a fully automated respirometer that measures the 0 2  

consumption and COz production of batch incubations as a function of time. Two 
experimental series were performed in duplicate. In the first series, 15 grams of 
sediment was incubated with 50 rnL of tapwater in 100-mL glass bottles for 27 
days. The supernatant was analyzed afterwards on pH, alkalinity, major cations, 
and anions using routine techniques. Several sediments were decalcified by 
extraction with 1.0 M HC1 during 16 hours and subsequently repeated flushing 
with demineralized water. 

In the second series, we studied four samples with organic C content 
ranging from 0.15 to 0.30%. Twenty grams of sediment was incubated in 100-rnL 
glass bottles. A 50-mL solution containing 25 mg/L of trace elements and 0.5 
mg/L of vitamins, was added to ensure substrate-limiting conditions. We checked 
this by running the same experiments with doubled concentrations. Phosphate 
buffer was added to keep the pH constant at 7.5 to 8.0. The series ended after 107 
days. 

volume injected (ml) volume ~njecied (ml) 

FIGURE 2. Time series of influent and effluent concentration for fluidized- 
bed experiment with injection of NO3-enriched tapwater using Flebo 

sediment. 
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RESULTS 
The research focused on three sites for which the potential for stimulate 

in situ bioremediation was studied. We will illustrate the results for the Flebo an 
Slochteren sites. The first has a deep anaerobic status where dissolved H2S an 
CH4 are present above 0.1 mg/L. The Flebo site is contaminated with benzene , 
concentrations of at most 220 pg/L. The Slochteren site is an Fe-anaerobic sit 
contaminated with gas condensate. Figure 2 shows the results of a fluidized-be 
experiment for Flebo in which tapwater saturated with air and 50 mg NO3/ 
added was injected together with a benzene-containing solution. Comparison ( 
the influent concentrations with the effluent ones reveals that benzene is degrade 
during most of the experiment. The oxygen concentration of the effluent w; 
about 0.20 mmol O2L, which is significantly below saturation with air at 12"( 
No significant changes for the redox-sensitive species (Nos, SO4, and Fe) we] 
observed. Aerobic degradation of benzene thus occurred. The first-ord, 
degradation constant was minimal at 11.0 day-', based on the residence time 1 

the fluidized bed and the difference between the influent and efflue] 
concentrations. No consumption of natural reductants was observed in the> 
experiments. 

Figure 3 shows the results of the microoxymax experiments for Flebo. A 
experiment with untreated sediment and another with decalcified sediment we1 
performed. Degradation of BOM was the major process for the untreate 
sediment. This is indicated by the consumption of O2 together, with the productic 
of C02. The molar ratio of CO2 produced to 0 2  consumed was equal to 1.1 
degrading BOM can thus be represented by CH2O. The results show th 
oxidation of BOM occurred at a rate of 1.3 pmol 02/gsed.day initially and 0 
pmol O2/gSed.day after 27 days. For the decalcified sediment, 0 2  was consumed 
a much higher rate of 4.2 pmol/gsd.day initially and 2.9 pmol/gs,d.day after 2 
days. No C02 production was observed after 2 days, which means that anothc 
redox process must have taken place. C02 production in the initial stage 
attributed to degassing. Analyses of the supernatant after the incubations gal 
SO4 concentrations of 28.7 and 30.3 rnmoUL and Fe concentrations of 12.6 ar 
14.7 mrnoUL. Sulfides thus were oxidized in the second experiment. TI 
extraction by HCl had removed a coating that prevented oxidation of pyrite. Th 
coating was most likely either Ca carbonate or Fe oxyhydroxide. The pf 
decreased to 2.15 and to 2.17 in these experiments, whereas the pHs for tl 
untreated sediment were 7.57 and 7.90 (and for tapwater 8.0). Pyrite oxidatic 
causes strong acidification and may change the oxidation mechanism (Evangelc 
& Zhang, 1995). We have not further investigated this. ! 

The fluidized-bed experiments for Flebo indicate that benzene is mo 
reactive than naturally present reductants. An experiment with sediment fro 
Slochteren, in which artificial suboxic NO3-containing water was injected, shov 
the following. Initial Fe sulfide oxidation by pyrite was observed together wi 
degradation of ethylbenzene and the three xylenes, but little or no degradation 
benzene. The small increase in SO4 concentration (except for one initial and 
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FIGURE 3. Cumulative Oz consumption and C02 production for 
microoxymax experiment with untreated and decalcified Flebo sediment. 

another measurement) for the first 7000 ml was less than the decrease in NO3 
concentration, when corrected for reaction stoichiometry. Additional reduction of 
NO3 thus happens. Dissolved Fe was below the detection limit of 1.0 pmol/L and 
the pH remained near-neutral, which means that complete Fe sulfide oxidation to 
Fe oxyhydroxide had occurred. The amount of SO4 produced corresponds to a S 
content of the sediment of 190 ppm, which is an order of magnitude smaller than 
the total elemental S content of 0.4%. The microoxymax experiments for the 
Slochteren sediment also indicate Fe sulfide oxidation for both the untreated and 
decalcified sediment (not shown here). The total 0 2  consumption rate varied from 
0.6 to 2.1 pm~L/g,,~.day for the untreated sediment, and it was two times lower 
for the decalcified sediment. Little BOM oxidation was observed despite an 
organic C content of 0.8%. 

The reactivity of BOM was studied in more detail in series 2 for a set of 
aquifer sediments from 't Klooster, Hengelo. The sediments contained less than 
0.1% Fe sulfides. The low SO4 concentrations in solution (< 0.8 mmolll) at the 
end of the experiment indicate that no significant Fe sulfide oxidation had 
occurred. The results of the duplicate experiment are comparable, and the 
identical rates for both low and high nutritional conditions confirmed COG-limiting 
conditions. In all samples the molar production of COz equalled the molar O2 
consumption and thus indicated the degradation of BOM. The remaining amount 
of initial BOM ranged from 91% to 80% at the end of the experiment (Fig. 4). 
The decreasing degradation rates during the experiment suggest that a significant 
fraction of BOM will be relatively stable under the oxidizing conditions applied. 
The first-order rate constants ranging from 0.0008 ytl to 0.002 yr-' are, however, 
intermediate to high rates in marine sediments in the broad range of oxic 
degradation rates (Henrichs, 1993). 
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FIGURE 4. Calculated fraction of bulk organic matter remaining d 
microoxymax incubation with sandy sediments from 't Klooster, Henge 

DISCUSSION AND CONCLUSIONS 
The general results show that natural reductants are an impo 

either natural or human-induced oxidants. Although the reactive 
general low for sandy sediments, it is sufficient to contribute signi 
reduction capacity of sediments. The slow kinetics sets a limit 
bioremediation of, for example, petroleum-type hydrocarbons 
injecting oxidants such as oxygen or nitrate. The time period d u n g  w 
natural reductant reacts will be on the order of several weeks to mo 
significant loss of oxidants introduced will occur if sufficient reaction 
available. 
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