Titrating hydrochloric acid with a sodium hydroxide solution: an acid-base neutralisation
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Date of Experiment: 21/02/2025This paper used a practical approach in finding the equivalence point for sodium hydroxide and hydrochloric acid via titration. From the stochiometric relation between the solutions at the equivalence point, the experiment calculated two molarities 0.06560 ± 0.0008177mol/L and 0.06610 ± 0.0006596 mol/L. Taking the upper and lower limits describes the molar concentration of HCl to be somewhere within 0.06498 mol/L and 0.06675 mol/L. There were, however, large errors present when performing the experiment (e.g. drops of NaOH splashing in the beaker while performing the titration) which are discussed further within.
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Titration is a precise technique used in analytical chemistry to determine the molar concentration of a solution (the analyte) by reacting it with a solution of known concentration (the titrant). The English word ‘titration’ originates from the French verb ‘titrer’ (an etymological evolution of ‘titre’, “proportion of gold or silver in coins”) [1] and was defined by Gay-Lussac in his 1828 paper to mean “determining the concentration of a particular substance” [2]. Notably, Gay-Lussac is also accredited with defining a pipette and burette [3].

The experiment within this paper looks at finding the concentration of a solution of hydrochloric acid (HCl) by reacting it with a standard solution of sodium hydroxide (NaOH) - an acid-base reaction. This is done by reaching the equivalence point, which is the point during titration in which just enough titrant is added to cause neutralisation (Eq.1).

HCl (aq) + NaOH (aq)⇌ NaCl (aq)+ H2O (l)	(Eq. 1)

To ensure that the equivalence point is reached, the indicator phenolphthalein is used to visually represent (from colourless to pink) the moment of neutralisation. The hypothesis attached to this experiment is that HCl and NaOH have an equivalence point that can be determined using titration. For this, the independent variable will be the titrant (volume of NaOH), and the dependent variable is the colour of the solution (colourless or pink). The neutralisation of HCl and NaOH can be further simplified (Eq. 2), as aqueous HCl produces hydronium (as the lone pair of oxygen coordinates to the hydrogen ion) [4][5] and aqueous NaOH produces hydroxide [6]. The solution combines the hydronium and hydroxide to form water, and the leftover sodium and chlorine (spectator ions) forms sodium chloride. The products are neutral, as when they dissociate it produces a stochiometric amount of hydrogen ions and hydroxides [7].
	
	H3O+ + OH− → 2H2O 	 (Eq. 2)

To calculate the molar concentration of HCl one can use the moles of NaOH. As it is a neutralisation reaction the molar amount of NaOH is stoichiometrically equivalent to that of HCl. The moles of HCl are found (see Eq. 3) by using the relation of molar concentration (C (mol/L)), moles (n (mol)) and volume (V (L, litres)) [8]. The molar concentration value for NaOH used for the experiment was 0.09977 mol/L.

		 (Eq. 3)

The volume (V) of NaOH is then calculated from the titration by taking the difference in volume from the initial and final burette readings, with the initial reading (Vi) being before any NaOH is added and the final reading (Vf) being the instantaneous moment when the indicator changes the colour of the solution to pink to represent neutralisation (see Eq. 4). The change in colour can happen from just one extra drop and extra care should be taken when nearing. 

		(Eq. 4)

The graduations of the equipment used are in mL but will be converted to L to fulfil the dimensional requirements of molarity. To do this, Eq. 5 is used.

		(Eq. 5)
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[bookmark: _Toc192255813]A burette (±0.05mL) was set up and filled with NaOH using a funnel, allowing some liquid to pass through the tap to eliminate any air bubbles trapped at the bottom. The meniscus was set to 0 (13 for the final run) to use as the initial volume. Then, 25mL of HCl was transferred using a 10 mL pipette (±0.05ml) to a conical flask. This was then repeated for 3 flasks. One of the flasks had 35mL instead due to a measuring error. 3 drops of phenolphthalein indicator were added to each conical flask and gently swirled to fully incorporate, along with 10mL of deionised water using a 100mL cylinder (±0.5ml) to help observe the reaction. This flask will then act as the analyte, and the NaOH in the burette as the titrant. All equipment was washed prior to use with their respective solutions (10mL pipette was washed with HCl, the burette was washed with NaOH, the cylinder and flask were washed with water as it doesn’t affect the reaction). One of the conical flasks is then placed under the tap of the burette and turned to the open position, allowing NaOH to mix into the aqueous HCl, until the mixture turns pink. The tap is then closed, and the measurement is recorded as the rough titration value. This value is a rough point in which titration takes place – for future titrations the rate of flow from the burette can be slowed down, drop-wise, when nearing this value to obtain a greater precision. When performing the titration drop-wise, the flask should be swirled for a few moments after each drop to allow for a full incorporation and colour observation before another drop is added. Once the colour of the solution stays pink, even after continuous swirling, the titration is complete and the final volume measurement from the burette should be noted.
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	Iteration
	Rough
	Pass 1
	Pass 2
	Units

	HCl
	25
	25
	35
	mL

	V(i)
	0
	0
	13
	mL

	V(f)
	17
	16.5
	36.2
	mL

	V
	17
	16.5
	23.2
	mL

	n(NaOH)
	0.001696
	0.001696
	0.002315
	mol

	n(HCl)
	0.001696
	0.001696
	0.002315
	mol

	C(NaOH)
	0.09977
	0.09977
	0.09977
	mol/L

	C(HCl)
	0.0678
	0.0658
	0.0661
	mol/L


Table 1. The observed and calculated results from titrating.
Shown in Table 1, the molar concentrations associated with Pass 1 and Pass 2 are concordant, being separated by 0.0003 mol/L. This suggests that equal ratios were used during both titrations to reach the point of neutralisation and provides a precise measurement for the molar concentration. A more accurate value can be said to be somewhere within the respective error bounds associated with both passes. Taking the lowest and highest value with respective to C1 and C2’s uncertainty (see Table 2), an upper and lower bound of 0.06675 mol/L and 0.06498 mol/L is found. This is a more encompassing value of molarity for this experiment.
	Quantities
	Relative 
	Absolute

	Vol HCl, p1
	0.6
	0.05

	Vol HCl, p2
	0.571429
	0.05

	Mol, p1
	0.606061
	0.1

	Mol, p2
	0.431034
	0.1

	Vol, p1
	0.606061
	0.1

	Vol, p2
	0.431034
	0.1

	C1
	1.206061
	0.0008177

	C2
	1.002463
	0.0006596


Table 2. Table of errors associated with experimental values.
[bookmark: _Toc192262326]The error associated with HCl has been tripled as when measuring out 25mL of solution, the 10mL pipette is needed 3 times. This is further propagated for the 2nd run as 35mL was measured instead, needing 4 times the error. In addition, the error for V has been propagated in respect with Eq.4 by adding the errors for Vi and Vf..

Discussion

The results are very precise (with a difference of 0.0003 mol/L) and suggest that the value of molarity deduced is practically correctly and close to the true value. This precision is a result of the care taken during titrating, as once the volume of the titrant got near the rough titration value it went drop-wise, with a gap in-between to allow for swilling. The results confirm the hypothesis that HCl and NaOH can reach an equivalence point, and that titration is a practical use case for this. The presence of a colour change indicates that the solution has gone from acid (just HCl) to neutral (or further) (see Eq. 1). The 2nd pass analyte had a volume of 35mL as opposed to 25mL. This accident does not affect the accuracy or precision of the results but does highlight the ease of slipping up and adding in human error to an experiment.

Titration is a fundamental technique when it comes to the OME sector as it allows for precise control. This can be seen when it comes to measuring the purity of nitroglycerine, where measuring out a specific quantity is crucial to ensure the desired explosive characteristics. Glycerine is usually formed through reacting one mole of glycerine with three moles of nitric acid (see Eq. 6).

 	(6)

In addition to this, the most common use of titration for OME is to test the purity of a substance. This can be performed for glycerine where it can degrade into separated nitric acid, in which amount is calculated through titration in the form of a neutralisation reaction [15]. An example of this is the non-aqueous titration of FOX-7 [16] where it is solvated with DMF and an azo-violet indicator. This solution is then titrated against sodium methoxide (NaOCH3) and the dependent variable this time is the transition from brown to blue. Purity (P) is the mol/KG for the volume of a substance, C is the molarity, W is the weight, and R is the scaling factor. A scaling factor is used as you will only test a sample of the substance, as once it is tested it becomes waste. The purpose of the titration is to find the molarity (C) in the same way as the experiment discussed throughout this paper. 

		(6)


[bookmark: _Toc192262327]There were many possibilities for error, but for the purpose of this report only a select few will be discussed. Firstly, the largest of error is notably from the innate characteristics of phenolphthalein which only turns pink once the solution is of pH 8.2, which is slightly basic [9]. This means that the point reached upon seeing a colour transition is slightly further than the equivalence point and past neutralisation, to avoid this use an indicator with a colour transition closer to neutral. Furthering this point, using the human eye to detect the colour change can be inaccurate from innate human errors – a video colorimetry is suggested as a better alternative [9][10][11] but for this experiment a white tile was used to create a high contrasting background.  Next, the 10mL pipette should have been swapped out for a larger one as each subsequent measurement adds error. This was limited by availability and cost, but for future experiments should be considered if a greater accuracy is desired. Another error arises when considering the given molarity of NaOH as it was assumed to be a perfectly mixed standard solution. This value should contain an error and therefore would be propagated throughout. For future experiments, the molarity of the titrant needs to have an attached uncertainty, and this can be found by noting the measuring technique, or device, used. In addition, the pH of the water was unknown and not tested and therefore may have been slightly acidic or basic – this should be tested for future experiments and can be done simply by using a pH meter or universal indicator. Following this, the failure to prewet the pipette tip creates error, as this fails to allow the air cushion to equilibrate to the volume of the solution [12][13]. To avoid this the pipette should be held within the liquid for a few moments before aspirating. A few more notable errors are the swilling of the solution during titration allowing carbon dioxide to dissolve and make carbonic acid [14] (which can be negated by allowing the drops to naturally mix, or through a vibration plate), and the titrant itself causing splashes which cling to the beaker. The splashes could be reduced by placing the tip of the burette spout closer to the solution in the beaker, or by waiting longer after each drop to allow any splashed solution to re-enter.

Conclusion

Titration has been shown to be an effective analytical technique that is used to find a precise value for the concentration of a solution. To further back this claim, more titrations should be performed – but the pure amount of wider research negates the need for any further investigation. NaOH and HCl were shown experimentally to have an equivalence point by the transition of colour (thanks to phenolphthalein) from colourless to pink and the molarity of the HCl used was determined to be within 0.06675 to 0.06498 through error bounds. Future suggestions have been identified already, but notably the proposal of video colorimetry, the use of an indicator with a lower pH colour transition, and the determination of uncertainty for the titrants molar concentration is of most interest and will result in a greater precision. There are also many errors associated to the experiment, more so than this report can write about, and these should be addressed for future titrations to ensure accuracy in measurements. The relation to OME is particularly important as it highlights how many explosives need precise measurements to achieve their desired effects.
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Full list of equipment:

· 1x Burette, 50mL, attached to a burette stand with clamp
· 1x Glass pipette, 10mL, with pipette filler
· 3x Conical flasks, 100mL
· 1x Funnel
· 1x Plastic pipette
· 1x Wash bottle with deionised water
· 1x Graduated cylinder, 100mL
· 1x White tile
· 1x Beaker 
Full method used:
· Step 1: Wash each container and measuring device with their respective solutions.
· Step 2:  Set up a burette on a clamp stand and fill it with the standard NaOH solution.
· Step 3: Turn the burette tap until there are no trapped air bubbles within the burette
· Step 4: Note down the starting point of the burette (read the volume using the bottom point of the meniscus).
· Step 5: Use the glass pipette and pipette filler together to measure 25mL of HCl, three times, into three separate conical flasks.
· Step 6: Add 3 drops of phenolphthalein to each conical flask and swirl to incorporate.
· Step 7: Add 10mL of water to each flask, measured using a graduated cylinder.
· Step 8: Place one of the flasks under the burette and turn the tap until the solution changes colour to pink. This is the rough titration. Record this value.
· Step 9: Using the value for the rough titration, start again with titrating another flask but slow down the flow when near the rough titration point. This should become drop-wise and swilling of the flask should be done between drops.
· Step 10: Use the white tile to identify if the colour has changed, if not, keep adding drops from the burette tap. If it has changed, record this value and repeat from step 9.
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Figure 1. A scanned copy of the worksheet used during the experiment. It contains rough data for the values seen in Table 1.
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