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SUMMARY OF PROJECT

HCl of known concentration was titrated against a solution of Na2CO3.  Different indicators, including a universal indicator, were used to signal the stoichiometric equivalence point between carbonic acid [99.9%] and bicarbonate ion.  Agreement of the amount of HCl needed to neutralize a set amount of Na2CO3 to the amount expected with the measured value to better than 0.5% was attempted.  The pKa values of Na2CO3 were also determined.  The effect of the regulation of temperature on the value of the equilibrium constants were determined.  The percent difference and confidence intervals were compared to determine the best indicator for this titration.  The 95% confidence intervals were analyzed to compare the precision of the values obtained under temperature regulation and non-regulated temperature conditions.  In the Na2CO3-HCl titration, the use of methyl orange as the indicator and the desiccation of Na2CO3 allowed an accuracy of within 0.00501% in the amount of Na2CO3 used in the titration.  The actual amount added was 0.012475 moles, while the experimentally derived amount was 0.0125 moles with a 95% confidence interval of ±0.0000460 moles.  For Na2CO3 pKa determination, the pKa1 values for unregulated temperature was 6.362(0.0789; for regulated temperature pka1 was 6.407(0.0326.  They were both significantly the same as the literature value.  However, for pKa2 the unregulated trials measured was 10.45(0.0241, while the regulated set was 10.37(0.123.  They were found to be significantly different and too imprecise to compare.

OBJECTIVE

In a volumetric analysis as an acid-base titration, high accuracy is desirable.  In previous laboratory experiments the determination of the equivalence point of the Na​2CO3-HCl reaction had accuracy within 8%.  In addition, the experimental pKa values were accurate within 5%.

The purpose of this project was to modify the acid-base titration in order to obtain 0.5% accuracy in the number of moles of Na2CO3 calculated from the titration compared to the actual number weighed out.  Another goal was to determine the pKa values of Na2CO3 to within 0.5% accuracy.  


Below are the specific aims that were proposed to accomplish the objective:

1. Various pH indicators that change color near a pH of 3.4 (the equivalence point as determined in the background section) will be used in HCl-Na2CO3 titration trials.  The best indicator will be determined by comparing the number of moles of Na2CO3 in solution given by titration with different indicators against the actual amount determined by mass.

2. The effect of Na2CO3 desiccation on the accuracy of the determination of the moles in solution will be observed.

3. A control trial in a 25.0oC water bath will be set up against an experimental trial without temperature control to see whether temperature change of the solution caused by conduction from the magnetic stirrer alters the pKa values.  

Background

Acid-Base Titrations

The sodium carbonate-hydrochloric acid reaction is equilibrious, never going entirely to completion.  The equivalence point was defined as 99.9% completion of the reaction.  The Henderson-Hasselbach equation can be applied to determine the pH of the equivalence point.  Then indicators that change color at this pH were chosen to signal the equivalence point.  A primary standard with high purity is necessary to serve as the reference material.  KHP satisfies the requirements for a primary standard.  It has 99.99% purity and high molecular weight: 204.1 g/mole, which allows a higher accuracy in measurement than Na2CO3.  It is readily available at low cost, and has reasonable solubility in water.1 

Determination of the pH of the Equivalence Point

At the equivalence point, the ratio of HCO3- to H2CO3 is 1/1000, according to the definition above.  Applying the Henderson-Hasselbach equation, 


             [HCO3-]


pH = pKa1 + log [H2CO3]



            _1__

 
pH = 6.38 + log 1000


pH = 6.38 - 3

the pH of the equivalence point is:





pH = 3.38

Indicators that change color near this pH were chosen.

An indicator whose range lies on the steep portion of the titration curve allows greater accuracy, since the addition of a small amount of titrant causes a dramatic color change.  Bogens, a universal indicator that primarily uses methyl red in this pH range was also chosen to determine the accuracy of this type of indicator.

	Indicator
	pKIn (20°C)
	Approx. pH range
	Color change

	Methyl Orange
	3.46
	3.2-4.4
	Red  - Yellow

	Bromcresol Green
	4.9
	3.8-5.4
	Yellow - Blue

	Methyl Red
	5.00
	4.8-6.0
	Red  - Yellow


                                                          (2)

Desiccation

Monohydrate sodium carbonate loses 13.0-15.0% of its mass upon drying at 150°C 3.  Using hydrated sodium carbonate adds to the error of the titration.  The mass weighed was 1.325g, which means the amount of sodium carbonate in the solution was reduced by 0.17 - 0.199g, or 0.0016 - 0.0019 moles. 

Equilibrium Constant

The literature values for the dissociation constants of H2CO3 and HCO3- are Ka 1 = 4.45 x 10 –7 and Ka2 = 4.7 x 10 –11, respectively, which means pKa1 = 6.38 and pKa2 = 10.32.1  Because the reaction between HCl and Na2CO3 is exothermic, the equilibrium constant will change with varying temperature. However, changes in other conditions such as pressure, volume, and initial concentrations merely alter the position of the equilibrium concentrations. The enthalpy of the reaction is a source of possible concern because the magnetic stirrer adds heat to the solution via conduction.  Thus, the temperature of the solution will be kept constant for one set of trials.  A 5°C increase in temperature of 150g solution releases 3.14 kJ of energy.  The heat of reaction for each equilibrium is –467 kJ/mol and –550 kJ/mol.  Therefore, temperature regulation should have a negligible effect on the values of the equilibrium constants.

THEORY AND METHODS OF CALCULATION 


A summary of the reaction mechanism and the formulas used to determine the pKa values from the various concentrations of the reactants and products are presented below.  This is very similar to the method given in the laboratory manual, but several changes were made.  The Henderson-Hasselbach equation will be used to obtain a linear regression from the titration data.

Reaction 1:
Reaction 2:

	H+ + HCO3- = H2CO3


            (1)

Y1 = log ( [H2CO3] / [HCO3-] ) = pH – pKa1  (2)
	CO32- + H+ = HCO3-


          (3)

Y2 = log ( [HCO3-] / [CO32-] ) = pH – pKa2  (4)


When [HCO3-] = [CO3 2-], pH = pKa2.  Therefore,  – (yint/slope) of a plot of Y2 vs. pH gives the value for pKa2.  Similarly, when [H2CO3] = [HCO3-], pH = pKa1, and  – (yint/slope) of a plot of Y1 vs. pH gives the value for pKa1. 

In order to obtain these regressions, some assumptions must be made to determine the concentrations of HCO3-, CO32-, and H2CO3.  The initial concentrations of these values will be calculated using the following equations:

pH actual / pH calculated = [HCO3-] actual / [HCO3-] calculated.
(5)


pH actual / pH calculated = [H2CO3] actual / [H2CO3] calculated.
(6)


The pH actual for equation 5 will be measured before any acid is added, and the pH actual for equation 6 will be measured at a pH of about 7.  This is the pH when 99.9% of the CO32- is converted to HCO3-.  The [HCO3-]calculated will be found using the literature Ka1 value of 4.3 x 10–7, while the [H2CO3]calculated will be found using the literature Ka2 value of 5.6 x 10–11.  These values will be calculated according to the following equation:

Ka = [ (10-pH) (CO32-added – x) ] / x

where pH is the measured pH and x is either the number of moles of HCO3- when Ka = Ka1, or x is the number of moles of H2CO3 calculated when Ka = Ka2.  The pH calculated is the literature pKa value.

The initial [CO32-] was left as the number of moles added, factored by its purity: 99.8%.





The number of moles of HCO3- and CO32- in the pH range of 12 to 7 was calculated as follows:

HCO3-n+1 = HCO3-n + moles acid added at end of step




CO32-n+1 = CO32-n – moles acid added at end of step





The number of moles of HCO3- and H2CO3 in the pH range of 7 to 4 was calculated as follows:



H2CO3n+1 = H2CO3 n + moles acid added at end of step






HCO3-n+1 = HCO3-n – moles acid added at end of step




Materials

1M NaOH-Fisher ±0.5%



Deionized water

1M HCl-Fisher ±0.5% 



Oven

Na2CO3 powder – Fisher 99.8% pure

Electronic pH meter- Fisher Accumet 925 ±0.01

Bogens universal indicator-LabChem

Mettler PB303 electronic balance ±1.0 mg

Potassium-H-phthalate (KHP)


Various glassware


- Fisher 99.99% pure


2 Burettes ±0.05ml 

Methyl orange-Sigma (acid-base indicator)

Burette Stand

Bromcresol green-Sigma (acid-base indicator)
Electronic magnetic stirrer

Methyl red-Sigma (acid-base indicator)

Magnetic stirring rods

Phenolphthalein-Sigma (acid-base indicator)

Mortar and pestle

Paraffin wax paper



Thermometer ±0.05oC

APPARATUS


The two burettes were clasped to the burette stand.  The electronic stirrer was placed underneath the left burette.  A stirring rod was placed inside of the beaker, on top of the magnetic stirrer.  The probe of the pH meter was placed in the beaker while its wire was wrapped around the burette stand and secured with a piece of paraffin.

Procedure

Calibration of acids and bases

	Trial Set
	Indicator
	pKa of Indicator2
	Endpoint color
	Expected Volume of NaOH
	Solution
	Titrant

	1
	Phenolphthalein
	9.1
	Pink
	20ml
	4.085g of KHP in 100ml water
	NaOH

	2
	Phenolphthalein
	9.1
	Pink
	20ml
	20ml of 1M HCl in 100ml of water
	NaOH


Sodium carbonate and KHP were ground up and placed in an oven at 100oC to dry for one hour.  In a clean beaker with paraffin wax covering it, 4.085g of KHP were dissolved in 100ml of deionized water.  Five drops of phenolphthalein were added and this solution was titrated with NaOH.  In a separate beaker, 20.0ml of HCl was measured and diluted with 100ml of deionized water.  Five drops of phenolphthalein were placed in the flask, which was titrated with NaOH.  The titrations were considered complete when a permanent, significant color change was achieved.  All trial sets consist of four individual trials.

Indicator Determination

	Trial Set
	Indicator
	pKa of Indicator2
	Endpoint color
	Mass of Na2CO3 (g)
	Expected ml of HCl
	Desiccated Na2CO3

	1
	Bogens
	Universal
	Bright Red
	1.325
	25.0
	NO

	2
	Methyl Orange
	3.46
	Orange
	1.325
	25.0
	NO

	3
	Bromcresol Green
	4.9
	Green
	1.325
	25.0
	NO

	4
	Methyl Red
	5.00
	Pink
	1.325
	25.0
	NO

	5
	Methyl Orange
	3.46
	Orange
	1.325
	25.0
	YES


On the Mettler PB303 electronic balance, 9.84g of 1.0M HCl were measured and diluted with 90.00g of deionized water.  This was labeled the 0.1M HCl solution.  Five drops of each indicator and 100ml of deionized water were added to a paraffin wax covered a beaker with 1.325g of Na2CO3.  The solution was titrated with the HCl.  A one-time massive titration interval of about 15 ml was used to speed up the whole procedure.  Then, the intervals became about 0.5 ml. When the solution approached the endpoint of the indicator, the solution was titrated with 0.1 M HCl.  The intervals of titration with this solution were between 0.3 and 0.1ml.  This process was repeated for a total of four times for each trial set.  The indicators that were used are: Bogens universal indicator, methyl orange, bromcresol green, and methyl red.  Also, the process was performed using desiccated Na2CO3 powder and methyl orange.  As above, the titration was considered complete when a permanent, significant color change was achieved.  In the case of Bogen’s universal indicator, a qualitative endpoint deemed “fruit punch” was used.

pKa Determination

	Trial Set
	Rate of titration
	Temperature Regulation
	Mass of Na2CO3 (g)
	pKa11
	pKa21
	Expected Volume of HCl

	1
	Fast
	NO
	1.325
	10.32
	6.38
	25ml

	2
	Fast
	Yes, at 25.0oC
	1.325
	10.32
	6.38
	25ml


A solution of 1.325g Na2CO3 in 100ml of deionized water was made in a beaker and covered with paraffin wax.  This solution was titrated with 1.0M HCl, at first adding 1 ml at a time and taking the pH after every interval.  Once the rate of pH change increased, the titration intervals became 0.5 and then 0.1ml.  At every interval the pH of the solution was to be taken.  When the rate that the pH changes decreased, the titration intervals were increased to 0.5ml until a rapid increase occurred.  This process was repeated until pH 2 is reached.  These trials were repeated for a total of eight times.  For the first four trials, the solution was titrated in about 20 minutes without temperature regulation.  For the second four trials the solution were titrated in the same amount of time, but at a regulated temperature of 25oC. 

RESULTS

Table 1

Calibration of Acid and Base Solutions

	
	Concentration, M
	Uncertainty, %
	95% C.I., M
	Manufacturer Value, M4
	Difference from Manufacturer Value, %

	NaOH
	1.001
	0.5245
	±0.00400
	1.00 ±0.005  
	0.100

	HCl
	1.003
	1.5245
	±0.00398
	1.00 ±0.005
	0.300


Table 1 shows the concentrations of the solutions used for the titrations, using 99.99% pure KHP as the primary standard.  The concentrations were found to be within the limits specified by the manufacturer.  They were also found to be significantly the same as the manufacturer’s value.

Table 2

Indicator Accuracy Results

	
	 HCl Added, mol
	95% C.I., mol
	Na2CO3 Added, mol
	Difference of added amounts, %

	Bogen's
	0.0123
	±0.000119 
	0.012475
	1.10

	M.Orange
	0.0122
	±0.0000438
	0.012475
	2.38

	B.Green
	0.0122
	±0.0000775
	0.012475
	2.38

	M.Red
	0.0116
	±0.000615
	0.012475
	7.17

	Desiccated Na2CO3 w/ M.Orange
	0.0125
	±0.0000460
	0.012475
	0.00501


Table 2 presents the amount of HCl added to Na2CO3 to achieve the indicator’s endpoint.  Due to the 2:1 neutralization ratio of HCl and Na2CO3, the amount of HCl was divided by two for comparison.  The maximum uncertainty is 2.0% for these trials.  Of this uncertainty, 1.9% is attributed to the burettes, representing 95% of the total maximum uncertainty.

Table 3

pKa Determination for Na2CO3
	
	Mean
	95% C.I.
	Literature Value1
	Difference from Literature Value, %

	No Temp. Reg.
	pKa1
	6.362
	(0.0789
	6.38
	0.275

	
	pKa2
	10.45
	(0.0241
	10.32
	1.25

	Temp. = 25 oC
	pKa1
	6.407
	(0.0326
	6.38
	0.430

	
	pKa2
	10.37
	(0.123
	10.32
	0.456


Table 3 shows the pKa values for Na2CO3 and the effect of temperature regulation at 25oC.  The regulated temperature trials are significantly the same as the literature values.  The maximum uncertainty for these trials is 2.10%.  The burettes contribute 90.4% of the total uncertainty.

ANALYSIS AND DISCUSSION


The NaOH solution was calibrated against KHP, a primary standard; while the HCl was calibrated against the NaOH, a secondary standard.  The differences from the manufacturer’s values are greater for HCl than NaOH.  This is reasonable since NaOH was calibrated directly, while HCl was not.  Further, the acid and base solution concentrations were found to be significantly the same as the manufacturer’s specified values.  Therefore, manufacturer specified values should be used in the future and do not need to be checked before further experimentation.

Methyl orange is the best indicator for determining the equivalence point for Na2CO3.  Bogen’s universal indicator (1.10% difference) is more accurate than methyl orange (2.38% difference), but the 95% confidence interval is 2.71 times as large as methyl orange.  Bogen’s indicator is very difficult to use due to its subtle color change when used for this reaction, as shown by the large confidence interval of ±0.000119 mol.  However, methyl orange, on the other hand, has a dramatic color change.  Bromcresol green is as accurate as methyl orange, but the confidence interval is 1.77 times methyl orange’s.  Further, methyl orange is 3x as accurate as methyl red, which is the indicator used in BE210 lab experiment #4 

Desiccating the Na2CO3 powder greatly improves the accuracy of the titration.  This is illustrated by a 475x increase in the accuracy that occurred with the methyl orange indicator.  When the powder was not heated, the amount of HCl used to neutralize Na2CO3 was 2.38% different from the predicted value.  When the powder was dehydrated, the difference was reduced to 0.00501%.

When the titration was temperature regulated, both pKa values were significantly the same as the literature values, whereas only pKa1 was significantly the same under the non-regulated condition.  In addition, the 95% confidence interval for the regulated temperature pKa2 was 5.1 times the 95% confidence interval for the unregulated pKa2 value.  These results show that keeping the temperature of the solution constant seems to improve the accuracy in obtaining pKa values, but the reliability of this conclusion is questionable due to the lack of precision of pKa2 under temperature regulation.  These conflicting observations indicate that no strong conclusion can be made about the effect of temperature on the accuracy of the pKa values.

CONCLUSIONS

1.  By using methyl orange instead of methyl red, accuracy is increased threefold. Desiccating the Na2CO3 increases the accuracy 475 times.

2.  Desiccating Na2CO3 and using methyl orange indicator had an accuracy within 0.00501%, which meets the objective of less than 0.5%.

3.  The pKa values were not determined within 0.5%.  The 95% C.I. for the regulated temperature pKa2 value was too great to associate appreciable accuracy to the value.  For the regulated temperature trials, pKa1 was found to be 6.407(0.0326 and pka2 was 10.37(0.123.  The unregulated trials had a pKa1 of 6.362(0.0789 and pKa2 of 10.45(0.0241.
RECOMMENDATIONS

For the determination of the most accurate indicator, burettes created 95% of the uncertainty.  During pKa determination they were responsible for 90.4% of the total uncertainty.  Using a more accurate burette, good to within ±0.005ml would lower the overall uncertainty to approximately 10% of its present value.  This would also allow greater precision for pKa determination.  The acid and base calibrations took up much time to ultimately be found to be significantly the same as the manufacturer’s value.  Therefore, this procedure does not need to be performed.  
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