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SUMMARY OF PROJECT

In an experiment to determine the effect of extracellular pH on the growth rate of Saccharomyces cerevisiae, the yeast was grown in an aerobic culture at 37 degrees Celsius, and appropriate amounts of acid and/or base were added to attain and then keep the medium at a constant predetermined pH for approximately an hour, having a standard deviation of no more than ±0.0935 pH units.  These chosen pHs ranged from 2 to 8.  From absorbance readings taken every 10 minutes, plots of ln(absorbance) versus time were made.  The slopes of the ln(absorbance) versus time plots were used to determine the growth rate constant, which was then plotted against the previously recorded pH values.  All of these plots were used to determine the correlation between growth rate constant and pH.

The results of the growth rate constants for each pH 2-8 are 0.001316, 0.002763, 0.003542, 0.002744, 0.003549, 0.003089, and 0.002627 (all in min-1) respectively.  Statistical analysis has shown that the 95% confidence limits of the growth constant at each pH do not overlap with those of the pH directly above and below it.  Also, the plot of growth rate constant versus pH shows a second order relationship having an optimal maximum growth rate at a pH level between 4 and 6.  This shows that pH does affect the growth rate constant.  Because some pHs were evaluated right after another pH was observed, some other variables besides pH that come about near the end of the growth phase, such as toxic products of cell growth, might have effected the value of the growth rate of yeast.  Performing multiple trials of the same pH, as well as observing growth rate for each pH for an extended period of time, would have produced more accurate data for better analysis. 

Objectives: 

The objective of this project was to determine the effect of growth medium pH on the growth rate of Fleischmann’s active dry yeast (Saccharomyces cerevisiae).  By determining growth rate constants at multiple pHs, a relationship, if any, between logarithmic yeast growth and extracellular pH can be derived.  

To achieve the objective of this lab, the pH of the growth media (extracellular solution) was altered and maintained using a “pH pump” that added 1 M HCl and/or 1 M NaOH when necessary. A pH range of 2-8 was tested.  A number of absorbance values were obtained at each pH, and a plot of ln (Absorbance) vs. time was made.  Slopes of these plots were equivalent to the growth rate constant of Saccharomyces cerevisiae at the observed pH.  Growth rate constants were then compared to constants of other pHs to see if significant differences could be observed.
It was hypothesized that rate of yeast growth is not related to the pH of the yeast medium.  Previous experiments had shown that yeast starts growing at an extracellular pH of approximately 6.5, and, even though the pH drops to as low as 4.0 during the growth phase, the slope of the logarithmic growth phase appeared steady and one growth constant was obtained.  This suggested that the yeast growth rate is independent of extracellular pH.  

Background:  


Cellular activity is contingent upon one cellular function: cellular respiration.  The ATP produced by cellular respiration is the driving force for cellular functions such as growth and reproduction.   In a specific case, cellular respiration of Saccharomyces cerevisiae occurs in two ways: anaerobically and aerobically.  Through anaerobic respiration, yeasts are useful in the fermentation of ethanol alcohol, which can be commercially used in the preparation of alcoholic beverages.  However, anaerobic respiration does not produce the necessary amount of ATP for more complex functions such as growth.  Aerobic respiration, on the other hand, can provide enough energy in stored ATP to fuel most functions of Saccharomyces cerevisiae, which is very active metabolically
.


As a by-product of aerobic respiration, glycolysis and the citric acid (Krebs) cycle facilitate the release and accumulation of H+ ions the longer respiration takes place, leading to a lowering of pH
.  In addition, the further along respiration a yeast cell is, the more glucose is consumed; this disappearance of glucose from growth medium in which yeast grows has been found to induce an increase in the activities of the enzymes of the Krebs cycle, which further compounds the production of H+
.


The extracellular pH of a growth medium is an important factor in cellular processes.  The pH of a cell’s surrounding environment affects intracellular pH, which in turn alters the enzymatic activity within cells
, such as the enzymatic pathways leading to cell growth.  Most enzymatic reactions have a pH optimum, which corresponds to the maximum rate with which enzymes can react.  Above and below this pH, activity markedly declines
. 


 Optimal cellular activity requires the control of internal conditions, among which pH is most vital.  Most organisms have internal mechanisms that can maintain a homeostatic intracellular pH at a relatively constant pH in the presence of fluctuating environmental pHs
.  Through cell-medium proton exchange processes (pumping of protons out of cytosol into growth medium at different sites on the surface), cells can precisely regulate their intracellular pH
.  As a result, intracellular pH tends to vary less than extracellular pH.  However, as extracellular pH deviates from the optimal pH, the cell’s maintenance energy requirements increase
 to a point where the cell may not be able to meet the requirements, and will experience death.

In a discussion with Dr. Mike Shuler of Cornell University, it was learned that as pH alters intracellular pH, and in turn enzyme kinetics, endysomic organelles are affected, which can lead to altered responses to cell signals.
 Yeast reproduces by the process of mitosis, or binary fission.  It is believed that a series of checkpoints and cell signals control the mitotic processes, and the frequency with which they occur.
  Depending on the degree to which these endysomic organelles are affected by extracellular pH, the responses to cell signals pertaining to mitotic division may be augmented or inhibited by changes in extracellular pH.

In the process of cell growth, the pH of the extracellular solution steadily drops until cell growth ceases, and enters first, a stationary phase, and, eventually, the death phase.  This suggests that growth rate constants of Saccharomyces cerevisiae may in fact be a function of extracellular pH. However, experimental data at 37°C shows the growth rate of Saccharomyces Cerevisiae to be 0.0037/min (Group W1)
, determined over a changing pH, with the starting and ending pH being 6.5 and 4.5, respectively.  The fact that the growth rate appears to remain constant while the extracellular solution becomes more acidic suggests that the cell might have the viable internal mechanisms to continue cell growth and division at a sustained rate, even under increasingly adverse external conditions.  

Theory and Methods of Calculation  


For each experiment, a graph of Absorbance versus time was created in order to look at the data and approximate where the growth phase occurs.  Regression analysis was used to find specifically where the logarithmic growth phase began and ended.  For this region, a graph of ln(Absorbance) versus time was constructed to find the growth constant, which is the slope of this linear curve.  This was done at all the different pH levels, and significance testing was performed to confirm whether the calculated growth rate constants are or are not significantly different at different pHs.  With the data collected in these experiments, it was possible to produce a plot of growth rate constant versus pH to quantitatively assess the affect of pH on the yeast growth rate.  


Materials and Apparatus:  

· Materials Outlined in Lab Manual (Exp. 1, Pg 3)

· Two (2) Titrating Burettes (+/- 0.05 mL)

· Polyvinyl chloride (PVC) Tubing

· Two (2) 1-mL pipettes

· Digital pH meter and electrode

· 1 M NaOH and 1 M HCl

Methods, Protocols, and Procedures
Before experiments to prove the hypothesis could be conducted, it was necessary to develop a reliable method of altering the pH level during the growth of the yeast.   This was to be accomplished by adding either acid (HCl) or base (NaOH) using a titrating burette, positioned deep in the growth medium, to the growing yeast as necessary (see ‘pH pump’ below).  In order to determine a basis for how much would be necessary to shift and maintain pH, a titration with both HCl and NaOH into the buffer YPD broth was conducted.  It was determined that a 1 M solution of both solutions would be used for the duration of the experiment.  Specifically, using the titration curve, the following could be determined:

(1) The amount of acid or base needed to shift the solution to a new pH value 

(2) The amount needed to keep it in the specified pH range (proposed range of ±0.1) 

Figure 1: Acid/Base Titration on Growth Media
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Prose:  The above titration curve was conducted by adding 0.1M acid and base into 100 ml of prepared YPD broth (growth media).   The buffer range of the growth media was determined to be a pH range of 3 to 9.  From this titration curve, the volume of NaOH or HCl needed to raise or drop the pH to a certain level, and how much base is needed to maintain pH levels, can be determined.  Since the actual experiment involved 1 liter of growth media, use of 1M HCl and 1 M NaOH solutions was sufficient. 
pH pump:

In order to be able to add both acid and base to the growth media, a device has been constructed using two titrating burettes, each with a PVC tube connecting it to a truncated 1 ml pipette.  Before use, the apparatus was flushed with an appropriate amount of acid or base in order to remove air from the burette tips/PVC tubing/pipettes that might affect burette readings. Using a two-holed cork, the pipettes were positioned in the PENNCELL, deep enough to reach the bottom.  The apparatus was then used to add base or acid to the yeast solution when necessary.

The purposes of the ‘pH pump’ were (1) to prevent immediate death that might occur if the acids or bases were simply added to the top of the growth media, and (2) to prevent the interchanging of burettes in the apparatus.   With two burettes, either acid or base could be added as needed to maintain and/or raise/lower the pH.

Protocol Standards:  

All experiments were conducted under the following conditions:

· Temperature: 37º C 
· Absorbance: 550 nm

· Air flow-rate: 0.75 SLPM (Standard Liters per minute)

· Sterilized growth media and apparatus

· Stirrer: 200 RPM

Week 1 (4/4) The basic experimental procedure followed can be found in the BE 210 Lab Manual under Experiment 1.  At time t=0, the spectrophotometer was calibrated, and the PENNCELL was inoculated with yeast; the extracellular pH at t=0 was found to be approximately 6.5. The yeast was allowed to grow naturally for approximately an hour, which was deemed ample time for the yeast to enter its logarithmic growth phase.  After an hour, the pH was shifted to and maintained at 6 for approximately an hour.  The pH was then shifted to and maintained at 5 for another hour.  Absorbance and pH values were recorded every 10 minutes and 5 minutes, respectively.  A growth rate constant for each pH was determined from the data. 

Week 2 (4/11) The same procedures as performed for Week 1 were performed for Week 2 with different pH values. The pHs observed were first 7 and then 8.

Week 3 (4/18) The same procedure as performed for Week 1 and Week 2 were performed for Week 3 with different pH values. The pHs observed were 4, then 3, then 2.

Data And Results:
The experiment attempted to keep the pH constant for each tested pH.  However, it was difficult to predict exactly how much acid and/or base to add, despite having the titration curve, which led to slight fluctuations in pH.  The following table is a summary of each observed pH, and the actual average recorded pH:

Table 1: Measured pH table
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Prose: As evident in the table above, the measured pHs were not exactly in line with what was attempted to be maintained.  However, the measured average pHs were all relatively close to what was expected (most within ±0.1 of the attempted pH).   


For each of the 7 pHs that were measured, ln (Absorbance) vs. Time plots were made, and linear regressions were fit to each plot.  The following graph shows how the growth rates for the 7 pHs compare with each other:

Figure 2: Growth Rate Constants at Different pHs
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Prose: There are noticeable differences between the slopes of the ln(absorbance) vs. time plots of each pH.  This implies that there may in fact be a correlation between growth rate constant and extracellular pH.  High R-square values indicate that the linear regression lines are excellent fits for the experimental data (perfect R2=1).  

The following table is a summary of the regression statistics of the preceding plots:

Table 2: Regression Statistics for Each pH

	pH
	Slope (growth rate constant)
	Lower 95% CI
	Upper 95% CI
	R square

	2
	0.001316048
	0.00129722
	0.001334875
	0.999939381

	3
	0.002763196
	0.002571404
	0.002954989
	0.995195348

	4
	0.003542012
	0.003334758
	0.003749265
	0.99573204

	5
	0.002744284
	0.002270571
	0.003217997
	0.984773872

	6
	0.003549426
	0.00342975
	0.003669102
	0.996843435

	7
	0.003089285
	0.002992038
	0.003186532
	0.99900799

	8
	0.002626543
	0.002199578
	0.003053509
	0.992233443


Prose:  The growth rates of each pH can be seen and compared to those of other pHs.  95% confidence intervals show that each pH has a growth rate constant that is statistically different for its immediate neighbors (i.e. growth rate for pH=3 is statistically different from the growth rates produced at pH=2 and pH=4).  Anomalous data can be found for pH=5, where growth rates of its immediate neighbors are significantly higher.   High R-square values show a high degree of agreement between the linear regression model and the experimental data.    

 It was hypothesized that there is no correlation between extracellular pH and growth rate constants of Saccharomyces cerevisiae.  If this was so, a 1st order relationship would exist between ln(absorbance) vs. time regardless of the pH of the extracellular solution.  To observe if this was true, experimental data was shifted onto a continuous time axis, so that ln(absorbance) vs. time plots could be plotted in succession, from a pH of 2 to 8, and another, from a pH of 8 to 2. The following graphs show this:
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In order to better visually assess the differences between each extracellular pH and the growth constants they produce, a plot of specific growth constant vs. pH was made, as shown in the graph below:

Figure 4:  Growth Rate Constants and 95% Confidence Intervals for Different pHs

Prose:  The plot above suggests that there is a 2nd order relationship between growth rate constant and pH.  There appears to be an optimal pH between pHs 4 and 6.  However, there seems to be an anomalous point at pH=5.  It is believed that a maximum growth rate should appear at a pH of approximately 5, but only further experimentation would be able to corroborate such a claim.  R-square values range from 0.6446 to 0.819, indicating the 2nd order regression is a moderately accurate fit for the data.

To see the effect of the anomalous point found at a pH of 5, and to see if a 2nd order relationship could be better fitted to the data, the data point at pH=5 was removed, and a 2nd order regression analysis was performed.  The outcome of the analysis can be found in the following graph:

Figure 5: Growth Rate Constants and 95% Confidence Intervals for Different pHs (pH=5 removed)
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Prose:  With the growth rate at pH=5 removed, the data exhibits a stronger 2nd order relationship between growth rate constants and pH.  R-square values ranged from 0.8907 to 0.9919, which indicates that the 2nd order regression line is a much better fit for the data when the anomalous point is omitted.  

Analysis and Discussion:

Both Figure 2 and Table 2 show significant differences (non-overlapping confidence intervals) in the slopes (growth rate constants) between neighboring pH levels, which suggests that extracellular pH must have an effect on growth rate.  For example, the three consecutive growth rate constants that showed the most variation were for pHs of 2-4, with constants of 0.00133, 0.00295, and 0.00375, respectively.  Furthermore, both Figures 4 and 5 suggest not only a difference in growth rate with respect to pH, but a second order relationship between the two.  While the data for pH 5 looks anomalous at first glance, there is no apparent reason to remove this point, other than that the magnetic stirring rod often fell out of place during the run, fixing itself approximately 40 minutes into the run, which may have had some effect, but the amount of which can not be determined.  (The apparatus was clamped in place to avoid this for the following days’ experiments.)  The only other suggestion would be to remove all values taken at the end of each run.  One would remove the constants collected for pH levels of 2, 3, 5, and 8 in order to remove the possibility of the effect of toxins, etc. from previous yeast growth.  This would leave only three data points, which is much less desirable than seven, even if one might be faulty. Ultimately, the equation of the relationship is not as important as the obvious physical form the graph takes: a parabolic shape, with an optimal growth rate between 4 and 6.  

However, to look at Figure 3b, a manipulated display of the data, (as if all were taken subsequently in one run) suggests that a 1st order relationship exists between ln (absorbance) and time; a linear relationship would suggest no effect of pH on growth rate.  Therefore, a regression analysis was run on the best-fit line to this plot and the following residual plot was produced:

Figure 6: Residual Plot of Best-Fit Linear Regression line to Figure 3b
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Prose: The residual plot of the ln (absorbance) values for each pH, shifted to fit onto a continuous time scale, shows definite trends:  the first 5 points of the series show residuals above the x-axis, which represents the linear regression line that was fitted to the plot as shown in Figure 3b.  Following these first 5 points, five more noticeable groups of points lie above or below this line, showing possible trends to the right or left of the best-fit linear regression line show in Figure 3b.  This indicates that the 1st order regression line in Figure 3b is not a good model with which to approximate yeast growth.  This may also indicate that certain pHs may produce absorbance values that are consistently to the right or left of a 1st order regression line, indicating that pH may indeed have an effect on growth rate.     

In order to conclude that the line fit to the data is a good fit, the “pattern of [a residual] plot will be an unstructured horizontal band centered at zero... and symmetric about zero.  A curved pattern indicates that the relationship between y and x is curved rather than linear.
”  It is evident in the residual plot that there is a lack of symmetry between points along the x-axis (the 1st order regression line).  Because there are blatant sections of negative and positive values that are not symmetrical about the axis, it may be concluded that despite “looking linear” the best-fit relationship between ln(absorbance) and time is indeed NOT in the 1st order.  

Therefore, an explanation of the found data would then conclude that although the growth rates do differ as extracellular pH differs, perhaps the internal mechanisms of the cell regulate internal pH so that it remains at an acceptable level, despite increasingly adverse conditions, as suggested by the background discussion.   

Should an experiment like this be performed in the future, a few changes should be made.  First, the addition of Labview Software, if properly programmed, could be used to continuously measure changes in pH and then furthermore used to control the addition of acid or base as needed.  Programming this would be difficult though, as evidenced first, by the fact that the titration curve was not particularly useful when determining the amount to be added to shift or maintain pH.  In most cases, it was used as a starting point, and then more and more was added until the desired range was reached.  In nearly all cases, more acid or base needed to be added than expected because the medium was much more buffered than was anticipated.  Second, the amount needed each time depended on the current pH, and at times, the method of guess and check was used.  However, it was noted that at higher pHs, a great deal of adjustment was needed to maintain the proper pH.  That is, large amounts of base needed to be added frequently.  At lower pHs, a great deal more acid than thought was needed to shift the pH down, but once there, it rarely shifted on its own at all.  

Should an ideal way of controlling this automatically be determined, it would greatly decrease variation in pH, which would ultimately reduce error in growth rate constant.  

Also, while quantitatively, the effect of shifting the pH during a run is unknown, it is speculated that toxins from previous yeast growth could have effected the growth rate constants.  If given more time and materials, separate runs of different pHs should be made.  This would eliminate other sources of contribution to growth rate constant differences, leaving only pH as the determining factor.  In addition, more trials of each pH would result in a check of growth rate constant for the different pHs.

Conclusion:
1. Extracellular pH does have an effect on the growth rate of Saccharomyces cervisiae. 
2. The relationship between ln(absorbance) and time is not first order.

3. Due to other unexplained variables that could occur over time, it is believed that the best resolution would be to keep the pH constant for an entire run of the yeast.

References:
Figure 3a: Shifted Ln (absorbance) vs. time plot for simulated successive pH changes, from 2 to 8





Figure 3b: Shifted Ln (absorbance) vs. time plot for simulated successive pH changes, from 8 to 2





Prose: On the preceding graph, ln(absorbance) vs. time data was shifted, so as to obtained a graph that could effectively represent ln(absorbance) values if extracellular pH was changed successively, from 2 to 8.  If pH does not affect growth rate, as hypothesized, a 1st order linear function would be the best approximation of the graph above.  Fitting a linear regression to the data yields the following statistics:


y = 0.0031x-0.3973


R2 = 0.9977





Prose: A successive pH shift from 8 to 2 is considered in the preceding graph (direction should be taken into consideration, because extracellular pH naturally drops during yeast growth.  If pH does not affect growth rate, as hypothesized, a 1st order linear function would be a good approximation of the graph above.  Fitting a linear regression to the plot yields the following statistics:


y= 0.0032x – 0.0342


R2=0.9976
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Appendix:
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12:40 PM�
79�
5.97�
0.82�
-0.198450939�
0.5�
2.1�
0�
0�
�
12:45 PM�
84�
5.96�
�
�
0.6�
2.7�
0�
0�
�
12:50 PM�
89�
5.94�
0.845�
-0.168418652�
0.8�
3.5�
0�
0�
�
12:55 PM�
94�
5.94�
�
�
0.6�
4.1�
0�
0�
�
1:00 PM�
99�
5.92�
0.865�
-0.145025772�
1.1�
5.2�
0�
0�
�
1:05 PM�
104�
6.12�
�
�
0�
5.2�
0�
0�
�
1:10 PM�
109�
6.14�
0.905�
-0.099820335�
0�
5.2�
0�
0�
�
1:15 PM�
114�
6.14�
�
�
0�
5.2�
0�
0�
�
1:20 PM�
119�
6.13�
0.935�
-0.06720875�
0�
5.2�
0�
0�
�
1:25 PM�
124�
6.11�
�
�
0�
5.2�
0�
0�
�
1:30 PM�
129�
6.07�
0.965�
-0.035627178�
0�
5.2�
0�
0�
�
1:35 PM�
134�
6.05�
�
�
0�
5.2�
0�
0�
�
1:40 PM�
139�
6.01�
0.995�
-0.005012542�
0�
5.2�
0�
0�
�
1:45 PM�
144�
5.97�
�
�
0�
5.2�
0�
0�
�
1:50 PM�
149�
5.94�
1.035�
0.034401427�
0.5�
5.7�
0�
0�
�
1:55 PM�
154�
5.94�
�
�
0�
5.7�
0�
0�
�
2:00 PM�
159�
5.94�
1.09�
0.086177696�
0.5�
6.2�
0�
0�
�
2:05 PM�
164�
5.93�
�
�
0�
6.2�
0�
0�
�
2:10 PM�
169�
5.9�
1.11�
0.104360015�
0.55�
6.75�
0�
0�
�
2:15 PM�
174�
5.88�
�
�
0�
6.75�
0�
0�
�
2:20 PM�
179�
5.86�
1.15�
0.139761942�
0.65�
7.4�
0�
0�
�
2:25 PM�
184�
5.91�
�
�
0.35�
7.75�
0�
0�
�
2:30 PM�
189�
5.88�
1.22�
0.198850859�
0�
7.75�
0�
0�
�
2:35 PM�
194�
5.86�
�
�
0.95�
8.7�
0�
0�
�
2:40 PM�
199�
5.86�
1.26�
0.231111721�
0�
8.7�
0�
0�
�
2:45 PM�
204�
5.85�
�
�
0.65�
9.35�
0�
0�
�
2:50 PM�
209�
5.85�
1.29�
0.254642218�
0�
9.35�
0�
0�
�
2:55 PM�
214�
5.84�
�
�
0.85�
10.2�
0�
0�
�
3:00 PM�
219�
5.83�
1.32�
0.277631737�
0�
10.2�
0�
0�
�
3:05 PM�
224�
5.81�
 �
 �
0�
10.2�
7.35�
7.35�
�
3:10 PM�
229�
4.87�
1.36�
0.3074847�
0.5�
10.7�
0�
7.35�
�
3:15 PM�
234�
4.85�
�
�
0.4�
11.1�
0�
7.35�
�
3:20 PM�
239�
4.87�
1.4�
0.336472237�
0.5�
11.6�
0�
7.35�
�
3:25 PM�
244�
4.9�
�
�
0.6�
12.2�
0�
7.35�
�
3:30 PM�
249�
4.94�
1.42�
0.350656872�
0.45�
12.65�
0�
7.35�
�
3:35 PM�
254�
4.97�
�
�
0�
12.65�
0�
7.35�
�
3:40 PM�
259�
4.98�
1.46�
0.378436436�
0�
12.65�
0�
7.35�
�
3:45 PM�
264�
4.98�
�
�
0�
12.65�
0�
7.35�
�
3:50 PM�
269�
4.98�
1.52�
0.418710335�
0�
12.65�
0�
7.35�
�
3:55 PM�
274�
4.98�
�
�
0�
12.65�
0�
7.35�
�
4:00 PM�
279�
4.98�
1.56�
0.444685821�
0�
12.65�
0�
7.35�
�
4:05 PM�
284�
4.98�
�
�
0�
12.65�
0�
7.35�
�
4:10 PM�
289�
4.99�
1.56�
0.444685821�
0�
12.65�
0�
7.35�
�
4:15 PM�
294�
4.99�
�
�
0�
12.65�
0�
7.35�
�
4:20 PM�
299�
4.99�
1.58�
0.457424847�
0�
12.65�
0�
7.35�
�
4:25 PM�
304�
4.99�
�
�
�
�
�
�
�
4:30 PM�
309�
5.01�
1.58�
0.457424847�
�
�
�
�
�
4:35 PM�
314�
5.02�
�
�
�
�
�
�
�
4:40 PM�
319�
5.03�
1.58�
0.457424847�
�
�
�
�
�
4:45 PM�
324�
5.05�
�
�
�
�
�
�
�
4:50 PM�
329�
5.07�
1.58�
0.457424847�
�
�
�
�
�






Week 2�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
time�
t (minutes)�
pH�
Absorbance�
ln (Absorbance)�
base added (ml)�
total added base (ml)�
acid added (ml)�
total added acid (ml)�
�
11:20 AM�
0�
6.68�
�
�
0�
0�
0�
0�
�
11:25 AM�
5�
6.54�
�
�
0�
0�
0�
0�
�
11:30 AM�
10�
6.45�
0.788�
-0.238257189�
0�
0�
0�
0�
�
11:35 AM�
15�
6.4�
�
�
0�
0�
0�
0�
�
11:40 AM�
20�
6.34�
0.756�
-0.279713903�
0�
0�
0�
0�
�
11:45 AM�
25�
6.29�
�
�
0�
0�
0�
0�
�
11:50 AM�
30�
6.24�
0.76�
-0.274436846�
0�
0�
0�
0�
�
11:55 AM�
35�
6.2�
�
�
0�
0�
0�
0�
�
12:00 PM�
40�
6.14�
0.764�
-0.26918749�
0�
0�
0�
0�
�
12:05 PM�
45�
6.1�
�
�
0�
0�
0�
0�
�
12:10 PM�
50�
6.06�
0.774�
-0.256183405�
0�
0�
0�
0�
�
12:15 PM�
55�
6.01�
�
�
0�
0�
0�
0�
�
12:20 PM�
60�
5.95�
0.81�
-0.210721031�
0�
0�
0�
0�
�
12:25 PM�
65�
5.9�
�
�
0�
0�
0�
0�
�
12:30 PM�
70�
5.86�
0.825�
-0.192371893�
0�
0�
0�
0�
�
12:35 PM�
75�
5.81�
�
�
0�
0�
0�
0�
�
12:40 PM�
80�
5.77�
0.855�
-0.15665381�
8.1�
8.1�
0�
0�
�
12:45 PM�
85�
6.71�
�
�
2�
10.1�
0�
0�
�
12:50 PM�
90�
6.89�
0.88�
-0.127833372�
0�
10.1�
0�
0�
�
12:55 PM�
95�
6.81�
�
�
1�
11.1�
0�
0�
�
1:00 PM�
100�
6.84�
0.905�
-0.099820335�
1�
12.1�
0�
0�
�
1:05 PM�
105�
6.86�
�
�
1�
13.1�
0�
0�
�
1:10 PM�
110�
6.89�
0.935�
-0.06720875�
1.5�
14.6�
0�
0�
�
1:15 PM�
115�
6.97�
�
�
0�
14.6�
0�
0�
�
1:20 PM�
120�
6.92�
0.96�
-0.040821995�
1.1�
15.7�
0�
0�
�
1:25 PM�
125�
6.95�
�
�
0�
15.7�
0�
0�
�
1:30 PM�
130�
6.9�
0.99�
-0.010050336�
0.9�
16.6�
0�
0�
�
1:35 PM�
135�
6.92�
�
�
1�
17.6�
0�
0�
�
1:40 PM�
140�
6.94�
1.025�
0.024692613�
0.9�
18.5�
0�
0�
�
1:45 PM�
145�
6.95�
�
�
0�
18.5�
0�
0�
�
1:50 PM�
150�
6.9�
1.06�
0.058268908�
1.3�
19.8�
0�
0�
�
1:55 PM�
155�
6.93�
�
�
1�
20.8�
0�
0�
�
2:00 PM�
160�
6.99�
1.09�
0.086177696�
0�
20.8�
0�
0�
�
2:05 PM�
165�
6.99�
�
�
11.1�
31.9�
0�
0�
�
2:08 PM�
168�
 �
 �
 �
0�
31.9�
0�
0�
�
2:10 PM�
170�
7.68�
1.12�
0.113328685�
3.9�
35.8�
0�
0�
�
2:15 PM�
175�
7.71�
�
�
4.2�
40�
0�
0�
�
2:20 PM�
180�
7.89�
1.15�
0.139761942�
1.9�
41.9�
0�
0�
�
2:25 PM�
185�
7.84�
�
�
2�
43.9�
0�
0�
�
2:30 PM�
190�
7.86�
1.18�
0.165514438�
1.9�
45.8�
0�
0�
�
2:35 PM�
195�
7.87�
�
�
1.6�
47.4�
0�
0�
�
2:40 PM�
200�
7.87�
1.22�
0.198850859�
1.6�
49�
0�
0�
�
2:45 PM�
205�
7.88�
�
�
1�
50�
0�
0�
�
2:50 PM�
210�
7.81�
1.24�
0.21511138�
3.2�
53.2�
0�
0�
�
2:55 PM�
215�
7.85�
�
�
1.6�
54.8�
0�
0�
�
3:00 PM�
220�
7.83�
1.26�
0.231111721�
3�
57.8�
0�
0�
�
3:05 PM�
225�
7.85�
�
�
2�
59.8�
0�
0�
�
3:10 PM�
230�
7.89�
1.27�
0.2390169�
2�
61.8�
0�
0�
�
3:15 PM�
235�
7.96�
�
�
0�
61.8�
0�
0�
�
3:20 PM�
240�
7.82�
1.27�
0.2390169�
1.7�
63.5�
0�
0�
�
3:25 PM�
245�
7.82�
�
�
2.5�
66�
0�
0�
�
3:30 PM�
250�
7.9�
1.28�
0.246860078�
0�
66�
0�
0�
�
3:35 PM�
255�
7.85�
�
�
0�
66�
0�
0�
�
3:40 PM�
260�
7.79�
1.28�
0.246860078�
0�
66�
0�
0�
�



Week 3�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
t (minutes)�
pH�
Absorbance�
ln (Absorbance)�
base added (ml)�
total added base (ml)�
acid added (ml)�
total added acid (ml)�
�
0�
6.59�
�
�
0�
0�
0�
0�
�
5�
6.51�
�
�
0�
0�
0�
0�
�
10�
6.42�
0.764�
-0.26918749�
0�
0�
0�
0�
�
15�
6.34�
�
�
0�
0�
0�
0�
�
20�
6.29�
0.754�
-0.282362911�
0�
0�
0�
0�
�
25�
6.23�
�
�
0�
0�
0�
0�
�
30�
6.16�
0.764�
-0.26918749�
0�
0�
0�
0�
�
35�
6.13�
�
�
0�
0�
0�
0�
�
40�
6.09�
0.77�
-0.261364764�
0�
0�
0�
0�
�
45�
6.04�
�
�
0�
0�
0�
0�
�
50�
6.01�
0.782�
-0.245900538�
0�
0�
0�
0�
�
55�
5.97�
�
�
0�
0�
0�
0�
�
60�
5.94�
0.786�
-0.240798487�
0�
0�
22�
22�
�
65�
4.03�
�
�
0�
0�
0�
22�
�
70�
4.02�
0.786�
-0.240798487�
0�
0�
0�
22�
�
75�
4.01�
�
�
0�
0�
0�
22�
�
80�
4.01�
0.794�
-0.230671818�
0�
0�
0�
22�
�
85�
4�
�
�
0�
0�
0�
22�
�
90�
3.99�
0.815�
-0.204567166�
0�
0�
0�
22�
�
95�
3.98�
�
�
0�
0�
0�
22�
�
100�
3.98�
0.815�
-0.204567166�
0�
0�
0�
22�
�
105�
3.97�
�
�
0�
0�
0�
22�
�
110�
3.96�
0.865�
-0.145025772�
0�
0�
0�
22�
�
115�
3.98�
�
�
1.25�
1.25�
0�
22�
�
120�
3.99�
0.88�
-0.127833372�
0�
1.25�
0�
22�
�
125�
4�
�
�
0�
1.25�
0�
22�
�
130�
4�
0.925�
-0.077961541�
0�
1.25�
0�
22�
�
135�
4�
�
�
0�
1.25�
0�
22�
�
140�
3.99�
0.965�
-0.035627178�
0�
1.25�
0�
22�
�
145�
3.99�
�
�
0�
1.25�
0�
22�
�
150�
3.98�
0.995�
-0.005012542�
0�
1.25�
0�
22�
�
155�
3.98�
�
�
0�
1.25�
0�
22�
�
160�
3.98�
1.025�
0.024692613�
0�
1.25�
0�
22�
�
165�
3.97�
�
�
0�
1.25�
0�
22�
�
170�
3.97�
1.07�
0.067658648�
0�
1.25�
0�
22�
�
175�
3.96�
�
�
0�
1.25�
0�
22�
�
180�
3.96�
1.1�
0.09531018�
2�
3.25�
0�
22�
�
185�
4.05�
�
�
0�
3.25�
0�
22�
�
190�
4.04�
1.14�
0.131028262�
0�
3.25�
0�
22�
�
195�
4.04�
 �
 �
0�
3.25�
0�
22�
�
200�
3.02�
1.19�
0.173953307�
0�
3.25�
25.2�
47.2�
�
205�
3.02�
�
�
0�
3.25�
0�
47.2�
�
210�
3.01�
1.13�
0.122217633�
0�
3.25�
0�
47.2�
�
215�
3�
�
�
0�
3.25�
0�
47.2�
�
220�
2.98�
1.16�
0.148420005�
0�
3.25�
0�
47.2�
�
225�
2.98�
�
�
0�
3.25�
0�
47.2�
�
230�
2.96�
1.19�
0.173953307�
0�
3.25�
0�
47.2�
�
235�
2.96�
�
�
0.8�
4.05�
0�
47.2�
�
240�
2.98�
1.24�
0.21511138�
0�
4.05�
0�
47.2�
�
245�
2.97�
�
�
0�
4.05�
0�
47.2�
�
250�
2.97�
1.27�
0.2390169�
0�
4.05�
0�
47.2�
�
255�
2.97�
�
�
0�
4.05�
0�
47.2�
�
260�
2.96�
1.3�
0.262364264�
0�
4.05�
0�
47.2�
�
265�
2.96�
�
�
0�
4.05�
0�
47.2�
�
270�
2.95�
1.33�
0.285178942�
1.8�
5.85�
0�
47.2�
�
275�
3�
�
�
0�
5.85�
0�
47.2�
�
280�
3�
1.37�
0.31481074�
0�
5.85�
0�
47.2�
�
285�
3�
�
�
0�
5.85�
0�
47.2�
�
290�
2.02�
1.37�
0.31481074�
0�
5.85�
38�
85.2�
�
295�
2.02�
�
�
0�
5.85�
-38�
47.2�
�
300�
2.02�
1.34�
0.292669614�
0�
5.85�
0�
47.2�
�
305�
2.02�
�
�
0�
5.85�
0�
47.2�
�
310�
2.02�
1.31�
0.270027137�
0�
5.85�
0�
47.2�
�
315�
2.02�
�
�
0�
5.85�
0�
47.2�
�
320�
2.01�
1.48�
0.392042088�
0�
5.85�
0�
47.2�
�
325�
2.01�
�
�
0�
5.85�
0�
47.2�
�
330�
2.01�
1.5�
0.405465108�
0�
5.85�
0�
47.2�
�
335�
2.01�
�
�
0�
5.85�
0�
47.2�
�
340�
2.01�
1.52�
0.418710335�
0�
5.85�
0�
47.2�
�
345�
2.02�
�
�
0�
5.85�
0�
47.2�
�
350�
2.01�
1.54�
0.431782416�
0�
5.85�
0�
47.2�
�
355�
2.01�
�
�
0�
5.85�
0�
47.2�
�
360�
2.02�
1.56�
0.444685821�
0�
5.85�
0�
47.2�
�
365�
2.02�
�
�
0�
5.85�
0�
47.2�
�
370�
2.02�
1.54�
0.431782416�
0�
5.85�
0�
47.2�
�
375�
2.02�
�
�
0�
5.85�
0�
47.2�
�
380�
2.02�
1.42�
0.350656872�
0�
5.85�
0�
47.2�
�






