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Growth rates for *he denitrifying bacteria

Pseudcroras Stutzeri

were studied to minimize the time necessary to start up » bacterial
denitrification reactor. Batch experiments were performed in nine
250-m1 Erlenmeyer flasks, a 7-1iter fermentor, and a 67-1iter fer-
mentor. All reactors maintained an anaerobic environment. Initial

microorganism inoculum concentration was varied

over four orders of

magnitude. Initial nitrate and substrate carbon concentrations were

varied from 200 to 6000 ppm and from 56 to 1596
with a carbon-to-nitrogen weight ratio of 1,18,

ppm, respectively,
In all experiments,

except those with the highest initial substrate-to-bacteria ratio,
no growth was observed due to substrate depletion during the lag

period. In those experiments which did exhibit

an increase in bac-

terial population, growth also stopped due to substrate depletion.
A model simulating microbe growth during the induction period was

developed, but insufficient data were available

to properly adjust

the model constants. Because of this, the model does not accurately
predict microbe growth. The metabolism of Pseudomon:s Stutzeri was

studied in detail. This resuited in a prediction of the denitrifi-
cation stoichiometry during steady state reactor operation. Iron
was found to be an important component for bacteria! anzbolism,
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1.  SUMMARY

The waste stream from the solvent extraction uranium purification
process contains high nitrate concentration levels. [t has been previously
determined that bacterial reduction of agueous nitrate to nitrogen repre-
sents the best method of nitrate removal. It is possible that the heavy
metals occasionally found in this waste stream may result in poisoning
and destruction of the bacterial population. Therefore, the effect of
the system variables on the bacterial growth during a subsequent startup
procedure is of interest.

The objective is to model bacterial growth during the startup period.
This model may then be used in developing the reactor startup procedure.
Experiments have been performed with calcimm acetate as the carbon source,
calcium nitrate as th> nitrate waste. and Pseudomonas Stutzeri as the
denitrifying bacteria. Experiments were conducted to determine the effect
of initial bacteria, acetate, and nitrate concentrations and reactor volume
on bacterial growth during the induction period in batch reactors. Tne
currently accepted initial feed carbon-to-nitrogen weight rates of 1.18
was maintained in all experiments. Reactors of C.Z25-, 7-, and 67-liter
volume were available. Nitrate feed concentrations were varied between
200 ard 6000 ppm and the carbon concentrations between 56 and 1596 ppm.
The initial bacteria concentration was varied over four orders of magnitude.

Results show that, in general, the carton level in solution dropped
to zero well before the nitiate level. This indicates that the initial
carbon-to-nitrogen weight ratio of 1.18 is too low to satisfy the bacterial
requirements during the induction period in a batch reactor. It has been
suggested that substrate inhibition occurs for carbon levels above 4000
ppm. It is therefore recommended that experiments be performed to deter-
mine the optimum carbon-to-nitrogen feed ratio for bott batch and flow
reactors.

Appreciable growth was observed only in those reactors containing the
highest initial substrate-to-bacteria ratio. The substrote level dropped
to zero before any bacterial growth could occur i1 all of the remaining
reactors. It is therefore concluded that a large excess of substrate must
be present for microbe growth in batch reactors to avoid substrate deple-
tion.

As part of the modeling effort, an attempt to establish the denitrifi-
cation reaction stoichiometry by studying bacterial metabolism was made.
The stoichiometry for the stationary growth phase was considered to te

2

+ +
0.5Ca(C2H302)2 + O.BCa(N03)2 + 2H20 +H - 1.,3Ca " + 2C02

+ 0.8N7 + 3.2H,0 + 1.6 OH
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This is equivalent to the stoichiometry found from experimentation per-
formed at Y-12. The reaction stoichiometry for the induction pericd cannot
be determined frowm the biochemical concepts of metabolism since the parti-
tioning of a carbon source between the tricarboxylic acid and the glyoxy-
late cycle is not known. The study of metabolism showed that iron is a

key component in the denitrification process since it is required by the
nitrate ~eductase enzyme and cytochromes. [t is recommended that iron

be adde: to the reactor in sufficient amounts to satisfy bacterial anabolic
2Ct vities. Experimentation should be crunducted to determine the amount
required.

The bacterial growth model deveioped is based on the kinetic rate
es«gressions for change in carbon, nitrate, and microbe concentrations with
time. Due to limited data, the values for the rate constanis have been
assumed to remain constant with substrate cocentrations. The model as
it now stands does not accurately predict microbe growth during the induc-
tion period. It s recommended that experiments be performed to obtain
more accurate values of the rate constants and their variation with sub-
strate concentration.

The bacteria population seemed to behave similarly for duplicate
experiments performed in 250-ml and 67-1iter reactors. [t may tentativel,
be conciuded that reactor volume has no e‘fect on bacterial growth during
the induction period, ’

A1l experiments were run as batch processes. Since the startup pro-
cedure currently being considered for the Y-12 reactor cal.s for flow to
begin when the nitrate level reaches 200 ppm, it is recommended that ail
experiments be repeated as fiow exgeriments.

2. INTRODUCT iON

Uranium purification at the 0ak Ridge Y-12 Plant is accomplished by
a solvent extraction prccess. The etfluent from the purification process
contains high nitrate concentrations with nitrate being in the form of
acidic evaporation condensates cr aluminum nitrate-containing extraction
raffinates (1). New water quaiity regulatiors require modifications of
traditional methods for disposal of these nitrate wastes, Bacterial re-
duction of aqueous nitrate to nitrogen has been proposed as a possible
disposal method.

The ability of Pseudomonas Stutzeri to reduce nitrate to nitrogen gas
has beer. studied by C.W. Francis of ORNL. These studies were conducted
on a column denitrification unit packed with anthracite coal particles
and on stirred reactors. Oenitrification of calcium nitrate, sodium ni-
trate, ammonium nitrate, and uranyl nitrate wastes wac investigated. An
induction period of three to five days afte- the hacteria has been intro-
duced into the system was necessary for the seed bacteria to reproduce at
a rate sufficient to process the nitrate in the waste stresr (2, 3). Thnere



are three distinct phases cf biological growth dJuring this inductrun
period as shown in Fig. 1. DOuring the laq perizd, there is no chanae

in the bacteria population. The lag period ends when the bactleria have
become acclimated to the system and start to reproduce at an exponentiai
rate. The decliining growth period is marked by a dramatic decrease in
bacteria production, ending at a point where the bacteria count attains
a stationary phase value. The induction period is considered to be cor-
plete once the bacieria count reaches this stationary phase levei.

[. is possible that the heavy metals occasionally found in the ¥-'/
waste stream may cause the biological denitrificetion pracess to cease
due to the advserse effect on Pseudomponas Stutzeri. This would resyl?
in a reactor shutdown while new bacteria are introduced. [t is therefore
desirable to be able to predict the kinetics of bacterial growth durisg
the ensuing startup period.

Successful operation of the bacteriai denitrification proces: r>aquirss
that the microorganisa, Pseudomonas Stutzeri,be maintained in an osysen-
free environment (4). Carbon, in the form of calcium acetate, anc *race
nutrients must be supplied for metabolic activities. [Initial bacte :a con-
centration, acetate and nitrate feed concentrations, carbon-to-nitrigen
mole ratio, pH, and temperature have been identified as influencing the
duration of the induction period (5).

The priposed startup procedure for the denitrification production
plant allows up to five days for the induction period. An improved .tariup
procedure may be s.jgested by experimentally determining the effect of
bacteria concentration, initia! acetate concentration, and initial! nitrate
concentration on bacterial growth during the inducticn period. The goa!
is to develop a mode: simulating bacterial growth during tne induction
neriod as a function of the aforementioned variables. To obtain this
objective, a literature survey was performed to determine the extent »f
previous modeling efforts fcr bacterial growth during denitrificatinn.
Information on bacterial metabolism and denitrification rea-tion stoichi-
ometry was also obtained. The effect of initial bacteria concentration or
the induction period in a batch reactor was then experimentally deter-
mired by a set of experiments conducted in ¢50-m1 flasks. The presently
accepted carbor. and nitrate concentrations of 133 and 500 ppm were maintained
for the above experiments., The initial acetate and nitrate concentrations
were varied, at a fixed carbon-to-nitrogen weight ratio of 1.18, 1n 250-r)
flasks to determine the effect on the induction period.

It was desired to obtain scalevp factors for continuously-stirred
tank reactcrs during the induction growth period. txperiments were per-
formed in reactor volures aof 0.25, 7, and 67 liters for this purpose. A
mathematical model simulating the change in bacteria concentration during
the induction period was developed based on information obtained in the
Jiterature curvey and on the experimental results. This mode! will aid
in developing the startup procedure for the Y-12 denitrification production
reactor.
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3. APPARATUS AND FROCEDURE

3.1 Experimental Procedure

The experiments to determine the effect of initial nitrate and acetate
concentrations and the effect of initial inoculum size were cenducted in
0.25-1iter Erlenmeyer flasks as shown in Fig. 2. To maintain an anaerobic
environment, samples were drawn with a syringe through a length of capil-
lary tubing which had its end submerged in the solution. Tne anaerobic
environment was initiated by filling the flask with water and the necessary
nutrient chemicals. Nitrogen was then bubbled througn the solution in
the flasks to remove any dissolved oxygen in the water. After approxi-
mately 10 min, the stopper was removed from the flask, the microbe iroculum
added, and the stopper was replaced. Nitrogen was bubbled through the
solution for another 5 min and the nitrogen inlet and outlet lines were
clamped.

The 250-m1 flasks were agitated and maintained at a constant tempera-
ture, 30°C, in a New Brunswick Scientific Aquatherm Water Shaker Bath.
The bain was equipped with a Plexiglas nood which allowed the flasks to
be blanketed in nitrogen at all times. During sampling, the Plexiglas
hood nai to be removed. When drawing samples, a nitrogen stream from a
tank stored nearby was bubbled through the solution to eliminate the pos-
sibility of oxygen entering the flasks.

Experiments to determine the effect of reactor size were performed
in 7- and 67-liter fermentors. A schematic of the 7-liter fermentor is
shown in Fig. 3. The large fermentors were air-tight and were flushed
with nitrogen after being purged by bubbling nitrogen gas tiirough the
solution. The gas produced by the bacteria was first scrubbed with sodium
hydroxide sulution to remove carbon dioxide. The volume of nitrogen which
was left was collected and measured.

Apnroximately 8 ml of solution were drawn twice a day from each
experimental apparatus. After measuring the pH, the samples were centii-
fuged at 4000 rpm, or about 1800 g's, for 4 min. Past results have shown
that centrifuging removes practically all of the calcium carbonate sus-
pended in solution. The original sample was then divided into three equal
volume samples so microbe populatinn, acetate concentration, and nitrate
concentrations could be measured.

The microbe concentration was determined with a Coulter Electronics
Model 7 Counter. This method was found to be much faster and less tire-
some than the standard microscopic technique. The Coulter Counter measures
the solid particles in solution and operates on the principle of electrical
conductivity differences between microbes and an electrolyte solution used
in diluting each sample. The microorganism, suspended in the electrolyte,
was forced through a small aperture in which an electrical current path
had been established. As each microbe, which acts as an insulator, dis-
nlaced electrolyte in the aperture, an electriczal pulse proportionpi to
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the microbe size was produced and countea. Since the volume drawn by the
Coulter Counter was known and one pulse was produced for each microbe, a
microbe concentration could be calculated. The electrolyte used in the

dilution of the sample was Cutter Laboratories' sodium chloride solution.

It was inpossible to measure the carbon in the sample by spectro-
photometric technlques due to the absorbance of nitrate ions. The acetate
concentration in the sample was therefore measured with a Dohrmann
Envirotech Organic Carbon Analyzer. The sample was first filtered through
a 0.45 micrometer Millipore filter to remove microbes, leaving acetate as
the only organic carbon matter. It was experimentally determined that
this methcd removed over 99. of the biomass from samples with high initial
microbe populatior.

A sample was filtered through a 0.11 micrometer filter, but it was
found that this filter added organic carbon to the solution due to its
polymer composition. Ffor this experiment the Envirotech Organic Analyzer
was used to measure the carhon content of the sample before and after
filtering. The sample was then acidified to a pH of two with hydrochioric
acid. This was done su that the inorganic carbon in the sample could be
easily removed in the form of carbon dioxide. After injecting the sampie
into the analyzer, the water in the sample was removed in 3 vaporization
zone. The acetate was then pyrolyzed to carbon dioxide. This carbon
dioxide was then reacted with hydrogen over a nickel catalyst producing
methane which was burned in a flame ionization detector producing an elec-
trical signal proportional to the carbon in the methane. This value in
turmn was proportional to the carbon content in the original sample.

The nitrate concentration of the sample was measured with an Jrion
Model 93-07 Nitrate Electrode. It was impossible to measure the nitrate
concentration by spectrophotometric techniques due to the absorptinn, at
the same wavelength, of the other species in the sample. After adjusting
the pH of the sample to 4.5 with acetic acid, the nitrate electrode and
a reference electrode were immersed in the sample solution. The voltage
difference between the two electrodes, which is proportional to the nitrate
concentration of the sample, was measured with a digital voltmeter. The
nitrate concentration could then be read from a calibration curve prepared
with standard solutions of known nitrate concentrations.

3.2 Experiments

A list of the experiments conducted is given in Table 1. Experiment 1,
performed in a 250-ml1 flask, was run following the startup procedure cur-
rently being developed at the Y-12 Plant. In experiments 2, 3, and 4, the
initial inoculum size was varied while maintaining the initial carbon and
ni‘rate concentrations at 133 and 500 ppm. In experiments 5, 6, and 7, the
initial nitrate and carbon concentrations were varied while maintaining the
currently accepted carbon-to-nitrogen weight ratio of 1.18. Experiment 8,

a duplication of experiment 1, was conducted in a 7-liter fermentor for the
purpose of studying the effect of reactor volume on bacterial growth dur1nc
the induction period.
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Table !. Experiments

Nitrate Caroon Inoculum Size

No. Yolume _(ppm) (ppm) (=)
250 m] 500 133 8.6
2 250 m 500 133 0.86
3 250 ml 500 133 86.0
4 250 ml 500 133 860.0
250 ml 200 53 8.6
6 250 ml 1000 266 8.6
7 250 ml 6000 1596 8.6
8 7 liter 5G9 133 8.6
9 250 ml 500 133 8.6
10 25G ml 6000 1596 8.6
N 67 liter 6000 1596 8.6

In experiments 1 through 8, iron, which is necessary for cell growth,
was supplied in the form of a paper clip placed in the reactor. The iron
is a key component in the bacterial electron transport system; for further
explanation see Sect. 4.1. The paper clip simulated the steel wall of the
reactor which is the iron source in the proposed Y-12 system. For experi-
ments 9, 10, and 11, an iron concentration of 50 ppm was supplied tc the
reactors in the form of ferric sulfate to determine if additional iron
had to be added to the solution to increase bacterial growth.

In all experiments 20 ppm of phosphate, 10 ppm of magnesium sulfate,

and 1 ppm of sodium molybdate were provided as trace nutrients for meta-
bolic activities.

4. THEOQRY
4.1 Metabolism of Bacteria

The developmeﬁt of a comprehensive model of bacterial growth during
the induction period requires the knowledge of the reaction stoichiometry.
There are two approaches to obtain the stoichiometry of interest: through
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the experimental measurements of the chemical species involved and through
a theoretical investigation of the metabolic processes of the bacteria.

From the considerable amount 0f experimental data available, past
groups have sugoested reaction equations for both the induction period and
the constant population phase (6). It was impossible lo perform an assay
cf all chemical species present. Instead, a theoretical approach has been
taken :o)verify the accuracy of the reaction equations proposed by Clark
et al.(6).

The metabolic processes of a bacteria accomplish two primary function::
supply of ene~gy to maintain the organism ans’ synthesis of biomascs for
reproduction. The tricarboxylic acid cycle (TCA), or Krebs cycle, was
assumed responsible for supply of energy through the production of ATP
and tne giyoxyliate cycle for the synthecis of biomass. tach of these
cycles has been studied to obtain the stoichiometry of the reactions.

When bacterial growth reaches the stationary, constant population
phase, there is no net change of the rumber of bacteria. Since it was
assumed the TCA cycle involves no consumptior of carbon for growth, but
energy transfer alone, theory predicts %that an overall mass balance over
the cycle will result in the steady state reactfon equation.

Pseudomonas Stutzeri is a facultetive organism; i.e., an organism
able to respire with or without molecular oxygen as the terminal electron
acceptor for the electron transport system. In this experiment, the
bacteria uses acetate as both an energy and carbon source. tnergy is
produced when acetate is consumed in the TCA cycle. Acetate enters the
cycle after reacting with ATP and coenzyme A to form acetyl-coenzyme A.
The different reactions of the TCA cycle are shown in Fig. 4, and the
corresponding equations of each component reaction are found in Appendix
10.1.

The overall mass and charge balance on the T(LA cycle yields the fol-
lowing equation for the calcium-acetate feed:

2Ha(CHi0,), + 2H)0 + K - 5a'e + 200, + B(H" + &7) (1)

Actually, the hydrogen atoms of the righthand side are "transported” by
coenzymes NAD*, NADP*, or FAD from the protoplasm to the cellular membrane
where the electron transport system (ETS) is located.

Energy is stored when ADP reacts with phosphate, HPO'Z. to form ATP.
This occurs only once during the TCA cycie. Most of the énergy is made
availab’e by the oxidation of NADH, NADPH, ana FADH, given off by the cycle
in the electron transport system (1). A good deal of free energy from
such oxidaticns is stored in ATP, as the reaction of ADP to ATP is coupled
with the oxidations. For the process to be possible, there must be a
terminal electron acceptor for the ETS in the surrounding solution. in
this experiment, ritrate acts as the electron acceptor, and thus,
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denitrification of a solution containing NO., to %Nz is accomplished by
the ETS. Figure 5 shows a schematic of the3ETS, and the chemical equations
governing the ETS are elaborated on in Appendix 10.1.

Coupiing the TCA-cycle with the ETS results in a general reaction
equation for steady state reaction. The equation cbtained is

1 4 v, 13,92 3
2€a(Caly0y), + 5CalN03), + 2H,0 + MY » ppla ™ + 200, + 5N,
+ 35,0 + Eon (2)

If allowance is made for tie formation of calcium carbonate,

2

1.3ca’¢ +1.3 €0, + 1.3 H0 - 1.3 %0, + 2.6 y* (3)

the equation reduces to

0.5Ca(C,H;0,), + 0.8Ca(N04), ~ 1.3CaC0 + 0.8N, + 0.7C0, + 1.5 H,0
(4)

This is precisely the equation arrived at by Napier et al. from experi-
mental data.

For the growth phase, the reactions of both the TCA and glyoxylate
cycles occur. In addition to the production of ATP, the bacteria uses
the carbon from acetate to form biomass. The glyoxylate cycle is also
known as the TCA bypass since the step of a-ketoglutarate synthesis from
isocitrate is skipped as shown in Fig. 6.

Two acetates enter into the glyoxylate cycle as acetyl-coenzyme A.
No CO2 is given off as all the carbon is employed in protein synthesis.
Thus, the four-carbon compound released by the cycle is oxaloacetate (8).
The overall reaction scheme for one glyoxylate cycle is

. + +2 + -
Ca(c2H302)2 + hzo +24 > Ca ~ + c4°5”6 +6(H +e) (5)
oxaloacetate

Six (H* + e”)'s are also attached to NAD* in the form NADH + H*. If
all six NADH are used in the ETS for production of energy, and thereby
reduction of NO,, the overall equation froiw combining reactions of the
glyoxylate cycl® with the reactions of the LTS gives

o R M AU | L e e e A £ T e it e b e o P
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3 + 7 6n,~ , 842
CalCyh0,), + 5CalNO), + 2H' + C,0.H, + £1,0 + M, + fou™ + Fea
(6)

The derived equation cannot, however, represent the induction period
of growth because carbon, nitrogen, phosphate, and other minerals to a
lesser degree, are required in the reproduction of microbes. During the
induction period, the assumption that all NADH's from the glyoxylate cycle
are involved in the ETS NO; to N, reaction is not a good one, as NADH's
are known to be required by other enzymatic reactions that reduce nitrates
to ammonia which is necessary for peptide and other anabolic needs (9).
Furthermore, the nusmber of TCA cycles per glyoxylate cycle, or vice versa,
must be known to obtain the reaction equation of induction period. Rather
than one general equation as in the steady state, the independent reaction
equations cannot be added to give one equation. This is not allowed when
the kinetics of the reactions are time-dependen:. Hence the reaction equa-
tion for the inductiun period cannot be predictea theoretically.

To arrive at one equation for the startup period, Napier et al. (6)
averaged the measurements of reacting species taken during this period.
The suggested equation is

0.55 Ca(CZH302)2 +0.8 Ca(N03)2 ~ 0.04 CSH702N(biomass)

+ 0.65(:02 + 0.78N2 + l.35(‘.a(:03 + 1.45u20 + 0.12{0H)

(7)

The biomass formula, obtained by Napier from a literature source, is in-
complete as phosphorus,and trace amounts of other minerals are consumed
during bacteria growth and represent 4.6% of the wet weight of a bacteria

(11).

4.2 Bacterial Growth Model

The Monod modet is the best known and most widely used model for simu-
lating bacterial growth during the induction period. The model does not
include the lag perfod. Monod's mndel is based on the stoichiometry

Re = -anR (8)

Monod suggested that the growth rate dependence on the substrate concen-
tration fo”qws the Michaelis-Menton form (12):

'
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uCCs

VIR £ (9)
In batch gromth with

C-= Co
and att=0

Cs = cso)
the following equation applies

o . 1% s (10)

dt adt K+C,

Integrating the first part of Eq. (10) yields

Cso - C, = alC-¢Cp) )

This implies that all of the acetate consumed goes into Liomass production.
This is clearly not the case for the Pseudomonas Stutzeri denitrification

process. The acetate reacts to form both biomass and carbon dioxide. There-

fore, the Monod model for bacterial growth is not applicable for the bac-
teriological process in question.

Since acetate reacts to form biomass and carbon dioxide, and since
acetate is the only carbon source in the system, kinetic equations des-
cribing the rate of change of carbon, nitrate, and microorganism concen-
trations in solution can be proposed.

d,
I * K - Kyla (12)
5% = K (13)
d

ﬁc! = KoL (14)

The constants v and 2 are stoichiometric conversion factors relating the
amount of carbon which reacts to form biomass and the carbon which reac:s
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to form other products. Therefore, the units of ¥ are ppm of carbon per
ppm of biomass and the units of a1 are ppm of carbon per ppm of nitrate.

Equations (12) through (14) apply once the microorganism growth has
started and do not apply to the lag period. No change in the
bug count occurs during the lag period. Equations (12) and (14) are valid
during the lag period when dC/dt is set equal to zero. The duration of
the lag period can be determined by experimentation. The value of dC/dt
can be set equal to zero for this period and equal to £Eq. (13) once the
growth begins. This procedure results in a model which will predict carhon,
nitrate, and microorganism concentrations from the start of the experiment
until the beginning of the stationary phase.

A program package entitied Bugs is available at ORNL for performing
nuserical integration on systems of differential equations in the form of
equations (12) through {14). The program inputs are Ky, K2, initial carbon,
nitrate, and microorganism concentrations. The program outputs are carbon,
nitrate, and microorganism concentrations at any time, t. The values of
Ky and K2 may be determined from the data of an experiment showing a sub-
stantial bacteria count increase. Once ‘etermined, the values of K] and
K2, which shouid be constant,together with Eqs. (12) through (14) should
predict bacterial growth during the induction period for all experiments.

Ky is determined by plotting {C/dt)/C as a function of C; for the
experiment in question. Kj is the slope of the curve obtaineé. Ky is the
slope of the curve obtained when (dCy/dt) is plotted as a function of C

5. RESULTS

The majority of experiments exhibited no microorganism growth. The
results of experiment 6 are typical of this outcome and are presented
in Fig. 7. The circular data points represent microbe growth, the triangular
points represent nitrate concentrations, and the substrate carbon levels
are plotted as squares. These conventions will be used on all figures
presenting experimental data. The lines plotted on the figures with experi-
mental results represent the predictions of the mathematical model for
microbe growth.

The data for experiment 7, which exhibited a typical growth pattern,
are given in Fig. 8. This experiment was used to determine the constants
used in the microbe growth model. The only other experiment clearly exhibit-
ing growth was experiment 2. The results for microbe growth, nitrate con-
centration, and substrate carbon concentration are presented in Figs. 9,
10, and 11, respectively.

The data for experiments 2, 6, and 7 are also presented in tabular form
in Tables 3, 7, and 8, respectively, and are found in Appendix 10.5. Tables
11 and 12 contain the data for experiments 10 and 11, which were made to
determine the effect of reactor volume on microbe growth. These two experi-
ments were still underway when this report was written. The data and model
predictions for:all experiments are given in the Appendix.
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€. DISCUSSION OF RESULTS

In seven of the eleven experiments, no appreciable microbe growth was
ovserved. The seven experiments with no growth, experiments 1, 3, 4, 5, 6,
8, and 9, all exhibited similar concentration histories for microbes and
substrates. Thus the data for experiments 6 are presented in Fig. 7 as
representative of these experiments. As can be seen on Fig. 7, the substrate
carbon level rapidly falls off toward zero before any growth occurs in the
microorganism population. The nitrate data taken up to day five are probably
inaccurate due to equipment problems.

It was originally thought that potassium flouride had to be added to
the selective ion electrode inner chamber to reduce the interference from
the carbonate ions. ODuring the first five days of analyses, the inner
chamber as well as the sample contained potassium fluoride. It was found
that the inner chamber should contain acetic acid adjusted to a pH of 4.5.
On day five this equipment problem was corrected. After day five, the
nitrate readings remained fairly constant at about 500 ppm. By this time,
the substratie carbon concentration was very low. In effect, microbe growth
did not occur because of substrate depletion. This is supported by the fact
that growth only occurred in the experiments with the highest substrate to
microbe ratios. The substrate carbon levels continued to decline to about
Zero while the nitrate concentration leveled out at a fixed value in most
of the experiments. This indicates that the carbon consumption is higher
than the 1.18 carbon-to-nitrogen mass ratio suggested in a previous report
(3). The pH of the bacteria solution dropped very slightly over the course
of the experiment as shown in Table 8 in Appendix 10.5.

The proposed startup procedure for the Y-12 Plant Denitrification
Reactor calls for starting the reactor as a batch process with an initial
substrate carbon level of 133 ppm and an initial nitrate concentration of
500 ppm. When the nitrate concentration in the reactor falls to 200 ppm,

a feed flow of nitrate and acetate will be introduced which should prevent
substrate depletion. Since the experiments performed for this study were

all batch experiments, they are not comparable with the proposed Y-12 reactor
startup instructions.

Microbe growth occurred in experiments 2, 7, 10, and 11. Experiments
10 and 11 had only been underway for 4.5 days at the writing of this report;
therefore the growth reported in these experiments is tentative. The data
for experiments 10 and 11 are given in Tables 11 and 12 in Appendix 10.5,
respectively.

The microbe growth exhibited in experiments 2 and 7 show the three
phases expected for a population increase. After the start of the experi-
ment, a 1ag phase of about 2.5 days occurs during which no microorganism
growth occurs. Ffollowing the lag phase is a period of exponential growth
terminating in a declining growth period. The population levels off at a
final stationary phase value. The substrate concentrations fall slightly
during the lag period and then decrease rapidly during the exponential
growth phase. It appears that the bacteria consume substrate even when
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there is no appreciable microbe growth. During growth, the pH of the micro-
organism solution falls substantially, as shown in Tables 3 and 8 of Appendix
10.5. This may be due to the production of acidic waste products from COZ
produced by the bacteria.

The populations in experiments 2 and 7 may have leveled out because the
microbe concentration has reached its stationary phase value, or because the
substrates have been depleted. In both experiments 2 and 7, the carbon sub-
strate concentration falls to a very low level at the start of the declining
growth phase. Thus, the reason for the end of microorganism growth appears
to be the depletion of the carbcn substrate.

In experiments 1 through 8, iron, which is necessary for bacterial
metabolism, was supplied by a paper clip which was introduced into each
flask after the experiments had run one day. After examining the data from
experiments 1 and 7, these experiments were repeated using ferric sulfate
as an iron source rather than the paper clip. 1In experiments 2 and 7, the
total lag phase was about 2.5 days which was about 1.5 days after placing
the wire in the flask. As seen in Tables 11 and 12 (Appendix 10.5), the
Tag period for the experiments with ferric sulfate added as an iron source
is also about 1.5 days. The difficulty in estimating the transfer of iron
from the paper clip suggests that ferric sulfate should be used in the
future to simulate the operation at the Y-12 Plart since in addition to
the steel reactor wall the waste stream fed to the reactor contains aqueous
iron saits (13).

The effect of reactor size was studied in two sets of experiments. In
experiments 1 and 8, the proposed Y-12 startup procedure was run in both a
250-m]1 Erlenmeyer flask and a 7-liter batch fermentor. Since no growth
occurred in either experimeat, it is impossible to accurately determine the
effect of reactor size on microbe growth. However, the data for experi-
ments 10 and 11 tentatively show no effect of reactor volume on the micro-
organism growth rate. Experiments 10 and 11 were started using a high
substrate-to-microbe ratio, as in experiment 7, with experiment 10 in an
Erlenmeyer flask and experiment 11 in a 67-1liter batch fermentor. The
microbe growth measured to date, as given in Tables 11 and 12, show close
agreement, indicating no scaleup effects. It should be noted that these
experiments were not completed at the writing of this report, and thus
these conclusions are based on incomplete experiments.

The microbe growth model constants were determined using the data_from
experiment 7._ The values of th? constants were: K] = 2.7 x 10-5 (hr)-)
(ppm carbon)-1; K2 = 0.12 (hr)-'(ppm nitrate)(ppm microbe)=1. As shown in
Fig. 7, the model accurately predicts the microbe and substrate concentra-
tions up until the end of the exponential growth phase, as it should, since
the data from experiment 7 was used to evaluate the modei constants. How-
ever, the model predictions for the other ten experiments compare poorly
with the experimental data as shown in Figures 6, 8, 9, and 10. It seems
that values of the model constants should depend on the initial microbe and
substrate concentrations, as assumed in some of the more complicated models
for microbe growth (12). There was insufficient data from these experiments
to determine the dependence of the model constants on substrate and microbe
concentration.

T et e
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7. CONCLUSIONS

1. The experimental results obtained apply only to a batch denitrifi-
cation process. They are not applicable to the prcposed Y-12 denitrification
reactor startup procedure, since the Y-12 startup instructions call for a
nitrate and acetate feed to be started after the nitrate concentration has
fallen to a fixed level.

2. A large excess of substrates must be present for microbe growth in
batch reactors.

3. No fimm conclusions can be drawn about the effect of iron on mi-
crobe growth. However, iron is a key component in the denitrification process
in that it is required in the electron transport system (15).

4. The model does not accurately predict microbe growth during the in-
duction period. The constants in the model were developed from one set of
experimental data, and thus do not account for any dependency of thr. model
co?stants on substrate concentration, microbe concentration, or reactor
volume.

8. RECOMMENDATICNS

1. A1l experiments should be repeated with a feed flow started when
the nitrate concentration reaches a fixed level as in the proposed Y-12
startup procedure. The experiments should be performed in 1-liter flasks
to provide ample volume for sampling, using pumps to provide the feed flow.

2. The experimental data obtained from the flow experiments should te
used to determine the effect of substrate and microbe concentrations on the
constants used in the model.

3. 1Iron salts should be added to the Y-12 reactor if the iron content
of the feed stream is insufficient to satisfy bacterial population growth
rates.

4. Experiments should be performed to determine the optimum sub,.rate-
to-microbe ratio for growth promotion.

5. The addition of casamino acids may promote microbe growth (16).
Experiments to determine the effect of casamino acid addition should be
performed.

6. Experiments should also be performed to determine whether the reactor
startup is gquicker if the microbe population is grown under aerobisc conditions,
and then switched over to an anaerobic environment at the desired population
level.
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10. APPENDIX
10.1 Mass and Charge Balance Over the TCA Cycle

In calculating the stoichiometry for the steady state reaction,
mass and charge balances were carried out “or each step of the Krebs cycle.
The compounds involved are shown in Fig. 4.

The reactions occurring in the cycle are as follows:

Fa(CH0,), 2 3a"2 + CoH 0, (15)
CHA05 + [CyNeOy Pl 1T™Y — CH0-[C, NOPH,, 1! + P 07Y (36)
2302 * Loghs Pl =3 CH30-1610M%,My, 2% U
ATP 9 AP
. -1 : A1
CH0-[CyaNeOPH 1™+ H-COA = C,H,0-COA + H-[C,N.O.PH, ]
2H30-180M97PHyy counzyme A 23 10 :H;-Hll
(17}
Entry to the cycle:
CH40-COA + CgHy0p + Hy0 = CcHy0, + H-CoA (18)
c6"807 (citrate) » C6H807 (isocitrate) (19)
+ +
Chgly + NADY = C 0, + NADH + W (20)
CeMel; » €0, + CoHeOg (21)
+ +
CHgls + NADP® + H-CoA ~ CHc05-Coh + CO, + NEDPH + H (22)
+ = -3
CHeDs-Con + H* + HPO, + [Cy N0 PoHy 17 + ey

ADP

-4
+ [C1oNg0y3P ) + H-CoA (23)
ATP

St e
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CgHg0y + FAD = CoH,0, + FADH, (24)
CqHy0p + H,0 ~ CgHCO, (25)
C,H 0. + NAD® » NADH + H' + C,H,0 26)
at05 » a0 (

The following identity is used in cancelling reactant and product
species:

32 -1 -4
[C1Ns0 Pyl ™ + HPO™ = H-[C N 0,PH 177 + PO, (27)
ADP AP
Thus, the overall equation for TCA-cycle is
Ha(CH0,), + 2,0 + W'+ 3ca*? + 2c0, + B(H® + €7) (28)

The electron associated with the hydrogen atom produced is used to
reduce nitrate via the electron transport system. Hydrogen is attached to
NAD*, NADP*, or FAD, each of which performs the function of transporting
the electron to the nitrate. In the process of oxidizing one NADH, the
free chemical Energy given off is utilized to synthesize three ATP's from
ADP's and HPO; 's with a net gain of energy into the organism.

Three NADH+H* and one FADH, are produced in one TCA cycle, and the steps

leading to reduction of nitrate to nitrogen follows:

NADH+H* » NAD* + 2[H* + e7] (29)

FAD + 2[H* + "] » FADH, (30)
A summation of these two gives,

NADH+H' + FAD - NAD* + FADH, ~ (31)
which s folliowed by

2

FADH, + 2Fe’3 » 2Fe*% + 24" + FAD (32)

BTN
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or,

+3

NADH+H' + 2Fe3 & nAD® + 2Fe*C + 4t (33)

For one cycle, the last step occurs four times. The next step is the
reduction of nitrate.

+2

gre'? + ai® + N0 - 8[H'] + gre'3 + ™, 3x0~2 (34)

where the NOS is introduced by

+ Catl -
C¢’|(m3)2 Ca +2N03

Coefficient x is found by electron balance as follows,

XN*S + Sxe” - %Nz (35)
5« = 8

Therefore,
- 8

By combining TCA cycle with ETS, the result is
2a(CH,0,), + 3Ca(N0), + 200" + 13022 + 200, + 2, + 34,0
+ g (36}
Further reactions and simplifications are
1.3Ca%2 + 1.300, + 1.34,0 » 1.3CaC0; + 2.60" (37)

J

1.6H + 1.60H" - 1.6H,0 (38)

. ' | | ' | \
- . ) ) g i < % ot st ~e— ———r A2
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If these equations are substituted into the original equation, the
final equation is
I)..‘»(:n(t:zu:’o.‘,)z . o.oc.(n,)z - 1.x.co, + 0..2 . I).7(:02 . l.suzo
()

10.2 NMass and Charge Balance Over the Glyoxylate Cycle

For the growth period, both TCA and glyoxylate cycles occur. After
going through the glyoxylate cycle, it was determined that & general stoi-
chiometric equation canmot be calculated theoretically. The kinetics of

reactions participating in the growth phase can only be determined from
experinental data.

Reactions associated with the glyoxylate cycle are as follows:
Q) - O ¢ 200, ()

2010 * 20C M0 Py 17 e 20 ,0-1C, 00,0, T 29,05
ATP AP

()
ZCM -0y g0y 17! ¢ 20-0A < ZCH -0 o 2T g0,y T
’MP-H (42)

Entering the cycle,
CZHJO-COA * C‘H‘Os . HZO - csuao, + H-CoA (43)
CeMaly = CMgly (isomerization) (44)
c6"8°7 - C4H604 * C2H203 (45)

C‘HGO‘ ¢+ FAD ~ C‘H40‘ + Fﬂl'lz (46)
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CaligQy + Hy0 = C O, (47)
CH 03 + CH,0-Coh + H0 ~ C/HGO. + H-Coh (48)
2(CqHg0g) + 2(NAD*) ~ 2(CH,0.) + 2(NADHH') (49)

After simplification, the reaction equation for the TCA-bypass is
+ +2 + -
(:a((:.‘,ujﬂz)2 +tHO+ M - Ca "+ COghg + 6(H" + &) (50)

If the hydrogens attached to NAD' are assumed to reduce nitrate and
undergo the ETS reactions, the oxidation of three NADH's give the equation

6Fe*? + o' + guo; - é’z + }‘-‘0’2 + 6Fe’d + o' (51)

After the last equation has been simplified and combined with the gly-
oxylate cycle reaction equation, the following equation emerges:

CalCH 0,), + 5Ca(M03), + 21" = COM, + 2,0 + Iu, + Bon™ o Eca'?
(52)

10.3 Sample Calculations

It is necessary to adjust the solutions in the 250-ml, 7-liter, and
67-liter reactors to the desired concentrations. Adjust the nitrate level
to 6000 ppm for experiment 7. Basis: 1 liter.

6.0guo; zasgCa(uo3)z-4uzo
Titer 2% 9(R0,

= 11.419 g/¢ of Ca(N03)2'4H20

Adjust carbon level to 1596 ppm for experiment 7.

176 g Ca(C,H,0,),°H.0
1,59 g C . 2°372°2 "7 .
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Experiment 7 resulted in appreciable bacterial growth and is therefore
used to find K] and K;.

Ky = (dC/dt)/CCg
or plotting (dC/dt)/C as a function of C; gives K| as the slope.

Cs, = 1216 C, = 107

Point dC/dt)/C
1 1183 200 0.695
2 1000 289 0.484
3 373 504 0.159
4 206 553 0.128
5 25 2 -
6 6 176 0.0051

The slope of a line dram thw these points equals Kj. Thus, K; was
found to be 0.000019 ppm-thr-1.

To convert bacteria population to ppm, the following calculation is
performed:

7

(10.7x10 bacterialcc)(lo'lz g/bacteria) = 10.7xlo°5 g/cc

= 107 ppm

To obtain the microbe population, the readings from the Coulter Counter
must be multiplied by factors which account for the necessary dilution of the
sample to obtain the reading. The Coulter Counter draws a 50 u1 sample.

A factor must be included for any necessary external dilution. For example,
if a 0.1-m1 sample of microbe solution is added to 19.9 ml of diluent, the
external dilution is

(19.9 + 0.1 m1)/0.1m} = 200

Therefore, if a Coulter Counter reading of 12,000 was obtained, the microbe
population would be:

|
|

TP e W -
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(12,000 counts/50 1:1)(200)(1x10*3 _1/m1) = 4.8 x 107 wicrobes/ml

10.4 Nomenclature

stoichiometric coefficient describing biomass production per mole of

substrate consumed

biomass cmcentra.tion. bacteria/cc

nitrate concentration, ppm

initial biomass concentration, bacteria/cc
cavbon concentration, ppm

initial carbon concentration, ppm

Monod rate constant for biomass production
rate constant for biomass production, ppm-!-day-!
rate constant for nitrate removal, day‘]
0.266 ppm C/ppm no;

0.086 ppm C/ppm biomass

maximm rate of biomass production, ppm/day

10.5 Data

Tables 2 through 12 present the time variation of pH, nitrate, carbon,

and bacteria concentration for experiments 1 through 11.
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Table 2. Data for Experiment 1
o NO3 icrobes Carbon

Day pH_ (ppm) (107 cells/cc) (ppm)
0.5 1.9 47.5 12.1 197
1.0 1.7 25.9 24.1 239
1.5 7.8 22.0 11.4 259
2.0 7.7 19.1 11.€ 174
2.5 7.9 1374 15.1 -
3.0 7.7 ni3 13.3 295
3.5 7.4 - 13.4 -
4.0 7.2 750 8.5 27
5.0 7.4 250 10.7 55
5.5 - 308 2.1 -
6.0 7.3 417 12.6 -
6.5 7.7 261 12.5 -
7.0 7.4 230 8.7 -
1.5 6.9 219 9.1 -
8.0 7.2 340 7.6 44
8.5 7.7 329 8.2 -
9.0 7.7 314 15.8 123

*
24-hr day



TJable 3.

Data for Experiment 2

0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
5.0
5.8
6.0
6.5
7.0
7.5
8.0
8.5
9.0

o
8.0

1.7
7.6
1.7
7.9
1.9
7.9
7.5
7.6
7.3
7.5
7.4
7.6
1.4
7.6
1.5

N0y
{ppm)
780
21.5
24.9
26.4
2130
860
743
333

475
305
283
449
3n
445
441

Microbes
(107 cells/cc)

1.27
0.55
0.35
0.25
0.48
0.40
7.1
n.o
13.9
15.5
21.8
23.%
24.2
8.1
20.5
1.7
15.7

Carbon

{ppm)
419

203
232
199

98

57

46.5

17




Table 4.

Data for Experiment 3

0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
5.0
5.5
6.0
6.5
7.0
7.5
8.0

8.0
7.3
7.2
7.1
7.5
7.3
1.5
7.3
7.4

7.0
7.2
7.0
7.3
7.0

N0j
{ppm)
62.5
10.5
1.95
1.0
667
1

8.7

15
20

13

Microbes
(107 cells/cc)

186.0
116.0
125.0
119.0
80.8
91.5
95.2
80.5
82.7
82.5
76.0
70.8
77.6
70.9
51.0

Carbon
(ppm)

212
115
13

97

25




Table 5.

Data for Experiment 4

0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
5.0
5.5
6.0
6.5
7.0
7.5
8.0

pH_
8.1

7.3
7.2
7.0
7.3
7.2
7.2
7.0
7.1

6.8
7.1
6.9
7.1
€.9

NO3
{ppm)
47.5
2.0
1.0
1.1
661
1.

452

22

Microbes
(107 cells/cc)

981.0
603.9
781.0
1120.0
833.0
761.0
1590.0
985.0
1530.0
737.0
740.9
760.0
445.0
716.0
500.0

Carbon
{ppm)

518
361
391
488

618

42]
673

44

102
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Table 6. Jata for Experiment 5

0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
5.0
5.5
6.0
6.5
7.0
7.5
8.0
8.5
9.0

8.1
7.9
7.8
7.7
7.9
7.8
7.9
8.0
8.1

7.6
8.0
8.1
8.1
8.1
8.2
8.¢

"0y
{ppm)
8.75
5.75
5.60
4.25
629
16.9
556
139
184
175
131
134
160
161
160
154

Microbes
(107 cells/cc)

10.4
22.4
6.7
9.8
19.3
701
9.4
9.7
10.9
11.2
13.8
10.1

12.5
7.6
8.4
9.3

Carbon

{ppm)
286

15
104
79

3

25

14
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Table 7. Data for Experiment 6

NS l;i crobes Carbon
Day pH_ {ppm) {10 cells/cc) (ppr)
0.5 6.0 350 12.0 255
1.0 7.7 27.5 18.0 223
1.5 7.5 3.3 8.7 207
2.0 1.7 31.4 n.? 163
2.5 7.9 1349 9.8 -
3.0 7.6 888 12.3 93
3.5 7.8 - 14.3 -
4.0 7.6 1060 15.4 24
5.0 1.7 464 17.2 14
5.5 - 574 13.3 -
6.0 7.6 700 8.9 -
6.5 7.8 390 11.5 -
7.0 7.5 en 15.2 -
7.5 7.6 602 10.7 -
8.0 7.5 580 5.1 23
8.5 7.5 637 8.3 -

9.0 7.9 677 9.7 40
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Table 8. Data for Experiment 7

0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
5.0
5.5
6.0
6.5
7.0
7.5
8.0
8.5
9.0

7.8
1.4
7.4
7.2
1.3
6.8
6.7
6.6
6.6

6.5
6.7
6.6
6.7
6.7
6.7
6.8

NO3
{ppm)
5750
4536
5292
4267
6710
4658
4875
1950
2815
2046
1200
900
1244
1158
1402
1158

Microbes
(107 celis/ec)

22.6
16.6
10.7
20.0
16.3
28.9
27.6
50.4
55.3
42.4
80.2
20.3
7.7
46.3
39.2
77.6
48.8

Carbon

(ppm)

1474
131
1215
1183

1000

373
206
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Table 9. Data for Experiment 8

Day
0.5

1.0
1.5
2.0
2.5
3.0
3.5
4.0
5.0
5.5
6.0
6.5
7.0
7.5
8.0
8.5
9.0

pH_
7.8
8.2
8.1
8.1
8.2
7.8
8.1
8.0
7.9

7.7
7.8
7.6
7.6
7.6
7.6
7.5

NO3
{ppm)
20.0
16.3
14.5
10.0
1052
297
362
98
116
110

91
105

204

108

Microbes
1107 cells/cc)

2.5

7.5
14.4
13.8
10.9
13.1
18.4
16.8
12.2

9.0
10.0
21.4
37.7
47.6
19.9
15.1
18.2

Carbon

(ppm)
651

440
433
312

297

299
205
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Table 10. Data for Experiment 9

NO; Microbes Carbon
Day pH_ {ppm) (107 cells/cc) (ppm)
0.5 1.7 446 3.6 184
1.9 /.8 498 5.2 400
1.5 7.6 502 2.5 211
2.0 7.4 355 3.3 292
2.5 7.3 260 4.4 137
3.0 6.6 140 10.4 135
3.5 - 140 3.6 135
4.0 7.2 100 5.4 128
4.5 0.7

Table 11. Data for Experiment 10

NO3 Microbes Carbon
Day pH_ {ppm) (107 cells/cc) m
0.5 7.2 6117 3.5 1656
1.0 6.9 6400 4.8 1168
1.5 7.3 5221 3.4 1622
2.0 6.8 9723 10.6 1522
2.5 6.8 476° 12.6 1370
3.0 6.6 4367 15.6 1295
3.5 - 3898 18.9 1202
4.0 6.3 KIRY) 17.1 1160
4.5 6.5 - - -

e e e et S——— iy o et 4
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Table 12. Data for Experiment 11

NO3 Mi crobes Carbon
Day pH_ {ppm) (107 cells/ec) {ppm)
C.5 6.7 6440 2.8 1656
1.0 1.2 6780 3.9 1550
1.5 7.5 6697 3.5 1628
2.0 7.2 6746 4.4 1680
2.5 7.2 5411 7.2 1622
3.0 6.9 4845 16.6 1465
3.5 - 4436 17.3 1274
4.0 6.4 3823 26.9 1180

4.5 6.8 - - -

10.6 Location of Original Data

The original data may be found in ORNL Databook A-7745-G assigned to
S.E. Shumate.
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