CHAPTER 3. METHODS & MATERIALS

Experimental Setup
A total of six continuous-flow experiments and one batch experiment were conducted
during this study. The author assembled three reactors similar to those used in earlier work by
Sherman (1983), and originally designed by Grizzard (1977) for the first four experiments.
Adapting the available reactors to the continuous-flow experiments conducted for this work
proved to be difficult. Ultimately, it was concluded that some design changes were required in
order to achieve the study objectives. The author designed a new reactor system that provided
a better seal against air leaks, and also improved the mixing motor mounting. Schematics of
the design are shown in Appendix A. The reactors were fabricated at the William Small
Physical Laboratory of the College of William and Mary (Williamsburg, VA.).
The Original Reactor Configuration
The original reactor was a 10-L Plexiglas cylinder, with an inside diameter and height of
7-1/2 inches and 14-3/8 inches, respectively. A schematic diagram of the reactor is shown in
Figure 3-1, and a photograph is shown in Figure 3-2. The reactor was equipped with two
outlets on the side: a sampling port and an air vent. The sampling port was sealed and was not
used in any of the experiments for this research, while the upper (vent) port served as an
effluent outlet to maintain the liquid volume at 10 liters. The reactor cover was fabricated in a
circular shape from Plexiglas. The cover had seven bored holes for electrode insertion and
sampling. The usage arrangement of all bored holes is shown in Figure 3-3. Each electrode,
plastic tube, or glass tube to be inserted into the reactor was fitted through an appropriately
sized neoprene stopper in order to ensure airtight seals. Unused ports were sealed with
neoprene stoppers. To prevent air leaks where the cover mounted to the reactor body, an Oring greased with silicone gel was fitted into an annular groove so that when the cover was
tightened, the O-ring would be compressed, thereby providing an airtight seal.
The cover was mounted to the reactor body with four 3-inch-long, 3/8-inch hex head
bolts. One 4-rpm alternating-current (AC) motor was installed on the cover, with the shaft
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Figure 3-1. Schematic of the original reactor designed by Grizzard (1977).

Figure 3-2. Photograph of the body of the original design reactor.
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Figure 3-3. Photograph of lid of the original reactor
oriented vertically through a center hole. The motor drove a 4-bladed polyethylene impeller,
with a diameter of 1-3/4 inches. The tip of the propeller was situated 10 cm above the
sediment surface. With the described mixing arrangement, it was determined that the time to a
completely mixed condition was 4 hours. The experiment is described in Appendix B. Further,
in order to prevent light penetration that might stimulate algal growth, the cover was painted
black and the reactor body was covered with duct tape.
The New Reactor Configuration
When the decision was taken to build new reactors more suited to a continuous flow
experiment, the design was based on the system originally designed by Grizzard (1977).
Appendix A contains working drawings of the new reactor. The schematic diagram of the new
reactor is shown in Figure 3-4 and the components are listed in Table 3-1. The liquid volume
of the reactor was kept at 10 liters, and like the original design, it was constructed with a lid
having an O-ring seal. While the body of the new reactor had the same inside diameter as the
original, it was slightly over 1-inch deeper at 15-7/8 inches. This was done in order to maintain
the liquid volume at 10 liters while providing four vertical baffles, which were mounted
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Figure 3-4. Schematic of the new reactor design.
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Table 3-1. Components of the New Reactor Design
Number
1
2
3
4
5
6
7
8
9
10
11
12
13
14

Description
Calomel reference electrode
Solution platinum electrode
Sediment platinum electrode
Nitrogen gas inlet
1/8” outer-diameter (OD), 11 cm long solution inlet
1/8” OD, 11 cm long solution outlet
5/16” ID, 6” long glass port
32 mm OD, 4” long glass port
50 mL beaker containing sediment
DC motor speed controller
Jar test stirrer
1/4” extention sleeve
5/16” diameter O-ring
1/16” thick Neoprene rubber sheet

around the inside circumference, and improved the mixing by preventing vortexing. As may be
seen in Figure 3-5, the new reactor body was covered with a thin black sheet of neoprene
rubber instead of duct tape, which was used in the original design. The rubber sheet was
attached to the reactor with Velcro strips, allowing easy detachment if necessary. Other
differences were as follows:
1. The new reactor design did not include side-mounted inlets or outlets because it
was learned from the early experiments that air leaks cannot be avoided if the effluent
flows by gravity. The inflow and outflow were pumped through the reactor cover in
the new design.
2. The new reactor had an additional bored hole on the cover, and one of the holes
was enlarged to facilitate the insertion of the DO probe, and later for accommodating
a 32-millimeter (mm) inner-diameter (ID) glass tube. Such a tube could be inserted
into the reactor, and extended below the liquid surface. This arrangement made it
possible to insert instruments sensors into the reactor, while exposing only a small area
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Figure 3-5. Photograph of the new reactor body

Figure 3-6. Photograph of the new reactor lid
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of liquid surface to the atmosphere. Figure 3-6 shows a photograph of the new reactor
lid. The usage arrangement of the bored holes on the reactor cover is shown in Figure
3-7 and the descriptions of the arrangement are listed in Table 3-2.
3. A variable-speed direct-current (DC) motor was chosen instead of the constantspeed AC motor used in the original design, so that mixing intensity could be varied by
changing the speed of impeller.
4. Lastly, it was found during the fabrication of the new reactor that the air could leak
through the motor bearing, and a modification was required to the motor assembly
mouthing point on the on the reactor cover. A detail of the modified motor assembly
is shown in Figure 3-8. The motor was raised above the lid with four stand-offs. The
motor shaft was then connected to the impeller shaft with a universal joint in order to
accommodate any misalignment between them due to errors in the fabrication
processes. The stand-offs were tightened to the reactor lid with four self-sealing
screws, preventing air leak around the screws. A rotary-shaft seal prevented air leaks
around the motor shaft. Two custom made, nonmetallic washers were fitted to seat the

Figure 3-7. Electrode and glass tube insertion point arrangement on the lid of the new reactor

3-7

Table 3-2. Descriptions of Electrodes and Glass Tubes Insertion Points on the Cover of the
New Reactor
Number
1
2
3
4
5
6
7
8

Description
32 mm OD, 4” long glass port
5/6” ID glass port
1/8” OD, 11 cm long solution inlet
1/8” OD, 11 cm long solution outlet
1/8” OD, 2” long nitrogen gas inlet
Calomel reference electrode
Solution platinum electrode
Sediment platinum electrode

Figure 3-8. Detail of the motor assembly and seal around the motor shaft
seal against the reactor cover. Finally, the seal was lubed with a Sil-Glyde® lubrication
compound (Muskegon, MI).
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Experiment One
Set-Up
The first experiment was a preliminary effort, and was based on the prior work of
Sherman (1983) and Unterzuber (2001). Figure 3-9 illustrates the experimental set up. The
reactor used in this experiment was an original design (Grizzard, 1977). The feed water
reservoir was a 2-L Erlenmeyer flask, which contained enough water for one day. The feed
water was a mixture of Bull Run water and the UOSA discharge. The Bull Run water was
retrieved approximately 100 m above the discharge point of UOSA. The nitrate concentration
of the two sources was measured, and aliquots from each source were mixed in proportions
computed to give a final concentration of 5 mg/L as N. Appendix C explains the rationale for
this concentration.
The feed water was pumped to the reactor at approximately 1.10 milliliters per minute
(mL/min), resulting in a detention time of 5.76 days. Excess liquid from the reactor was
allowed to flow out by gravity to the effluent collection container, which was either a 2-L acid
bottle or a 500-mL Erlenmeyer flask. The acid bottle was for collecting wasted effluent while
the Erlenmeyer flask was used to collect sample to be analyzed. Intrusion of atmospheric
oxygen into the container was eliminated by a constant purge of nitrogen gas into the bulk
solution of the reactor. The reactor, electrodes and tubes were cleaned with phosphate-free
soap before they were used. The sediment was taken from Station RE30 with an Ekman
dredge from the Yates Ford Road crossing of the reservoir on January 25, 2001. An aerial view
of the Occoquan Reservoir (U.S. Geological Survey, 1994) is shown in Figure 3-10 with the
location of the sampling station marked.
Most of the retrieved sediment had a light brown color, and had no sign of sulfide
odor, which was typical of oxidized winter sediment. The sediment sample was refrigerated
and transported to OWML. Upon return to the laboratory, 850 mL of the wet sediment was
placed in the reactor, followed by 9,150 mL of feed water. The reactor cover was put into
place, and the position of the mixing impeller was examined to insure that it was about 10 cm
above the sediment surface. A platinum electrode was inserted through the cover, and placed
so that the sensing wire was bent horizontal and slightly below the sediment surface. Lastly, all
other electrodes and tubes were installed.
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Figure 3-9. Diagram of the equipment configuration for the first experiment.
After the reactor was sealed from the atmosphere, it was placed in the dark in a 20 °C
incubator, and suspended sediment allowed to settle for 6 days. After the clarification period,
the feed water reservoir was connected to the to the influent port with a 1/8” ID Tygon®
tubes (Akron, OH). A nitrogen gas tank was similarly connected to the reactor via an air stone
submerged about 20 cm below the liquid surface. An ultralow-flow peristaltic pump (Fisher
Scientific, Pittsburgh, PA) was used to introduce feed water to the reactor at a flow rate of 1.10
mL/Min. The experiment was run for 13 days from January 31, 2001 to February 12, 2001.
Microcosm Sampling and Analysis
Nine daily monitored chemical measurements were made:
•
•
•
•
•
•

Chemical oxygen demand (COD),
Nitrate plus nitrite (Ox-N),
Ammonia (NH3 as N)
Total Kjeldahl nitrogen (TKN),
Total phosphorus (TP),
Orthophosphate phophorus (OP),

3 - 10

Figure 3-10. Location of the sediment sampling site for the first, second, third, and fifth
experiments. The aerial photograph is a mosaic of the digital orthophoto quarter quadrangles
over the Occoquan Reservoir (USGS, 1994).
•
•
•

Soluble maganese (SMn),
Soluble iron (SFe), and
Oxidation-Reduction Potential (ORP)

DO was measured once during the set up and was assumed to be zero after the solution was
completely deoxygenated by nitrogen gas. Moreover, since the experiment was a microcosm,
only a minimal amount of sample could be taken for each parameter. The amounts taken are
shown in Table 3-3. Water samples were always withdrawn with a 60-mL syringe with ca. 25cm long, 1/8 ID, 1/4 OD Tygon® tube (Akron, OH) attached to the tip and filtered with a
cellulose-acetate (CA), 0.45-um syringe filter. An initial 10-to-20-mL sample was withdrawn to
rinse the syringe and all the sample containers, and then discarded. Samples for COD, TKN,
and TP were withdrawn together because the measurements are performed on unfiltered
samples preserved with sulfuric acid. The Ox-N, NH3, and OP analyses were also performed
on a single filtered sample, which was preserved only by refrigeration. Samples withdrawn for
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Table 3-3. Sample Volumes Taken in The First Experiment
Parameter
COD, TKN, TP
OxN, NH3, OP
SMn, Sfe
ORP

Sampled Volume (mL)
50
50
50
None

Filtered
No
Yes
Yes
N/A

SMn and SFe were filtered and acidified to pH 2 with optima nitric acid. Lastly, no samples
were required for ORP measurement since it was measured in-situ with electrodes.
Three samples were taken from the system daily. Because the feed-water container was
replaced each day, one sample was taken immediately from the new container. Another was
taken from the unused feed water from the prior day. Finally, a 3-hour composite of the
effluent was taken. A sediment sample was analyzed for percent solids and percent volatile
solids.
Experiment Two
Set-Up
The second experiment was also conducted with a single reactor system. However, it
was set up to simulate the effective depth and detention time of the hypolimnion of the
Occoquan Reservoir from Bull Run marina to the confluence of Bull Run and Occoquan
Creek during summer stratification. Appendix D contains a summary of effective depths and
detention times in the Occoquan Reservoir. In order to adjust the effective depth, the exposed
surface area of the sediment was adjusted by dividing the sediment between 50-mL beakers
filled with sediment to a depth of approximately 3 cm, which was about half the beaker height.
In later experiments, the beakers were filled in order to avoid any stagnant water zones below
the rim. The effective depth in the reactor was 2.52 feet (ft). The general equipment set up was
the same as the first experiment, which was shown previously in Figure 3-9. In order to obtain
a representative detention time (5.57 days) of the reach simulated, the flow rate was set at
approximately 1.2 mL/min.
As in Experiment One, the reactor, electrodes, and glass tubes were cleaned with
phosphate-free soap before they were used. The sediment was taken from the same site as in
the first experiment on February 27, 2001. As with the sediment sample retrieved for
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Experiment One, the sediment obtained for Experiment Two was light brown and did not
have any apparent sulfide odor. Upon retrieval, the sediment was refrigerated and transported
to OWML. At the laboratory, eleven 50-mL beakers were filled with sediment, and allowed to
consolidate for 2 days in a bucket filled with Bull Run water. After the 2-day period, the
beakers were again filled to the top, if necessary. If the sediment in any beaker had separated
into layers, the material would be homogenized by gently prodding the sediment surface with a
glass rod.
Once the sediment was placed in the reactor, the system was assembled in the same
manner as for Experiment One, except that the reactor was slowly filled with Bull Run water.
In this way, the sediment was not stirred and it was not necessary to wait for suspended matter
to settle in the reactor. Experiment Two was run for 6 days from March 2, 2001 to March 8,
2001.
Microcosm Sampling and Analysis
The sampling and analysis protocols were identical to those of Experiment 1.
Experiment Three
Set-Up
The flow diagram and components of Experiment Three were similar to the first two
experiments. A single reactor was once more modified to represent the reach of Occoquan
reservoir from the Bull Run marina to the confluence of the Bull Run and Occoquan Creek
during summer stratification. On March 12, 2001, sediment was sampled from Bull Run
marina (RE30) using the Ekman Dredge from a boat. Most of the sediment continued to be
light brown without a sulfide smell. The sediment was stored in a clean 1 L glass jar and
transported to OWML immediately. At the laboratory, the sediment was transferred into nine
50-mL beakers and the remaining sediment was retained under refrigeration for further assays.
Each beaker was filled, as shown in Figure 3-11, to prevent a stagnant overlying water volume.
As in Experiment Two, the beakers were left in a bucket containing only Bull Run water for a
few days to allow some time for sediment consolidation. They were then placed in the reactor,
and the system was slowly filled with Bull Run water. The reactor was then assembled and
incubated as before. The pumping rate was adjusted to 1.13 mL/min in order
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Figure 3-11. Photograph of a 50-mL beaker filled to the rim with sediment.
to account for the effect of the new liquid volume on detention time. The system had a
detention time of 5.66 days and an effective depth of 2.73 ft.
In contrast to the prior experiments, however, the system was run under aerobic
conditions for three days. One of the holes on the cover was left open and there was no need
to aerate the reactor. During the aerobic period, the feed water was composed of Bull Run
water only, which generally had a nitrate concentration less than 1 mg/L as N. After three days
the reactor was sealed, and the feed water composition was changed to a mixture of Bull Run
water and the UOSA discharge constructed to have a nitrate concentration of approximately 5
mg/L. The feed water nitrate concentration was maintained at this value until the end of the
experiment.
In contrast to prior experiments, nitrogen gas was not initially introduced directly into
the solution. The gas outlet was placed in the reactor headspace to allow a slower rate of
oxygen depletion in the bulk liquid. On Day five, it was concluded that air was leaking into the
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system, and that the only way to maintain anoxia in the reactor was to begin sparging nitrogen
gas to purge out any dissolved oxygen in the solution. On Day 16, it was concluded that the
sparging was affecting other dissolved gas concentrations, and that this might have other
unknown or undesirable effects on the system.
The sparging was stopped, and additional measures were taken to obtain a better seal
of the reactor cover. First, the outlet tube to the effluent container was submerged in the
effluent in the container instead of allowing gas to travel back into the reactor. This action
appeared to terminate air leaks via the outlet. Second, an access port was constructed from a
length of 5/16” ID glass tube. One end of the tube was submerged in the water while the
other end was plugged with O-ring/latex seal. The port was large enough to insert a pencil
sized pH electrode through it, so pH measurements could be made without unsealing the
reactor. Although these steps resulted in better sealing of the reactor, some leaks persisted, and
it was found to be necessary to pressurize the reactor headspace with nitrogen gas at 1 psig
until the end of the experiment. The experiment ran from March 14, 2001 until April 11, 2001,
totaling 29 days.
Microcosm Sampling and Analysis
The monitoring protocol remained the same as in Experiments One and Two, with
the exception of adding in situ pH to the list. The DO measurements were also increased to a
daily frequency. The sample amounts removed daily were the same as in the first experiment.
The sampling frequency was identical to the first run until the mid-point of the experiment. At
that time, the effluent was taken over a period of 4 hours instead of 3 due to the addition of a
measurement of alkalinity. From Day 14 forward, the influent and effluent were analyzed for
alkalinity. The sediment sample was analyzed for percent solids and percent volatile solids.
Experiment Four
The design of the protocols for Experiment Four took into account the problems
experienced in the prior experiments. First, in Experiment Four, the effluent was no longer
allowed to flow out of the reactor by gravity, but was pumped out instead. Pumping was found
to be a preferred method in this experiment and those that followed, because it totally
eliminated air leaks through the reactor outlet and, unlike a submerged, gravity-flow outlet as
in Experiment Three, a high pressure was not required in the reactor to force out the flow. In
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at lease one part of Experiment Three, the outlet pressure was found to be high enough to
reverse the saturated potassium-chloride (KCL) solution flow of the calomel electrode.
Second, two reactor air leaks were found. The first was at the DO probe and the other was
around the motor shaft. Because a satisfactory way could not be found to measure dissolved
oxygen without allowing air into the system, the routine DO measurements were terminated.
The leak around the shaft was sealed with an aquarium sealant.
Set-Up
The experience gained in Experiments 1–3 made it possible to add microcosm reactors
in series to the protocol for Experiment Four. In order to simulate parts of the reservoir
downstream from the confluence, two additional reactors were added, forming a system of
three reactors in series. The first reactor had the same configuration as the reactor in
Experiment Three. The second reactor was constructed to represent the portion of the
reservoir below the confluence to some point downstream of RE20, and the third reactor
represented the portion below that point to some point just upstream of RE15. Figure 3-12
shows the sediment sampling sites for this experiment, which were located at the upstream end
of each reach. Information on the reactor configurations is given in Appendix D. Reactor Two
and Three had the same effective depth of 8.53 ft. The detention times (6.01 days) of Reactor
Two and Three were also the same. The diagram of the experimental set-up is shown in Figure
3-13.
Before use, the reactors, electrodes, and tubes had been cleaned with phosphate-free
soap. Sediment was retrieved from each location with an Ekman dredge on April 17, 2001.
Most of the sediment had a light brown color, which was typical of an oxidized, winter
condition. Again, there was no sign of sulfide odor from the sediment. As before, the sediment
was refrigerated and transported to OWML, where nine 50-mL beakers were filled with
sediment from the first location; three with sediment from the second location; and another
three from the sediment from the last location. The rest of the sediments were refrigerated for
further sediment analyses. The beakers containing sediment were placed in a bucket containing
only Bull Run water for a few days to allow some time for consolidation. The sediments were
then carefully placed in the three reactors, which were then slowly filled with water in order to
avoid resuspension of the sediments.
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Figure 3-12. The location of sediment sampling sites of the fourth experiment. The aerial
photograph is a mosaic of the digital orthophoto quarter quadrangles over the Occoquan
Reservoir (USGS, 1994).

Figure 3-13. Diagram of the equipment configuration for the fourth experiment.
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The assembled reactors were placed in a 20 °C incubator and connected together as
shown in Figure 3-13. The nitrogen gas provided the reactor headspaces with a small positive
pressure in order to reduce air leaks. The experimental feed water was the same mixture as the
past experiments, and it was introduced into the first reactor at the rate of 1.13 mL/min. After
one day of feeding the Bull Run-UOSA effluent mixture, the system was sealed from the
atmosphere. On day 4, the system was spiked with 20 mg/L COD using dextrose in order to
insure that sufficient organic carbon was available to support denitrification. On Day 11, the
system was spiked with additional 0.5 mg/L phosphate as P using sodium hydrogen phosphate
(Na2HPO4). The feed water was continued with both the COD and phosphate spikes. The
amount of phosphorus added to the feed water was reduced to 0.1 mg/L as P on Day 14.
After the feed water had been spiked with phosphate, the organic carbon in the feed water was
utilized rapidly. Within 24 hours, the feed water in the container contained less than half of the
added COD. In order to mitigate the effects, the feed water was kept at 4 °C from Day 17
until the end of the experiment and also in all following experiments. The experiment ran for
21 days from April 28, 2001 to May 19, 2001.
Microcosm Sampling and Analysis
For Experiment Four, all parameters measured in the prior experiment were included,
except for DO, which had proven problematic. The feed water and the 3rd reactor effluent
water were taken daily in the same manner as described in the first run. The contents of
Reactors 1 and 2 were sampled weekly by inserting a ¼-inch ID Tygon® tube (Akron, OH)
through the 5/16” ID glass tube and aspirating a sample with a 60-mL syringe. The sediment
samples were analyzed for percent solids and percent volatile solids.
Experiment Five
Set-Up
Experiment Five was the first to use the new reactor configuration. As noted
previously, the new reactor was designed to solve the operational problems encountered
during the past four experiments. A single new reactor was set up to simulate the reservoir
condition from the Bull Run Marina to the confluence of Bull Run and Occoquan Creek
during the summer stratification. The diagram of the set-up is shown in Figure 3-14. In
addition to using the new reactor configuration, a pressure release valve was added to the
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Figure 3-14. Diagram of the equipment configuration for the fifth experiment.
experimental apparatus, as shown in Figure 3-15, in order to control the nitrogen gas pressure
in the headspace of the reactor. This valve had not been previously required, because the
reactors were not airtight. The valve was a simple glass tube with one end submerged in water
contained in a 125-mL Erlenmeyer flask. The depth of submergence of the end controlled the
pressure. For this experiment, the depth was maintained at 1 inch. The other components
were the same as in Experiment 1. The feed water, which was the same mixture as previously
described, was pumped into the system at approximately 1.13 mL/min., giving a detention
time of 5.66 days in the reactor. On Day 30, in order to insure an adequate phosphorus supply
to the microorganisms in the reactors, an additional 0.03 mg/L as P was added to the to the
feed water in the form of KH2PO4.
The reactors, electrodes and glass tubes were cleaned before use with phosphate free
detergent. The sediment was taken from RE30 on June 26, 2001 with an Ekman dredge. The
sediment was then refrigerated and transported to OWML. Once returned to the laboratory,
nine 50-mL beakers containing sediment were prepared in the same manner as in the third
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Figure 3-15. Pressure release valve for controlling the N2 gas pressure in the reactor headspace.
experiment. The beakers were then placed in the reactor. As in Experiment Three, the
effective depth in the reactor was 2.73 ft. The impeller was connected to the motor shaft with
an extension sleeve, and a spacer rod was inserted in order to bring the bottom of the impeller
blade to approximately 1-inch above the sediment surfaces. The reactor cover was installed,
taking care to lubricate the O-ring seals with a silicone gel. The platinum electrode to be used
to sense sediment ORP was installed so that it was slightly submerged into the sediment
surface. Finally, all other electrodes and glass tubes were installed, and the assembled reactor
was set up in a 20 °C incubator. The experiment ran from June 30, 2001 to August 11, 2001.
Microcosm Sampling and Analysis
The chemical measurements described from preceding experiments were continued
for Experiment Six. Because of the new reactor design, it was possible to return to daily DO
measurements. Table 3-3 was updated to include sample volumes required for some
parameters that were found in prior experiments to be important for the study. The updated
list is shown in Table 3-4. After Day 21, the sampling frequency was reduced to every other
day, because it was concluded that the lower frequency was sufficient to capture rate of change
in chemical measurements of interest. The sediment sample was analyzed for percent solids
and percent volatile solids.
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Table 3-4. Sample Volumes Taken in the Sixth Experiment
Parameter
COD, TKN, TP
OxN, NH3, OP
NO3(Electrode)
Alk
SMn, SFe
ORP, DO, pH

Sample Volume (mL)
50
50
50
50
50
None

Filtered
No
Yes
Yes
No
Yes
N/A

Experiment Six
While providing much useful information, and contributing to refinements in the
experimental design, the work through Experiment Five had not satisfactorily simulated the
denitrification process in the bottom waters of the Occoquan Reservoir during summer
stratification. Experiment Six was conceived to use the new reactor systems in a 2-reactor
cascade to provide a simulation of the area from the tail waters on Bull Run arm of the
reservoir downstream to the confluence at Station RE15. A description of the flow rate and
effective depth computations involved in setting up the 6th Experiment is given in Appendix
D.
Set-Up
Experiment Six was set up to simulate the Occoquan Reservoir reaches deeper than 10
feet in the summer season, and extending from the tail waters of the Bull Run arm to Station
RE15. The apparatus schematic diagram is shown in Figure 3-16, and photographs of the
apparatus are shown in Figures 3-17, 3-18, and 3-19. The experiment utilized a two-CSTR-inseries system with a flow rate of 0.6 mL/min. The feed water reservoir was a 20-gallon tank
stored in a 4 °C refrigerator and continuously stirred with a magnetic stirrer. The first 56-days
of the experiment, the feed water was the mixture of Bull Run and UOSA discharge water
made to provide a nitrate concentration of ca. 7 mg/L. Appendix C contains an explanation of
the rationale behind selecting this concentration. At the end of 56 days, the UOSA component
of the feed water was removed, and the system was operated for an additional 28 days
receiving only Bull Run water. In order to minimize air leaks, the headspaces of both reactors
were filled with nitrogen gas; the nitrogen gas pressure above in the headspace was maintained
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Figure 3-16. Diagram of the equipment configuration for the Sixth Experiment.

Figure 3-17. Photograph of the sixth experiment set up
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Figure 3-18. Photograph of the feed water reservoir in the 4 °C refrigerator
at approximately 1-inch of water by the simple pressure release valve described in the previous
experiment. The other components were the same as described for Experiment 1.
Both reactors, as well as all electrodes and glass tubes were cleaned with phosphatefree soap before use. Sediments were collected with an Ekman Dredge from four sites as
shown in Figure 3-20. The sediments were refrigerated and transported to OWML. At the
laboratory, three sets of two 50-mL beakers were filled with the sediment; consisting of one set
for each of the three upstream sites, and three 50-mL beakers were filled with the sediment
from the most downstream site. All the beakers were allowed to consolidate in a vessel
containing Bull Run water. The nine beakers containing sediment from the three upstream
sites were placed in the first reactor; the three beakers containing sediment from the most
downstream site were placed in the second reactor. The reactors were assembled in the same
manner as in the fifth experiment. The effective depths in Reactor One and Two were 4.18 ft
and 8.52 ft, respectively.
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Figure 3-19. Photograph of the nitrogen gas tank
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Figure 3-20. The locations of sediment sampling sites of the sixth experiment. The aerial
photograph is a mosaic of the digital orthophoto quarter quadrangles over the Occoquan
Reservoir (USGS, 1994).
The assembled reactors were placed in a 20 °C incubator. The feed water reservoir
was connected to the first reactor, the first reactor to the second reactor, and the second
reactor to an effluent container with 1/8” ID Tygon® tubing (Akron, OH). The same
Tygon® tubing (Akron, OH) was used to connect the nitrogen gas tank to each reactor and
the pressure release valve. The pump flow rate was set at 0.6 mL/min, resulting in detention
times of 11.09 days and 11.33 days in Reactor One and Two, respectively. The experiment ran
from August 31, 2001 to November 23, 2001, totaling 84 days.
Microcosm Sampling and Analysis
The monitored parameters were exactly the same as in the fifth experiment. However,
the sampling frequency was lower, because it had been observed in the prior work that the
slow pace of the biological processes did not warrant more frequent sampling. Sampling on
alternate days was determined to be sufficient to capture the changes.
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The feed water and effluent were sampled every Monday, Wednesday, and Friday,
while the first reactor was sampled only once a week on Friday at the same time. The reason
for only sampling on a weekly basis was that it was difficult to maintain the anoxic conditions
with more frequent openings, and the weekly sampling frequency was found not to
significantly interrupt the anoxic conditions. The effluent was collected in a 500-mL, acid
washed Erlenmeyer flask over a 9-hour period in order to obtain enough volume for all the
analyses. Most parameters were measured at each sampling event except for the DO of
Reactor 2, which was only measured on Friday to minimize problems from air leaks. The ORP
of the sediment and the solution in each reactor was measured on days when staff time was
available.
Experiment Seven
A final experiment was conducted to examine the possible effects of the MnO2-Mn(II)
cycle on the loss of nitrate under aerobic condition. Given a limitation of resources, only a
short period of time could be devoted to investigating the role of the MnO2-Mn(II) cycle in
removing nitrate. The experiment was designed to confirm the existence of MnO2 layer on the
surface of sediment at the site above RE30 and measure the nitrate-removal rate of this
sediment under aerobic conditions.
Set-Up
The experiment was conducted with a single batch reactor and an exposed sediment
surface area as large as the cross-sectional area of the reactor. The increase in sediment surface
area was done in order to increase the interaction between sediment and water and to shorten
the required incubation time. The new reactor design was used, but the input and output port
were replaced with solid, #6 neoprene stoppers. Sediment was retrieved with an Ekman
Dredge from the site above RE30 as shown in figure 3-20. The sediment was refrigerated and
transferred directly to OWML In the laboratory, 1.5 liters of sediment was placed in the
reactor in a procedure similar to the first experiment and to the work of Sherman (1983). The
larger sediment volume was, however, used to decrease the water volume and the time
required to observe nitrate concentration changes. No attempts were made to get the actual
effective depth of the reservoir, and in fact, the effective depth of the reactor was minimized in
order to accelerate the nitrate depletion rate. The sediment was poured directly into the
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reactor, and the reactor was then filled with the mixture of Bull Run and UOSA water with a
final concentration of approximately 8 mg/L NO3-N. The reactor was then assembled in the
same manner as in the fifth experiment.
During the first week the reactor was left open to atmosphere. No aeration was
needed to keep the reactor under aerobic conditions because it was observed that the oxygen
diffusion rate from the reactor headspace was greater than the oxygen consumption in the
solution. During the second week, the reactor was sealed from the atmosphere and it was
reopened during the third week. The experiment was run for a total of three weeks from
November 19, 2001 to December 10, 2001.
Microcosm Sampling and Analysis
The solution was sampled on alternate days for Ox-N, OP, TP, NH3--N, SFe, and
SMn. Acid extracted Mn and Fe were also measured in the last week samples. The sampled
aliquots were not replaced after being removed from the reactor, and as a result, the liquid
volume decreased over time. Make-up water was only added to the reactor just prior to sealing
it from the atmosphere in the second phase of the experiment. A demineralized water volume
of 1 L was added to make up enough solution for measurements and to maintain the liquid
level above the tip of the 5/16” glass tube. This was done to insure that the liquid level
remained high enough to prevent air from being pulled into the reactor headspace. The
sediment sample was extracted using the hydroxylamine acetic-acid method (Chester and
Hughes, 1967) to determine nonstructural Fe and Mn content. The sediment sample was also
analyzed for total solids, total volatile solids, and pH.
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Water Analyses
Most chemical analyses were performed by OWML. The author performed the
analyses of samples for chemical oxygen demand and nitrate. Therefore, only these two
methods will be discussed in more detail along with some difficulties encountered. For the
details of the other methods, the reader is referred to the references given.
Chemical Oxygen Demand
The Hach (Loveland, CO) ultra low range COD reagent was used for this analysis
because the COD in all the samples never exceeded 40 mg/L. The analysis, according to the
manufacturer’s instructions, is comparable to the closed reflux colorimetric method as outlined
in Section 5220-D of Standard Methods (APHA, 1998). The standard curve was prepared at
concentrations of 0, 4, 8, 12, 20, and 40 mg COD/L. The absorbance was read on a Milton
Roy Spectronic 1201 spectrophotometer (Rochester, NY).
Nitrate
Nitrate was measured both with field test kits and by OWML. The field test kits were
used for rapid results, which were needed to control the experiments, especially nitrate
concentrations in the feed water. The rapid results also helped eliminate the need to wait for
the slower turn-around of results from personnel. However, the latter results were much more
accurate, and where possible, were used for data analysis. A summary of the method is given
below.
Field Test Kit
Field test kits from two manufacturers were evaluated. The first was the Hach color
disc-based test kit (Loveland, CO), and the other was the Chemetrics VACU-vials®
(Calverton, VA). The former was initially evaluated in the first experiment. The Chemetrics kit
was evaluated in the second experiment. At that time, it was concluded that the Chemetrics
packaged test was more convenient and also better suited the experimental protocol. Both kits
used the same technique as described in Section 4500-NO3-E of Standard Methods (APHA,
1998). The nitrate was reduced to nitrite using Cadmium as the reducing agent, and the
resulting nitrite concentration was then determined colorimetrically on a Milton Roy
Spectronic 1201 (Rochester, NY).
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Ion Chromatography and Continuous Flow Colorimetry
OWML analyzed nitrate samples using either ion chromatography, or an automated
continuous flow colorimetric method. The ion chromatographic method used a Dionex 500
series instrument (Sunnyvale, CA), while the continuous flow colorimetric method was
performed on a Bran+Luebbe Technicon trAAcs 800tm Autoanalyzer (Roselle, IL). The
trAAcs method employed was the automated hydrazine reduction as described in Section4500NO3-H of Standard Methods (APHA, 1998). The analytical protocol involved the reduction of
nitrate to nitrite with hydrazine sulfate, followed by the colorimetric determination of the
nitrite at a wavelength of 520 nanometers (nm) and a light path of 10 cm.
The nitrate determination with ion chromatography followed the protocol of EPA
Method 300.0 in Methods for Chemical Analysis of Water and Wastes (USEPA, 1979). The analytical
column for ion chromatography was the Dionex IonPac AS11 with guard column Dionex
IonPac AG11 (Sunnyvale, CA). The two columns were of the same type. The guard column
helped to keep the analytical column clean. The suppression and detection methods were the
continuously regenerated chemical suppression and conductivity, respectively. The eluent was
a 10-mM potassium hydroxide solution.
Ammonia
Ammonia samples were analyzed with the Technicon trAAcs 800tm Autoanalyzer
(Rochester, NY), using the method described in Section 4500-NH3-D of Standard Methods
(APHA, 1998). The ammonia reacted with hypochlorite and phenol, catalyzed by manganous
salt, to form indophenol, which was then determined colorimetrically at a wavelength of 660
nm and a light path of 10 cm.
Total Kjeldahl Nitrogen
Total Kjeldahl nitrogen (TKN) was determined both directly and indirectly. All
samples were analyzed directly using EPA Method 351.2 (USEPA, 1979). Sample digestion
was accomplished by heating tall glass test tubes containing 20 mL of sample in an aluminum
block for 2.5 hours in the presence of sulfuric acid, potassium sulfate, and mercuric sulfate.
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Following digestion, the residues were cooled, diluted to 25 mL, and analyzed for ammonia by
the method described above.
For the indirect method, samples were redigested using a persulfate digestion (Qualls,
1989), which required less sample volume. The persulfate digestion converted all forms of
nitrogen to nitrate, and then the nitrate was analyzed as outlined above and reported as total
nitrogen. To indirectly compute the TKN concentration, nitrate concentrations were
subtracted from total nitrogen concentrations.
Orthophosphate Phosphorus
Orthophosphate phosphorus (OP) concentrations were estimated as soluble reactive
phosphorus (SRP) analyzed according to the automated procedure given in Section4500-P-F
of Standard Methods (APHA, 1998) on a Technicon TRAACS 800tm. Orthophosphate reacted
with ammonium molybdate and potassium antimonyl tartrate to form an antimonyphosphomolybdate complex, which was reduced by ascorbic acid to yield an intense blue color
suitable for photometric measurement at a wavelength of 660 nm and a light path of 10 cm.
Total Phosphorus
Total phosphorus concentrations were determined at OWML according to EPA
Method 365.4 (USEPA, 1979). The digestion was identical to the digestion previously
described for TKN samples. The digestion converted all forms of phosphorus to
orthophosphate, and the orthophosphate concentration was then determined as outlined
above.
Soluble Iron & Manganese
OWML personnel used EPA Method 236.1 and 243.1 (USEPA, 1979) to determine
concentrations of iron and manganese, respectively. Concentrations were determined directly
by flame atomic absorption (FAA) on a Perkin Elmer Model 5100 PC Atomic Absorption
Spectrophotometer equipped with Zeeman background correction (Perkin-Elmer, Norwalk,
CT).
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Acid Extractable Iron & Manganese
Samples for the determination of total recoverable iron and manganese concentrations
were prepared according to EPA Method 200.2 (USEPA, 1979). The samples were digested at
95 °C for 2.5 hours in a mixture of nitric and hydrochloric acids. After cooling, the residual
sample has a final volume of 50 ml and analyzed as described above for soluble iron and
manganese.
pH and Temperature
Values of pH and temperature were measured with a Sentron Model 2001 pH system
(Northbridge, MA). For pH measurement, the meter was calibrated at two points, which were
chosen so that the sample pH would fall in between.
Dissolved Oxygen (DO)
Dissolved oxygen (DO) was measured with a Yellow Springs Instrument YSI-50 DO
meter (Yellow Springs, OH). The meter was calibrated in a 100 percent humidity chamber
according to the manufacturer’s instructions.
Oxidation-Reduction Potential (ORP)
For the first five experiments, ORP was measured continuously by interfacing
platinum electrodes installed in each reactor with an IOTech DaqBoard/2000 data acquisition
board and DaqViewXL software (Cleveland, OH). The results were, however, not sufficiently
accurate because the input impedance of the data acquisition board was too low (10 Mohm)
and therefore caused a looping current, resulting in readings lower than the actual values. ORP
measurements in Experiments 5, 6, and 7 were made with a Fisher Accumet Model 925
pH/mV meter (Pittsburg, PA). The values were sometimes recorded continuously by acquiring
a signal from the pH/mV meter serial port, and processing the data with software the author
wrote in a graphical programming language, LabView6 from National Instruments
Corporation (Austin, TX). Appendix E describes the set up of the latter system.
ORP is a measurement of potential difference between platinum and reference
electrodes. For this study, a Calomel reference electrode was used, and platinum electrodes
were manufactured at the glass blowing shop in the Chemistry Department at Virginia
Polytechnic and State University (Blacksburg, VA), according to a design by Grizzard (1977).
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The raw potential values obtained from a millivolt meter were corrected to the potential
against a standard hydrogen reference electrode. The values were also corrected to pH 7 in
experiments in which the pH data were obtained. Corrections were made according to the
following equations, which were used by McLaughlin (1981) and Sherman (1983) and may be
derived from the correction value given in Stumm and Morgan (1996):
Eh = Ec + 250.8 mV

Eq. 3-1

E7 = Eh + 59 (pH – 7.0)

Eq. 3-2

where Ec = Potential against a Calomel electrode
Eh = Potential against a standard hydrogen electrode
E7 = Potential at pH 7
The reference electrode was calibrated with SoBell solution (APHA, 1998) and the
platinum electrode was cleaned with chromic acid before use as described in Section 2580-B of
Standard Methods (APHA, 1998).
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Sediment Analyses
Sediment samples were analyzed for percent solids, percent volatile solids, pH,
hydroxylamine/AC extractable manganese, and hydroxylamine/AC extractable iron.
Percent Solids and Percent Volatile Solids
Percent solids and percent volatile solids in the sediment samples were determined
according to the method in Section 2540-G of Standard Methods (APHA, 1998), which is
applicable to solid and semisolid samples, such as river and lake sediments. The samples were
dried at 103 °C for the percent solids determination, and then were ignited at 550 °C to
determine the volatile fraction. The equations for calculating each portion are:
% total solids = (A – B) * 100/(C - B)

Eq. 3-3

% volatile solids = (A – D) * 100/(A – B)

Eq. 3-4

where A = Weight of dried residue and dish
B = Weight of dish
C = Weight of wet sample and dish
D = Weight of residue and dish after ignition
pH
Because the pH measurement of sediment in water, as suggested by Hendershot et al.
(1993), yields values closest to the pH values of sediment in the field, sediment samples were
prepared by mixing with water as described in Official Methods of Analysis (AOAC, 1984) or
Hendershot et al. (1993). The author stirred approximately 10 g of sediment with 20 ml of
water in a long-form beaker for 30 minutes. Then the suspension was let stand for about 1
hour to develop a clear supernatant. The pH of the supernatant was then measured in the
same manner as water samples.
Reactive Manganese and Iron Extraction
The reactive portions of manganese and iron in sediment samples were extracted with
the hydroxylamine/AC method of Sundby and Silverberg (1981) and described in detail by
Chester and Hughes (1967). The extraction solution was a mixture of hydroxylamine
(NH2OH⋅HCL) and acetic acid (1 M NH2OH⋅HCL, 25% (v/v) acetic acid). The extracted
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solutions were then analyzed for soluble manganese and iron using the atomic absorption
method in the same manner as water samples.

3 - 34

Computations
Denitrification-Rate Constant Calculations
The time rate of change of nitrate in CE-QUAL-W2 is broken down into three
components (nitrification, denitrification, and algal uptake) and the mathematical model of the
rate is given as (USACE WES, 2000):

∂ΦNO3
ΦNH4
= K NH4 γ NH4 ΦNH4 - K NO3 γ NO3Φ NO3 - K ag δn Φa (1 )
∂t
ΦNH4 + ΦNO3

Eq. 3-5

where ΦNO3 = Nitrate-nitrogen concentration, g⋅m-3
ΦNH4 = Ammonia-nitrogen concentration, g⋅m3
Φg = Algal concentration, g⋅m-3
δN = Stoichiometric coefficient for nitrogen
KNH4 = Nitrification rate constant sec-1
KNO3 = Denitrification rate constant, sec-1
Kag = Algal growth rate constant, sec-1
γNH4 = Temperature rate multiplier for nitrification
γNO3 = Temperature rate multiplier for denitrification
Continuous Stirred Tank Reactor (CSTR)

Using the rate expression above, a mass balance on nitrate for any CSTR in the
experiments may be written as:
∂ΦNO3
d[NO-3 ] Q
Q
= [NO-3 ]in - [NO3- ]dt
V
V
∂t

Eq. 3-6

where [NO-3 ] = Nitrate concentration in the reactor, mg/L

[NO-3 ]in = Nitrate concentration in the influent, mg/L
Q
= Flow, L/day
V
= Reactor volume, L
In the present study, nitrification and algal uptake were prohibited by the exclusion of oxygen
and light, respectively, so the mass balance may be rewritten as:
d[NO-3 ] Q
Q
= [NO-3 ]in - [NO3- ]+K NO3 γ NO3[NO3- ]
dt
V
V
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Eq. 3-7

The denitrification rate constant between two sampling events was then computed by
assuming that the temperature rate multiplier was 1 at 20 °C. The nitrate concentration in the
reactor was taken as the average of two consecutive observed concentrations and the time rate
of change was the difference in nitrate concentrations divided by time between two sampling
events. With these assumptions, the denitrification rate constant was calculated by the
following equation:
[NO-3 ]B -[NO-3 ]A Q
Q [NO3- ]A +[NO3- ]B 
[NO
]
+
3 in


∆Time
V
V
2

 Eq. 3-8
K NO3 =
[NO3 ]A +[NO3 ]B
2
where

[NO-3 ]A = Nitrate concentration of the first sampling event, mg/L
[NO-3 ]B = Nitrate concentration of the second sampling event, mg/L
Time = Period between the two sampling event, day

Batch Reactor

The mass balance of the batch reactor as used in the seventh experiment may be
written as:
d[NO-3 ] ∂ΦNO3
=∂t
dt

Eq. 3-9

Due to the prohibition of nitrification and algal growth, the equation may be reduced to:
d[NO-3 ]
= K NO3 γ NO3[NO-3 ]
dt

Eq. 3-10

Assuming that the nitrate concentration in the reactor equals the average of two consecutive
observed values, the rate of change equals to the difference divided by time, and the
temperature rate multiplier equals to 1 at 20 °C, one can compute a denitrification rate
constant as:
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K NO3

[NO-3 ]B -[NO3- ]A
∆Time
=
[NO-3 ]A +[NO3- ]B
2

Eq. 3-11

Prediction of Nitrate Concentration

In order to provide a basis to evaluate observed denitrification, concentrations in the
reactors due only to feedwater fluxes and mixing were predicted. These values were compated
to the observed data in order to determine if denitrification was occurring. The projected
concentrations were also needed because the concentrations in the influents of the second
reactor and any following CSTRs in series, because they were unknown.
Mixing Only

In this case, the mass balance may be reduced to:
d[NO-3 ] Q
Q
= [NO-3 ]in − [NO3- ]
dt
V
V

Eq. 3-12

Solving this variables separable, ordinary differential equation, yields (Kreyszig, 1999):

[NO-3 ]=[NO3- ]0 e

-

Q
Time
V

-[NO3- ]in (e

-

Q
Time
V

-1)

Eq. 3-13

where [NO-3 ]0 = nitrate concentration at the beginning (time = 0)
With Denitrification

One may predict nitrate concentrations with denitrification in a reactor at any time
by solving:
d[NO-3 ] Q
Q
= [NO-3 ]in - [NO3- ]+K NO3 γ NO3[NO3- ]
dt
V
V

Eq. 3-14

Assuming that the temperature rate multiplier is 1 at 20 °C, the solution to this variables
separable ordinary differential equation is:
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a (a-b[NO-3 ]0 ) -bTime
[NO ]= e
b
b
3

where a=

Eq. 3-15

Q
Q
[NO-3 ]in and b=( -K NO3 )
V
V

Reaction Rate of Any Constituent

The mass balance of any constituent in any CSTR in the experiments may be written
as:
dC Q
Q
= C in - C + r
dt V
V

Eq. 3-16

where C = Constituent concentration in the reactor, mg/L
Cin = Constituent concentration in the influent, mg/L
r = Reaction rate, mg⋅L-1⋅day-1
Similar assumptions as were employed in determining the denitrification rate constant
were made. The constituent concentration in a reactor equals the average of two consecutive
observed values, and the rate of change equals the difference in concentration divided by the
observed time interval. Solving the equation gives:
r=

CB -C A Q
Q C A +CB
- C in +
Time V
V
2

Eq. 3-17

where CA = Constituent concentration of the first sampling event, mg/L
CB = Constituent concentration of the second sampling event, mg/L
Prediction of Any Constituent Concentration

For the cases of CSTRs in series, it was necessary to predict constituent concentrations
in the first, and subsequent, reactors as the inputs to the second, and subsequent, reactors for
the purposes of rate calculations. One may find the concentrations at any time by solving the
mass balance above. Given C0 = constituent concentration at the beginning (Time = 0). The
solution is:
C=

(aC0 + b) aTime b
e
a
a
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Eq. 3-18

where a=-

Q
Q
and b = C in + r
V
V

Prediction of Phosphorus Concentration

The release of phosphorus was not observed in this study. Therefore, attempts were
made to predict concentrations from the release rates observed by other investigators. This
approach was used to examine whether phosphorus was actually released from the sediments.
The mass balance of phosphorus in a CSTR may be written as:
d[P] Q
Q
rA
= [P]in - [P]+
dt V
V
V
where [P]
[P]in
r
A

Eq. 3-19

= Phosphorus concentration in the reactor, mg/L
= Phosphorus concentration in the influent, mg/L
= Rate of phosphorus release, mg⋅day-1⋅m-2
= Sediment surface area in the reactor, m2

By solving this variables separable ordinary differential equation, and given [P]0 = phosphorus
concentration at the beginning (Time = 0), the phosphorus concentration at any time is:
[P]=

where a=-

(a[P]0 +b) aTime b
e
a
a

Q
Q
rA
and b= [P]in +
V
V
V
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Eq. 3-20

