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Abstract:


Samples containing mixtures of sucrose with sulfur and sucrose with L-cystine at various percent sulfur compositions were combusted in a Parr Oxygen Bomb Calorimeter to assess the accuracy of the Parr correction factor for sulfur.  A linear dependence of the heat of formation of sulfuric acid on the percentage of sulfur in the sample was observed for sucrose-sulfur mixtures, though the experimental factor appeared to be 32.1 % larger than the Parr factor. On the contrary, inconclusive results for the sucrose-cystine samples appeared to indicate an influence of the sulfur bonding on the overall heat of sulfuric acid formation.  According to Parr Instruments Co., the maximum percentage sulfur in the sample for which an accuracy of 0.03% is guaranteed is 5% sulfur by mass.

Background:


Calorimetry is the science of measuring heat based on observing the temperature change occurring due to an energy exchange between a reaction system and its environment.  Using a device called a calorimeter; this energy exchange of the chemical reaction can be measured. The environment is the calorimeter and its contents and the reaction system is the chemical reaction that occurs in the calorimeter when the reactants are ignited with a fuse. (1)


The amount of energy needed to combust a substance is called the heat of combustion, which is representing the energy released by a substance when burning it at 298 K and 1 atmospheres.  The changes in state occurring in the calorimeter can be represented by:



C(T1)      +      R(T1)     (      C(T2)     +P(T2) 



where C is the calorimeter, R is the reactants, P is the product, T1 being the initial temperature and T2 being the final temperature.


Theoretically, all the energy released from the combustion goes directly into heating the water and the heat of the reaction would be calculated using Equation 1. 
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            (EQ. 1) 

However, there are other sources of heat that must be accounted for as well, including the combustion of the fuse and the occurrence of secondary reactions.  The secondary reactions that occur in the bomb are the formation of nitric and sulfuric acids.  These additional energy sources must be calculated and then subtracted from the total in order to obtain a correct value for the total heat of combustion.  The equation used to calculate the gross heat of combustion (Hg) is as follows:

Hg =
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                                (EQ. 2)

t =  net corrected temperature rise 


W = energy equivalent of the calorimeter 


e1 = corrections in calories for heat of formation of nitric acid 


e2 = correction in calories for heat of combustion of fuse wire


e3 = correction in calories for heat of formation of sulfuric acid

Before using Equation 2, the energy equivalent (W) of the calorimeter must first be determined in order to account for the non-adiabatic heat transfer to the environment.    Benzoic acid is commonly used for such calibration and thus was selected for this experiment because it has a known heat of combustion of -6324 cal/g and is very stable under normal conditions. (5) The equation that was used to arrive at this value from benzoic acid combustion is as follows:



                W = H*m +e1 +e2                                            (EQ. 3)  




                       t




t =  net corrected temperature rise 

H= heat of combustion for benzoic acid  (6324 calories/g) 

m = mass of benzoic acid sample


e1 = corrections in calories for heat of formation of nitric acid 


e2 = correction in calories for heat of combustion of fuse wire

In order to determine the net temperature rise (t), Equation 4 is utilized.  The values for this equation are obtained from a graph of temp vs. time that is plotted from the observations of temperature at specific times throughout the combustion.  

t = tc-ta-r1(b-a)-r2(c-b)     
                             (EQ. 4)


tc =  temperature at time c

ta = temperature at time of firing

r1 = rate (temp/min) at which temperature was rising during 5 min period before firing

r2 = rate (temp/min) at which temperature was rising during 5 min period after    time c

a = time of firing

b = time when the temperature reaches 60% of total rise

c = time at the beginning of period (after temperature rise) in which the rate of  

      temperature change has become constant

The Parr bomb calorimeter system operates at a constant volume and relatively constant pressure. The heat released in a chemical reaction at constant pressure equals (H (6).   Since the purpose of this experiment is not to assess the heats of combustion at 1 atm but to assess the effect of sulfur correction on the overall accuracy, the values used for the heats of combustion were at the experimental pressure. 

The balanced equation for the combustion of organic compounds containing C, H, O, N, and S is of the general format:
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           (6)

This equation represents how most literature (H values were determined.  However, the Parr Bomb corrections assume the following combustion equation:
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The combustion reaction in a static oxygen bomb like the one used in this project evolves with formation of side reactions, of which the ones of interest are listed below:
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The Parr bomb calorimeter method assumes SO2 formation as part of the general products of combustion, not as a side reaction. Since the Ellis experiment (8) result for the heat of combustion of L-cystine used to compute the correction factor for the heat of formation for sulfuric acid included SO2 formation among side reactions, an additional (H = -2.956 kcal/gram SO2 (10) was included as part of the experimental corrections.  

The problem lies in the Parr assumption that all of the sulfur in the sample is transformed into sulfuric acid. Given a large excess of pressurized oxygen, all of the sulfur is basically transformed into sulfur dioxide (6). Yet the further oxidation of sulfur dioxide to sulfur trioxide, which immediately forms sulfuric acid in the presence of excess water vapor (as indicated by water produced to sulfur trioxide molar ratios always larger than 2:1), depends on the catalysis of nitrogen oxides. Since nitrogen dioxides are readily converted into nitric acid in the presence of water excess, not all of the sulfur dioxide will be converted into trioxide and thus sulfuric acid for certain percentages of sulfur (6). In fact, a good amount of sulfur dioxides will escape in the gas phase when the sulfur content is too large.


Another problem is the lack of uniformity in concentrations of diluted sulfuric acid in the mist formed by the condensation of the water vapor on the internal bomb walls. The problem was tackled in the Ellis experiment by adding water to the bomb, but the outcome produced a significant difference in sulfuric acid concentrations and therefore extra heats of dilution that needed to be subtracted from the overall heat released. The most uniform solvation was achieved in a rotating-bomb calorimeter, but the comparison with Parr’s system analyzed here is not relevant given the fact that this is a static bomb. (8)

The possible influence of the dilution energy in water for the more readily solvable H2SO4 (6) will be analyzed to see if it accounts for possible deviations in our correction factor value from Parr’s by using similar heats of dilution to the one in the Ellis experiment (4). Only the heat of dilution of sulfuric acid is relevant as compared to that of nitric acid, due to the much larger affinity for water of the former (6).  As a result, the extra heat of combustion due to the sulfur that is not included in the nitric acid correction can be calculated for each trial using Equation 5.  
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  (EQ. 5)    

H = heat of combustion/formation (cal/g)

m = mass

cyst = cystine

suc = sucrose

nS = moles sulfur = moles SO2 = 2*moles cystine (in cystine trials)

%S = sample mass % sulfur 

For this experiment, samples containing sucrose, an organic sugar whose molecular formula is C12H22O11 and literature value for the heat of combustion is 3940 cal/g (5) were combusted.  L-Cystine, a non-polar amino acid, was added to the samples in order to change the percent composition of sulfur in the sample. From the molecular formula, C6H12N2O4S2, L-Cystine was determined to be 26.5% sulfur by mass and according to literature, has a heat of combustion of 4225 cal/g (5).  Both sucrose and cystine structures are shown in Figure 1.  Elemental sulfur was also mixed with the sucrose in order to determine whether or not the bond energies between the sulfur and the hydrogen and carbon in cystine have an effect on the total heat of combustion via modified side reactions involving sulfuric acid formation.  
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Figure 1: Structure of Sucrose (left) and L-Cystine (right)
Accuracy in determining the heats of combustion of sulfur containing compounds is essential to evaluating human metabolic pathways given the many reactions in which such compounds are involved.  Cystine is a stable form of the amino acid cysteine.  Metabolically, the two are nearly the same, as the body is capable of converting from one form to the other as needed.  Cystine is rich in sulfur, can be readily synthesized by the body, and is found abundantly in hair keratin, insulin and certain digestive enzymes.   There are many uses and for cystine in the body, making it a practical selection in this experiment.  For example, cystine protects against copper toxicity (which has been linked to behavioral problems), has been found helpful in the healing of burns and other wounds, and is used to break down mucus deposits in illnesses such as bronchitis and cystic fibrosis.  As a detoxification agent, cystine has also been shown to protect the body against liver and brain damage induced by alcohol and cigarette smoking.  (11) 

Apparatus and Materials:

1. Parr Instrument Model 1341 Oxygen Bomb Calorimeter, including stirrer, precision thermometer, and associated components

2. Parr Instrument Model 1108 Oxygen Combustion Bomb

3. High Pressure oxygen cylinder, equipped with Model 1825 filling connection for bomb

4. Parr Model 2901 Ignition Unit

5. Parr Pellet Press

6. Associated components for test, including sample cups, ignition wire, stands for bomb head and calorimeter cover, thermometer magnifier.

7. Burette with 0.0709 N sodium carbonate solution and methyl red indicator. 

8. Top-loading 5 kg capacity balance with a resolution of 0.1 g

9.   Benzoic acid for calibration.
10. Chemically pure sucrose.
11. Chemically pure sulfur.

12. L-Cystine

Methods:


In order to determine the effect of the presence of sulfur in the combusted material on the experimental value for the heat of combustion obtained from the Parr Bomb Calorimetry System, measured heats of combustion of samples varying in sulfur content were analyzed.  The sulfur content in each sample was determined by the ratio of sucrose to the sulfur containing amino acid L-cystine. The same experiment was repeated with elemental sulfur and sucrose in order to investigate the effect of bond energies on the amount of heat produced by the cystine in contrast to the trials where free elemental sulfur was added to the sucrose.  The experiment was carried out under isocaloric or isothermic conditions rather than isomassive in order to minimize inaccuracy since the greatest source of error was due to the increase in temperature.  All experimental trials using the Parr Instrument Model 1341 Oxygen Bomb Calorimeter were be performed according to the procedure listed in the BE 210 Lab Manual.  

Based on previous laboratory performance, it was determined that at least six trials could be completed during each six-hour lab period.  During the first week, three calibration trials were conducted with benzoic acid, followed by two experimental trials of both pure cystine (26.5% sulfur) and pure sucrose (0% sulfur).  For Week 2, two trials were performed of each sucrose-cystine mixture containing 10, 15, and 20% sulfur.  The same percent compositions of sulfur were repeated for Week 3, replacing cystine with elemental sulfur. 

Before combusting the experimental samples, the calorimeter was first calibrated in order to account for the non-adiabatic heating of the calorimeter.  Three trials were performed using benzoic acid before combusting the various sulfur samples. This value was used along with Equation 3 to calculate the energy equivalent of the calorimeter (W), which was later used in the calculations for the heat of combustion of each of our samples.  

In deciding the percent composition of sulfur each sample would contain, the minimum and maximum amount of sulfur to be used was first determined.  The maximum limit was determined to be 26.5%, the amount of sulfur in pure cystine.  The minimum limit, however, was slightly more difficult to ascertain.  In order for the correction for sulfur to be significant, the value for the heat correction obtained by the smallest sulfur-containing sample had to exceed the previously determined experimental inaccuracy of 1.78% or 90 cal/g of sucrose.  Dividing the 90 calories/g of experimental inaccuracy by 13.7 cal / % g S, the correction factor for sulfur according to Parr, would yield a minimum sample composition of 6.6 % sulfur.   As a result, samples containing 10 %, 15 %, and 20 %, with a maximum of 26.5% sulfur, were mixed. (See Appendix I for more details on how the mass of the samples were calculated.)  The resulting masses of sucrose and cystine or sulfur used in each sample are indicated in Table 1.


0 % Sulfur
10 % Sulfur
15 % Sulfur
20 % Sulfur
26.5% Sulfur

Mass Sucrose (g)
.803
.438
.289
.156
0

Mass Cystine (g)
0
.263
.370
.466
.742

Total Mass (theoretical)
.803
.701
.659
.622
.742

Mass of Pellet (Trial 1)
.809
.685
.633
.609
.735

Mass of Pellet (Trial 2)
.781
.690
.631
.614
.752








Mass Sucrose (g)
.803
.695
.645
.596
ND*

Mass Sulfur (g)
0
.077
.114
.149
ND*

Total Mass (theoretical)
.803
.772
.759
.745
ND*

Mass of Pellet (Trial 1)
.809
.768
.755
.745
ND*

Mass of Pellet (Trial 2)
.781
.764
.795
.735
ND*

*ND= not done


Table 1: Summary of Sample Content

Once each sample was made according to Table 1, pellets were then pressed for each mixture in order to ensure complete combustion.  After pressing, each pellet was weighed and the total sample mass was recorded.  The final mass of the pellet often was less than the theoretical value because some of the mass was lost when making the pellet.  However, since the sample was well mixed before pressing the pellet and the amount was within fluctuation interval of the scale, it should not have effected the percentage of sulfur in each sample.  Each pellet was weighed inside the bomb crucible to avoid losing mass while transferring the pellet.       


The “bomb” was then assembled according to the Parr Operating Instructions (1) for each trial, including calibration. The bomb crucible with sample was placed on the support stand where two electrodes were connected with fuse wire approximately ten centimeters in length. The fuse wire was attached so that it touched the pellet, preventing it from sliding around, but not the sides of the crucible.  Once in place, the crucible was tilted slightly so the flame did not impinge on the tips of the electrodes and the pellet was held more firmly in place by the fuse wire. Throughout the experiment, the bomb was handled very carefully in order to maintain the contact between the fuse wire and the sample.  The entire top piece was inserted into the bomb cylinder and the cap was secured.  The bomb was then filled with oxygen until the pressure within the bomb reached 25 atm.  The metal bucket inside the calorimeter was filled with 2000 grams of water. The initial water temperature was kept as close to room temperature, 24-25oC, as possible by mixing the DI water with cold tap water, except for the sucrose-cystine trials where room temperature was 28oC. The bomb was then inserted inside the calorimeter and the electrodes were connected to the top of the bomb.  The cover was assembled with a thermometer and stirrer and placed on the calorimeter.

In order to establish a constant temperature throughout the calorimeter, the stirrer was allowed to run for five minutes before the experiment was actually initiated. Temperature readings were recorded at one-minute intervals for five minutes. The bomb was then fired and temperature readings were acquired at 45, 60, 75, 90, and 105 seconds after firing in order to estimate the sixty- percent point of the total rise in temperature.  Once the difference between successive readings became constant for five minutes, the experiment had ended and the bomb was depressurized and opened.  The final length of the fuse wire was then measured and the change in length was calculated to correct for the unpredictable variance of heat generated by the combustion of the fuse wire during each trial.  The interior surfaces of the bomb were then washed with distilled water, which was collected in a beaker to correct for the nitric acid formation during combustion.  These washings were then titrated with a .0709N sodium carbonate solution, and the result was subtracted from the heat value for the total system.  

Heat was exchanged with the environment both before and after the sample was burned. To account for this transfer of heat, a graph of temperature versus time was constructed from the values recorded throughout the experiment. Using the pre-firing and final linear portions of this graph, the time at 60% total temperature rise, and Equation 3, the net temperature rise for each sample was calculated by correcting for non-adiabatic heat transfer to the environment.  Net temperature rise was similar for all trials.


Fuse length and acid titration data were used to determine the caloric contributions of fuse combustion and acid formation (4).  The heat of combustion of the cystine in each sample was also corrected for an additional side reaction (formation of SO2) when using a literature value that does not include SO2 among the final combustion products (8). The complete equation used to compute the sulfuric acid heat contribution to the overall heat of reaction is shown in Equation 6 (see Appendix I).  This value was then plotted against the percent sulfur in the sample for both the sucrose-cystine and sucrose-sulfur trials.  The slope of these graphs should yield the correction factor for the sulfur in the combusted material. 

Results:


Three calibration trials were performed using benzoic acid before combusting the experimental samples.  The following data shown in Table 2 was recorded and used along with Equation 3 to determine the energy equivalent of the calorimeter (W).  The mass of the water in the calorimeter was 2000g for each trial. The average value for W is 2449 ( 2.83%.


Mass 

(g)
Combusted fuse length  (cm)
Net Temp. Rise

(oC)
Volume of titrant added (ml)
W 

(cal/oC)

Trial 1
0.981
8.6
2.607
15.5
2393

Trial 2
0.49
5.9
1.235
8.65
2526

Trial 3
0.502
6.1
1.318
9.6
2427

Table 2 :  Summary of data for determing energy equivalent of the calorimeter.
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temperature versus time graph shown in Figure 2 was used in determining the net temperature rise.  

Figure 2:  Temperature versus time graph for Trial 2 of benzoic acid

Tables 3 & 4 depict the data recorded for the sucrose-cystine samples.  Again, the mass of the water in the calorimeter was 2000g for each trial, the volume of the titrant added was the correction e1, and the fuse length was multiplied by 2.3 to get the correction e2.  The previously determined value of 2449 cal/g was used and Equation 3 was used to determine (H w/out S correction where e3 was zero.  The last columns were obtained using Equation 6, and these values were plotted against the percent of sulfur in the sample as shown in Figures 3 & 4.  The slope of the linear regression line represents the correction factor for the sulfur.  For the sucrose-sulfur mixtures, a correction factor of 18.1 cal/%S*g ( 19.87% was achieved while the sucrose-sulfur samples yielded a correction factor of –30.3 cal/%S*g (407.8 %.  Although neither value is statistically significant, the latter is completely inconclusive.    
Trial
Mass (g)
Combusted fuse length (cm)
Net temp. rise (oC)
Volume of titrant added (ml)
(H w/out S correction

(cal/g)
H Sulfur Correction

(cal/g)

10% Sulfur # 1
0.685
6.65
1.226
63.5
4342
304.5

10% Sulfur # 2
0.69
8.6
1.154
65
4042
4.130









15% Sulfur #1
0.633
5.9
1.086
89
4111
22.98

15% Sulfur #2
0.631
8.2
1.055
89
3992
-96.72









20% Sulfur #1
0.609
6.15
1.035
110
4027
-111.9

20% Sulfur #2
0.614
8.5
1.073
118.5
4127
-12.18

Table 3: Summary of data for sucrose/cystine mixture 

Trial
Mass (g)
Combusted fuse length (cm)
Net temp. rise (oC)
Volume of titrant added (ml)
(H w/out S correction

(cal/g)
H Sulfur Correction

(cal/g)

10% Sulfur # 1
0.768
5.9
1.23
75
3873
150.4

10% Sulfur # 2
0.764
6.1
1.19
57
3785
65.06









15% Sulfur #1
0.755
6.5
1.20
93
3815
234.7

15% Sulfur #2
0.795
5.3
1.17
126.1
3500
118.4









20% Sulfur #1
0.745
5.6
1.15
130
3648
307.0

20% Sulfur #2
0.735
7.9
1.14
120.9
3673
236.2
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Table 4: Summary of data for sucrose-sulfur samples
Figure 3: Heat due to sulfur correction for sucrose/cystine mixture.
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Figure 4:  Heat of sulfur correction for sucrose/sulfur mixtures 
When evaluating percentage sulfur transformed into H2SO4 the following assumptions

were made:

1. All of the N in the sample transforms in HNO3

2. Atmospheric N2 transformed into HNO3 is constant (9 mL), as indicated by equal amounts of nitric acid titrated in pure sucrose sample trials 

3. The total volume of titrant for nitric acid can be computed as 9 mL + moles N in 

sample / 0.0709 N

4. The rest of the titrant volume is due to H2SO4  (V)

5. Moles of H2SO4 formed = moles of S transformed = V * 0.0709/2

% Sulfur
% Sulfur in excess

10
2.258

10
39.87

15
18.48

15
-10.51

20
8.213

20
15.44

Table 5: Percent sulfur not transformed to H2SO4 in sucrose/cystine mixtures
% Sulfur
% Sulfur in excess

10
59.67

10
57.86

15
54.18

15
53.87

20
55.68

20
48.58

Table 6: Percent sulfur not transformed to H2SO4 in sucrose/sulfur mixtures
Discussion:

Based on the chart of different error magnitudes provided by the Parr Bomb Calorimeter Manual (1), the maximum uncertainty due to the precision of our instrumentation would include the following: 

-twice .05 cal per .05 ml error in titration

-.115 cal per .05 cm error in measuring the amount of fuse wire burned

-2.8 cal per 1 g error in measuring the 2 kg of water; three times 6.7 cal per 1 mg error in weighing the sample sucrose

-4.8 cal per 0.002 degrees C in measuring the temperatures 

If all of these errors accumulated in the same direction, the maximum uncertainty inherent to the precision of the instrumentation would then be of 27.92 cal.   Therefore, the final maximum uncertainty for (H sulfur correction is 36.2 %.  W and t lead to the greatest source of error.  However, only systematic human error can be the cause for the uncertainty in the temperature and this error could not have been avoided since special care was taken in recording precise temperature readings.  The average calculated value for W had a standard deviation of 2.8%.  Yet the value of 2449 cal/g was the exact same number obtained by last year’s group W4 who used the same calorimeter in their experiment

Another source of systematic experimental error that cannot be quantitatively assessed and that the Parr Manual does not account for is the loss of mass when making the pellet.   The first instance of mass loss was encountered after each compound (i.e. sucrose and cystine) was first weighed out separately and then mixed together.  Transferring this mixture into the pellet press and the actual making of the pellet causes an additional decrease in mass.  Since there was no guarantee that the sample was evenly mixed, there was no way of knowing the composition of the mass lost.  As a result, the exact percentage of sulfur in the final sample could not possibly be known.  In calculations, it could only be assumed that the same ratio of the amount sulfur to the total mass of the sample was maintained.  There was also great fluctuation in the balance when weighing the pellets.  

The range of experimental H2O: H2SO4 moles formed in the sucrose-sulfur trials (after subtracting the moles H2O due to nitric and sulfuric acid formation) is 3-8 (for percentage sulfur 10% to 20%).  (See Appendix II)  In addition to the value given in the Parr instruction manual, this value adds extra heat of formation to the aqueous sulfuric acid (as computed from the semilog calibration curve) in the range of 12 to 16.2 kcal/mol, yielding a total increase in the correction factor of 4.1 cal/%g S.  This may account partially for the difference of 4.4 cal/%g S between the experimental correction factor (18.1) and Parr correction factor (13.7 cal/% g S).  The rest may be due to our +/- 7% uncertainty in determining W for calorimeter, which leads to an associated uncertainty in the correction factor, which is the major source of uncertainty otherwise in this experiment. 

The inconclusive results of our sucrose-cystine trials do suggest that sulfur bonding may effect the side reactions occurring in the crucible.  Despite a significantly larger amount of nitrogen present in the sample, which one would expect to catalyze the conversion of the sulfur dioxide to sulfur trioxide, the titration data shows the opposite. The amount of sulfur not transformed into sulfuric acid is significantly greater for cystine samples than for sulfur mixtures (see Tables 5, 6).  Although this shows that the exothermic reaction of sulfuric acid formation hardly contributed to the overall heat released, it should have still preserved the expected increase even at a less steep slope.  The results show an unexpected decrease in the heat due to sulfuric acid formation that becomes negative and cannot be accounted for by any uncertainty mentioned thus far.  Since the excess sulfur that was not transformed into sulfuric acid remained in the dioxide form, possible endothermic reactions involving SO2 should be further analyzed in subsequent experimentation.  The following sequence of endothermic side reactions for SO2 could explain the overall decreasing heat released in combustion: 

Cr + 2SO2 ( 2SO2 -1 + Cr +2

SO2 + SO2 -1( S2O4 -1 , (Hrxn = 21.9 kcal/mol

However, this is purely speculative and is solely based on the fact that the chromium present in the fuse is oxidized during combustion as indicated by the black beads of solidified melted metal oxides.

Another plausible side reaction may be the endothermic solvation of CO2 in water.  This reaction consumes 6616 cal/g CO2 dissolved, but at the same time releases an equal amount when CO2 escapes from water due to the poor stability of carbonic acids at elevated temperatures, as in combustion. (10)  Overall, it seems unlikely that this reaction could ever account for the huge drop in heat due to sulfuric acid formation. Assuming that all the nitrogen was converted into nitric acid could be another reason for inconclusive data.  

The composition of SIGMA cystine was unclear and may have been crystallized with small amounts of HCl, thus explaining why not all of the nitrogen oxides were converted into nitric acids but instead reacted endothermically with the chloride anion present in the crystalline form of the amino acid.  However, research into possible reactions yielded disappointing results, as did research into possible sulfur-chloride side reactions.  A viable endothermic candidate reaction was not found.  The formation of chlorine gas from elemental chlorine possibly present after combustion is an endothermic reaction with a heat of formation of 28.99 kcal/mol – however, relatively large amounts of HCl must have been present in the cystine samples for this to be the sole culprit.  Physical observations such as odor and residue, while possibly supportive of the presence of a chlorine compound, do not seem to support the presence of large amounts of this product.  Again, these observations were imprecise and qualitative and thus the presence of chlorine compounds in the bomb is speculative.

The numerous variables involved (especially in the cystine trials), as well as suggestions from the Parr Instruments company indicate that increased percentage sulfur clearly effects the accuracy of the determination of heats of combustion.  Suggested sample content should contain less than 5% sulfur to ensure total conversion of sulfur dioxide into trioxide and immediately sulfuric acid in the presence of enough nitric dioxide formed in the combustion of atmospheric nitrogen.  Also, greater accuracy could have been obtained by increasing the number of trials had time permitted, especially in determining a more precise W.  Increased care in uniform mixing of sucrose with sulfur containing compounds should decrease the experimental imprecision. Extreme experimental precision in handling samples containing percentages sulfur bellow the suggested threshold would be imperative in order to obtain statistically significant data where there is a differentiation among the overall practical imprecision and the accuracy of the Parr correction factor.      
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Appendix I:

Sample size calculation:

Mcys * Hcys + Msucrose*Hsuc + (Mcys/121.6) * ((Hf, H2SO4 + (Hf, HNO3) = 3156 cal

Mcys=Msufur/sample * (100/26.5) = %S*M sample*(100/26.5)=%S*(Mcys+Msucrose)

where M=mass, H= heat of combustion, 121.6 = molecular weight of cystine, 26.5 is percentage sulfur in cystine, (Hf, H2SO4, (Hf, HNO3  are the heats of formation of sulfuric and nitric acid taken as positive quantities transferred to the calorimeter (175.7 and 35.099 kcal/mol, (1)). For %S 10, 15, 20, 26.5 we get four systems of 2 equations each with Mcys and Msucrose as solutions. The value of 3156 cal released by 0.500 g benzoic acid in calibration was chosen as the constant value of isocaloric overall heat released we are aiming at so that the M sample is less than the efficient working mass of the Parr bomb, 1.1 g total.
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Data used to evaluate the heats of dilution at different sulfur concentrations (ELLIS)
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The calibration curves used to evaluate the heats of dilution at different water/sulfuric acid molar ratios R: 
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The best fit line y = 4.567x + 6.7727 fit perfectly the data reported in the Ellis experiment, and was used in assessing the contributions of the heats of dilution to the overall heat of formation of sulfuric acid.
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Info

		a=time of firing																W=energy equivalent of the calorimeter

		b=time when the temperature reaches 60% of the total rise																m=mass of the sample						1.001

		c=time at the beginning of the period in which the rate of change is constant																T=temperature rise

		Ta=temperature at a

		Tc=temperature at c																e1=nitric acid correction

		r1=rate which the temperature was rising in the 5 minutes before a																e2=sulfuric acid correction

		r2=rate which the tempertaure was rising in the 5 minutes after c																e3=wire combustion correction

		d1=milliliters used in the titration (if it was 0.0709N alkali)

		d2=percent sulfur in the sample

		d3=centimeters of wire consumed

																		Room Temp		28

				mass (grams)		fuse length (cm)						Mass of water (g)

		10% S (1)		0.768		9.7						2000														-84.8711775701

		10% S (2)		0.764		10						2000

		15% S (1)		0.755		9.8						2000

		15% S (2)		0.795		10.1						2000

		20% S  (1)		0.745		10						2000

		20% S  (2)		0.735		9.8						2000

				a (min)		temp at 60%		b (min)		c (min)		Ta (degrees C)		Tc (degrees C)		r1 (degrees C/min)		r2 (degrees C/min)		d1 (ml)		d2 (%)		d3 (cm)		W (cal/degrees C)		m (g)

		10% S (1)		6		23.458		7.300		12		22.72		23.95		0		0		75		10		5.9		2449		0.768

		10% S (2)		6		25.214		7.221		12		24.5		25.69		0		0		57		10		6.1		2449		0.764

		15% S (1)		6		24.240		7.263		11		23.52		24.72		0		0		93		15		6.5		2449		0.755

		15% S (2)		6		26.104		7.235		11		25.36		26.6		0.0033333333		0		126.1		15		5.3		2449		0.795

		20% S  (1)		6		24.718		7.298		12		24.01		25.19		0.0016666667		0		130		20		5.6		2449		0.745

		20% S  (2)		6		26.484		7.268		11		25.8		26.94		0		0		120.9		20		7.9		2449		0.735

																										2449		0.809

																										2449		0.781

																										2449		0.735

																										2449		0.752

																				75

																				57

																				93

																				126.1

																				130

																				120.9

				Temperature Rise (degrees C)						e1 (cal)		e2 (cal)		e3 (cal)				H (cal/g) w/sulfur correction				H (cal/g) without sulfur correction				moles sulfur		H (cal/g) for graph						%S		H (cal/g)				moles S titr		sample-titr

				1.23						75		105.216		13.57				3670				3807				0.001196		150.3916958723						0		-93.9232088603				0.0023397		5.28E-05

				1.19						57		104.668		14.03				3585				3722				0.001190		65.0613348339		107.7265153531				10		107.7265153531				0.0017016		0.0006784623

				1.2						93		155.1525		14.95				3544				3749				0.001764		234.7061799839						15		176.5670244612				0.0029778		0.0005502374

				1.2358830342						126.1		163.3725		12.19				3428				3633				0.001857		118.4278689385		176.5670244612				20		271.6278114313				0.004151195		-0.0004362417

				1.1778362224						130		204.13		12.88				3406				3680				0.002321		307.0362192133						26.6		-566.5076396204				0.00428945		0.0003522945

				1.14						120.9		201.39		18.17				3335				3609				0.002290		236.2194036493		271.6278114313										0.003966855		0.0006125843

				1.3						10.2				11.04												0		-30.9023485785														0

				1.217418						7.8		0		19.09												0		-156.9440691421		-93.9232088603												0

				1.3060256				190.35		190.35		0		14.95												0.003045		-161.6328266158												0.0064288575		-0.0003382033

				1.2555648				180		180		0		15.41												0.003116		-404.8748130046		-566.5076396204										0.00606195		0.0001695765

																Average Gross Heat of Combustion =								3854.78 (cal/g)

				Under ideal conditions												Standard Deviation of the Gross Heat of Combustion=								27.61  (0.72%)

																Precision =								99.28%

																Accuracy =

												Theoretical Heat of Combustion of Sucrose

												3936.43 cal/g
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Temp

				Sulfur - 10% S		Sulfur - 10% S		Sulfur - 15% S		Sulfur - 15% S		Sulfur - 20% S		Sulfur - 20% S

		Time (min)		Temp (degrees C)		Temp (degrees C)		Temp (degrees C)		Temp (degrees C)		Temp (degrees C)		Temp (degrees C)

				Trial 1		Trial 2		Trial 1		Trial 2		Trial 1		Trial 2

		0		22.72		24.5		23.52		25.38		24.02		25.8

		1		22.72		24.5		23.52		25.37		24.02		25.8

		2		22.72		24.5		23.52		25.37		24.02		25.8

		3		22.72		24.5		23.52		25.36		24.02		25.8

		4		22.72		24.5		23.52		25.36		24.01		25.8

		5		22.72		24.5		23.52		25.36		24.01		25.8

		6		22.72		24.5		23.52		25.36		24.01		25.8

		6.25		22.72		24.5		23.52		25.42		24.02		25.8

		6.5		22.86		24.74		23.68		25.58		24.14		25.92

		6.75		23.08		24.92		23.92		25.76		24.36		26.18

		7		23.32		25.08		24.12		26		24.58		26.36

		7.5		23.56		25.38		24.36		26.26		24.82		26.6

		8		23.72		25.48		24.5		26.42		24.96		26.74

		8.5		23.81		25.58		24.6		26.48		25.06		26.82

		9		23.86		25.62		24.65		26.53		25.12		26.86

		10		23.92		25.66		24.7		26.58		25.16		26.92

		11		23.94		25.68		24.72		26.6		25.18		26.94

		12		23.95		25.69		24.72		26.6		25.19		26.94

		13		23.95		25.69		24.72		26.6		25.19		26.94

		14		23.95		25.69						25.19		26.94
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Info

		a=time of firing														W=energy equivalent of the calorimeter

		b=time when the temperature reaches 60% of the total rise														m=mass of the sample						1.001

		c=time at the beginning of the period in which the rate of change is constant														T=temperature rise

		Ta=temperature at a

		Tc=temperature at c														e1=nitric acid correction

		r1=rate which the temperature was rising in the 5 minutes before a														e2=sulfuric acid correction

		r2=rate which the tempertaure was rising in the 5 minutes after c														e3=wire combustion correction

		d1=milliliters used in the titration (if it was 0.0709N alkali)

		d2=percent sulfur in the sample

		d3=centimeters of wire consumed

																Room Temp		30

				mass (grams)		fuse length (cm)				Mass of water (g)

		Benzoic Acid		0.981		10.2				2000

		Benzoic Acid		0.49		10.2				2000

		Benzoic Acid		0.502		10.2				2000

		Sucrose		0.809		9.8				2000

		Sucrose		0.781		10				2000

		Cystine		0.735		10.2				2000

		Cystine		0.735		10.1				2000

		Cystine		0.752		10.2				2000

																						Mean W =		2448.56		cal/deg

																						Heat for Benzoic Acid =		6324		cal.

				a (min)		b (min)		c (min)		Ta (degrees C)		Tc (degrees C)		r1 (degrees C/min)		r2 (degrees C/min)		d1 (ml)		d2 (%)		d3 (cm)		W (cal/degrees C)		m (g)

		Benzoic Acid		6		7.3357927661		12		25.65		28.28		0.005		0.0034		15.5		0		8.6		2392.80		0.981

		Benzoic Acid		6		7.3539699196		12		27.56		28.8		0.0033333333		0		8.65		0		5.9		2526.11		0.49

		Benzoic Acid		6		7.7858516777		12		24.47		25.82		0.0033333333		0.0062		9.6		0		6.1		2426.76		0.502

		Sucrose		6		6.982		11		27.96		29.26		-0.0025		0		10.2				4.8		2449.00		0.809

		Sucrose		6		7.291		11		28.74		29.95		0		-0.002		7.8				8.3		2449.00		0.781

		Cystine		6		7.178		14		27.301		28.58		0.0001		0		-				8.4		2449.00		0.735

		Cystine		6		7.242		12		26.5		27.81		0.0032		0		190.35				6.5		2449.00		0.735

		Cystine		6		7.232		12		29.2		30.46		0.0036		0		180				6.7		2449.00		0.752

				T (degrees C)				e1 (cal)		e2 (cal)		e3 (cal)				H (cal/g)

		Benzoic Acid		2.6074627316				15.5		0		19.78				6324

		Benzoic Acid		1.2354867669				8.65		0		13.57				6324

		Benzoic Acid		1.3179194415				9.6		0		14.03				6324

		Sucrose		1.302455				10.2		0		11.04				3917		Average for Sucrose - It's the same as the value

		Sucrose		1.217418				7.8		0		19.09				3783		3850		we got on our experiment at the beginning of the semester

		Cystine		1.2788822				-		0		19.32				0

		Cystine		1.3060256				190.35		0		14.95				4072		3951

		Cystine		1.2555648				180		0		15.41				3829

														Average Gross Heat of Combustion =

				Under ideal conditions										Standard Deviation of the Gross Heat of Combustion=

														Precision =

														Accuracy =

										Theoretical Heat of Combustion of Sucrose

										3936.43 cal/g
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Temps

				Benzoic Acid		Benzoic Acid		Benzoic Acid		Sucrose						Sucrose						Cysteine		Cystine		Cystine		Cystine

		Time (min)		Temperature (degrees C)		Temperature (degrees C)		Temperature (degrees C)		Temperature (degrees C)				Time (min)		Temperature (degrees C)				Time (min)		Temperature (degrees C)		Temperature (degrees C)		Temperature (degrees C)		Temperature (degrees C)

				Trial 1		Trial 2		Trial 3		Trial 1						Trial 2						Trial 1		Trial 1		Trial 2		Trial 3

		0		25.62		27.58		24.45		27.98				0		28.74				0		26.16		27.3		26.48		29.18

		1		25.625		27.58		24.45		27.975				1		28.74				1		26.17		27.301		26.49		29.18

		2		25.63		27.58		24.45		27.97				2		28.74				2		26.18		27.301		26.49		29.19

		3		25.631		27.575		24.45		27.97				3		28.74				3		26.18		27.301		26.5		29.19

		4		25.636		27.56		24.46		27.97				4		28.74				4		26.18		27.301		26.5		29.19

		5		25.64		27.56		24.46		27.97				5		28.74				5		26.19		27.301		26.5		29.2

		6		25.65		27.56		24.47		27.96				6		28.74				6		26.19		27.301		26.5		29.2

		6.25		25.67		27.58		24.48		28.1				6.25		28.76				6.25		26.2		27.34		26.52		29.22

		6.5		25.8		27.8		24.58		28.28				6.5		28.88				6.5		26.26		27.58		26.72		29.38

		6.75		26.58		28		24.76		28.54				6.75		29.1				6.75		26.44		27.78		26.94		29.66

		7		27.22		28.21		24.98		28.76				7		29.28				7		26.56		28		27.16		29.86

		7.5		27.56		28.44		25.34		28.96				7.5		29.6				7.5		26.76		28.26		27.44		30.1

		8		27.82		28.58		25.5		29.08				8		29.76				8		26.89		28.38		27.6		30.22

		9		28.1		28.72		25.68		29.2				8.5		29.84				8.5		26.97		28.45		27.68		30.32

		10		28.22		28.78		25.76		29.24				9		29.88				9		27.02		28.5		27.72		30.38

		11		28.26		28.79		25.8		29.26				10.33		29.94				10		27.06		28.54		27.78		30.42

		12		28.28		28.8		25.82		29.26				11		29.95				11		27.12		28.56		27.81		30.44

		13		28.295		28.8		25.82		29.26				12		29.96				12		27.13		28.57		27.81		30.46

		14		28.3		28.8		25.83		29.26				13		29.96				13		27.14		28.57		27.8		30.46

		15		28.305		28.8		25.84		29.26				14		29.96				14		27.14		28.58		27.805		30.46

		16		28.305		28.8		25.84						15		29.96				15		27.14		28.58		27.805

		17		28.31				25.85						16		29.95				16		27.15		28.58

		18		28.31				25.86						17						17		27.16
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n H2O : n H2SO4
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