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ABSTRACT

NITRATE REDUCTION IN THE VICINITY OF TILE DRAINS

The fate of nitrates as they travel through a long
porous column at a slow rate was observed in this study with
temperature and substrate materials variable.

During a one month period of flow with pore velocities
averaging up to 21 centimeters per day, losses as high as 89
percent were found for a methanol treatment at 24°C while for
13°C losses were reduced to 46 percent. A sawdust substrate
material resulted in very little reduction of nitrate concen-
trations at 24°C and actual increases (presumably from mineral-
ization) at 13°cC.

Since methanol was found to be an effective means of
removing nitrate from a slowly moving stream of water at
temperatures as low as l3OC, it will be used as a standard in
future field studies to evaluate less expensive substrate

materials,

Davenport, Lynn A. Jr., Lembke, Walter D. and Jones, Benjamin A.,
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Completion Report to.Office of Water Resources Research, De-
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I. INTRODUCTION

The threat of nitrate as a major pollutant of water‘rem
sources in Illinois deservés serious consideration since agri-
cultural fertilization has increased at a rapid rate. The ex-
tensive flat to moderately sloping and generally well-drained
soils of northern and central Illinois, plus\moderate amounts of
precipitation, tend to increase the potential loss of applied
fertilizers due to surface runoff and leaching.

Leaching of nitrogen can be expected to increase nitrate
concentrations in the effluent of tile drains. Dawes, et al. (9)
found that the peak nitrogen load of many of our streams is coin- -
cident with periods of high agricultural runoff. This may be
caused primarily by leaching rather than fertilizer losses due
to surface runoff,

Excessive nitrate concentrations can be responsible for
two serious types of problems. Where nitrogen is a limiting
nutrient factor nitrate inputs to surface waters can cause
eutrophication to proceed rapidly, severely reducihg the quality
of the water forvuse.by man and wildlife, as well as destroying
the aesthetic beauty of lakes and waterways. High nitrate con-
centrations in drinking water can be fatal to children due to
methemoglobinemia, which results from the conversion of nitrate
to toxic mnitrite in the digestive tract.

It appears likely that state and/or federal regulations
to control nitrate concentrations due to agricultural runoff

will ke enacted. This will force farmers to utilize methods of



nitrogen dontrol or to reduce rates of nitrogen fertilizer ap-
plications.

Since the major loss of nitrogen in the soil occurs from
leaching in flat and gently sloping soils, denitrification is a
possible means of reducing nitrogen in field tile drainage |
waters. Denitrification plays an important part in the nitrogen
cycle (see Figure 1) by converting nitrate to nitrogen gas-
through microbial action. By improving the environment for the
denitrifying bacteria, significant‘decreases of nitrate in ground
water may result.

Recent field stﬁdies have been conducted in California
to evaluate denitrification as a means of removing nitrogen from
water en route to tile drains (24). Evidence that denitrifica-
tion occurred on a large scale was not conclusive. The rela-
tively humid climate and acid soils‘in Illinois, compared to
California, present a unigue environment for denitrification in

the field,

Y emmd
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II. LITERATURE REVIEW

A. Denitrification in General

Denitrification is primarily a dissimilatory process in
which facultative anaerobes reduce nitrate and nitrite to vola-
tile gases, usually nitrous oxide and/or molecular nitrogen.
Denitrifying bacteria grow under anaerobic or partially anaerobic
conditions, provided a suitable oxidizable substrate, usually or-
ganic matter, is present in the soil. Denitrification is com-
~monly considered a two or three step process whereby nitrate is
first reduced to nitrite and then to nitrous oxide and nitrogen
gas.

Although many common facultative bacteria are capable of
denitrification, their ability to do so varies. Some species dan
reduce both nitrate and nitrite to molecular nitrogen; some can
only reduce nitrate to nitrite; while others reduce nitrites to
molecular nitrogen (15). Since heterogenous populations of these
organisms are found in soils, denitrification can be basically
considered a two step process. This process is represented
Stoichiqmetrically below, using methanol as a soluble carbon
source (12). Note that nitrate is first reduced to nitrite and

then to molecular nitrogen,

- -

+ 2H,0

Step 1¢ 3NQ3 + CH3OH =.3NO2 +.C02 2 ’ .
Step 2: ‘2N02 + CH3OH = N2 + CO2 + HZO + 20H
Overall: 6NO3 + 5CH3OH = 3N2 + 5CO2 + 7H20_+ 60H

The term denitrification has also been used to describe

processes such as the assimilitory reduction of nitrate by higher




plants and organisms to satisfy their needs for organic nitro-
gen (3), Here it will refer only to the microbial process lead-

ing to the gaseous loss of nitrogen.

B. Factors Affecting Denitrification

Much of present knowledge about the denitrification pro-
cess has been discovered in the laboratory due to the many ex-
perimental difficulties associated with a denitrification field
study. The physical factors suitable for a denitrifying envir-
onment are complex and interrelated. Control of these factors
in addition to identifying and measuring the inputs and products
of denitrification has discouraged field investigations. How-

ever, the need for such research has become increasingly great.

1. Soil Oxygen

One of the primary conditiohs necessary for denitrifica-
tion is a limited oxygen supply. Denitrification can be exten-
sive in saturated or partially saturated soils where gaseous
interchange with the atmosphere is loQ. The facultative deni-
trifers substitute nitrate for oxygen as a hydrbgeh acceptor as
the oxygen in the soil is depleted in a reduced soil-water en-
vironment.,

The effect of low oxygen levels on denitrification has
been subject to extensive laboratory research,v Broadbent and
Stojanovic (6) found that the degree of denitrification is in-
versely related fo the partial pressure of oxygen in the soil.
Bremner and Shaw (4) showed that when waterlogged soils céntain—
ing nitrate and glucose wefe mixed with oxygen in stoppered

flasks, denitrification was completely inhibited. They also



found denitrification was reduced by 68% from incubated soil
suspensions which were not aerated to those that were aerated

continuously.

2. 8Soil Moisture

Soil moisture content has an indirect effect on denitri-
fication as high moisture contents inhibit oxygen diffusion into
the soil. Research conducted by Meek, et al. (16) indicated
nitrate-nitrogen became unstable whén the moisture was raised
above 41% in a silty clay loam, Bremner and Shaw (4) stated
that even when other conditions were very favorable for denitri-
fication, little loss of nitrogen occurred if the moisture con-
tent was less than 60% of the water holding capacity of the
soil. Mahendrappa and Smith (14) found that denitrification
proceeded at faster rates at water contents near saturation.

Denitrification apparently increases with increasing
moisture content beyond 100 bercent moisture holding capacity
by weight. Bremner and Shaw (4) found that by adding water to
soil to form a soil slurry with a 450 percent moisture content,
there resulted an increased loss of nitrogen. Studies by
Nommik (18) and Jansson and Clark (11) confirm this effect.

In discussing the effect of soil moisture content or
limited oxygen EUpply on denitrification, the microscopic as
well as the macroscopic denitrifying environment must be con-
sidered, Broadbent and Stojanovic (6) and Allison, et al. (1),
in working with aérated soils, both observed some degree of
denitrification. In contrast, other researchers report little

denitrification in well aerated systems, . Wijler and Delwiche (25)




rate at which the organic matter 1n the so0il can be decomposed
and soluble carbon Supplled to the denitrlfying bacteria directly
influences the rate of denltrlflcatlon.o

Many SOlls may contain sufflcient_organic matter to sus-
tain high rates of denitrification without applylng additlonal
carbon.. Jones (13) found that a loam soil contalned sufficient
enefgy material to support almost an identical denitrlflcatlon
rate aé that induoed by a controlled amount of sucrose added to
the same soil.

Cellulose, an organic material which,decomooses rapidly,
'generally results in higher denitrification-ratoa than lignin,
which decomposes much more'slowly, Bremner and Shaw (4) found
that 800 mg of wheat straw added to a soil sample gave the same
rate of denltrlficatlon after twelve days as 5 mg of sucrose
added to the same soil. Corey, et al. (8) showed that increas-
ing sucrose from 50 to 200 ppm injaosandy soil increased the

denitrification rate by 46%.

4. Temperature

Denitrifying bacteria are sensitive to temperature”
changes. Bremner aod Shaw's (4) studies indicate denitrification
is negligible below 2°C and increases rapidly as the temperature -
is raised to 25°C. The optimum temperature was found to 5e ap-
proximately 60°C. Nommik (18) found a comparable optimum tem-
perature for deniirification of about 65°C,

Broadbenf and Clark‘(S) state that the relative propor-
tions of nitrous oxide and molecular nitrogen in the gaseous pro-

.ducts of denitrification vary with temperature. Nitrous oxide



found‘that oxygen tensions of 2.0 ¢m of mercury suppressed
denitrification rates to about one~twentieth of the anaerobic
denitrification found in the same soil.

It is possible that these conflicting reports may be due
to the development of microscopic volumes of anaerobic en?iron—
ment within systems thought to be weil aerated. If a readily
decomposable substrate is present in a merium suitable for de-
nitrification, the biological oxygen demand may increase to a
point where the rate of oxygen diffusion into the system is in-
sufficient and scattered microzones may undergo considerable
denitrification, This may occur in soils thought to be well
aerated. This theory is substantiated by Nommik (18), who found
that denitrification increased with decreasing size of soil ag-
gregateés. Presumably, this may be due to the formation of
anaerobic zones within the small pores spaces, while larger
pores would yet contain air voids.

From the previous discussion it is obvious that the rate
of oxygen diffusion into and through the soil voids is more im-
portant than the presence of oxygen in the soil in predicting

the extent of denitrification under field conditions (5).

3. Oxidizable Materials
The nature and content of an'oxidizable substrate in the
soil can have a marked effect on denitrification. An energy
source is needed for the denitrification process to proceed
since the freé energy change in reducing nitrate to molecular
nitrogen is positive. The organic matter in the soil serves as

an energy source by supplying carbon as a hydrogen donor. The
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is predominant at lower temperatures and molecular gas at higher
temperatures. This suggests a high temperature coefficient for

the reduction of nitrous oxide to molegular nitrogen.

5. pH

The rate of denitrification has been found to be very
slow in acid soils and rapid in soils of high pH. Bremner and
Shaw (4) showed that an increase in pH from 4.8 to 5.1 increased’
the denitrification rate from 15% to 80% while an increasé in pH
from 5.1 to 8.0 only increased the denitrification rate by 5%.
To support these findings, Wijler and Delwiche (25) found littlé
change in denitrification rates above pH 6.0.

Wijler and Delwiche (25) also found that nitrous oxide
was predominant in the denitfification gas below pH 7 and fur-
ther reduction of nitrous oxide to nitrogen gas was nhot sighifi—

cant until pH 7 had been exceeded.

6. Flow Velocity
Loss of added nitrate to experimental soil samples hags
been found to be lower when the soil water is moving than under

static conditions. Although most laboratory denitrification

studies have been conducted under static conditions, in actual-

ity the soil water is always flowing in the field, especially"
near tile drains. Corey, et al. (8) found that immdbilization
and denitrification by microbial activity is directly related to
the velocity of flow. At a velocity of 1.32 cm/hr through a
soil column no added nitrate was lost, but at 0.1l cm/hr 21% of
the added nitrate was either immobilized or denitrified, with no

distinction made as to the fate of the nitrate.
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7, Redox Potential

Redox potential is definad_és the equivalent free energy
per mole of electrons associated with a given reduction (22).
Since many oxidatioh-reductibn couples are preseht>in the field,
redox measurements are inadequate in chafacterizing g pa:ticular*
redox reaction such aé nitrate reduction, Redox potentials can
be valuable in the laboratoxy under conditions which allow the
researcher to control a specific reaction.

Redox potential as a denitrification epvifonmental para-
meter can be important in submerged or saturated soils where
sufficient.control of variables affecting denitrification is
possible, Patrick and Mahapatra (2Q) cite a number of advantages
of measurihg redox potentials in éaturated soils. The range of
poﬁential is relatively hjigh in saturated soils (;OOO mv) as
compared to well-drained soils (300 mvi. The higher concentra-

tions of reduced elements under waterlogged soils contribute to

better poising and thus to better reproducibility:of redox poten-'

tial, Also, redox potential is a convenient means of determin-
ing the oxygen status in submerged soils, Conventional methods
of measuring oxygen‘conteﬁt and diffusion rates cannot be used
in waterlogged spils. |

Results of several oxidati§nqredugtion studies (19, 21)
are in general agreement thai oxygeh disappears and nitrate re-
duction'begins atva redox poteﬁtial of approximately 320 milli-

volts at pH 7.
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C. Field Denitrification Studies

As stated earlier, field studies on denitrification have
been limited due to experimental difficulty in identifying and
monitoring the inputs and products of the denitrification pro-
cess. However, there have been several recent field inveétiga—
tions which have not only added to the general knowledge about
denitrification but also have investigated the possibility of
utilizing the denitrification process to remove nitrogen from
drainage effluent.

Studies conducted by Meek, et al. (16) in the Imperial
Valley of California on an irrigated field showed that nitrate
concentrations were high near the soil surface but decreased at
depths approaching the water table, indicating denitrification
possibly occurred in the capillary fringe above the water table.
Further studies by Willardson, et al. (24) in relation to sub-
merged field tile drains in the San Joaquin Valley were incon-
clusive as to whether significant nitrogen loss due to denitri-
fication occurred. No added soluble carbon source was placéd in
the soil,

Tusneem and Patrick¥2) found large losses of total soil
nitrogen can occur during alternate periods of wetting and drY—
ing of the soil which permits nitrification and subsequéntly
denitrification. Losées up to 14% to 16% were recorded.

Beer and Koelliker (22), working with filtration through
soil profiles to reduce ground water pollution due to lagoon
effluent irrigation, attributed 40% to 80% nitrogen loss to

denitrification. Their research also indicated soil organic
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matter may be a limiting factor over a period of severél years
as the denitrification processes utilize the available carbon,
This suggests addition of a soluble carbon SOurcé, such as
methanol, would be necessary,to maintain high denitrification

rates over an extended time period,

s
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ITI. OBJECTIVES

The objectives of this study were:

To conduct a laboratory investigation to determine if
significant quantities of nitrate nitrogen could be re-
duced to the gaseous state in a porous medium.

To compare methanol and sawdust as carbon substrates
for denitrification.

To determine the effect of teﬁperature as a vériable in
the denitrificatibn process. |

To introduce flow velocity as a factor in the denitrifi-

cation process,
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IV. APPARATUS

A temperature control chamber with dimensions of 2.44 m.
by 2.44 m. by 5.09 m. was constructed in which the température
could be controlled from 13°C (56°F) to approximately 27°c
(90°F). The chamber and general layout of the apparatus are
shown in Figures 3a and 3b.

The denitrification flow apparatus consisted of 152 and
182 cm. lengths of plexiglass tubes having a 11.4 cm., outer
diameter and a .32 cm., wall thickness. Pairs of these tubes
were connected by plexiglass flanges to form 6 tubes of either
304 cm. or 364 cm. in length. These cylinders were filled with
sand compacted by hand to‘approximate fieid density and laid
horizontally across a supporting table.

All tubes were filled with a brown sand except Tube 1
which was filled with a washed white silica sand of smaller.
particle size. A sieve analysis was conducted to determine the
particle size distribution for both sands. The results are
listed in Table 1.

Three carboﬁ treatments were replicated in the six sand
columns. As shown in Figure 2, Tubes 1 and 5 served as checks,
Tubes 2 and 6 were filled with a sand-sawdust,mixture contain-
ing 7% sawdust by dry weight, and Tubes 3 and 4 were treated
with a continuous fiow of 1000 ppm methanol which was added to
the demine;alized water supply reservoir.

A diagram of the denitfification flow apparatus contained

within the controlled temperature chamber is shown in Figure 4,

1
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FIGURE 2
TUBE TREATMENTS

FRONT VIEW

ADDED CARBON

SIZE MICRONS

TUBE| TUBE2 TUBE3 TUBE4 TUBE 5 TUBE 6
CHECK SAWDUST METHANOL METHANOL CHECK
WHITE BROWN BROWN BROWN BROWN
SAND SAND SAND SAND SAND
TABLE
SIEVE ANALYSIS
BROWN SAND WHITE SAND
°/o B8Y WEIGHT SI1ZE MICRON BY WEIGHT
- 149 3.8 0 — 70 25.2
- 210 13.0 70 — 100 43.0
— 250 12.7 100 - 120 12.3
— 420 50 .4 120 — 200 7.7
~-'500 9.6 200 - 230 0.8
>500 10.5 >230 1.0
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Demineralized water entered the sand columns at the left of the
diagram through rubber tubing connected to the center of the end
of each plexiglass cylinder. Two cylindrical plexiglass con-
talners were used aé water supply reservoirs in which the watef
level was maintained at a éonstant level by float valves. The
supply reservoirs are EPQWn in Figure 5a. 'The water supbly was
deminéralized with a Barnstead mixed bed cartridge_demineralizer
before entering the water supply reservoirs.

One of the water supply reservoirs was connected to the
two check sand columns and the two columns containing the sand-
sawdust mixture; A 1000 ppm methanol solution was added.to the
demineralized water entering the other supply resqrvoir,'which
was connected to the two remaiﬂing sand columns. Both water sup-
ply reservoits contained ceramic stones through which high pur—
ity nitrogen gas entered the water under a constant pressure.
The nitrogen gas was used to saturate the watervsupply, thus
stripping oxygen from the demineralized water. Each of the sup-
ply reservoirs was covered with polyethyleﬁe sheeting. Random
testing of the water supply reservoirs with a Yellow Springs
oxygen meter indicated that the oxygen content of the water was
reduced to approximately 4 ppm.

Effluent tubes were connected to the center of the down-
stream end of each column as shown in Figure 5b. The effluent
tubes were connected by adjustable clamps to ringstands so that
their elevation in relation to the water storage reservoir
levels could be controlled. The outlets of the effluent tubes

were clamped in fixed position over a rotating table (Figure 3b)
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FIGURE 5a. DEMINERALIZED WATER SUPPLY AND RESERVOIRS

|
{
3

FIGURE 5b. EFFLUENT TUBING CONNECTIONS
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containing flint glass sampling bottles of one liter capacity.
A.timer and microswitch system was set so that an electric motor
rotated the table to a new set of sample bottles at twelve hour
intervals. | |
Gas collection devices, shown on‘the right in Figure-4,
were constructed fo trap gas collecting within the upper down.-
stream portion of the sand columns. This was accomplished by
closing the valve for direct flow through the lower effluent
tubing so that.flow was directed through the gas collection de~
vices. These devices were made bf plexiglass cylinders and
flanges and had a maximum volume of 100 cubic centimeters,, Stop-
cocks at the top of each gas collection dévice were used to allow
entrapped gas to escape and also to obtain samples for analysis.
Six glass tubing ports were positioned equidistant along
the bottom side of each sand column and connected to a piezo-
meter bank. The black arrows of Figure 6a indicate supply reser-
voir and effluent tube elévatidns. Plastic mesh was rolled and
placed in each stud to act as filters and prevent sand from

entering the piezometer tubing.
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V. PROCEDURE

Nitrate losses wefe measured by using the technique‘de-
veloped by Corey, et al., (8), in which "breakthrough curves" of
nitrate were compéred with chloride by plotting effluent concen-
trations of both ions versus effluent volume increments for a
soil column flow apparatus.

| For this study, a nitrate/chloride solution containing
equal concentration of both ions was prepared by dissolving
.sodium nitrate and potassium chloride in one liter of double
distilled water. This solution was used as a nitrate/chloride
source for each test and contained 50,000 ppm of nitrate and
50,000 ppm of chloride.

The sand columns were pre-saturated before the testé were
started. One-half inch diameter holes were drilled at one foot
intervals in the top of the plexiglass cylinders contaihing the
sand columns, As the saturation front advanced along the sand
" columns the holes were séaled with rubber stoppers. After the
columns were saturated, the effluent tubes were adjusted in re-
lation to the water supply reservoirs to obtain an average flow
rate of approximately 500 milliliters per day. Differences in
elevation were measured with a small level.

Each piezometer was checked for two way flow by back
pressuring the piezometer connections through a ménifold. Ahy
piezometer not exhibiting two way flow was checked forlfilter
clogging. Testing was not begun until the total head loss along

each sand column was equally distributed between the piezometers
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for that column, as shown in Figure 6a. This procedure helped
assure uniform saturation of the sand columns.

A constant volume of 50 milliliters of the nitrate/
chloride solution was added to each column for each test. . The
solution was injected with a 50 milliliter capacity hypodermic
syringe through a rubber stopper locafed 295 centimeters from
the downstream end of each column, thus introducing 2500 milli-
grams of nitrate and 2500 milligrams of chloride at one point.
The needle of the syringe extended appfoximately two centimeters
into the upper half of the column cross-section.

From the time of each nitrate/chloride injection, flow
waé measured volumetrically at twelve hour intervals using the
rotating sampling table. Saﬁples were taken fromveach effluent
volume, measured, stored in 4 ounce plastic bottles, and analyzed
daily for nitrate and chloride concentrations. Samples not
ahalyzed the same day collected were refrigerated until analysis.
Head loss and piezometer elevations were recorded daily for each
column.

Nitrate concentrations were measured using the specific
ion method. An Orion nitrate electrode model 92-07 in combina-
tion with a Beckman 39400 reference electrode were connected to
a Beckman expanded scale digital pH meter as shown in'Figure 6b.
The nitrate electrode was calibrated before and after each use
with a set of standards ranging in concentration from 5 to 2500
ppm. A typical calibration curve plotted on semilogérithmic
paper is shown in Figure B-1, Appendix B. Sample sizes of 20 to

50 milliliters were tested with the electrode. Corrections were



24

made for chleride interference of the nitrate electrode when the
nitrate concentration was found to be two orders of magnitude
less than the chloride concentration. This correction for chlor-
ide ion interference is discussed in detaii under Section 4,
Part G, of Results and Discussion.

Chloride concentrations were determined by using the

argentometric technique described in Standard Methods for the

Examination of Water and Wastewater, 1971. Samples were diluted

1:3 or 1:4 with distilled water to 30 milliliters and titrated
with silver nitrate using potassium chromate as an indicator.
The titration apparatus is shown in Figure 7a.

Beckman Model 39186 platinum reference coﬁbination
electrodes for measurement of redox potential were installed
halfway into each sand column through holes in the top of each
plexiglass cylinder° These were drilled approximately.IS centi-
meters from the effluent end of the column (Figure 7b). Before
installation all redox electrodes were checked in a quinhydrone
standard. The millivolt readings for this standard are 1isted
below:

. TABLE 2
STANDARDIZATION OF REDOX ELECTRODES

Redox Electrode Redox Potential (mv)
Tube 1 222
Tube 2 218
_Tube 3 212
Tube 4 221
Tube 5 215
Tube 6 218

¢
O e ih

-
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An Orion Model 401 specific ion meter was used with the redox
electrodes to obtain daily redox potentials, in millivolts, at
point locations in the sand columns.

When the effluent analysis indicated the nitrate/chloride
applications were leaving the methanol treated sané columns dur-
ing the 24°C and 13°c tests, effluent samp;es were kept and
acidified with sulfuric acid until analyzed for total organic

_carbon., Samples were also taken from the methanol treated water
supply reservoir to determine if the 1000 ppm methanol level was
maintained. All samples were tested with a Beckman Model 915
Total Carbon Analyzer to determine if soluble cérbon levels
actually decreased during flow intervals where nitrate losses
due to denitrification were expected. Only the total organic
carbon furnace of the organic carbon anaiyzer was used., The
analyzer was calibrated before and after each use using diluted
samples of a 1000 ppm organic carbon standard. Sample volumes
of 20 microliters were’injected into the furnace by a spring
release syringe, ‘ |

Two gas samples were extracted from the gas collection
deviée of Tube 3 neér the completion of the 18°C test. These
samples were analyzed with a single/double focusing mass spec-
trometer on line to a small dedicated computer operated by the
Burnsides Research Center, College of Agriculture, Universify
of Illinois. at Urbana, Illinois. Only the qualitative structure
of the gas samplés was determined using this equipment. Before
analysis, the samples were cleaned of moisture with a dry ice

trap.

[F———
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VIi. RESULTS AND DISCUSSION

A, Loss of Added Nitrate

Before discussing the results, some general terminology
should first be defined. Losses of nitrate added to the sand
columnsv(hereafter simply referred to as columns) are expressed
as the percent of added nitrate mass not recovered, rather than
nitrate reduction. Column refers only to the sand within the
plexiglass tube unit. Nitrate reduction is the decrease in oxi-
dation number of nitrogen associated with denitrification or as;
similation. In this study, since the gases evolved within the
columns during test intervals were not positively identified or
measured volumetrically, denitrification or nitrate reduction
were only inferred from other measurements and observations.

A general summary of recovery of added nitrate is given
in Table 3. The percent loss of added nitrate, or the percent
mass of added nitrate not recovered, was calculated based on the
total mass of chloride recovered since chloride was used as a
reference ion in this study. Nitrate and chloride concentra-
_tions determined for each volume increment of effluent were mul-
tiplied times their respective volumé increments to find incre-
ment masses. These mass increments‘were then totaled for each
test to determine the total chloride and nitrate recovered. The
total‘maSS of nitrate recovered was corrected for base nitrate
concentrations in the effluent of each column observed between
test intervals. These base nitrate concentrations ranged from

3 to 8 milligrams per liter.
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| TABLE 3
SUMMARY' OF NITRATE RECOVERY
Chamber Temperature 24°C (75°F)

Total NO5 Total C1~ Loss of
Carbon recovered recovered added NO3
Tube treatment (mg) (mg) (%)
1 check 1530 ‘ 2000 28.5
5 check 1953 2388 - 18.2
2 sawdust 2080 - 2285 9.0
6 sawdust 2215 2321 4.5
3 " methanol 319 2281 86.0
4 methanol 253 2261 . 88.8
Chamber Temperature 18°Cv(65°F)
Total NOS . Total C1~ Loss of
Carbon recovered recovered added NO3
Tube treatment (mg) - (mg) (%)
1 check 2246 2456 - 12.0
5 check 2761 2535 - 8.9
2 sawdust 2635 2365 -11.4
6 sawdust 2291 2343 2.2
3 methanol 717 2353 : 70.0
4 methanol 421 ‘ 2268 81.0
Chamber Temperature 13°C (56°F)
Total NOT  Total Cl~ Loss of
Carbon recoverea recovered added NOS‘
Tube treatment (mg) (mg) (%)
1 check 2360 2392 1.3
5 check 3667 . 2561 -43.1
2 sawdust 3441 ' 2470 -39.3
6 sawdust 2783 2487 . =11.9
3 methanol 1340 2473  46.0
4 methanol 540 2468 '78.0
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Since in eachifest, 2,500 milligrams of nitrate and 2,500
milligrams of chloride weré applied to each column, and since mi-
crobial action does not affect the chloride ion, the séme mass of
chloride initially applied would be expected to be recoveréd,in
the effluent. As shown in Table 3, less than 2,500 milligrams of
chloride was generally recovered in each column. This was prob-
ably due to either error in analysis or isolation of chloride in
pore volumes not displaced by water flowing through the column,
Losses of nitrate were based on the amount of nitrate mass re-
covered relative to the total chloride mass recovered according
to the following relationship:

| % NOS lost =

total Cl™ mass recovered - adjusted NO3 mass recovered

total Cl1- mass recovered

Table 3 indicates that less nitrate was recovered from
each column as the temperature increased. This general observa-
tion is consistent with results of other studies noted in the
literature review, Figure 8 shows nitrate losses plotted versus
temperature. The rate of decrease of nitrate loss with tempera.-
.ture was not consistent either between or among carbon treatments.

Tubes 3 and 4, which were treated with 1,000 ppm meth-
anol, showed much greater losses of nitrates than the other
carbon treatments. Based on the nitrate mass recovered relative
to the chloride mass recovered, the range of nitrate mass lost
varied from almost 90% at the 24°C test to 46% in the 13°C test.,

Tubes 2 and 6 contained added carbon in the form of saw-

dust mixed 7% by weight with the sand in these columns. These
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columns exhibited little nitrate loss, even at the 24°C test.
However, at 13°C and 18°C0 actual increases of nitrate mass
were recovered. '

The two remaining columns, Tubes 1 and 5, served as
treatment checks with no carbon added to the sand. Nitrafe
losses were higher in the check columns than in the columns
freated with sawdust at the 24°C test, Percent of nitrate loss
reached 28.5% and 18.2% at the 24°C test but was not significant
in Tube 1 and was actually negative in Tube 5 at the lower
temperatures. The washed white siliéa sand in Tube 1 may have
resulted in the difference in temperature effect. Although
Tube 1 showed some loss of nitraté in each test, Tube 5 was simi-
lar to the sawdust columns in that it exhibited gains of nitrate
for the 13°C and 18°C tests. This phenomena will be discussed
in detail in a later section (p. 77).

The preceeding discussion based on total outflow shows
the relative importance of a readily available carbon source,
such as methanol, to maintain high losses of nitrate as the
temperature is lowered, Howe&er, to gain a closer‘study of in-
.dividual column behavior, ﬁbreakthroqgh curves" of nitrate and
chloride were plottéd for each column at each temperature tested.

A presentation of these curves and their characteristics are

made in section C,

B. Flow Conditions
General flow data is shown in Table 4. The headings of
each vertical column are defined and discussed in the following

paragraphs.



32

TABLE 4
SUMMARY OF HEAD LOSS GRADIENT, EFFECTIVE
PORE SPACE AND FLOW VELOCITY

Chamber Temperature 24°c

Effective Time Head
Total Flow to pore to Pore loss

Carbon flow peak space peak vel. gradient
Tube treatment (liters) (liters) (%) (days) (cm/day)  x103
1 check 21.5 13.4 44,3 24 12,3 6.1
5 check 16.5 11.0 36.4 17 17.4 6.1
2 sawdust 13.5 9.9 32.7 16 18.4 40.7
6 sawdust 12.5 9.5 31.4 18 16.4 50.8
3 methanol 9.9 6.0 19.8 17 17.4 20.3
4 methanol 10.6 7.9 26.1 14 21,1 16.9

Chamber Temperature 18°c

Effective Time Head
Total Flow to pore to Pore loss

Carbon flow peak space peak vel. gradient
Tube treatment (liters) (liters) (%) (days) (cm/day) x103
1 check 16.7 9.8 32.4 17 17.4 7.4
5 check 15.9 10.3 34.1 20 14.7 7.4
2 sawdust 13.0 9.9 32.7 20 14.7 35.6
6 sawdust 13.0 10.1 33.4 21 14.0 40.0
3 methanol 10.7 7.0 23.2 19 15,5 27,1
4 methanol  10.9 6.6 21.8 17 17.4 23.0

Chamber Temperature 13°C

: Effective Time Head
Total Flow to pore to Pore loss

Carboh flow peak space peak vel., gradient
Tube treatment (liters) (liters) (%) (days) (cm/day) x103
1 check 14.9 9.7 32.1 19 15.5 8.1
5 check 15.1 9.7 32.1 20 - 14.7 6.1
2 sawdust 13.1 9.7 32.1 21 14.0 39.3
6 sawdust 13.5 10.2 33.7 23 12.8 49.2
3 methanol 11.0 7.3 24.1 18 16.4 25.4
4 methanol 10.4 6.6 21.8 20 14.7 25.4




[

33

Total flow was the flow through each tube from the date
*

of nitrate/chloride application until the date that the original
chloride mass had been determined to be recovered iﬁ the tube
effluent. A definite trend for total flow between carbon tfeatm
ments is found in Table 4. Less total flow was required for the
methanol treated columns than the other treatments and less
total flow was required in the sawdust treated columns than the
check columns. This trend is directly related to the amount of
gas collected in each column.

Flow to peak is the flow fequired from the date of
nitrate/chloride application until the date the peak chloride
concentration was detected in the effluent., Although little dif-
ference in flow to peak is indicated in Table 4 betwéen the check
and sawdust treated columns, less flow to peak was required in
the methanol treatment columns. Time to peak is the days re-
guired from date of application until the date of peak chloride
concentration detection. Variations in time to peak are random-
ly distributed between treatments and replications.

Effective pore space is the flow to peak divided by the

_total column volume along the 295 centimeter flow length, con-
sequently trends for effective pore space are identical to thQSe
of flow to peak.

Pore velocity is the flow to peak divided by the quan-
tity, column cross-section times day to peak. No trends are in-
dicated in Table 4 for pore velocity.

Head loss gradient is the head loss for each column

length divided by. the total column length of 295 cm. To maintain
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the desired flow rate, highest head loss gradients were needed
for the sawdust treatment columns, while the check columns re-

quired the lowest head loss gradients.
C. Breakthrough Curves

1. Theoretical Breakthrough Curves

Studies of miscible displacement using chloride as a
tracer have shown that flow velocity distributions through por--
ous media, such as soils, disperse ionic concentrations due to
the varied number of flow paths available through the soil pores.
This diffusional effect in soils has been experimentally demon-
strated by Nielsen and Bigger (17) and a typical illustration
of their results is shown in Figure 9 through the use of a
"breakthrough curve." This curve was obtained by plotting the
tracer ion concentration of small volume increments of efflueﬁt
versus volume of effluent collected from a soil column. The{
breakthrough curve is extended at either end due to dispersion
and diffusion, rather than the piston type displacement repre-
sented by the dotted vertical lines in which no spreading of the
tracer front occurs. The height of the tracer ion peak with re-
spect to the original concentration varies with flow rate,
length of column, and soil type.

Convection, or the massvflow of the soil solution, de-
termines the location of the bulk of the breakﬁhrough curve.
The spreading_ofAthe tracer front at either end is due to dif-
fusion resuiting from concentration gradients within the solution
and also dispersion due to pore velocity distributions. The net

effect of velocity tends to increase the diffusion process on
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the downstream side of the peak and decrease it on the upstream

side, thus shifting the peak of the curve to the left in Figure 9

(10).
FIGURE 9
TYPICAL BREAKTHROUGH CURVE OF CHLORIDE ION IN A SOIL COLUMN

s r—- -~ : No Spread of
° | L— Tracer Front
|

2% |

c

o9 |
Q !
o

Volume of Effluent Collected

'As stated earlier in the experimental procedure, a fixed
volume of solution containing.equal nitrate and chloride ion con-
centrations was applied at the same point in eaeh celumh as”shown
in Figure 4. Measurements of effluent volume, nitrate concentra-
tion, and chloride concentration were made atvtwelve hour iucreé
ments to construct the breakthrough curves. Approximately oue
month was required for test completion at each“teﬁperature.

" In this study it was assumed that chloride and nitrate
behave in an identical manner when displaced through soil.
Therefore, at points along respective breakthrough'curves,
denitrification, immobilization or mineralization mey have
caused the nitrate curve to fall below or above the chloride
curve within the limits of experimental error at a particular

flow increment.
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2. Tube 1 - No Added Carbon Source

The breakthrough curves of this column are shoﬁn iﬁ Fig-
ures 10, 11, and 12 in the order of decreasing temperature. The
‘white silica saﬁd used in this column consisted of finer parti-
cle sizes than the brown sand used in the other columns (seé
Table 1). The relatively small pores in this column were respon-
sible fof the.extensive dispersion of the nitrate/éhloride aﬁpliu
cation, thus causing greater spreading on ﬁhe curves and rela-
tively low nitrate and chloride peaks as compared.to the other
columns. The small pore sizes greatly increased the tortuosity
of the available flow paths (17), réquiriné a large flow volume
to leach the nitrate and chloride application through the column.
The.greater flow.required for Tube 1 can be seen in Table 4.

The.extensive dispersion caused slow recovery rates of
nitrate and chloride resulting in relatively high concentrations
of both ions at the tails of the breakthfough curves of this
column and also a lack of sufficient time in this study to com--
pletely leach‘each application through the column. To insure
recovery.of Sufficient chioride-mass comparable to that.apblied;
the chloride peak'fof each test was bracketed by sufficient flow
so that the concentfation of chloride in the tails of the curves
was approximately the same. This amount depended on the initial
chloride concentration at ﬁhe starﬁ of the bréakthrough curve.
Nitrate losses Were based on the total masses recovered within
this flow volume. | |

In this column and all other columns eicept those treated

with methanol, nitrate losses occurred primarily in the flow

(I
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increments located at the tails of the bfeakthrough curves. As
ionic concentrations increased in all tubes except the methanol
columns, nitrate quickly rose above chloride concentration for
individual flow incrementé° The nitrate peak exceeded the |
chloride peak in all of these columns except in the case of.Tube
1 at the 24°C test. The tendency of the nitrate peak to exceed
the chloride peak was greater at the 13°C test than the 18°C
teét of Tube 1, although in neither case was the total mass of
nitrate recovered greater than the total mass of chloride re-
covered.

Many irregularities are apparént in the breakthrough
curves of Tube 1 as shown in Figures 10 through 12. Generally,
peaks and valleys simultaneously bccurred between the nitrate
and chloride curves. This behavior may be caused by buildup and
release of gases within pore spaces in the colﬁﬁn, thus delaying
portions of the nitrate/chloride application and causing small
peaks and valleys on the breakthrough curves. Occurrences of
these irregularities were also evident in the breakthrough
curves of other columns, but to a lesser degreé;

Tube 1 contained no added carbon but showed the great-
est losses of added nitrate of any of the columns except those
treated with methanol. Formation of anaerobic microzones favor-
able for high denitrification rates may have occurfed in the
relatively smaller pore spaces of Tube 1. Similar results witﬁ
soils of small particle size were previously noted by Nommik

(18).
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3. Tube 5 ~ No Added Carbon Source

Tube 5 was a replication of Tube 1 but contained the same

~ brown sand used in all columns except for the white sand used in

Tube 1. Moré uniform breakthrough curves were exhibited’in this
check column, shown in Figures 13, 14, and 15, than those of
Tube 1. This effect may have been associated with the larger
pores of the brown sand.

The total chloride mass recovered was within 5% of the
2,500 mg of chloride applied for each temperature tested. Ni-
trate-mass recovered increased as the temperature decreased, and
actually exceeded total chloride mass recovered for the 18°C and
13°C tests. The nitrate peak exceeded the chloride peak in all
tests for this column: the difference between the two peaks in-
creasing as the temperatufe decreased., Either experimental-eru
ror or release of nitrogen as nitrate from the column must be
responsible for the recovery of more nitrate mass than was ap-
plied for a particular test. A more complete discussion of this
phenomenon is included in Section 5 of Part G on page 77.

Tube 5 showed a loss of added nitrate of 18.5% for the
24°c¢ test, which was the only positive loss found for this col--
umn., Figure 13 shows that nitrate losses occurring in the ef-
fluent volume increments located at the tails of the break-
through curves exceeded nitrate gains found at the nitrate/
chloride peak for the 24°C test. At the lower temperatures,
nitrate gains at the peaks shown ih Figﬁrésil4 and 15 greatly
exceeded nitréte losses at the-tails of the-breakthrough curves,
thus causing nitrate masses to exceed the original ﬁitrate mass

introduced *to the column.
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Although the chloride curve showed a constant rise and
decline in concentration as the effluent volume was recovered,
irregulafities were present in the nitrate breakthrough curve
at the 24°C énd 18°c tests. The sharp increase in nitrate shown
at the tail of the curve in Figure 13 was.accompanied by é COr-
responding increase in chloride. This behaVior was also noted
for Tube 1. However, as shown in Figures 13 and 14, the nitrate
breakthrough curve separates into two peaks at both the 24°C
test and 18°C test. These peak separations were not accompanied
by chloride peak irregularities. The cause of this behavior is

unknown,

4, Tubes 2 and 6 - Sawdust Added

Sawdust was added 7% by dry weight to each column. These

columns exhibited the lowest added nitrate losses of the twb
carbon treatments. At the 24°C téét, nitrate losses were 9.0%
for Tube 2 and only 4.5% for Tube 6 based on the total chloride
mass’recovere'd° Tube 6 showed 2.2% loss of added nitrate at
18°C, and a gain -at 13°C while Tube 2 showed a gain for both
lower temperatures. Total chloride masses recovered in these
columns ranged from 2321 milligrams to 2487 milligrams as shoWn
in Table 3, compared to the 2500 milligram chloride mass intrp-
duced for each test.

The breakthrough curves of Tube 2 are shown in Figures

16, 17, and 18 and those of Tube 6 in Figures 19, 20 and 21.

7
The chloride peak for each breakthrough curve of Tube 2 was ap-
proximately 1200 ppm in each test. However, the nitrate peak

constantly increased from 1250 ppm at 24°C to 2200 ppm at 13°c.

1
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The only major irregularity of thesé curves was the very high
nitrate peak at 13°C, Which was not accompanied by a correspond-
ing chloride peak. In Tube 6, the peak chloride concentration
was approximately 1450 ppm in each test but peak nitrate conéenw
tration did not appear temperature related. In each test, fhe
nitrate peak did exceed the peak chloride concentration, the
highest chloride_peak-reaching 2000 ppm at 13°C. No irregulari-
ties occurred in the breakthrough curves of Tube 6. |

As in Tube 5, the check replicate, the sawdust treatments
showed nitrate gains in flow increments at the simultaneous |
nitrate/chloride peaks compared to relatively small nitrate
losses occurring at the tails of the breakthrough curves. As in~
dicated in Table 3, total masses of nitrate récovered for Tube 2
were 2635 énd 3441 milligrams at 18°C‘and 13°C, respectively,
and 2783 milligrams for Tube 6 at 13°c. In each of these cases
total chloride mass recovered was slightly less than 2500 milli-

grams,

5. Tubes 3 and 4 ~ Methanol Added

In contrast to the other carbon treatments, the columns
treated with lOOO‘ppm methanol showed low recovery of nitrates
at all three temperatures tested. The breakthrough éurves of
Tube 3 are shown in Figures 22, 23, and 24, and those of Tube 4
in Figures 25, 26, and.27.

The nitrate curve was lower than fhe chloride curve
throughout eachAtest in both replications, thus losses of added
nitrate occurred at each flow increment over the entire curve.

Also, the greatest nitrate losses in individual increments of




mg / liter

o] by

NO

i800I—
1600 |—
1400 |—
1200 —
L ]

g L ]

IOOO»— .
L ]

800 |— .
600“ — PY L)

, cl-
400 |— -

. \ NO3 \ °

200 I ® * o 00 o 4

E o ° ) o

o | s 9 © | | |1° o > 4 | |

4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00

TOTAL FLOW IN LITERS
{FIGURE 22. BREAKTHROUGH CURVES FOR TUBE 3, METHANOL,6 AT 24OC WITH AN AVERAGE FLOW OF

425 ml/DAY AND AN 86 PERCENT LOSS OF ADDED NITRATE

€9



54

JEIVILIN dIdgqy¥y J0 SSOT1 _H_Zmommnw 0L ¥ ANY AVYQ/TW 00¥% .
JO MOTd IODVHIAVY NV HLIM D,8T IV 'TONVHIAW '€ JdNL ¥Ood SIAMND HONOYHIMVIIE €7 TANDIA

SH3LIT NI MO14d TV1OL

0021 00° 11 00°0! 006 00°8 00" ¢ 00'9 006 o.o.,wv :

j T I ° °°%I° ° ©° of T B q T v
« o o

[ J ®

— 002
—100+¢

o . — 009

o / — 008

=3

foN

-

19

) —§ 0001
o — 0021

) —1 00¢%1

1841 » Ow

— 0091

—0081i



55

JIVILIN qdadvy 40 mmwO.H .H_Zmummn.m 9% V¥V aNY AVQ/TW 0TV
J0 MOTd HOVIHEAVY NV HLIM O,€T IV TONVHIIW € JdNL JYOd SIAAUND HONOUHIMVI¥E °¥< FINDIL-

SY31IT NI MO14 Tviol

o002l 00l 000l 006 00’8 00" ¢ 009 00°s 00" ¢
] | res 9 elo "~ e © | | e I °
o9 L
o o
— 002
™ o g Y

; = —{oov
® € (o] )
_ON—
o —jo0os &
[} Py i ...AU.
—oos ~
° o o)
[ o —
o — ooo1 '
® E
.,0
° : - , ) —ooz1 3
, . o o
. ~
. —oovt
- S
—{oos1

— 0081

- —— . i arey Y



1800 —

» 1600}
®
o
~ '400[-
o o0
E 1200}
} 1000} _ . °
o .
-~ 800} ' d °
Ion *®
Z 600} °
Ciz hd
‘.
400 |-
® ..
®
L o ® o
200 . NO\.OO ° ° [ J . .
o
[
® y o0 . [ ]
o ale o oo of 29 | 1l o ool oo o 1. ©° | ]

4.00 5.00 6.00 7.00 8.00 9.00 10. 00 11.00 12.00

TOTAL FLOW IN LITERS

FIGURE 25. BREAKTHROUGH CURVES FOR TUBE 4, METHANOL, AT 24°C WITH AN AVERAGE FLOW OF
445 ml/DAY AND AN 89 PERCENT LOSS OF ADDED NITRATE

9g




mq / liter

ci~

NO

1800 —

1600 |-
1400 |-
12zoo |-
1000 |—
800 |—
600
406‘—

200 |

o

la 0

®
no o o ®e

an 8|90

FIGURE 26.

8.00

9.00

10.00

TOTAL FLOW IN LITERS

11.00

BREAKTHROUGH CURVES FOR TUBE 4, METHANOL, AT 18°C WITH AN AVERAGE
400 ml/DAY AND AN 81 PERCENT LOSS OF ADDED NITRATE

12.00

FLOW OF

LS



mg / liter

, CI°

3

NO

1800

16 00

1400

1200

1000

800

600

400

200

do

.
— °
)
)
Owt— NO;
o~— CI~
° ()
o o o
)
— L J o o
o © o P °
a o080 oo p° ] } © a L2 an 1 o @ ] ]
00 5.00 6.00 7.00 8.00 9.00 " 10.00 11.00 12.00

TOTAL FLOW IN LITERS

FIGURE 27. BREAKTHROUGH CURVES FOR TUBE 4, METHANOL, AT 13°C WITH AN AVERAGE FLOW OF
| 390 ml/DAY AND A 78 PERCENT LOSS OF ADDED NITRATE

89




[

59

flow occurred at or near the peaks of nitrate and chloride con-
centration rather than af the tails of thé‘breakthrough curves

as noted in the other columns. During 12 hour flow periods,
nitrate losses of approximately 1000 ppm were found at the
nitrate/chloride peak of both Tubes 3 and 4‘during'the 24°C test.

In Tube 4, the nitrate peak andﬁgeneral'breakthrough
curve correSpqnded well with the chloride peak and CurVe charac-
teristics., The irregularities of the curves at 24°c and 18°c
may have been due to gas blockage of the sand pores, since the
gas collection device for this column indicated significant gas
quantities were being produced.

The breakthrough curves of Tube 3 were:relatively smooth.
The nitrate'peak, however, did not occur at thé same flow incre-
ment in which the chloride peak occurred. At the 24°C test, the
nitrate peak was slightly behind the chloride peak and at both
colder temperatures the nitrate peak was slightly in front of
the chloride peak. Again, gas production by denitrifying bac-
teria may have altered the pattern of the breakthrough,curVes
for this column. Further evidence of gas blockagé was the steep.
hydraulic gradient and the lower total flow required to move the
nitrate/chloride application through both methanol columns as
shown in Table 3.

As shown in Figure 5, Tube 3 exhibited a greater tempera-
ture effect on nitrate losses than Tube 4. However, results of
the total organic carbon analysis and trends in redox poten- -
tials recorded did not show that the denitrification environment

was more favorable in Tube 4,
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D. Redox Potentials

Redox potentials were recorded déily for each column at
a point 15 centimeters from the effluent end of the columns. A
summary of these potentials including corresponding.incremental
nitrate and chloride concentration are presented in Appendix A.
Tables A-1 through A-3 include the 24°C test:; Tables A-4 through
A-6 include the 18°C test; and Tables A-7 through A-9 include the
redox potential readings recorded during the 13%c test.v Carbon
treatment replications are paired for comparison in each table,

All of the redox potentials recorded for the columns were
within the moderately reduced to highly reduced range of redox
potentials usually encountered in water-logged soils, as éhown
in Figure 28. As referred to previously (23), nitrate becomes
unstable at a redox potential of approkimatelyj+320 millivolts

at a pH of. 7.

FIGURE 28
RANGE OF REDOX POTENTIAL IN WATERLOGGED SOILS
(millivolts) '
Waterlogged Soil Aerated Soil
Highly Reduced Moderately Reduced Oxidized
~-300 -200 -100 0 +100 +200 +300 +400 +500

The treatment checks were mutually different in oxida-
tion-reduction characteristics. Redox potential in Tube 1 at
all three temperatures ranged from -200 to -100 millivolts and
slight increases in redox potential were exhibited as the
nitrafe/chloridé application passed out of the column for the

18°C and 13°C tests. Redox potential in this check replicate

[
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remained fairly constant at =200 to ~190 millivolts during the

24°C test. Conversely, the other check replicate, Tube 5, showed

" a sharp increase in redox potential from approximately -500 to

-~75 millivolts as the nitrate/chloride application passed through
the column at each temperature tested. The redox potential de-
creased to -500 millivolts as each test neared completion.

The sawdust treated columns, Tubes 2 and 6, also showed
dissimilar behavior with respect to redox potential. Tube 2
showed an increase in redox potential during each test from about
180 to 230 millivolts as the nitrate/chloride application moved'
through the column, returning to 180 millivolts after each test.
The second sawdust replication, Tube 6, also showed a slight in-
crease of 40 to 80 millivolts and subsequent decrease in redox
potential , although the redox potentiél did not return to the
same level after passage of the nitrate/chloride front, Redox
potential ranged frbm -90 to ~10 millivolts at 24°C, +70 to +140
millivolts at 18°C, and +140 to +180 millivolts at 13°C.

The increase in redox potential accompanying ﬁhe passage
of the ﬁitrate/chloride application in the sawdust treated col-
umns was accompanied by a yellow to light orange colorrin the
effluent water. Particulates of reduced organic matter were
also evident in the effluent at these times, suggesting that in-
creases in redox potential resulted in some mobilization. The
color of the effluent water was not observed until contact with
the atmospherée was made in the effluent tubes.

Tubes 3 and 4 were replications of the 1000 ppm methanol

treatment. Both columns were highly reduced, with redox
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potential returning to approximately =520 millivolts between
tests., Tube 3 experienced an increase of 40 and 70 millivolts
at 24°C and 18°C” respectively, but an increase of approximately
500 millivolts at 13°C. Redox potential in Tube 4 increased tb
=40 millivolts at 24OC, ~90 millivolts at 18°C and -140 milliu
volts at 13°C from a stable level of -520 millivolts exhibited
before each test. The redox botential returned to approximately
=520 millivolts at the completion of each test,

All sand columns except Tube 1 exhibited some increase
in redox potential as the nitrate/chloride application was re-
covered from the column., Since nitrate acts as an electron ac-
ceptor in the denitrification process, a deficiency of electrons
may occur due to microbial action accompanying high nitrate con-

centrations,

E. Total Organic Carbon Analysis

l. Stoichiometric Requirements for Denitrification
As previously discussed, denitrification is basically
considered a two step process accomplished by facultative
anaerobes in which nitrate is first reduced to nitrife and then
to nitrogen gas. The process is shown in the following chemical
reactions, using methancl as a soluble carbon source. These
reactions are revised slightly from those referred to earlier

by McCarty, et al. (15).

First step: NOS + 1/3CH,OH = NOE + 1/3CO, + 2/3H,0
Second step: .NOE + %CH3OH = %Nz + %CO2 + %HZO + OH™
Overall: No; + 5/6CH30H = 1/2N2 + 5/6C02 + 7/6H20 + OH™
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According to the stoichiometry of these equations, reduc-
tion of one mole of nitrate to nitrogen gas requires 5/6 mole of
methanol, However, additional methanol must also be provided for
bacterial growth. To account for this extra carbon, McCarty” et
al. (15) define a consumptive ratio, which is the ratio of the
total gquantity of an organic chemical used during denitrification
to the stoichiometric organic chemical requirement for denitrifi-
cation and deoxygenation alcne. This ratio is estimated to be
l.3 for methanol, thus increaéing the amount of methanol reguired
for complete denitrification, jincluding bacterial assimilation,

to 1.08 moles per mole of nitrate.

2. Experimental Results

The results of the total organic carbon analysis for the
24°C and 13°C tests are listed in Table 5. Data for the 18°C
test was not included due to breakdown of the Beckman Tptal‘Car—
bon Analyzer. Samples for carbon analysis were taken from the
same samples previously analyzed for nitrate and chloride. Ni-
trate and chloride concentrations measured at the same time are

also included in Table 5,

Samples analyzed were taken from the demineralized watér
supply reservoir treated with 1000 ppm of methanol, and also from
the effluent of the methanol treated columns, The supply reser-
voir samples are referred to as methanol inlet samples in Table
5. The carbon check c¢oclumns and columns treated with sawdust
were not included in this analysis due to the lack of knowledge
of the amount.of soluble carbon available for denitrification and
the relatively small extent of added nitrate losses within these

columns,
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'TABLE 5
TOTAL ORGANIC CARBON RESULTS
24°C

Date T: 0. Co (mg/1) WO, (mg/1) C1~ (mg/1)

TUBE #3
9/19/72 165 6 0
9/21/72 110 _ 4 0
9/24/72 50 39 220
9/25/72 15 12 880
9/26/72 80 200 1090*
9/27/72 45 172 940
9/28/72 40 65 570
9,30/72 45 9 35

TUBE #4
9/19/72 45 30 225
9/21/72 35 : 41 » 920
9/24/72 45 110 810%* -
9/25/72 40 42 510
9/u6/72 50 32 325
9/27/72 40 28 ‘ 245
9/28/72 20 22 155
9/30/72 65 10 55
#Chloride Peak
Tube 1, 10/3/72 20 138 : ' 170
Tube 2, 10/3/72 20 - -
Tube 5, 10/3/7%2 5 320 340
Tube 6, 10/3/7Z2 45 - e
Methanol Inlet 9/19/72 440
Methannl Inlet 9/21/72 440
Methanol Inlet 9/26/72 395
Methanol Inlet 9/28/72 380

[PRS— |

[—
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TABLE 5 (Cont'd)

TOTAL ORGANIC CARBON RESULTS

Methanol Inlet 12/11/72 360

13°%¢
Date T. 0. C. (mg/1) NOZ (mg/1) C17 (mg/1)
TUBE #3
11/22/72 90 4 0
11/24/72 100 6 45
11/26/172 95 500 695
11/28/72 90 1100 1360
11/30/72 70 120 940%*
12/ 2/72 85 60 90
12/ 4772 80 21 50
12/ 6/72 55 8 40
TUBE #4
11/22/72 75 3 10
11/24/72 100 9 35
11/26/72 135 .9 35
11/28/72 85 38 200 -
11/30/72 95 750 1650%
12/ 2/72 60 295 1100
12/ 4/72 100 17 200
12/ 6/72 90 8 60
*Chloride Peak
~ Methanol Inlet 11/27/72 425
Methanol Inlet 11/29/72 420
Methanol Inlet 12/ 4/72 425
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An average of 410 ppm of total organic carbon ﬁas'present
in the methanol treated water supply reservoir over the two test
periods analyzed. Converting this figure to methanol resulted
in 1090 ppm, compared to the desired level of 1000 ppm. The difu
ference is probably due to experimental error; |

More methanol shbuld have.been consumed in the 24°C test
than the 13°C test as greater losses of added nitrate occurred.
The peak chloride concentration for‘the 24°C test for both col-
umns was 1090 ppm as indicated in Table 5. Since chloride served
as a basis for determining added nitrate losses, 1090 ppm of
nitrate was assumed to be>the nitrate concentration at the
chloride peak, if the nitrate had not been transformed or held‘

within the column, 1090 ppm of nitrate converts to 0.,0175 moles

per liter. To satisfy complete requirements for denitrification

and micrcbial assimilation for 0.0175 moles per liter of nitrate,
multiplication by 1.08 mcle of methancl required per mole of
nitrate yields 0,020 moles per liter of methanol required. Con-
version of 109C ppm of methanol available in the water supply
results in 0.0240 moles per liter of methanol available. - Thus,
methancl available to the denitrifying crganisms was more than
ade@uate for complete conversion of up to 1090 ppm of nitrate,
yet Table 3 indicates the maximum loss of added nitrate during
the 24°C test was only 85% based on the total chloride mass re-
covered., Table 5 shows that concentrations of total organic
carbon in the effluent samples ranged from 15 to 165 ppm in the

24°C test and 55 to 135 ppm in the 13°C test. No trends in
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carbon concentration were apparent between tests, although it ap-
pears less carbon was used in the 13% test.

Since tests for total organic carbon were only taken
after the nitrate/chloride peak was first detected, the effluent
carbon concentrations shown in Table 5 cannot be averagéd-OQef
" the entire test flow period._ Tests were only made on samples in-
cluded in approximately the last half of the test flow periods.,
Thus, no attempt was made to calculate total aﬁount of methanol
used. While consumptive ratio would be expected to increase with

temperature as nitrate losses due to denitrification increase,

insufficient samples were analyzed to indicate this trend.

F. Gas Analysis

| The effluent gas collection devices wefe effective'in
collecting gases accumulated at the top surface of each column,
although facilities to analyze the géses collected were not
available until the tests Were'over half completed. Gases were
released during the 24°C test, which exhibited thé most gas pro-
duction. Approximately fouf days afﬁer the nitrate/chloride
ﬁeak had been detecfed in the effluent of Tube 3 during the 18°c
test, two identical gas.samples were extracted from the collec-
tion device, dried in a dry ice moisture trap, and analyzed on
the mass spectrograph as described in Procedure. Aftempts were
made only to identify qualitatively the unit mass peaks of the
spectrometer resﬁlts, and to compare the relative peak magni-
tudes. Unit masses of O to 18 and 19 to 44 were found. Both

gas samples analyzed gave the same results.
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'The gaseous products expected in Tube 3, thch was a
methanol treatment, were nitrogen gas, carbon dioxide, and water
vapor, according to the nitrate-methanol denitrification reaction
discussed previously. Nitrous oxide was also.expected as an iﬁm
termediate gas product in the formation of molecular nitrogeﬁ.

Several major peaks were indicated, with each peak possi-
bly representing more than one compound. One large peak at unit
mass 28 indicated nitrogen gas, while a peak at 44 -represented
either carbon dioxide or nitrous oxide. Other peaks occurring
at ﬁnit masses 12 through 18 probably indicatéd hydrocarbon com-
pounds expected under the anaerobic conditions of the denitrifi-
cation environment. Relatively small peaks at 32 and 40 were
oxygen gas and argon gas respectively, indicating some contami-
nation of thé gas sample may have occurred.

The relative magnitudes of the peaks indicated gaseous
products expected from the denitrification process were predomi-
nant, and provided some assurance that denitrification may have
been a major factor in the extensive nitrate losses thaﬁ oC-
curred in‘the methanol treated columns. However, nitrogen’gas
was ﬁsed to saturate the water supply and did affect these re-

sults.

G. Problems Encountered in Experimental Procedure

1. Flow Rate
Daily flow rates were adjusted by controlling the ele-
vation of the effluent tubes with respect to the demineralized

water supply reservoirs. Due to the small daiiy flows and
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relatively long columns, small changes of one or two centimeters
in head loss resulted in changes of approximately 100 milli-
liters in daily flow. Since the desired flow rate was 500 milli—
liters per day, frequent maintenance of head loss was requlred.
This problem was critical with the check treatment columns, in
which a head loss of only two centimeters was needed to obtain
the desired daily flow.

Adjustment of head loss was most frequently required for
the methanol treated columns which showed the greatest losses of
added nitrates and also the most gas accumulation within the coi—
umns. Gas accumulation at the entrance to the methanol treated
columns was sufficient to completely block flow into the columns.
Small holes were drilled in the top of the plexiglass cylinders
near the entrance to the columns to release the accumulated
gases. Gas buildup in other portions of thé methanol treated
columns required lowering of the effluent tubes to maintain daily
flow rates. According to Darcy's flow equation for saturated
soils,

Q= aK ¢
where Q is flow; A is cross-sectional flow area, h is head loss,
and L is the flow length, if h, L and K remain constaﬁt, flow.
will decrease as gas accumulation reduces the cross-sectional
flow area. To maintain constant flow, h is increased as A de-
creases, Pore velocity should also increase as the total pore
volume decreaées.

Head loss adjustments were infrequently needed in the

check treatment and sawdust tredtment columns. Added nitrate
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losses were relatively small and gas accumulation was not as
serious as with the methanol treatment.,

Some of the flow adjﬁstment problems may have been re-
lated to the horizontal alignment and length of the colﬁmns.
While buildup of gases within the long horizontal columns.did in-
duce small pressures on the denitrifying environment, and the
length of the columns allowed considerable time for bacterial
action to occur, this is a comparable situation to what might be

found in the field near a tile drain.

2. Piezometer Readings

Initially, the piezometers were intended for use as in-
dicators of pressures caused by gas accumulation within the col-
umns due to the denitrification process. However, fhe pie-
zometer readings were also found to be valﬁable as indicators df
variations in head loss distribution along the column- and were
useful in making flow rate adjustments.

Although the piezometers were connected to the bottom Qf
the sand columns, gas accumulation in the vicinity of the con-
nections was often sufficient to cause gas bubbles to enter the
piezometer tubing. Removal of these bubbles could be accom-
plished by adding water to the manometer to back pressure the
piezometer so that the gases were forced back into the column.
The frequent occurrences requiring this type of maintenaﬁce
rendered regular and precise piezometer readings impossible.
Piezometer trendé indicated increases in water pressure head of

7 to 10 centimeters for particular piezometers in the methanol

—]
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treatment columns as the nitrate/chloride application moved

through with associated gas development.

3. Detection of the Applied Nitrate/Chloride Front

Although the nitrate/chloride application had to follow
the same horizontal distance through each sand column, a definite
trend was noted between carbon treatments and the flow required
to move the application through the column. Less flow was re-
quired for the nitrate/chloride application to move completely
through the methanol treatment columns than the sawdust treatment
columns, and less for the sawdust than the check treatment col-
umns. This phenomenon was apparent at each temperature tested
and can be seen in the total flow per column, effective pore
space and flow to peak in Table 4.

These flow patterns may be due to desaturation of the
voids and lower effective pore space within the sand columns due
to gas accumulation, especially in the methanol treatment col-
umns. Although nitrate losses were slightly higher in the check
than the sawdust treatment columns, biological activity was
greater in the sawdust treatments as more gaseous buiidup was
observed.

Desaturation of the columns was observed to require less
total flow to transfer the nitrate/chloride‘application through
the column, Corey, et al. (8) also observed this trend in work-
ing with denitrification breakthrough curves in unsaturated soil
columns. Their results indicated less flow was required to
transfer nitrates as lower soil moisture contents were tested.

The investigators offered two possible explanations for this
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behavior: (1) there was less water ahead bf the advancing ionic
solution: and (2) some water was isolated in parts of the soil
column and was not displaced by the ionic solution.. In con-
sideration of these flow interference effects on ionic.concenm
trations, no denitrification'study can be conducted at constént
soil moisture content” for production of nitrogenous gases de-
creases the effective pore space for watér. To have a steady
state condition, a system mﬁst be provided to constantly remove
the gas produced and replace it with water. This procedure was
not doﬁe in this study.

Gaseous denitrification products replacing water as the
nitrate/chlecride solution advances may explain the relatively
narrow breakthrough curves associated with the methanol treat-
ment columns. Less diffusion and dispersion would occur if less
water was present in the columnp thus producing a narrower
breakthrough curve with a higher peak ionic concentration. In-
creased pore velocities due to desaturation would allow less
time for diffusion.

Thé temperature tests were conducted with the highest
température first (24°C) and progressed to the coldest tempera-
ture (13°C). Although periods of five to ten days were allowed
between tests to permit flow stabilization within the columns,
accumulated gas may have been retained between'tests. Further-
more, the columns were used for preliminary tests which also may
have been a source of gas accumulation,

Flow rates were averaged over twenty to thirty day test

periods, but variation in daily flow ranged from 0 to over 1000
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milliliters. Attempts were made to evenly distribute large flow
variations over the test pefiods. To keep a uniform time to
peaks, the average daily flow rate for the methanol treatment
columns was approximately 1000 milliliters less than most of the
other columns, while Tube 1 was run at higher flow rates £han
the average. This was done to keep the detention time of ‘the
applied nitrate reasonably the same between the columns so that
time of the applied nitrate within columns would not be a sig-

nificant variable in this study.

4, Chloride Ion Ihtefference in Nitrate Analysis

The fact that other ions introduce errors in determining
nitrate concéntration by the specific ion method was recognized.
Since chloride was applied to the columns at an equal concentra-
tions with nitrate and the chloride ion was not removed from ef-
fluent samples before nitrate analysis, a study was made to de-
termine the magnitude of possible chloride ion interference.

The presence of anions other than nitrate in solutions
’tested usihg a nitrate sensitive electrode lowers the measured
potentiél readout for the solution. Plotting the poténtial read-
out on a semilogarithmié calibration curve for thé nitrate
electrode results in a higher nitrate concentration fbr the solu-
tion than is actuélly present. ‘The magnitude of error due to
interfering ions depends on the interference factor for the ad-
ditional anion in solution, as reflected in the following equa-
tion for calcﬁlating pefcentage error:

(100%) (A )(K_)
X X

( -
AN03

% Error =
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where Ax gnd ANO; are the act%vities of the interfering and ni-
trate ions, respectively, and Kx is the interference factor for
the interfering ion. The interference factor for chloride is

4 x 10“3; According to the percentage error equation, the
chloride ion activity would have to be two orders of magnitude
greater than the nitrate ion activity in solution to have a sig-
nificant effect. For instance, a chloride activity ten times
greater than nitrate activity would cause an error of only 4%.
Only in the methanol treatment columns were there cases where

the chloride activity was ont order of magnitude greater than the
nitfate activity. Errors of this magnitude may have been accom-
panied by electrode calibration errors. Small corrections (less
than 10%) were made for effluent nitrate concentrations in the
methanol treatment columns.

To aid in determining the effect of equal nitrate and
chloride concentrations in solution at different levels of con-
centration, a 50,000 ppm nitrate and 50,000 ppm chloride solu-
tion similar to that used as a nitrate source in this study, was
diluted to 2000l, 1500, 1000, 500, 100, and 50 ppm. A similar
solution containing 50,000 ppm of nitrate only was diluted to
the same concentrations. Samples of both sets of dilutions each
having the same nitrate concentrations were then tested using
the nitrate electrode. The miilivolt readings for the 50,000
ppm nitrate dilutions were used to plot a calibration curve on
semilogarithmic paper shown in Figure 29. Millivolt readings

for both sets of dilutions are contained in Table 6. Comparison

of these values reveals that the chloride ion had little effect

Ao ]
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in detection of the actual nitrate concentration in solution
where both ions are equal over a wide range of concentrations.
The range of concentration used is similar to those encountered
in this study for all but the methanol treatments.

TABLE 6
CHLORIDE ION INTERFERENCE ON NITRATE ELECTRODE

: Millivolt Millivolt
Concentration reading Concentration reading
50 ppm NOZ
50 ppm Cl~ 124 50 ppm NO, 122
100 ppm NOS
100 ppm C1~ 105 100 ppm NOJ 104
500 ppm NOS |
500 ppm Cl~ 58 500 ppm NO_ 58
1000 ppm NOS
1000 ppm C1~” 37 1000 ppm NOJ 40
1500 ppm NO;
1500 ppm Cl~ 25 1500 ppm NOS 27
2000 ppm NOS
2000 ppm C17 17 2000 ppm NOJ ‘18

Table 7 contains chloride concentrations for the set of

dilutions from the.S0,000 ppm nitrate-~50,000 ppm chloride solu-

tion. Chloride concentration was determined using the argento-

metric method described in the procedure.
The nitrite ion also interfers with the nitrate sensi-

tive electrode. Nitrite errors were not considered, as nitrite

- [So——
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in the column effluent would have oxidized to nitrate as the ef-

fluent came in contact with the atmosphere as it was collected.

- TABLE 7
CHLORIDE: ANALYSIS OF 50,000 ppm DILUTIONS

Assumed chloride Actual chloride
concentration concentration
50 ppm 70 ppm
100 ppm : 130 ppm
500 ppm . ‘ 510 ppm
1000 ppm 990 ppm
1500 ppm , 1450 ppm
2000 ppm 1930 ppm

5. Excess Nitrate Mass Recovery

As noted in previous discussion, the nitrate peak ex-

‘ceeded the chloride peak at each temperature tested for both the

check and sawdust treatments except for Tube 1 at 24°C. This
trend was accompanied by recovery of total nitrate mass that
exceeded total chloride mass recovered in Tubes 2 -and 5 at 18°c
and‘lBQC and in Tube 6 at 13°c. Total mass applied in a sihgle
test was 2500 milligrams of nitrate and 2500 milliérams of
chloride., Table 3 shows the excess nitrate mass recovered bgsed
on the total chloride mass recovered. These are expressed as a
negative loss.

The excess nitrate mass recovered méy beg due to four
possible sources:

(1) release of nitrate fixed by bacterial assimilation dur-

ing previous tests conducted at higher temperatures;
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(two 24°C tests with similar procedure were conducted
before this study).

(2) release of nitrate fixed by ion exchange combined with
differences in the effective diffusion of nitrate com—‘
pared to chloride, -

(3) release of nitrate accumulated in unsaturated pore spaces
or pore volumes not displaced during flow.

(4) chloride ion interference of the nitrate electrode used
to determine nitrate concentratién in the effluent

samples.

Higher nitrate than chloride concentrations were coincident with
the center of the breakthrough curves. This could have resulted
either from the increased microbial activity accompanying the
nitrate/chloride front releasing nitrate assimilated by denitri-
fying bacteria during previous tests, or a difference in the ef-
fective diﬁfusion of nitrate as compared to chloride.

Errors in nitrate concentration due to chloride ion
interference of the nitrate electrode could not be responsible,
alone for the magnitude of excess nitrate concentrations re~
covered. As discussed previously, chloride activity must be at
least one order of magnitude greater than nitrate activity to
cause significant errors.,

Note that in the columns discussed, the total chloride
mass recovered, upon which excess nitrate recoveries were based,
closely approximéted the ofiginal chloride mass applied of 2500
milligrams. Chloride mass recovery ranged from 2300 to 2550

milligrams in all the columns under discussion.
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VII. RECOMMENDATIONS FOR FURTHER STUDY

A. Laboratory Investigations‘

Two major problems wefe associated withvthis_studyﬁ er..
ratic flow due to gas‘accumulation withih the‘columns ana fecovu
ery of excess nitrate in the column effluent.

To minimize the flow problem, pumps are available that
are capable of maintaining very small constant flow rates such
as those desired in this study. Installation of these pumps
would perhaps force eny gas pfoduced through the column to be
trapped by the gas collection devices and analyzed or released.
Differences in total flow required to transfer thetnitrate/
chloride applicatioh through the columns might elso be‘reduced.
Control of the oxygen content of the influent water would aise
be simplified. |

The recovery of excess nitrate in some bf the columns
was unexpected but not unknown to other researchers° Corey,
et al. (8) noted that nitrate gained thfough nitrification and
mineralization during flow studies’on unsaturated soil celumns
exceeded‘any nitrate losses due to immobilization and denitfifia
cation. The investigators attributed the gain in nitrate to
oxygen diffusion through.openings"along the column Eides which
would increase n_itrification° Although soil columns were not
used during this study, redox potentials indicated the conditions
near the downetream end of the sand columns were moderately'to
highly reduced, thus making the presence of oxygeh very unlikely.

Increases in redox potential observed in many of the columns
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indicated the possible presence,Qf oxygen ahd could explain the
release of nitrate during the test through mineralization.

Bremner and Shaw (4) also conducted studies showing evi-
dence that excess nitrate was released when wheat straw was |
added to soil-water mixtures to increase denitrificationﬂrbut
they gave this phenomenon only passing notice. Their results-
showed addition of wheat straw above 4% by weight fd 5000 milli--
grams of waterlogged soil increased the rate of denitrification,
but this was accompanied by a release of nitrate at 25°C after
a period of eight to ten days. They also noted that denitrifi-
cation was followed by nitrogen fixation when large amouhts of
straw were used,

Excess nitrate recovery was noted only at the 18°C and
13°C tests in thié study. Tests were conducted in the order
24°C, l8°Cﬂ and 13°C. Further tests should be conductea iﬂ-the
réverse order to determine the effect of nitrate immobilizaﬁion.

With the type of denitrification flow apparatus used in
this study, pH and oxygen content cbﬁld be regularly monitored
at many points along each column. A check of effluent pH be-
tweeh the 24°C and the 18°C tests showed pH of all columns to
be between 7,0 and 7.5.

Daily effluent samples could have been analyzed fof
total organic carbon for this study. This information could be
used to determine the total amount of carbon utilizéd by micro-
bial activity for the methanol treatment columns. Consumptive

ratios could then be calculated.
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Frequent analysis of gases collected from the sand col-
umns.would be valuable in determining the gaseous components and
theif relative magnitudes. Mass spectrometer results in this
study are suspect as nitrogén gas was used to saturate the aem
mineralized water supply for oxygen rémoval° Use of N15 és a
tracer to determine the fate of applied nitrate is also a possi-
bility, especially to determine microbial fixation.

The sand within the columns was not removed between
tests. Availlable carbon probably decreased, especially in the
sawdust treatment columns, in all columns except those treated
with methanol as the tests progressed. Filling the columns with
fresh sand between tests would also prevent nitratés fixed in
previous tests from appearing in subsequent tests,

As mentioned earlier, previous research has not posi-
tively .found that nitrate and chloride behave identically under
flow situations. To determine if these two ions have the same
effective diffusivity in the sand columns used in this study,
phenol could be applied to the columns to destroy the bactefia

population. Lowering pH of the columns to reduce denitrifer

activity is also a possibility.

B. Field Research
Although many experimental problems yet exist with lab-
oratory denitrification ekperiments, field studies are needed.

The results of this study have shown that removal of nitrate can

be accomplished by addition of methanol to a denitrifying en-

vironment over a moderate range of soil temperatures,
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Methanol, while it is expensive at $O.70 a gallon, pos-
sesses several advantages over other carbon sources in denitrifi-
cation studies and should probably be used as a standard sub-
strate in field studies. It is readily available‘to dehitrifying
bacteria and soluble in water. Dilution tc meet denitrificafion
requirements for nitrate concentrations in tile drainage in Illi-
nois would reduce methanol concentrations well below toxic
limits. Periodic addition of methancl to a field system would
overcome scluble carbon demands by denitrifying microorganisms
as the natural carbon supply is reduced in the soil.

Application of methanol in the field to irrigation or
tile drainage systems with controlled water tables could be ac-
complished through the irrigation water supply, or through shal-
low wells so that methanol could be directly applied to the
water table. .

Several soil types in Illinois are suiﬁable for denitri-
fication field studies. Sandy scils cover almost one-and a half
million acres in the state, and would be excellent for compéring
substrate materials for inducing denitrification. The fertility
of these highly permeable scils is low, requiriné continuoﬁé
levels cof high fertilization. Irrigation and drainage are often
needed. Natural organic carbon content is generally low.

Difficulty in measuring nitrogen inputs aﬁd monitoring
denitrification products require the scale of field studies to
be small. Plots of less than an acre would be suitable. An ef-
fective means of uniformly distributing an added carbon source

to the subsurface profile should also be investigated.
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Flanagan and Drummer soil types are very productive dark
prairie soils often underlain by sand or coarse particulates at
shallow depths. These soils contain a natural supply of carbon,
generally require tile drainage and would be suitable fof Qater
table control studies on denitrification. The developmenﬁ of
practical techniques for denitrification as a means of removing

nitrates from soil water should follow field studies.
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Summary

The fate of nitrates as they travel through various
filter materials at a slow rate toward a tile drain was ob-
served in this study using a porous column to simulate the
region near the drain. Temperature and substrate materials
were variable.

For readily évailable substrates, a substantial de-
Crease in nitrate was observed with an accompanying production
of gas, discolorationlof effluent and an increase in redox po-
tential.

Temperature was a factor in the disappearance of
nitrate. For the one month time of these tests, and for low
temperatures, there were increases of nitrate for less avail-
able substrates. For example, nitrate gains as high as 43
percent were measured in sawdust énd check treatments with a
temperature of 13°C. On the other hand with pore velocities
up to 21 centimeters per day nitrate losses approaching 89 per-
cent were found for a methanol treatment at 24°C while for l3°C,
the methanol treatment resulted in nitrate losses as low as 46%.

Where little or no reduction occurred, chloride break-
through curves were found to be generally lower and wider than
those for nitrate. This may have been due to a difference in
the diffusion of chlorides és compared to nitrates.

The desaturétion of a porous material as a result of
gas produced in the denitrification process was found to be a

problem in maintaining flow rates in this study.

OR—
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In general, methanol was found to be an effective means
of removing nitrate from a slowly moving stream of water in por-
ous material at temperatures as low as 13°c. Since methanol is
expensive, future efforts should be directed toward developing
a field technique for studying the effect of various less expen-
sive substrates on nitrogen removal using methanol as a standard
substrate material.

In this study it was found that filter material in the
region near a tile drain does have potential to reducé nitrates
to the gaseous nitrogen form at temperatures as low as 13%c.
Fufure studies will be in the field where thié will be accom-
plished using a tile drain system to raise the water table to
create an anaerobic zone where a readily available substrate

material can be added to the region near a drain.
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APPENDIX A

REDOX POTENTIALS



Days from
start of test

89

TABLE A-1
REDOX POTENTIALS - 24°c

Tube 1 -- Check

-

Tube 5 -- Check

-

9
10
1l
12
13
14
15
16
17

29
.30
31
32
33

NO, Ccl Ey NOJ c1” B
(mg/1l) (mg/l) (mv) (mg/1l) (mg/1l) (mv)
38 65 -200 4 0 460
22 65 200 5 ~460
19 60 ~190 5 ~460
33 60 -190 6 20 -460
35 65 ~200 6 40 -470
28 75 ~190 5 55 440
50 90 ~200 14 90 ~240
53 95 * 19 115 #
60 105 =190 34 165  -110
50 115 ~190 84 230 -100
110 135 ~190 190 305 90
120 135 ~-190 335 390 -80
142 150 ~190 560 500 ~80
142 150 ~200 560 530 -80
142 150 -200 640 565 ~80
155 155 * 580 510 "
160 160 ~190 415 415 ~80
138 170 ~190 320 340 ~90
120 150 ~180 160 250 ~110
116 140 ~190 112 195 ~410
92 115 ~160 63 120 ~450
72 95 * 36 90 *
62 85 * 27 65 *
60 105 ~190 92 230 -480
57 90 * 38 75 *

%*
Redox potential not recorded

P




Days from

start of test -

10
11
12
13
14
15
16
17
18
19
20
21

TABLE A-1

90

(Contt*d)

REDOX POTENTIALS - 24°C

Tube 2 - Sawdust

NO7,

Cc1™

E

Tube 6 - Sawdust

DO

cl™

E

x
Redox potential not recorded

3 H 3 e H

(mg/1) (mg/1) (mv) (mg/1) (mg/l) {mv)
6 0 +180 11 0 =90

6 0 +180 11 0 -80

6 0 +180 0 -80

5 20 +190 7 0 =50

8 80 +190 0 -80
210 415 +200 10. 80
800 850 * 13 60 *

1010 1030 +230 20 185 =70
1250 1180 +220 355 805 =40
880 700 +2= 1550 1430 -10
77 170 +180 1610 1100 --10
13 25 +170 510 360 -20
13 25 +160 20 80 -30
12 35 +170 17 35 --40
11 20 +180 19 20 =50
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TABLE A~1 (Cont'd)
REDOX POTENTIALS - 24°C

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

Tube 3--- Methanol Tube 4 - Methanol
Nog c1” E. Nog c1” Ey
{mg/1) (mg/1) (mv) (mg/1) (mg/1l) (mv)
6 0 530 9 35 -~280-
6 0 =530 18 125 =280
6 0 =530 30 225  ~230
6 0 530 62 645 =140
4 0 =530 41 920  -110
16 40 =510 178 1230 -80
- - * 155 1030 *
39 220 =510 110 810 -40
72 880 -510 42 510 ~60
200 1090  -490 32 325 ~70
172 940  -490 28 245 40
65 570  -490 22 155 =20
23 190  -490 13 85  -230
9 35  -490 10 55  -370
6 20 -490 9 50  -420

%
Redox potential not recorded

(S

[P
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9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
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TABLE A-2
REDOX POTENTIALS - 18°c

Tube 1 - Check Tube 5 - Check
NO c1” By NO3 . €17 By

(mg/1) ‘(mg/l) (mv) (mg/1) (mg/l) (mv)
96 120 =210 2 10 -500
87 120  -210 2 15 =500
87 130 -210 2 20 -190
100 150 =210 2 20 -160
142 175  -200 2 25  —-130
132 180 =180 14 50  -90
195 210 -170 110 125  -80
220 235  -160 265 270 =80
268 255 =110 400 330 =70
268 245  -130 530 410 =70
245 255  ~130 690 510 =70
232 235 130 530 540  -70
210 220  -130 550 530 =70
132 165  -125 620 490 =70
110 120 =130 530 420  -80
132 120 -120 420 330  -80
116 110 =120 316 255  -80
112 120 =120 205 200 =90
130 130 =130 o8’ 150 =90
70 115 =120 108 115 =100
110 125 =120 70 85 =290
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TABLE A-2
REDOX POTENTIALS - 18°c

(Cont'd)

Tube 2 -~ Sawdust

Tube 6 -~ Sawdust

12
13
14
15
16
17
18
19
20
21
22
23
24

25
26
27

NOj cL” Ey NOJ cL” E,

(mg/1) (mg/1l) (mv) (mg/1) (mg/1l) (mv)
4 10 +190

4 +200 3 0 +70

5 +190 3 15 +80

7 10  +190 7 10 +80

11 85  +190 9 45 +90

180 305  +220 14 115 490

600 660  +220 18 215  +120

960 830  +230 118 405  +130

1280  -1150  +235 500 860  +130

1420 1170  +230 1310 1380  +140

1050 750  +220 1700 1260  +140

370 310 +210 1240 770  +130

11 50 4210 360 235  +130

20 +200 14 45  +120

7 15 +200 19 25  +100

0  +200 8 10  +110

IR
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TABLE A-2
REDOX POTENTIALS - 18°C

(Conttd)

Tube 3 - Methanol

c1”

Tube 4 - -Methanol

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
.26
27

- Nog E, NOj Cc1” E,

(mg/1) (mg/1l) (mv)  (mg/l) (mg/l) (mv)
2 0 -520 2 0 -480
2 0 -520 2 0 =330
2 0 =520 2 0 =220
2 0 ~520 3 25  -190
4 25 =520 12 265  -250

28 350 =500 55 870 -320-
470 1000 -480 370 1310 =350
- - -450 - - =160
600 1420  -470 250 1040 -160
650 1130  -470 35 610 -160
44 565 . .-470 11 290 =170
83 275 =470 18 160 -160
18 65 480 10 75  -140
7 30 -480 5 25  -120
- -  -480 5 20 =110
11 10  -480 8 25  -100
3 10  -480 3 25 -90
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8

9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
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TABLE A-3
REDOX POTENTIALS - 13°C

Tube 1 - Check

=N

NO

Cl

E

Tube 5 - Check

NO

c1”

E

3 H 3 H
{mg/1l) (mg/l) (mv) (mg/l) (mg/1l) (mv)
58 90  .110
48 80 -110
54 85 =110
112 115  -110
178 170 =110 3 10 =500
200 230 * 3 15 *
300 275 * 7 35 *
305 290 =120 53 80 ~100
285 280 * 195 165 *
305 280 -130 360 280 ~90
430 300 -140 810 465 -90
450 340 =150 1200 650 -80
460 360 =160 1350 730 -90
360 325 =170 1350 720 ~90
400 350 * 950 710 *
300 310 -130 800 600 ~90
240 245  -120 570 470  -100
170 180  ~110 390 335 -110
128 160  ~100 195 205 -120
76 115 -95 68 115  -330
70 110 * 25 65 *
61 100 -90 35 =460
53 90 -90 3 30 -490

%
Redox potential not recorded

R
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TABLE A-3
REDOX POTENTIALS. - 13°C

(Cont'd)

Tube 2 - Sawdust

Tube 6 - Sawdust

NO

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

NO; Cl EH- 3
(mg/1) (mg/1l) (mv) {mg/1)
5 10 +150 7

7 15 * 6

7 15 * 5

7 20°  +190 5

8 20 * 7

17 30 +220 8
66 155  +230 15
540 495  +235 18
1300 830  +235 29
2200 1160  +240 128
1700 1170  +235 690
1300 830  +235 1650
410 315 +235 2000
36 90  +180 1460
13 55 +220 580

7 +220 36

30

*
Redox potential not recorded

C1™ . Eg
(mg/1) (mv)
10 +140

10 *

10 *

10 +140

15 *

20 +140

25 +140
60 +150
160 +160
390 +160

2960 *
1430 +170
1340 +180
890 +180
310 +170
85 +160
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TABLE A-3
REDOX POTENTIALS - 13°C

(Cont'd)

Tube 3 -~ Methanol

NO

c1™

E

Tube 4 - Methanol

NO

c1”

E

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

3 H 3 H
(mg/1) (mg/1l) (mv) (mg/1) (mg/1l)  (mv)
4 0 -480 3 10 -460

0 * - - %*

45 * - - *

29 210 320 9 35 --455
500 695 * 26 80 *
640 890 -30 28 95 -440
1100 1360 -140 38 200 -430
680 1430 -320 58 895 -415
120 940 ~-360 750 1650 =190
52 240 -410 300 940 -180
60 90 * 295 1100 *

- - -430 70 470 =140
21 50 -440 17 200 -~150

9 20 -440 13 55 ~-140
40 -450 8 60  -140

30 -450 3 30 -170

*
Redox potential not recorded
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APPENDIX B

TYPICAL NITRATE ELECTRODE CALIBRATION
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