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Abstract

E. coli growth was tested in a controlled environment at different concentrations of oxygen of 5% O2 and 9% O2 in the media, and was compared to the growth at 21% O2. It was found that E. coli growth was inhibited and showed anaerobic growth at 5% O2 with a growth rate of 0.0062 min-1 in comparison to the 21% O2 with a growth rate of 0.0097 min-1.  At 9% O2, the growth rate was comparable to the growth rate at the 21% O2 control of that trial, both at 0.0081 min-1, and thus aerobic growth was concluded to occur at this concentration of oxygen.  The threshold of anaerobic to aerobic growth was found to take place between 5% O2 and 9% O2.

Background

The amount of growth of an E.coli population depends on a number of limiting environmental factors.  Of these, the most influential are the temperature, the nutrients, inorganic ions and water available, the pH, and the amount of dissolved oxygen available to the organisms in the medium. 

Excepting the concentration of oxygen in the medium, the other factors will be kept constant at the optimal values for the growth of E.coli.  Because E.coli has been studied extensively, the optimal temperature value (37(C) and pH value (7.2) are accepted widely (Singleton).  In addition, E.coli grows well under a variety of minimal nutrient media.  In this experiment, the bacteria grow in a liquid medium including Bacto-Tryptone as a carbon source and sodium chloride to provide ions.  

Little has been published about the facultative anaerobic qualities of E.coli.  The E.coli are predicted to begin a distinctly anaerobic growth phase at about 1.4 ppm O2 (Bassiri).  1.4 ppm O2 is equivalent to introducing air with 5% oxygen content.  In comparison, 6 ppm O2 is equivalent to the normal oxygen content of air, 21% O2, at which E.coli is known to grow aerobically.  It is interesting to note that although E.coli grow fastest aerobically, the natural growth in the human intestine is anaerobic (Holland 118).  

The growth rate of E.coli is calculated from measurements of the optical density of the medium during growth.  Optical density is measured using a spectrophotometer.  The absorbance of a sample is directly proportional to the cell concentration in a dilute suspension because the thickness of the cuvette is 1cm.  The proportionality constant is 1.9x108 cells/ml per unit of absorbance.  The concentration of cells is plotted vs. time to attain a growth curve.  The semi-log of concentration is plotted vs. time for the log phase, the slope of which is the growth constant.

The two important apparatus used in this experiment are the Penn-Cell Apparatus and the Oxygen Meter.  The Penn-Cell Apparatus is a closed, sterile vessel of 1 liter in volume in which the culture grows.  It has three openings on the top: one for a thermometer and heating coil, one for the sparger tube, and one that fits the oxygen probe, pH meter, and tube for sample extraction.  A two-milliliter syringe is attached to the sample extraction tube to reduce the possibility of contamination.  The heating coil is connected to a heating pump with thermometer that automatically regulates the temperature.  The entire device rests on a magnetic stirring base, from which the magnetic bar spins to stir the culture.  

The oxygen meter is a device that includes an immersible probe that acts as an electrolytic cell and a digital readout of the oxygen concentration appears in parts per million. The measurement of oxygen is accomplished by applying a voltage across the sensor of the electrolytic cell.  Factors that affect the readings are oxygen concentration, salinity, and air pressure.  The liquid in which the probe is immersed must be stirred as the oxygen immediately around the sensor is easily depleted.  Also, the probe must be calibrated in a solution with the same salinity as the liquid and at the same pressure as the testing situation.  

Materials

Penn-Cell Culture Apparatus

-Sampling Apparatus

-Temperature Probe

-Sparger

-Dataplate digital hot plate/stirrer

-Heating coil

-Gelman sterile filter (0.2 (m)

-Second Nature Whisper 700 air pump

-Magnetic stirrer

Milton-Roy Spectronic 20D spectrophotometer

NAPCO Scientific Co. Model 9000-D Autoclave

Stopwatch

All American Electric Pressure Steam Sterilizer Model 25X

Assorted glassware and plastic ware

Cole-Parmer Oxygen Meter

Liquid E. Coli Microkwik cultures 

Sterile Growth Solution and water

-Deionized water

-Bacto-Trypone

-Yeast extract

-Sodium Chloride

-5N NaOH

-5N HCl

Methods

The means in which one performs an experiment has a direct effect on results obtained, so it is important to carefully follow the procedure, keeping it consistent within trials. 

Our experiment designed to inhibit the growth of E. coli is based on the fact that the amount of nitrogen gas can be increased to displace the oxygen available to the bacteria. We included three weeks of experimentation. The first week was dedicated to obtaining a calibration curve of oxygen concentration vs. time, after 100% nitrogen at 1.75 L/min is introduced into the Penn Cell apparatus to see how oxygen concentration 
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Figure 1. Calibration curve of concentration of O2.

changes with time (Figure 1). This will allow us to approximate how long it would take the oxygen concentration to decrease to obtain a certain oxygen concentration in the medium. 

We performed two more trials in the third and fourth weeks of experimentation that both included a control and was changed to different amounts of oxygen present in the medium.  During the third week in addition to the control, a 5% O2 trial was performed at 1.33 L/min N2 and 0.42 L/min air flow rates.  Since the 5% O2 trial showed anaerobic growth, we performed a 9% O2 level trial the fourth week at 1.00 L/min N2 and 0.75 L/min air flow rates, in addition to obtaining a control, in order to find a range in which the bacteria changed from aerobic to anaerobic growth called the threshold. Based on Dr. Bassiri’s knowledge, we approximated the threshold of aerobic and anaerobic growth to occur at approximately 5% O2.  All of these trials were performed in the Penn Cell Apparatus which allowed us to control the conditions in which E. coli cells grew by holding the pH and temperature constant at 7.2 and 37oC, respectively, and minimized contamination.  

To find the flow rates of N2 and air that combine to result in the maintenance of a particular percentage of O2 in the medium, we used the following calculations:

             N2 IN = N2 OUT

X(1) + Y(.79) = (X + Y)(Z), 







  (1)

where X and Y are the flow rates (L/min) and Z is the % N​2 wanted
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Figure 2.  Air and Nitrogen flow paths into the Penn Cell apparatus.

To obtain constant 5% O2 flowing in, as will occur in the second week of experimentation, we need to obtain 95% N2. Essential to our measurements and calculations as well as obtaining the calibration curve is the oxygen probe. We used the oxygen probe to find the concentration of O2 in parts per million (ppm). We found in calibrating the oxygen probe to the medium that under aerated conditions in the Penn Cell apparatus, there is 6.0 ppm of O2.  This calibration was obtained using the calibration charts in the manual.  To account for the salinity of the medium and the air pressure in the room, and knowing that the oxygen content in the aerated solution is 21%, the concentration reading was set to 6.0 ppm.  The corresponding concentrations for the 5% O2 and 9% O2 were found by using the linear correlation between concentration and percent content.  For example, to obtain 5% O2 or an equivalent 95% N2, we need a reading of 1.4 ppm on the oxygen probe, since 6.0 ppm refers to 21% O2. To tailor to the limits of the two air flow meters (one of which goes from 0 L/min to 2 L/min, and the other, which goes from 0.5 L/min to 2.5 L/min), we set the sum of the two air flows for nitrogen and air to be

X + Y = 1.75 L/min, where X and Y are the flow rates (L/min)

      (2)

Solving for X and Y using the two equations above and filling in the percentage of N2 (Z in equation 1) that is wanted, we obtained the right airflow to set in the two airflow meters. X (pure nitrogen flow) is found to be 1.33 L/min, and Y (79% nitrogen flow) is 0.42 L/min.  This creates a constant concentration of O​2 at 5% O2, or 1.4 ppm.  These calculations were repeated for the 9% O2 ​trial, which correspond to 2.6 ppm.  In each experiment the total airflow will be maintained at 1.75 L/min.  The flow rates and oxygen concentration in ppm on the oxygen probe for each trial is summarized in table 1.

Trial
[O2] in ppm
N2 flow rate (L/min)
Air flow rate (L/min)

5% O2
1.4
1.33
0.42

9% O2
2.6
1.00
0.75

Table 1. Flow rates to obtain oxygen concentration.

We verified these calculations by setting up the Penn Cell Apparatus with the oxygen probe immersed in the medium and setting the flow rates of N​​2 and air at the specified flow rates and read the oxygen probe to see if the concentration of O2 was actually met.  When we set the flow rates at the specified flow rates for the 5% O2 trial of N​​2 and air at 1.33 L/min and 0.42 L/min, respectively, we did obtain an oxygen concentration of 1.4 ppm. When we set the flow rates at the specified flow rates for the 9% O2 trial of N​​2 and air at 1.00 L/min and 0.75 L/min respectively, we did obtain an oxygen concentration of 2.6 ppm.

As was said previously, our control of bacteria growth in air (21% O2) was incorporated into our 5% O2 and 9%O2 trials. For each trial we let the bacteria grow through its lag phase at 21% O2, taking data points of absorbance every fifteen minutes. When the log phase began, at least four points in the log phase were recorded at 21% O2, and then the flow was changed to 100% N2 at 1.75 L/min for the extrapolated amount of time from the calibration curve (Figure 1) to get the oxygen concentration close to the wanted amount.  Data points were taken every five minutes. We then changed the flow rates to the calculated amounts for the given trial, and data points were taken once again every five minutes. For example, in the 5% O2 trial, the bacteria went through the lag phase and then after it began growing exponentially, the air flow was shut off and 100% N2 was turned on at 1.75 L/min for approximately 12 seconds, as extrapolated from the calibration curve of [O2] vs. time, in order to obtain 5% O2 at 1.4 ppm. By adding N2 at 100% first, and then changing the flow rates of N2 and air to the calculated amounts, we minimized the time it took to change the oxygen concentration to 1.4 ppm. 

The way we confirmed that the bacteria were growing in the log phase was by looking at the semi-log graph plotted and checking the validity of the trendline using the R2 value.  After the bacteria grew in the log phase at 21% O2 for at least 4 recorded data points, we switched the flow rates to obtain a 5% O2 level or a 9% O2 ​​​level and recorded data points after the addition of the different flow rates of N2 and air.  In the semi-log graph, a two-part growth curve was established for before and after the addition of nitrogen and air at calculated amounts that provided us with two growth rates for before and after the addition of nitrogen and air at calculated amounts to be compared.

Results


For each of the three different percent oxygen trials, the concentration of the cells at the end of each time interval was calculated from the absorbance reading.  The cell concentrations were plotted versus time.  The growth curve for the 21% trial is shown in Figure 3 and the remaining two for the 5% O2 and 9% O2 can be found in the Appendix. 
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Figure 3. Concentration of E. Coli Cells versus Time for 21% Oxygen trial.

From inspection of this bacterial growth curve, the bacteria appeared to not have exponential growth.

The exponential growth rate constants for the 5% and 9% oxygen trials were determined using different methods from that of the 21% trial.  After constructing the growth curve for the 5% trial, we plotted the linear portion of the curve both before (the control) and after nitrogen were added as two separate semi-logarithmic curves.  From Figure 4, we determined the growth rate constant before nitrogen addition to be .0097 min-1. 
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Figure 4. Semi-log Graph before nitrogen addition for 5% oxygen trial (Control).
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From Figure 5, we determined the growth rate constant after nitrogen addition to be .0062 min-1.  This lower growth rate constant at 5% oxygen content indicates that the addition of nitrogen to displace oxygen inhibited growth. 

Figure 5. Semi-log Graph after nitrogen addition for 5% oxygen trial.

The time it took for the nitrogen to affect the growth of the bacteria in the 5% O2 trial was found, beginning at the time the nitrogen and air flow rates were changed (t=222 min) to the time the growth rate changed (t=230 min).  This is seen in Figure 6.
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Figure 6. The semi-log graph of E. Coli Cells versus Time for 5% Oxygen trial.
For the 9% oxygen content trial, we determined the growth rate constant in the same manner as the 5% O2 trial, but found that a best fit line could be fit for the entire log phase with an R2 value of .989 as shown in Figure 7 and was a better fit than two separate best fit lines for before and after the addition of N2 and air. This indicates that the slope of the semi-logarithmic graph is the same throughout.  Therefore, the growth rate constant of .0081 min-1, is the same both before and after nitrogen addition.  The addition of nitrogen to displace oxygen did not inhibit growth for the 9% oxygen trial. 
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Figure 7. Semi-log Graph before and after nitrogen addition for 9% oxygen trial.

Our values for the exponential growth rate constant were all determined by running a linear regression on the linear portions of the semi-logarithmic graph.  The coefficient of the x variable determines the growth rate constant.  These values correspond to the slopes of the semi-logarithmic graphs for all our trials.  Also from Regression analysis, we can obtain standard error and the 95% confidence intervals, which are shown in Table 2.  Furthermore, one can see that the growth rate constant for the 21% O2 trial differs significantly from the controls of the other trials, and so can be disregarded.  For the 5% O2 trial, the intervals do not overlap, indicating that all of the growth rate constants are statistically different.  The doubling time was calculated using the formula Doubling Time = 0.693/(slope of the semi-logarithmic graph).  Regression outputs for all three trials are located in the Appendix.  


% Oxygen
Growth Rate Constant (1/min)
Standard Error
95% Confidence Interval ((%)
Doubling Time (min)

21%
0.0027
4.96*10^-5
5.78
256.7

5% (before nitrogen addition)
0.0097
1.18*10^-4
4.90
71.2

5% (after nitrogen addition)
0.0062
2.19*10^-4
9.19
111.9

9%
0.0081
2.86*10^-4
7.60
85.2

Table 2. Standard Error and 95% Confidence Limits.
Discussion


Changing the oxygen concentration was an important part of this experiment.  By using the oxygen probe, we were able to plot the concentration of oxygen verses time after a change in the air flow concentration for a solution which did not contain the bacteria.  When the concentration of the oxygen in the growth medium with the bacteria was followed using the oxygen probe, it was found that an accurate measurement could not be obtained.  The concentration of oxygen appeared to vary greatly from one measurement to the next.  Since the probe was calibrated prior to its usage and the calibration was verified at the end of experimentation, we concluded that the bacteria hindered the oxygen probe’s ability to accurately measure the concentration.  For that reason, we based the change of oxygen concentration solely on our calculations and the calibration curve in Figure 1.


Examining the results from the first week when we grew the bacteria at 21% oxygen, we found that the growth was not as expected.  Comparing our growth curve, which was plotted over a period of six hours, to the growth curve obtained by several of our colleagues, we concluded that the bacteria did not move out of the lag phase.  For our other trials at 5 and 9% oxygen, we were able to obtain growth outside of the lag phase in the time period expected.  This allowed for us to accomplish our goals in the study of anaerobic growth of E. coli.


First, for our trial at 5% oxygen, we were able to clearly see a change in the growth rate after the air composition was changed.  This signified that if the oxygen concentration were lowered sufficiently, the growth would switch to the less efficient anaerobic mode.  The growth rate in the anaerobic phase was 64% of the growth rate before the air composition was altered.  The time that it took for the bacteria to switch from anaerobic to aerobic was then calculated to be 8 minutes.  This was done by finding the difference between the time that the rate of growth first changed and the time that the air composition was changed.  Since the change of the air composition only took a matter of seconds, this proved to be a good method.  


From the 9% oxygen trial, there were several other findings that were made.  First, we found that the growth of the bacteria remained aerobic at a 9% oxygen level. The growth after the change in oxygen concentration was consistent with the growth before the change.  This led us to see that the threshold of oxygen switching from anaerobic to aerobic growth is between 5 and 9% oxygen.  Also, we concluded that there is no partial anaerobic growth since the growth at 9% and 21% are the same.  


This experiment was done under considerable time constraints.  It is based solely on one trial at each concentration, which could possibly be inconsistent with the actual growth of E. coli.  Also, the control for the trial at 5% O2 was based on only 4 points.  These points represent 1 hour of data collection, but by taking more points, we could better confirm the growth rate.  We did not take control data for a longer period of time because we did not want the bacteria to move out of the exponential growth phase before we could determine if it grew anaerobically at 5% O2.


The growth rate of the bacteria at 21% oxygen was different for each trial.  This was also the case when comparing the growth with those of other groups.  There are several explanations that we attributed to this occurrence.  First, the temperature of the room was different each week because of the lack in climate control in the lab.  The bacteria’s growth rate is dependent on the temperature of the medium.  Also since the data taken depended on the growth of a living organism, one cannot expect for the growth to be exactly the same from one week to the next.  These are two of the variables that were beyond our control in the experiment, which caused differences in the 21% O2 growth rate.
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Figure A1. Concentration of E. Coli Cells versus Time for 5% Oxygen trial.
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Figure A2. Concentration of E. Coli Cells versus Time for 9% Oxygen trial.

Regression Statistics







Multiple R
0.997733






R Square
0.995472






Adjusted R Square
0.995123






Standard Error
0.013398






Observations
15














ANOVA








df
SS
MS
F
Significance F


Regression
1
0.513011
0.513011
2857.79
1.26E-16


Residual
13
0.002334
0.00018




Total
14
0.515345














Coefficient
Standard Error
t Stat
P-value
Lower 95%
Upper 95%

Intercept
0.607332
0.010131
59.94949
2.86E-17
0.585446
0.629218

X Variable 1
0.002651
4.96E-05
53.4583
1.26E-16
0.002544
0.002758

Table A1. Regression Analysis for 21% Oxygen Trial.
Regression Statistics







Multiple R
0.999852






R Square
0.999704






Adjusted R Square
0.999556






Standard Error
0.001838






Observations
4














ANOVA








df
SS
MS
F
Significance F


Regression
1
0.022815
0.022815
6756.676
0.000148


Residual
2
6.75E-06
3.38E-06




Total
3
0.022821














Coefficients
Standard Error
t Stat
P-value
Lower 95%
Upper 95%

Intercept
-1.56007
0.026041
-59.9085
0.000279
-1.67212
-1.44803

X Variable 1
0.009735
0.000118
82.199
0.000148
0.009225
0.010244

Table A2. Regression Analysis for 5% Oxygen Trial (before N2 addition).
Regression Statistics







Multiple R
0.996876






R Square
0.993762






Adjusted R Square
0.992514






Standard Error
0.010934






Observations
7














ANOVA








df
SS
MS
F
Significance F


Regression
1
0.095221
0.095221
796.5481
1.05E-06


Residual
5
0.000598
0.00012




Total
6
0.095819














Coefficients
Standard Error
t Stat
P-value
Lower 95%
Upper 95%

Intercept
-0.73854
0.056334
-13.11
4.61E-05
-0.88335
-0.59373

X Variable 1
0.006194
0.000219
28.22318
1.05E-06
0.00563
0.006758

Table A3. Regression Analysis for 5% Oxygen Trial (after N2 addition).
Regression Statistics







Multiple R
0.994486






R Square
0.989002






Adjusted R Square
0.98778






Standard Error
0.025876






Observations
11














ANOVA








df
SS
MS
F
Significance F


Regression
1
0.541913
0.541913
809.3184
3.99E-10


Residual
9
0.006026
0.00067




Total
10
0.547939














Coefficients
Standard Error
t Stat
P-value
Lower 95%
Upper 95%

Intercept
-1.43621
0.066062
-21.7404
4.34E-09
-1.58565
-1.28677

X Variable 1
0.00813
0.000286
28.44852
3.99E-10
0.007484
0.008776

Table A4. Regression Analysis for 9% Oxygen Trial.
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		65		215		0.179		3.401		0.5316066319												222-change air

		74		224		0.219		4.161		0.6191977158

		80		230		0.252		4.788		0.6801541417

		85		235		0.277		5.263		0.72123337

		97		247		0.332		6.308		0.7998916847

		105		255		0.37		7.03		0.846955325

		115		265		0.402		7.638		0.882979654

		125		275		0.486		9.234		0.9653898702

		135		285		0.568		10.792		1.0331019367
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		time		Abs		conc		log conc

		0		0.045		8550000		6.9319661147

		15		0.041		7790000		6.8915374577

		30		0.046		8740000		6.9415114326

		45		0.05		9500000		6.9777236053

		60		0.056		10640000		7.026941628

		75		0.065		12350000		7.0916669576

		90		0.079		15010000		7.1763806922

		105		0.107		20330000		7.3081373786

		120		0.155		29450000		7.4690852991

		135		0.239		45410000		7.6571515019

		150		0.277		52630000		7.72123337

		165		0.366		69540000		7.8422346863

		180		0.494		93860000		7.9724805499

		195		0.658		125020000		8.0969794946

		210		0.78		148200000		8.1708482036

		218		0.825		156750000		8.1952075495
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Sheet1

		stopwatch		time (0=11:13)		abs		conc		log conc

		0		11:13		0.047		0.893		-0.0491485411

		30		11:43		0.043		0.817		-0.0877779435

		60		12:13		0.042		0.798		-0.0979971086

		75		12:28		0.046		0.874		-0.0584885674

		93		12:46		0.05		0.95		-0.0222763947

		105		12:58		0.049		0.931		-0.031050319

		120		1:13		0.057		1.083		0.0346284566

		135		1:28		0.061		1.159		0.064083436

		150		1:43		0.061		1.159		0.064083436

		175		2:08		0.061		1.159		0.064083436

		185		2:18		0.067		1.273		0.1048284037

		195		2:28		0.076		1.444		0.1595671932

		208		2:38		0.091		1.729		0.2377949933

		215		2:48		0.101		1.919		0.2830749747

		221		2:54		0.111		2.109		0.3240765797

		225		3:00		0.127		2.413		0.3825573219														223

		236		3:10		0.161		3.059		0.485579477

		245		3:18		0.192		3.648		0.5620548297

		255		3:28		0.252		4.788		0.6801541417

		265		3:38		0.276		5.244		0.719662683

		275		3:48		0.325		6.175		0.7906369619

		290		4:03		0.456		8.664		0.9377184436
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Sheet1

		stopwatch		time (0=10:54)		abs		conc		log conc

		18		33		0.089		1.691		0.2281436076

		45		60		0.075		1.425		0.1538148643

		60		75		0.069		1.311		0.1176026917

		66		81		0.085		1.615		0.2081725267

		71		86		0.085		1.615		0.2081725267

		75		90		0.085		1.615		0.2081725267

		85		100		0.09		1.71		0.2329961104

		90		105		0.081		1.539		0.1872386198

		100		115		0.086		1.634		0.2132520522

		110		125		0.083		1.577		0.1978316933

		125		140		0.088		1.672		0.2232362731

		135		150		0.089		1.691		0.2281436076

		10		160		0.093		1.767		0.2472365495

		20		170		0.099		1.881		0.2743887956

		25		175		0.109		2.071		0.3161800989

		35		185		0.116		2.204		0.3432115902

		40		190		0.12		2.28		0.357934847

		45		195		0.13		2.47		0.3926969533

		55		205		0.15		2.85		0.45484486

		60		210		0.161		3.059		0.485579477

		65		215		0.179		3.401		0.5316066319												222-change air

		74		224		0.219		4.161		0.6191977158

		80		230		0.252		4.788		0.6801541417

		85		235		0.277		5.263		0.72123337

		97		247		0.332		6.308		0.7998916847

		105		255		0.37		7.03		0.846955325

		115		265		0.402		7.638		0.882979654

		125		275		0.486		9.234		0.9653898702

		135		285		0.568		10.792		1.0331019367





Sheet1

		



time (minutes)

log [cell concentration*10^7]



Sheet2

		



time (minutes)

cell concentration (x10^7)



Sheet3

		



time (minutes)

log [cell concentration*10^7]



		time		Abs		conc		log conc

		0		0.045		8550000		6.9319661147

		15		0.041		7790000		6.8915374577

		30		0.046		8740000		6.9415114326

		45		0.05		9500000		6.9777236053

		60		0.056		10640000		7.026941628

		75		0.065		12350000		7.0916669576

		90		0.079		15010000		7.1763806922

		105		0.107		20330000		7.3081373786

		120		0.155		29450000		7.4690852991

		135		0.239		45410000		7.6571515019

		150		0.277		52630000		7.72123337

		165		0.366		69540000		7.8422346863

		180		0.494		93860000		7.9724805499

		195		0.658		125020000		8.0969794946

		210		0.78		148200000		8.1708482036

		218		0.825		156750000		8.1952075495
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Sheet1

		stopwatch		time (0=11:13)		abs		conc		log conc

		0		11:13		0.047		0.893		-0.0491485411

		30		11:43		0.043		0.817		-0.0877779435

		60		12:13		0.042		0.798		-0.0979971086

		75		12:28		0.046		0.874		-0.0584885674

		93		12:46		0.05		0.95		-0.0222763947

		105		12:58		0.049		0.931		-0.031050319

		120		1:13		0.057		1.083		0.0346284566

		135		1:28		0.061		1.159		0.064083436

		150		1:43		0.061		1.159		0.064083436

		175		2:08		0.061		1.159		0.064083436

		185		2:18		0.067		1.273		0.1048284037

		195		2:28		0.076		1.444		0.1595671932

		208		2:38		0.091		1.729		0.2377949933

		215		2:48		0.101		1.919		0.2830749747

		221		2:54		0.111		2.109		0.3240765797

		225		3:00		0.127		2.413		0.3825573219														223

		236		3:10		0.161		3.059		0.485579477

		245		3:18		0.192		3.648		0.5620548297

		255		3:28		0.252		4.788		0.6801541417

		265		3:38		0.276		5.244		0.719662683

		275		3:48		0.325		6.175		0.7906369619

		290		4:03		0.456		8.664		0.9377184436
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Sheet1

		stopwatch		time (0=10:54)		abs		conc		log conc

		18		33		0.089		1.691		0.2281436076

		45		60		0.075		1.425		0.1538148643

		60		75		0.069		1.311		0.1176026917

		66		81		0.085		1.615		0.2081725267

		71		86		0.085		1.615		0.2081725267

		75		90		0.085		1.615		0.2081725267

		85		100		0.09		1.71		0.2329961104

		90		105		0.081		1.539		0.1872386198

		100		115		0.086		1.634		0.2132520522

		110		125		0.083		1.577		0.1978316933

		125		140		0.088		1.672		0.2232362731

		135		150		0.089		1.691		0.2281436076

		10		160		0.093		1.767		0.2472365495

		20		170		0.099		1.881		0.2743887956

		25		175		0.109		2.071		0.3161800989

		35		185		0.116		2.204		0.3432115902

		40		190		0.12		2.28		0.357934847

		45		195		0.13		2.47		0.3926969533

		55		205		0.15		2.85		0.45484486

		60		210		0.161		3.059		0.485579477

		65		215		0.179		3.401		0.5316066319												222-change air

		74		224		0.219		4.161		0.6191977158

		80		230		0.252		4.788		0.6801541417

		85		235		0.277		5.263		0.72123337

		97		247		0.332		6.308		0.7998916847

		105		255		0.37		7.03		0.846955325

		115		265		0.402		7.638		0.882979654

		125		275		0.486		9.234		0.9653898702

		135		285		0.568		10.792		1.0331019367
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		time		Abs		conc		log conc

		0		0.045		8550000		6.9319661147

		15		0.041		7790000		6.8915374577

		30		0.046		8740000		6.9415114326

		45		0.05		9500000		6.9777236053

		60		0.056		10640000		7.026941628

		75		0.065		12350000		7.0916669576

		90		0.079		15010000		7.1763806922

		105		0.107		20330000		7.3081373786

		120		0.155		29450000		7.4690852991

		135		0.239		45410000		7.6571515019

		150		0.277		52630000		7.72123337

		165		0.366		69540000		7.8422346863

		180		0.494		93860000		7.9724805499

		195		0.658		125020000		8.0969794946

		210		0.78		148200000		8.1708482036

		218		0.825		156750000		8.1952075495
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Sheet1

		stopwatch		time (0=10:54)		abs		conc		log conc

		18		33		0.089		1.691		0.2281436076

		45		60		0.075		1.425		0.1538148643

		60		75		0.069		1.311		0.1176026917

		66		81		0.085		1.615		0.2081725267

		71		86		0.085		1.615		0.2081725267

		75		90		0.085		1.615		0.2081725267

		85		100		0.09		1.71		0.2329961104

		90		105		0.081		1.539		0.1872386198

		100		115		0.086		1.634		0.2132520522

		110		125		0.083		1.577		0.1978316933

		125		140		0.088		1.672		0.2232362731

		135		150		0.089		1.691		0.2281436076

		10		160		0.093		1.767		0.2472365495

		20		170		0.099		1.881		0.2743887956

		25		175		0.109		2.071		0.3161800989

		35		185		0.116		2.204		0.3432115902

		40		190		0.12		2.28		0.357934847

		45		195		0.13		2.47		0.3926969533

		55		205		0.15		2.85		0.45484486

		60		210		0.161		3.059		0.485579477

		65		215		0.179		3.401		0.5316066319												222-change air

		74		224		0.219		4.161		0.6191977158

		80		230		0.252		4.788		0.6801541417

		85		235		0.277		5.263		0.72123337

		97		247		0.332		6.308		0.7998916847

		105		255		0.37		7.03		0.846955325

		115		265		0.402		7.638		0.882979654

		125		275		0.486		9.234		0.9653898702

		135		285		0.568		10.792		1.0331019367
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		time		Abs		conc		log conc

		0		0.045		8550000		6.9319661147

		15		0.041		7790000		6.8915374577

		30		0.046		8740000		6.9415114326

		45		0.05		9500000		6.9777236053

		60		0.056		10640000		7.026941628

		75		0.065		12350000		7.0916669576

		90		0.079		15010000		7.1763806922

		105		0.107		20330000		7.3081373786

		120		0.155		29450000		7.4690852991

		135		0.239		45410000		7.6571515019

		150		0.277		52630000		7.72123337

		165		0.366		69540000		7.8422346863

		180		0.494		93860000		7.9724805499

		195		0.658		125020000		8.0969794946

		210		0.78		148200000		8.1708482036

		218		0.825		156750000		8.1952075495
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Sheet1

		time (0=11:49)		abs		conc		log conc		dilution		O2 (ppm)		temp		pH

		60		0.317		6.023		0.7798128632				4.4		37		good		1.90E+04

		90		0.371		7.049		0.8481275106				4.6		37		good

		120		0.43		8.17		0.9122220565				4.7		37		good

		135		0.478		9.082		0.9581814976				4.7		37		good

		150		0.53		10.07		1.0030294706				4.7		37		good

		165		0.58		11.02		1.0421815945				4.7		37		good

		180		0.628		11.932		1.0767132447				4.6		37		good

		195		0.676		12.844		1.1087002969						37		good

		210		0.838		15.922		1.2019976196				4.5		37		good

		225		0.835		15.865		1.2004400764						37		good

		240		0.91		17.29		1.2377949933						37		good

		255		1.01		19.19		1.2830749747				3.3		37		good

		270		1.13		21.47		1.3318320444				3.5		37		good

		285		1.22		23.18		1.3651134316				4.3		37		good

		300		1.31		24.89		1.3960248966						37		good

		315		1.37		26.03		1.4154741681						37		good

		330		1.43		27.17		1.4340896384				3		37		7.4

		345		1.52		28.88		1.4605971889				2.6				7.46

		360		1.6		30.4		1.4828735836
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