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Abstract 

Two column tests were conducted using aquifer material to simulate the nitrate field demon- 
stration project carried out earlier at Traverse City, Michigan. The objectives were to better define 
the effect nitrate addition had on biodegradation of benzene, toluene, ethylbenzene, xylenes, and 
trimethylbenzenes (BTEX) in the field study, and to determine whether BTEX removal can be 
enhanced by supplying a limited amount of oxygen as a supplemental electron acceptor. Columns 
were operated using limited oxygen, limited oxygen plus nitrate, and nitrate alone. In the first 
column study, benzene was generally recalcitrant compared to the alkylbenzenes (TEX) , although 
some removal did occur. The average benzene breakthroughs were 74.3 f 5.8%, 75.9 + 12.1%) and 
63.1 k 9.6% in the columns with limited oxygen, limited oxygen plus nitrate, and nitrate alone, 
respectively, whereas the corresponding average effluent TEX breakthroughs were 22.9 + 2.3%, 
2.9 + l.l%, and 4.3 k 3.3%. In the second column study, nitrate was deleted from the feed to the 
column originally receiving nitrate alone and added to the feed of the column originally receiving 
limited oxygen alone. Benzene breakthrough was similar for each column. Breakthrough of TEX 
decreased by an order of magnitude once nitrate was added to the microaerophilic column, whereas 
TEX breakthrough increased by 50-fold once nitrate was removed from the denitrifying column. 
Although the requirement for nitrate for optimum TEX removal was clearly demonstrated in these 
columns, there were significant contributions by biotic and abiotic processes other than denitri- 
fication which could not be quantified. 

Introduction 

Leaking underground storage tanks are a major source of ground water con- 
tamination by petroleum hydrocarbons. There are approximately two million 
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underground tanks storing gasoline in the U.S., and there have been 90,000 
confirmed releases reported in the last two years [ 11. Gasoline and other fuels 
contain benzene, toluene, ethylbenzene, and xylenes (collectively known as 
BTEX) which are hazardous compounds regulated by the U.S. Environmental 
Protection Agency [ 21. Aerobic biorestoration, in conjunction with free prod- 
uct recovery, has been shown to be effective for many fuel spills [ 3,4]. How- 
ever, success is often limited by the inabilityto provide sufficient oxygen to the 
contaminated zones due to the low water solubility of oxygen [ 5,6]. 

Nitrate can also serve as an electron acceptor and results in anaerobic bio- 
degradation of organic compounds via the processes of nitrate reduction and 
denitrification [ 71. Because nitrate is less expensive and more soluble than 
oxygen, it may be more economical to restore fuel-contaminated aquifers using 
nitrate rather than oxygen. Several investigators have observed biodegrada- 
tion of aromatic fuel hydrocarbons under denitrifying conditions [8-l 11. How- 
ever, these processes are not well understood at field scale where several other 
processes, including aerobic biodegradation, can proceed concomitantly. Al- 
though several field studies have demonstrated partial success in BTEX re- 
moval under denitrifying conditions [ 12-141, the complexity of the field sites 
and the limited monitoring data have precluded a thorough evaluation of the 
process. 

Background 

The use of nitrate to promote biological removal of fuel aromatic hydrocar- 
bons was investigated for a JP-4 jet fuel spill at Traverse City, Michigan, 
through a field demonstration project in cooperation with the U.S. Coast Guard. 
Laboratory tests had indicated that denitrification would be a suitable alter- 
native for biorestoration of the aquifer, although benzene was not degraded 
[ 111. The field work showed that BTEX was degraded under denitrifying con- 
ditions in conjunction with low oxygen (microaerophilic) levels [14]. How- 
ever, a suitable control site was not available to test the effects of treatment 
without nitrate addition. Therefore, the relative contribution of nitrate to 
BTEX biodegradation in the field study required further clarification. In ad- 
dition, although benzene was recalcitrant under strictly denitrifying condi- 
tions in the laboratory study, degradation occurred at the field site prior to 
nitrate addition. 

The purpose of this research was to compare BTEX biodegradation by aqui- 
fer microorganisms using different electron acceptors and to investigate whether 
any advantages can be expected under a mixed oxygen/nitrate system. This 
might prove advantageous in that the demand for oxygen can be supplemented 
rather than replaced by alternate electron acceptors. This concept, first ad- 
vanced by Britton [ 151, was found to hold true for phenol biodegradation by a 
mixed culture obtained from activated sludge, a contaminated landfill, and 
ground water. Theoretically, enough oxygen could be provided to allow the 
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initial oxidation of compounds such as benzene by mono- or dioxygenases, 
which could then yield oxidized intermediates more susceptible to anaerobic 
biodegradation using nitrate. 

Materials and methods 

Five columns, 1.5 m x 10 cm I.D., were constructed of beaded process Pyrex 
glass with Teflon-lined seals and packed under aerobic conditions at room tem- 
perature. Columns were packed with fresh aquifer material representing both 
the contaminated and the uncontaminated zones from the JP-4 site at Trav- 
erse City, outside of the zone of influence from the pilot demonstration project 
on nitrate bioremediation. Both the site and field project have been described 
elsewhere [ 141. Uncontaminated material was obtained from depths of 4.9 to 
9.1 m below land surface in an area not impacted by the fuel spill. The water 
table was at 4.6 m below land surface. The contaminated material was obtained 
at several locations outside of the demonstration project area at depths from 
4.0 to 4.6 m below land surface. The average JP-4 content of the contaminated 
aquifer material was 3750 ? 1600 mg/kg (mean & standard error), based on the 
analytical technique of Vandegrift and Kampbell [ 161. 

The columns were designed to be operated in an up-flow condition. Packing 
material consisted of glass wool followed by 2.5 cm of porcelain berl saddles at 
the bottom of the columns. A series of three screens (#40 mesh, #80 mesh, 
#40 mesh) were placed on top of the column packing followed by 2.5 cm of 
clean aquifer material. This was followed by 7.6 cm of contaminated aquifer 
material to simulate the contaminated region in the field demonstration proj- 
ect (Fig. 1). The aquifer material was wet-packed by systematically distrib- 
uting and mixing 2.5-cm depth aliquots (approximately 200 g) with the lower 
layers using a 5-cm steel blade attached to a rod. The remainder of each column 

Headspace 
Analysis 
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Oxygen Deganer 

Fig. 1. Column design schematic. 
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received 1.4 m uncontaminated aquifer material. The column packing, in com- 
bination with a flow rate of 0.5 mL/min, was designed to represent the entire 
treatment zone of the field site on a residence-time basis. That is, the contam- 
inated interval should have had a residence time of 8 h and the entire column 
should have had a residence time of approximately one week. 

The basic feed solution for the columns consisted of a mixture of ground- 
water obtained from a local artesian well (Byrd’s Mill Spring) mixed I:1 with 
deionized water to yield a groundwater whose chemistry approximated that 
found in Traverse City. The feed solution was delivered to each column using 
a peristaltic pump with Tygon tubing. Because this could allow gas transfer 
and sorb organics, degassing and BTEX addition was conducted down-gra- 
dient. Degassing was accomplished by passing a gas stream into a chamber 
containing a gas-permeable feed solution flow line (Fig. 1) . The chamber was 
constructed of a plexiglass column (30 cm x 5 cm I.D. ) with rubber stoppers 
and contained either 1 or 2 solution lines, each 7.6 m in length, of 2.4 mm 
0.D.~0.8 mm ID silicone tubing. All tubing was stainless steel beyond this 
point to prevent gas transfer and sorption of organics. Sample tees containing 
stainless steel Luer-Lok valves were placed in-line at several points for BTEX 
addition and sample collection. The solution BTEX spike was continuously 
added using a syringe pump to deliver a controlled rate of flow. The column 
effluent end-piece was also modified to allow removal of accumulated gases 
during operation (Fig. 1) . 

Columns were operated as illustrated in Fig. 2. Each column was designed 
to represent a unique treatment scheme, or appropriate control, without rep- 

Columt~ A Column B Column c Column D Column E 
(Microaerophik) (Wtroaerophilid (Denitrifying) (BTEX Control) (Control) 

Denitrifvinn) 

Fig. 2. Column designation and system operation. 
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licates. The column designations and initial operating parameters were as fol- 
lows: (a) Column A (microaerophilic), receiving BTEX and low oxygen levels 
without nitrate addition; (b) Column B (microaerophilic/denitrifying) , re- 
ceiving BTEX and low oxygen levels with nitrate addition; (c) Column C 
(denitrifying), receiving BTEX and nitrate alone, with the solution flow di- 
verted through a separate degasser to eliminate oxygen; (d) Column D (con- 
trol), receiving BTEX and nitrate in an analogous manner as the previous 
column, but with biocide added to the feed reservoir to inhibit microbial activ- 
ity; and (e ) Column E (BTEX control), similar to the previous control column 
except that no BTEX was added. This last columnwas designed to assess the 
degree of BTEX removal which occurredfhrough leaching only. 

Operation of the columns began initially without nutrient, nitrate, or biocide 
addition. Feed solution of 50% Byrd’s Mill Spring water (50% BMW) was 
prepared without filtering or autoclaving, and amended with sodium bromide 
to provide a tracer concentration of 50 mg/L bromide. The feed solution flow 
rate was 0.50 mL/min. For Columns A and B, the degassers were purged with 
a mixed gas stream containing 21 mL/min helium and 3.4 mL/min air. The 
remaining column degassers were purged with helium only at 43 mL/min. So- 
lution BTEX spikes were prepared aseptically in an anaerobic glovebox by 
injecting the compounds directly through Teflon Mininert valves into 160-ml 
serum bottles containing sterile distilled water, without headspace, and stir 
bars. The spikes were mixed overnight, combined, and dispensed into each of 
four lOO-mL glass syringes. The syringes were then removed from the glovebox 
and loaded onto the syringe pumps, and the flowrate was set at 0.005 mL/min. 
Following breakthrough of the bromide tracer, bromide addition to the feed 
reservoirs ceased and nutrients, nitrate, and biocides were added to the appro- 
priate feed reservoirs as shown in Fig. 2. Stock solutions were prepared and 
autoclaved prior to use, and the final feed concentrations were 5 mg/L am- 
monia-nitrogen as NH&l and 2 mg/L phosphate-phosphorus as KH,PO, for 
the nutrients, 10 mg/L nitrate-nitrogen as KNO, for the nitrate, and 100 mg/ 
L HgClz for the biocide. Feed solutions were replaced once weekly and flow 
rates and effluent volumes were recorded each week. 

The column influents and effluents were sampled 1 to 2 times per week, 
except during the tracer study when sampling was more frequent. For the tracer 
study, 2-mL samples were obtained and analyzed for bromide using ion chro- 
matography with a 590 pump (Waters Associates) and conductivity detector 
(Dionex). The mobile phase consisted of 0.75 mA4 NaHCO, and 2.2 mM 
Na,CO, at a flow rate of 1.6 mL/min through an HPIC AS4A column (Di- 
onex). The quantitation limit was 0.1 mg/L Br. Samples for BTEX, nitrate, 
nitrite, ammonia, phosphate, sulfate, pH, and alkalinity were obtained without 
headspace using glass 50-ml syringes. The volatile aromatic hydrocarbons were 
analyzed by purge-and-trap gas chromatography using a Tekmar LSC-2000 
liquid sample concentrator and an HP5890 GC with a flame ionization detec- 
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tor. Hydrocarbons were purged onto a Tenax trap for 6 min at 34 o C followed 
by a 2 min dry purge and desorbed for 4 min at 180” C. For the first column 
test, samples were chromatographed using a 30 m x 0.32 mm megabore DB-5 
capillary column with a 1.0 pm film thickness. The injector temperature was 
120” C, and the oven temperature was programmed from 32°C (4-min hold) 
to 110” C (1-min hold) at 8” C/min with a flow rate of 5 ml/mm. This method 
did not result in separation of all three xylene isomers, and the column was 
replaced with a 30 m x 0.53 mm ID megabore DB-wax capillary column with a 
1.0 pm film thickness for the second column test. The new temperature pro- 
gram was from 50°C (4-min hold) to 120” C at 8”C/min, and then to 180” C 
(4-min hold) at 30”C/min. The quantitation limit for these compounds was 
0.2 pug/L. The remaining sample was analyzed for the other parameters using 
standard EPA methods [ 171. 

Samples for dissolved gases were obtained using plastic lo-mL or 60-mL 
syringes which had been stored for one week in the anaerobic glovebox. For the 
dissolved gases, including oxygen initially, 9 mL were injected under water into 
evacuated 1‘2-mL headspace vials which had been sealed with butyl rubber 
stoppers and pressurized and evacuated three times with helium. The vials 
were then shaken at room temperature for 20 min to equilibrate, and headspace 
samples were analyzed on an HP 5890 GC with a thermal conductivity detec- 
tor. The injector and detector temperatures were both set at lZO”C, and the 
samples were chromatographed on a CTR I 2-m concentric column set with 
3.2-mm O.D. inner column packed with a Poropak mix and a 6.4-mm O.D. 
outer column packed with activated Molecular Sieve (Alltech Associates) with 
helium carrier gas at 29 mL/min. The quantitation limits were 0.005% (v/v), 
0.02%, 0.02%, 0.07%, and 0.5% for carbon dioxide, nitrous oxide, methane, 
oxygen, and nitrogen, respectively. In addition, headspace samples were ana- 
lyzed for trace nitrous oxide using a Varian 6000 GC with electron capture 
detector. The injector and detector temperatures were 120” C and 3OO”C, re- 
spectively. Samples were chromatographed at 35°C on a 2 mx 3.2 mm O.D. 
stainless steel column containing 100/120 mesh Poropak Q using a mixed car- 
rier gas stream of 95% argon/5% methane at 30 mL/min. The quantitation 
limit for nitrous oxide was 0.23 ppm (vol/vol) using this method. Aqueous 
dissolved gas concentrations were calculated for the original solutions using 
Henry’s constants and correcting for total mass in the gas and liquid phases. 
For the second column test, the analytical procedure for dissolved oxygen was 
changed to a modified Winkler titration due to problems of inconsistent air 
contamination of the syringe needle prior to injection of the headspace gas 
sample into the GC. The standard Winkler titration method [ 171 was modified 
for 55mL volumes and the reagents were prepared in the anaerobic glovebox. 
Samples were obtained using 60-mL plastic syringes and reagents were with- 
drawn directly into the samples and mixed in the glovebox. The fixed samples 
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were then titrated outside the glovebox using 0.0075 N Na,S,O, with starch 
indicator. 

Results and discussion 

Because of the large number of parameters which were continually moni- 
tored, a complete evaluation of all of the column data is beyond the scope of 
this discussion. Rather, this report focuses on (1) the controlling parameters 
(electron acceptors), (2) benzene, and 3 ) the alkylbenzenes, considered as a 
single group. Data on individual compounds, nutrients, pII and dissolved gases 
are published elsewhere [ 18]. 

Column Test I 

The first column test was run for 100 days. Initial operation of the five col- 
umns commenced using no nutrients or biocides to simulate the initial flooding 
period required to establish the water table mound in the Traverse City field 
project. The columns were operated in this manner for approximately 40 days 
to deplete internal oxygen reserves. Figure 3 shows the bromide tracer data for 
the first 30 days of operation, and indicates that the average column residence 
time is six days, with some variability among the columns. On Day 38, nutrient 
and biocide addition were initiated for the appropriate columns. During the 
following weeks it became evident that the mercuric chloride biocide was not 
being properly distributed throughout the control Columns D and E, thereby 
allowing microbial growth and subsequent BTEX biodegradation. Attempts to 
mobilize the biocide were not successful, and hence these columns cannot be 
considered as appropriate controls. The following discussion therefore focuses 
on Columns A, B, and C. 

60 

0 
0 2 4 6 8 10 12 14 16 18 20 22 24 26 

Time (days) 

Fig. 3. Breakthrough of bromide tracer in column effluents A ( 0 1, B (El 1, C t A 1, D ( 0 ), and E 
(I). 
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To avoid a layering effect, the columns had been packed in an unsaturated 
mode and then flooded, leading to the formation of numerous gas pockets. It 
was thought that, because of these pockets, it would be difficult to induce an- 
aerobic conditions in the columns. However, as shown in Fig. 4, effluent dis- 
solved oxygen profiles dropped to 1 mg/L oxygen in about 20 days. This is 
identical to what was observed in the field study [ 141. However, unlike the 
field study, dissolved oxygen continued to drop to 0.2 to 0.4 mg/L in the column 
effluents, even though influent oxygen concentrations were maintained at 0.8 
to 1.0 mg/L in Columns A and B (Fig. 4). Hence, there was a significant oxy- 
gen demand (approximately 0.5 mg/L) in Columns A and B during the study. 
After Day 63, influent oxygen levels in these two columns appeared to drop, 
but this was found to be an artifact caused by the column design. The proper 
levels of oxygen were being supplied by the degassers, but growth of microor- 
ganisms in the inlet lines subsequent to BTEX addition resulted in oxygen 
consumption prior to samples being obtained through the influent monitoring 
ports. This problem was corrected for Column Test II. 

Nitrate and nutrient addition began on Day 38. Nitrate removal was ob- 
served in Columns B and C, with losses ranging from 2 to 7 mg/L nitrate- 
nitrogen once nitrate began to break through in the column effluents (Fig. 5 ) . 
Effluent nitrate concentrations began to stabilize at Day 60 and were not sig- 
nificantly different, despite the fact that Column B was also receiving approx- 
imately 1.0 mg/L dissolved oxygen as an additional electron acceptor. From 
Day 45 to Day 98, the average nitrate-nitrogen loss was 4.15 0.4 mg/L and 
3.6 2 0.3 mg/L in Columns B and C, respectively. As was also observed in the 
field study, there was a transient production of nitrite in Columns B and C 
effluents, with concentrations dropping and stabilizing at 0.6 to 0.8 mg/L ni- 
trite-nitrogen by the end of the test (Fig. 6). Only very low concentrations of 

Time (days) 

Fig. 4. Dissolved oxygen profiles in Columns A ( 0, microaerophilic) , B ( 0, microaerophilic/ 
denitrifying ) , and C ( A, denitrifying) during Column Test I. The effluent values are fairly con- 
stant in time. (- - - ) Influent, and ( -) effluent values. 
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Fig. 5. Nitrate-nitrogen profiles in Columns A (0, microaerophilic), B (Cl, microaerophilic/ 
denitrifying), and C ( A, denitrifying) during Column Test I. (- - -) Influent, and (-_) effluent 
values. 
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Fig. 6. Nitrite-nitrogen profiles in Columns A ( 0, microaerophilic) , B ( q  , microaerophilic/den- 
itrifying) , and C ( A, denitrifying ) during Column Test I. ( - - - ) Influent, and (-_) effluent values. 

nitrous oxide were produced, and appearance of this intermediate was tran- 
sient as well (data not shown). The columns did not appear to be nutrient- 
limited. Complete breakthrough of ammonia-nitrogen occurred on Day 56 for 
Columns B and C and on Day 63 for Column A, although some phosphate 
limitation may have occurred since phosphate did not begin to break through 
in the column effluents until Day 91 of the test (data not shown). 

For several reasons, it was difficult to maintain consistent influent BTEX 
concentrations during the column tests. These problems were never fully cor- 
rected, but the effects were mitigated to the point that conclusions could be 
made regarding BTEX removal in the separate columns. The majority of this 
discussion focuses on benzene, the compound of primary interest. The other 
alkylbenzenes, generally labile under denitrifying conditions, are discussed as 
a single group consisting of the summation of toluene, ethylbenzene, m-, p-, 
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and o-xylene, and 1,2,4-trimethylbenzene concentrations (TEX) . Compared 
to the alkylbenzenes, benzene was generally recalcitrant during treatment in 
the separate columns, although some removal did occur (Fig. 7). Lacking a 
proper control column, it was not possible to determine whether this removal 
was biological in nature. Despite the variability in influent benzene concentra- 
tions, however, it was possible to compare the extent of benzene breakthrough 
among the three columns by considering the average percent breakthroughs 
from Day 45 to Day 98; this represents the time period that nitrate and nu- 
trients were available to the columns. In addition, data from Column E, the 
control column which did not receive BTEX spike, showed that the total leached 
BTEX concentration from the contaminated zone of this column was gener- 
ally less than 10 pg/L after Day 42 (data not shown). Hence, BTEX break- 
through from Day 45 to Day 98 would not represent contributions from leach- 

0 20 40 60 80 100 0 20 40 60 80 ml 
Time (days) The (dpys) 

Fig. 7. Influent and effluent benzene concentrations in (a ) Columns A (microaerophilic), (b ) B 
(microaerophilic/denitriffing), and (c) C (denitrifying) during Column Test I. (- - - ) Influent, 
and (-) effluent values. 
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ing of background BTEX from the previously contaminated interval. Based 
upon this analysis, the average benzene breakthroughs (effluent concentra- 
tion/influent concentration, expressed as percent) were 74.3 +5.8%, 
75.9 k 12.1%, and 63.15 9.6% in Columns A, B, and C, respectively. This in- 
dicates that there was little benefit in using nitrate with limited oxygen on 
benzene removal, compared to either limited oxygen or nitrate alone. Although 
this does not agree with results from a previous batch microcosm test [ 191, it 
may more realistically approximate field conditions. 

In contrast to benzene, the alkylbenzenes (TEX) were removed more exten- 
sively in each column (Fig. 8). Again, without an appropriate control, it was 
not possible to determine to what extent this removal was due to biodegrada- 
tion. This did, however, correlate well with batch microcosm data [ 111. After 
nutrient addition on Day 38, effluent TEX concentrations in each column de- 
clined, although the rate of decline was more significant in Columns B and C, 

20 40 60 80 100 
Time(days) 

Fig. 8. (a) Influent and (b ) effluent TEX concentrations in Columns A ( 0, microaerophilic ), B 
( 0, microaerophilic/denitrifying ) , and C ( A, denitrifying) during Column Test I. 
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which received nitrate as well as nutrients (Fig. 8). It is of interest to note that 
effluent dissolved carbon dioxide concentrations, which generally exceeded in- 
fluent concentrations, exhibited a transient sharp increase in Columns B and 
C subsequent to the observed rapid decline in effluent TEX concentrations in 
the respective columns (Fig. 9). This may be due to an increase in minerali- 
zation of the utilized labile compounds, but it is not clear why the levels con- 
tinued to drop to below those of the Column A effluent after the initial peak. 
The cause of the continued decline in effluent TEX concentrations in the mi- 
croaerophilic Column A is also unclear. No other exogenous electron acceptors 
were added, and methane was not detected in the column effluent at any time. 
In addition, there was little sulfate removal from the influent (data not shown). 
The aquifer solids could conceivably contain exchangeable iron, manganese, 
and other potential electron acceptors which might augment the role of nitrate 
and oxygen, but this possibil’ty could not be assessed with the current test 

\ design. From Day 45 to Day 98; the average effluent TEX breakthroughs were 
22.922.3%, 2.9+1.1%, and 4.3-+3.3% in Columns A, B, and C, respectively. 
As observed in a previous batch microcosm study [ 191, these alkylbenzenes 
were degraded equally well with or without limited oxygen under denitrifying 
conditions, and final effluent concentrations were generally less than 10 @g/L 
for total TEX. 

An approximation of total mass of hydrocarbon removed and electron ac- 
ceptor consumed can be made by calculating the average difference between 
influent and effluent concentrations for any given column, and then multiply- 
ing by the total effluent volume collected during that period. This was done for 
the time during which nitrate was available to the columns. From Day 45 to 
Day 98, the total effluent volume was 38.82 0.1 L for Columns A, B, and C. 

40 60 

Time (days) 

80 

Fig. 9. Influent (---) and effluent (-) dissolved carbon dioxide concentrations in Columns A 
( 0, microaerophilic) , B ( Cl, microaerophilic/denitrif@ng) , and C ( A, denitrifying ) during Col- 
umn Test I. 
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The following theoretical stoichiometric relationships were then used to cal- 
culate how much of the observed hydrocarbon removal could be attributed to 
mineralization under either aerobic or denitrifying conditions: 

C~lH~7+62.2H++62.2NO~-+61COz+31.1N2+64.6H20 

C,, H67 + 155SNO,- -+61C02 + 155.5NO~ + 33.5H20 

CB1 He7 + 75.7502 -+61C02 +33.5Ht0 

This assumed that the nitrate which did not account for nitrite production 
was completely denitrified. In the column study, no significant nitrous oxide 
accumulation was observed (data not shown). It was also assumed that the 
nitrogen requirement for cell biomass was satisfied by the ammonium supple- 
ment, and that the hydrocarbons were completely mineralized to carbon 
dioxide and water. These data are summarized in Table 1, and indicate that 
the actual BTEX removal was approximately twice that of the theoretical re- 
moval for Column A, whereas it was only 35% and 80% of the total theoretical 
removal in Columns B and C, respectively. For the latter two columns, it is 
quite possible that additional hydrocarbons present in the contaminated in- 
terval exerted a significant electron acceptor demand for nitrate; this was also 
observed in the field study, but to a much greater extent [ 14 1. Although the 
higher nitrate consumption observed in Column B is consistent with the hy- 
pothesis that preliminary oxidation of the hydrocarbons under microaero- 
philic conditions could lead to increased utilization of nitrate, the data are 
not suffkient to formulate definitive conclusions. In addition, the loss of 
BTEX in Column A, in excess of the electron acceptor supplied, indicates that 
other electron acceptors may have been present and/or other removal pro- 
cesses were operative. Without an appropriate control column, it was not pos- 
sible to determine the extent to which abiotic processes contributed to BTEX 
removal. 

TABLE 1 

Mass balance for BTEX removal and electron acceptor consumption from Day 45 to Day 98 of 
Column Test I 

Parameter Units Column A Column B Column C 
( Microaerophilic ) (Microaerophilicl ( Denitrifying 1 

Denitrifying ) 

Oxygen removed mg 15.5 IL 3.9 15.5 + 3.9 0.0 k 3.9 
Nitrate-Nitrogen removed mg 15.5 k 0.0 155 -e 16 140 + 12 
Nitrite-Nitrogen added mg o.oIko.0 50.4f 11.6 69.8+ 11.6 
Theoretical BTEX demand mg 19.4 120 89.6 
BTEX removed mg 36.0 f 3.3 42.3 f 4.4 70.8 + 11.7 
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Column Test II 

The second column test ran from Day 170 to Day 270. Initially, the only test 
parameters that were changed from Column Test I were that the column op- 
erating temperature was raised from 12 ’ C to 20 o C, influent oxygen levels to 
Columns A and B were increased to 1.5 mg/L, and the mercuric chloride bio- 
tide was replaced with 0.01 N NaOH for the control columns. However, the 
50% BMW used for the stock feed to Columns A, B, and C was replaced with 
deionized water during the test to eliminate microbial growth in feed lines and 
reservoirs. On Day 216, nitrate was deleted from the feed for Column C so that 
this column now had no added electron acceptor. In addition, nitrate was added 
to the feed for Column A so that the operating parameters were now identical 
for Columns A and B. 

Oxygen removals were similar throughout Column Test II for Columns A 
and B with an average loss of 1.0 -t 0.1 mg/L dissolved oxygen. There was no 
net consumption of oxygen in either of the other columns. Removal of nitrate 
was more complex. Initially, effluent nitrate values were much higher for Col- 
umn B than the other columns; once the 50% BMW feed was replaced with 
deionized water on Day 184, nitrate levels began to rise in the effluents of both 
Columns B and C (Fig. 10). The reason for this is not clear, since the decrease 
in background total organic carbon available for denitrification (about 0.3 mg/ 
L) would be insufficient to account for this on a mass basis. Nitrate was re- 
moved from the Column C feed solution on Day 216, and its effluent nitrate 
levels dropped to below detection soon thereafter (Fig. 10). Similarly, nitrate 
was added to the Column A feed solution at the same time, and its effluent 
nitrate levels increased to those observed for Column B. From Days 231 to 268, 
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Fig. 10. Influent (- - -) and effluent (-) nitrate-nitrogen profiles in Columns A ( 0, microaero- 
philic), B ( 0, microaerophilic/denitrifying) , C ( A, denitrifying), and D ( 0, control ) during 
Column Test II. The arrows indicate, respectively, the switch to distilled water in the feed and the 
simultaneous removal of nitrate from feed C and nitrate addition to feed A. 
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the average nitrate-nitrogen removal was 1.6 + 0.4 mg/L and 1.3 5 0.2 mg/L 
for Columns A and B, respectively. In terms of nitrate removal, therefore, these 
columns were operating similarly with little or no acclimation period observed 
for Column A. Unlike the first test, Column D appeared to be an adequate 
control with respect to denitrification in the second column test (Fig. 10). The 
average loss of nitrate was only 0.2 t 0.1 mg/L nitrate-nitrogen in this column. 
Nitrite levels continued to remain below 0.5 mg/L nitrite-nitrogen in the col- 
umn effluents, except for a transient production of nitrite in Column C follow- 
ing the switch to deionized water in the feed (Fig. 11). This was accompanied 
by a transient production in nitrous oxide which peaked at 0.8 mg/L. There 
was no production of nitrite or nitrous oxide observed in Column D. 

Even with the changes incorporated into the operatingprocedure, there con- 
tinued to be problems in maintaining consistent BTEX inputs to the columns 
(Fig. 12). Column E received no BTEX input, and benzene concentrations 
were typically below 1 pg/L in its effluent; similarly, the total concentrations 
of the other alkylbenzenes (TEX) were consistently less than 5 fig/L (data 
not shown). Hence, operation of Column E will not be considered in this dis- 
cussion. Addition of nitrate to the feed for Column A on Day 216 appeared to 
have little effect on benzene removal (Fig. 12a), as was expected from the 
Column B results during Column Test I. Surprisingly, benzene concentrations 
in the effluent of Column C appeared to decrease once nitrate was removed 
from the column feed (Fig. 12c), but this decline did not continue. A similar 
decline was observed for Column D (Fig. 12d), indicating that the drop may 
have been an artifact, since nitrate was still available in the control column 
influent. In addition, both of these columns were serviced by the same syringe 
pump used to deliver BTEX to the column influents and thus failure of the 
pump may have been responsible. However, a corresponding drop was not ob- 

Time (days) 

Fig. 11. Nitrite-nitrogen profiles in Columns A (0, microaerophilic), B (0, microaerophilic/ 
denitrifying) , C ( A, denitrifying ), and D ( l , control) effluents during Column Test II. Arrows 
as in Fig. 10. 
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Fig. 12. Influent (- - -) and effluent (-) benzene concentrations in (a) Column A (microaero- 
philic), (b) B (microaerophilic/denitrifying), (c) C (denitrifying), and (d) D (control) during 
Column Test II. The arrows in (a) and (c ) denote, respectively, the addition and removal of 
nitrate in the feed. 

served in effluent TEX concentrations for Column C (Fig. 13)) as would be 
expected based on syringe pump failure. The reason for this decline is therefore 
not clear. As shown in Fig. 13, TEX concentrations gradually increased in 
Column C following nitrate removal from the feed, and decreased in Column 
A following addition of nitrate to the feed. 

Despite the fluctuating BTEX Levels in the column influents, an analysis of 
the effects of the operating parameters on BTEX removal was possible by 
calculating average percent breakthroughs of the various components during 
selected time intervals (Table 2). Average percent breakthroughs were consid- 
ered during the entire test period for Columns B and D, since electron acceptor 
levels were not changed in the feed solutions. For columns A and C, two time 
periods were considered, corresponding to the initial part of the test prior to 
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Fig. 13. Influent (- - - ) and effluent (-) TEX concentrations in (a) Column A (microaero- 
philic), (b) B (microaerophilic/denitrifying), (c) D (denitrifying), and (d) D (control) during 
Column Test II. Arrows as in Fig. 12. 

switching the feed solutions (Days 169 to 210), and to the time of nitrate 
breakthrough in the Column A effluent after switching the feed solutions (Days 
231 to 262 ) . Table 2 shows that benzene breakthrough was similar for Columns 
A, B, and C during each time period, with the exception of a slight decrease in 
Column A following nitrate addition. While this decrease is in agreement with 
the results of the previous batch microcosm data using limited oxygen plus 
nitrate [ 191, it is not statistically significant given the variability in influent 
benzene concentrations during the test. At least part of the removal of benzene 
in the first three columns may have been due to biological processes, since 
breakthrough in the control column was approximately twice that of the others 
(Table 2 ). The requirement for nitrate as an electron acceptor became more 
apparent with the labile alkylbenzenes (TEX). Breakthrough of TEX de- 
creased by an order of magnitude once nitrate was added to the microaerophilic 
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TABLE 2 

Breakthrough of benzene and TEX during selected time intervals of Column Test II 

Compound Time period Column A Column B Column C Column D 
breakthrough (days) (Microaerophilic ) a (Microaerophilic/ (Denitrifying) a (Control) 

Denitrifying) 

Benzene 169-210 29f5% 31k7% - 

Benzene 231-262 21-t4% - 32*5% - 

Benzene 

TEX 

TEX 

169-262 - 26f2% - 6546% 

169-210 1142% - o-5*0.2% - 

231-262 1.1* 0.3% 26*3% _ 

TEX 169-262 - 1.7f0.3% - 59&3% 

“Initial conditions. Nitrate added to Column A feed and removed from Column C feed on day 2 16. 

column A, whereas TEX breakthrough increased by SO-fold once nitrate was 
removed from the denitrifying Column C (Table 2). Even so, TEX break- 
through was still twice that in the control column, indicating that other biotic 
processes may have been operative. Although nitrate and nitrite concentra- 
tions dropped rapidly in the Column C effluent once the feed amendment was 
stopped, TEX concentrations rose much more gradually (Fig. 13~). Therefore, 
although the requirement for nitrate for optimum TEX removal was clearly 
demonstrated in these columns, there were significant contributions by biotic 
and abiotic processes other than denitrification which could not be quantified 
using the given experimental design. 

Conclusions 

These studies have shown that alkylbenzenes can be degraded under deni- 
trifying conditions, even when a limited amount of oxygen is present. There is 
some evidence that the addition of a limited amount of oxygen can facilitate 
benzene removal under denitrifying conditions, but the controlling parameters 
have not been defined. However, there were no adverse effects observed with 
the use of oxygen in addition to nitrate in the column studies, indicating that 
a mixed oxygen/nitrate system could be used for biorestoration of fuel-con- 
taminated aquifers. The column data show that nitrate is required for optimal 
BTEX removal, although some removal does occur without nitrate addition. 
The nature of these processes could not be determined with the given column 
design, but appeared to be biotic for at least a portion of the removal. If these 
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results are extrapolated to the field, they show that nitrate addition had a 
significant effect on BTEX removal in the field demonstration project at Trav- 
erse City. 
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