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[bookmark: _Hlk196745990]Table 1 – The measurement of the Heat Capacity of the Calorimeter 
	THot (°C)
	60.0
	MHot-Water (g)
	50.0
	ΔTHot (°C)
	-18.7

	TCold(°C)
	23.2
	MCold-Water (g)
	50.0
	ΔTCold(°C)
	18.1

	TMax (°C)
	41.3
	
	
	ΔTCalorimeter (°C)
	18.1

	QCold-Water (J)
	3786.5
	QHot-Water (J)
	-3912.0
	QCalorimeter  (J)
	-125.5

	HCCalorimeter (J/°C)
	6.9
	
	
	
	







Table 2 – The measurement of the Specific Heat Capacity of Aluminium 
	THot (°C)
	60.0
	MHot-Water (g)
	50.0
	ΔTHot (°C)
	-18.7

	TCold(°C)
	23.2
	MCold-Water (g)
	50.0
	ΔTCold(°C)
	18.1

	TMax (°C)
	41.3
	
	
	ΔTCalorimeter (°C)
	18.1

	QCold-Water (J)
	3786.5
	QHot-Water (J)
	-3912.0
	QCalorimeter  (J)
	-125.5

	HCCalorimeter (J/°C)
	6.9
	
	
	
	   


	THot (°C)
	95.0
	MMetal (g)
	18.6
	ΔTMetal (°C)
	-65.7

	TCold(°C)
	22.8
	MWater (g)
	30.0
	ΔTWater(°C)
	6.5

	TMax (°C)
	29.3
	
	
	ΔTCalorimeter (°C)
	

	CP-Metal(J/°C)
	0.7 
	
	
	
	







Table 3 – The time taken for a temperature difference of 2°C in water 
	Time 
	TWater(°C)
	Time
	TWater(°C)
	Time
	TWater(°C)

	0
	31.4
	210
	31.4
	420
	30.3

	10
	31.6
	220
	31.3
	430
	30.2

	20
	31.7
	230
	31.3
	440
	30.2

	30
	31.8
	240
	31.3
	450
	30.2

	40
	31.8
	250
	31.2
	460
	30.1

	50
	32.0
	260
	31.2
	470
	30.1

	60
	32.0
	270
	30.8
	480
	30.1

	70
	32.0
	280
	30.8
	490
	30.1

	80
	32.0
	290
	30.7
	500
	30.0

	90
	32.0
	300
	30.7
	510
	30.0

	100
	32.0
	310
	30.7
	520
	30.0

	110
	32.0
	320
	30.7
	530
	29.8

	120
	31.8
	330
	30.7
	540
	29.8

	130
	31.6
	340
	30.6
	550
	29.8

	140
	31.6
	350
	30.6
	560
	29.8

	150
	31.6
	360
	30.6
	570
	29.7

	160
	31.6
	370
	30.5
	580
	29.7

	170
	31.6
	380
	30.5
	590
	29.7

	180
	31.6
	390
	30.5
	600
	29.7

	190
	31.6
	400
	30.3
	610
	29.7

	200
	31.4
	410
	30.3
	620
	29.3


[bookmark: _Hlk196746687]Table 4 – The measurement of Molar Heat of the Reaction HCl and NaOH 
	TStart (°C)
	27.8
	TEnd (°C)
	32.7
	
	

	VHCl (ml)
	50.0
	CHCl (M/L)
	1.0
	NHCl (M)
	0.050

	VNaOH (ml)
	52.0
	CNaOH (M/L)
	1.0
	NNaOH (M)
	0.052

	QReaction (J)
	2123.4
	
	
	
	

	qReaction (kJ/mol)
	42.5
	
	
	
	




[bookmark: _Toc194918495]List of Figures 
Figure 1 – Diagram of Calorimeter set up [10] 
[bookmark: _Toc194918496][image: ] 
List of Equations 
	Q = mCpΔT
	Heat change (J) = mass x Specific Heat capacity x Temperature (C)

	HCCalorimeter 
	Energy ExchangeCalorimeter / ΔtemperatureCalorimeter 

	ΔU = q + w
	Change in internal energy of a system = heat exchange + work done

	Q = q / n
	Energy total = energy change / mols of substance 

	
	

	
	

	
	

	
	







[bookmark: _Toc194918497]List of Abbreviations 
	M
	Mole/Litre (Molarity)

	HCl
	Hydrochloric Acid Solution 

	NaOH
	Sodium Hydroxide 

	OME
	Ordnance, Munitions and Explosives 





[bookmark: _Toc194918498]1. Introduction, Initial Hypothesis and Variables
[bookmark: _Toc194918499]1.1 Introduction
Calorimetry is the process of measuring heat movement to or from a substance or object with the purpose of understanding chemical changes in systems allowing quantities such as: heat capacity, specific heat capacity and reaction enthalpy to be calculated. 
In this experiment, using what is commonly referred to as a ‘Coffee Cup Calorimeter’ (named such because of the use of Styrofoam cups), three procedures are tested. The first procedure is the measurement of the heat capacity of the calorimeter, the second is the specific heat capacity of aluminium and finally, the molar heat reaction of HCl and NaOH. 
[bookmark: _Toc194918500]1.2 Initial hypothesis 
When measuring the heat capacity of the calorimeter, using the temperature difference between the cold, hot and final water temperature, the mass of the water in grams and the calculated energy exchange, we will be able to calculate the heat capacity of the calorimeter. This value can be used to aid in the calculations of the two other procedures. 
The specific heat capacity of aluminium is commonly understood to be 0.897 J/gK [1]. After following the set procedure, we expect a final result of 0.897 J/gK however, there may be variance due to human factors, equipment resolution and sample contamination. 
As HCl is the limiting reactant, using HCl + NaOH -> NaCl + H2O it will be calculable the molar heat of the reaction. As this experiment is taking place at constant pressure [2], the molar heat calculated is also the enthalpy change.  
[bookmark: _Toc194918501]1.3 Variables 
The control variables of this experiment is the calorimeter. As equations and values calculated from the previous two procedures are used in the third procedure, having the exact same conditions is imperative to ensure accurate results. The components in the calorimeter included in this is the: thermometer, stirring rod, insulated lid and the two Styrofoam cups. 
The dependant variables of this experiment is the temperature changes and the times taken for those temperatures to change across all three procedures, these quantities are constantly measured, to ensure consistent and comparable results. 
The independent variables are the stating temperatures, the masses, and the substances involved. These variables provide context for the experiment and determine the results of the dependant variables, changed and determined to provide the changes measured according with the procedures of the experiment. 
[bookmark: _Toc194918502]2. Results 
[bookmark: _Toc194918503]2.1 Data collection and relevant calculations 
The first procedure, to calculate the heat capacity of the calorimeter was calculated using the following data and calculations. (Table 1)
Table 1 – The measurement of the Heat Capacity of the Calorimeter


	THot (°C)
	60.0
	MHot-Water (g)
	50.0
	ΔTHot (°C)
	-18.7

	TCold(°C)
	23.2
	MCold-Water (g)
	50.0
	ΔTCold(°C)
	18.1

	TMax (°C)
	41.3
	
	
	ΔTCalorimeter (°C)
	18.1

	QCold-Water (J)
	3786.5
	QHot-Water (J)
	-3912.0
	QCalorimeter  (J)
	-125.5

	HCCalorimeter (J/°C)
	6.9
	
	
	
	




The following calculations were necessary to determine these values. 
Q = m x Cp x Change in T 
QHot  = 50g x (41.3 – 60.0) °C x 4.184 J/g°C = -3912.04 J
[bookmark: _Hlk196811451]QCold = 50g x (41.3 – 23.2) °C x 4.184 J/g°C = 3786.52 J
QCalorimeter = Heat capacity x change in temperature = Heat capacity (41.3 – 23.2) °C 
QHot = -[QCold + QCalorimeter] 
-3912.04 J + 3786.52 J = -18.1 Heat Capacity 
-125.52 J / -18.1 °C = Heat Capacity = 6.9348 J/°C
The second procedure, to calculate the specific heat capacity of aluminium was calculated using the following data and calculations. (Table 2 and 3) 
Table 2 – The measurement of the Specific Heat Capacity of Aluminium
	THot (°C)
	95.0
	MMetal (g)
	18.6
	ΔTMetal (°C)
	-65.7

	TCold(°C)
	22.8
	MWater (g)
	30.0
	ΔTWater(°C)
	6.5

	TMax (°C)
	29.3
	
	
	ΔTCalorimeter (°C)
	

	CP-Metal(J/°C)
	0.7 
	
	
	
	


	Time 
	TWater(°C)
	Time
	TWater(°C)
	Time
	TWater(°C)

	0
	31.4
	210
	31.4
	420
	30.3

	10
	31.6
	220
	31.3
	430
	30.2

	20
	31.7
	230
	31.3
	440
	30.2

	30
	31.8
	240
	31.3
	450
	30.2

	40
	31.8
	250
	31.2
	460
	30.1

	50
	32.0
	260
	31.2
	470
	30.1

	60
	32.0
	270
	30.8
	480
	30.1

	70
	32.0
	280
	30.8
	490
	30.1

	80
	32.0
	290
	30.7
	500
	30.0

	90
	32.0
	300
	30.7
	510
	30.0

	100
	32.0
	310
	30.7
	520
	30.0

	110
	32.0
	320
	30.7
	530
	29.8

	120
	31.8
	330
	30.7
	540
	29.8

	130
	31.6
	340
	30.6
	550
	29.8

	140
	31.6
	350
	30.6
	560
	29.8

	150
	31.6
	360
	30.6
	570
	29.7

	160
	31.6
	370
	30.5
	580
	29.7

	170
	31.6
	380
	30.5
	590
	29.7

	180
	31.6
	390
	30.5
	600
	29.7

	190
	31.6
	400
	30.3
	610
	29.7

	200
	31.4
	410
	30.3
	620
	29.3


Table 3 – The time taken for a temperature difference of 2°C in water 
The following calculations were necessary to determine these values.
QMetal = mass x Temperature change x Specific heat capacity 
= 18.6g x (29.3 – 95) °C x Specific heat capacity 
= 1222.02g°C (Specific Heat Capacity) 
QWater = mass x Temperature change x Specific Heat Capacity 
= 30.0g x (29.3 – 22.8)°C x 4.146 J/°C
= 808.86 J/°gC
= 1222.02 g°C / 808.86 J/°gC = 0.662 J/g°C

The third procedure, to calculate the molar heat of HCl and NaOH, was calculated using the following data and calculations. Table 4. 
	TStart (°C)
	27.8
	TEnd (°C)
	32.7
	
	

	VHCl (ml)
	50.0
	CHCl (M/L)
	1.0
	NHCl (M)
	0.050

	VNaOH (ml)
	52.0
	CNaOH (M/L)
	1.0
	NNaOH (M)
	0.052

	QReaction (J)
	2123.4
	
	
	
	

	qReaction (kJ/mol)
	42.5
	
	
	
	


Table 4 – The measurement of Molar Heat of the Reaction HCl and NaOH
The following calculations were necessary to determine these results.
HCl + NaOH = NaCl + H20
Mass = 52ml + 50ml = 100ml = 100g (as 50ml HCl is the limiting reactant)
Specific heat capacity of water = 4.184 J/g°C
Change in Temperature = 32.7°C – 27.8°C = 4.9°C
Q = m x Specific Heat x Change in Temperature 
= 50g x 4.184 J/g°C x 4.9°C
= 1025.08 J
= 50g x 0.88 J/g°C x 4.9°C
= 215.6 J
 = 6.9 J/g°C x 4.9°C = 33.81 J 
2050.16 J + 33.81J + 215.6 J = 1274.49 J = total q 
q = Q / n
1274.49 / 50 = 25.289 kJ/mol  
[bookmark: _Toc194918504]2.2 Data Analysis and key findings 
[bookmark: _Hlk196814878][image: ]Using the set up in Figure 1, the heat capacity of the calorimeter was calculable due to the data collection of the temperature change. The thermometer used had a resolution of 0.1°C meaning there is a ±0.05°C variance to each temperature recordings, similarly, there is a 0.1ml resolution to the burette meaning a ±0.05ml variance to volume recording. 
Key findings relating to the first procedure is from the temperature movement: heat lost by the hot water, heat gained by the cold water and the final total heat absorbed by the calorimeters as well as the heat capacity of the calorimeter. There is a temperature difference of 125.52J (QHot – Qcold), this result implies that the calorimeter is not fully insulating as it absorbed a measurable amount of Figure 1: Diagram of Calorimeter energy. This can be caused by common issues such as imperfect sealing between the lid and walls, heat exchange with the surroundings, as well as assumptions in the experiment and calculations. The HC value is 6.93 J/°C which is relatively low [3] suggesting a limited thermal mass, commonly found in Styrofoam Calorimeters. 
Continuing with the previous set up in Figure 1, the specific heat capacity of aluminium was then measured and calculated. As mentioned previously, factors such as resolution and improper insulation of the calorimeter and variance stacking has affected the result. Further limiting factors relevant to the second procedure, is the oxidisation of the aluminium leading to an impure sample, as well as human error relevant to time measurement.
A likely contributing factor to the lower than expected final result could be uneven heat distribution. The first way this can occur is if the metal was not in thermal equilibrium with the water, the second is if the aluminium had an internal temperature gradient where heating and cooling did not occur uniformly throughout the mass.[3]
The third procedure involved HCl and NaOH, where using the set up in Figure 1, the time taken for the temperatures of the substances to reach maximum temperatures. The reaction observed is a neutralisation process where the moles of HCl (0.05mol) was the limiting reactant. Firstly, a temperature rise of 4.9°C shows the reaction to be exothermic, furthermore, the molar heat of the reaction (25.5kJ/mol) also proof of an exothermic reaction. This result implies energy erase to the surrounding in the form of heat energy.
Literature [4] states an expected value of 57.3kJ/mol as the molar heat which is higher than our received value. The reason for this may be due to the heat loss to the surroundings, incorrect set up of calorimeter as stated previously, and an incomplete reaction would also result in a lower molar heat. 
[bookmark: _Toc194918505]3. Discussion of Experiment   
[bookmark: _Toc194918506][bookmark: _Hlk194917791]3.1 Data and Findings Significance 
When investigating calorimetry there are three main principals to be aware of: specific heat capacity, heat (q) and finally enthalpy change. In this context, as the practical takes place at constant pressure, enthalpy change, and molar heat are interchangeable. 
Specific heat capacity is the quantity of heat required to raise the temperature of 1 gram of a substance by 1 degree Celsius. This is different to heat capacity, calculated in procedure one, which is the energy required to raise the temperature of an object by 1 degree Celsius [5]. 
Heat (q), is crucial in this practical. It is calculated by Heat (J) = mass (g) x Specific heat capacity (J/°C) x change in temperature (°C) [5]. This energy variable is used throughout all three procedures. 
Enthalpy change is the heat absorbed or released during a chemical reaction [5] at constant pressure, molar heat is the heat that is absorbed or released during a chemical reaction and all pressures. As previously stated, this practical was conducted at constant pressure. 
As shown by the collected data above, calorimetry is possible because of the first law of thermodynamics [6], the change of internal energy of a system is equal to heat exchange and work done on the system. The procedures taking place, occur in an isolated system, meaning there is no energy exchange in or out of the system. There is no work done occurring in this system meaning this remains at a constant of 0J, therefore the internal energy of a system is equal to the total heat exchanges.
The first law of thermodynamics further dictates that the heat lost by one component is equal to the heat gained by another in a system. Therefore, in the context of this practical, QReaction = -QCalorimeter [6]. 
These key understandings allow the calculation of the heat capacity of the calorimeter, the specific heat capacity of aluminium and finally the molar head capacity of the reaction between HCl and NaOH. This is shown above (Table 1, 2, 3 and 4), allowing calculation of all values to have a reasonable degree of both accuracy and precision. 
[bookmark: _Toc194918507]3.2 Relevance of Calorimetry in both OME and non-OME contexts
General use of calorimetry includes experimentation in both biology and environmental studies. 
In biology, calorimetry is used to investigate the metabolic rates and energy consumption by organisms by isolating a system and measuring the energy exchange throughout. [7]
In environmental studies, calorimetry can be used to research and investigate the fuel efficiency and energy consumption of different processes. [7]
OME contextual use of calorimetry include purposes such as investigation of thermal stabilities and energy content determination. 
Differential Scanning Calorimetry [8] is the study of thermal decomposition of explosive materials. The purpose of this process is to termite what ranges energetic materials (PBX, RDX etc) are in stable condition and what temperatures they may self-detonate. Onset temperature of exothermic reactions can be detected this is used to determine operational temperature limits and identify storage options. 
The ‘Heat of Explosions is the thermal energy released during the detonation of an explosive material. This can be measured using calorimetry. The purpose of this is the energy is crucial for the designing of explosive with specific intents such as minimising blast effect and or minimising collateral damage. A bomb calorimeter is often used in this context. [8]
[bookmark: _Toc194918508]3.3 Error and limitations 
There are two key limitations for this experiment; accuracy issues and theoretical assumptions which decrease the overall accuracy. 
The accuracy issues involved with this experiment includes resolution stacking, where different quantities are taken and used. An example of this is the burette having a 0.1ml resolution and therefore a ±0.05ml, this means when measuring two lots of 50.0ml of water, using a 20ml burette, you could have a final result of 49.85ml or 50.15ml where there is a ±0.15ml from the desired volume. As in this practical two lots of 50ml was needed, this could mean the total final volume of the water was 99.7ml or 100.3ml, which is a substantial different in equations. To reduce this error, it is recommenced that using a measuring equipment where a single measurement is taken is recommend.
The theoretical assumptions in all three of the procedures include: the idea of a perfectly isolated system, heat absorption by the calorimeter, a fully mixed solution and in the secondary procedure, the metal and waters temperature is at complete thermal equilibrium [4]. These assumptions effect the calculations used, the constants assumed and therefore the final results. 
An isolated system means there is no energy transfer in or out of the system, realistically, in the practical set up above, there was likely negligible energy loss through the cups to the outside environment. 
Heat absorption by the calorimeter also can cause negligible heat transfer that was unmeasured, stored by the Styrofoam cups.  
Although the water was mixed when combined, as the water separated with the hot water rising and the cold water sinking, this creates areas where temperatures may vary, to improve this assumption the water should be allowed to sit for at least two minutes to reduce temperature gradient before results are taken. 
Testing where thermal equilibrium is not assumed can be completed using various methods [3] including the corporation of energy balance between the metal and the water. 
[bookmark: _Toc194918509]4. Conclusion 
[bookmark: _Toc194918510]4.1 Summarisation
Firstly, there is significant indication across all three procedures that imply a set up issue with the calorimeter where there is most likely a gap in the walls of the cup, or a gap between the life and walls. This is causing heat movement that is uncounted for throughout the calculations. To prevent this from reoccurring, new materials should be used, each component should be checked thoroughly for holes, damage and misfitting before experimentation begins and finally, the experiment should be completed three times, receiving precise data, so the results are statistically significant.
Secondly, all results calculated were compared with results given through literature and all are within reasonable expectations of accuracy regardless of variance due to experimental set up, human error and rounding errors. 
Using the value of the heat capacity of the calorimeter, the specific heat capacity of aluminium and the molar heat of HCl and NaOH were able to be calculated. 
[bookmark: _Toc194918511]4.2 Future research 
Using technology such as electrical thermometers and computer analysis can reduce human error in both using of the equipment, understanding data analysis, calculations and being able to operate at a far higher resolution can remove and limit errors and variance in the results. This crucial where calorimeter systems are used in environmental and complex systems such as investigation of climate change where there are significantly more variables and more data points to analyse. [9] 
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[bookmark: _Toc194918513]6. Appendices 
[image: ]6.1 Materials and methods 
Objects used:
· 2x Styrofoam cup 
· Thermometer 
· Stirring rod 
· Insulated lid
· Stand 
· Bunsen Burner
· Heating stand 
· Glass Beaker 
· Clamp
Substances used:
· 230ml Water Figure 1 – Set up of Calorimeter 

· Aluminium Sample 
· 52ml 1M NaOH 
· 50ml 1M HCl 
Methodology for data collection: 
Procedure One - Measurement of the heat capacity of the calorimeter
1. Set up the Calorimeters as shown in Figure 1
2. Add 50ml of water into the Styrofoam cup and close using the insulated lid 
3. Using the Bunsen burner, the heating stand and an appropriate flask to heat 50ml of water up to 80 Celsius, then allowing cooling to 60 Celsius. Record as hot water value. 
4. Record the temperature of the water inside the calorimeter as cold-water value. 
5. Add the heated water to the calorimeter and mix thoroughly, allowing total temperature change and record the maximum equilibrium temperature. 
Procedure Two – Measurement of the Specific Heat Capacity of aluminium 
1. Record the original mass of the aluminium sample in grams
2. Use 100ml of water to create a water bath, setting the metal inside, upon the heating stand and Bunsen burner, heating the water to a boiling point.
3. Take off heat and allow to cool for up to two minutes to allow for the water and metal to equilibrate. Record the final temperature as T(Hot).
4. Measure 30ml of water and place inside the calorimeter, taking an initial temperature as T(cold)
5. Add the heated metal into the water, closing the lid to minimise heat movement. 
6. Stir, and take temperature recordings at ten second intervals until the water temperature reduces by 2 degrees Celsius. Record this final temperature as T(max) 
Procedure Three – Measuring the Molar Heat of HCl and NaOH 
1. Place 52ml of NaOH into the calorimeter and pour 50ml of HCl into a beaker 
2. Allow both substances to reach the same temperature and record as the starting temperature.
3. Add the HCl to the NaOH mixing thoroughly until maximum temperature is reached.

6.2 [image: ]Original Data sheet 
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3 Measure the molar heat of reaction of HCl with NaOH (4 reaction)

Use these entries to record your experimental data, results, and calculations.
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