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[bookmark: _Toc41548794][bookmark: _Toc166960552]1 Introduction 
[bookmark: _Toc924431579][bookmark: _Toc166960553]1.1 Purpose of Experiment 
To determine the effect that altering the concentration of HCl, temperature of HCl and surface area of magnesium has on the rate of reaction. In each case, the rate of reaction is equal to the volume of hydrogen produced divided by the change in time. 

[bookmark: _Toc166960554]1.2 Concepts 
[bookmark: _Toc166960555]1.2.1 Experiment 1 – Effect of Concentration of HCl (Mole) on Hydrogen Gas Evolution (mL)
Increasing the concentration of a reactant will increase the number of reactant particles in the same volume of solution and decrease their proximity to each other [1]. This will subsequently increase the frequency of collisions between reactant particles, increasing the frequency of successful collisions. According to Collision Theory, the rate of reaction is directly proportional the number of collisions divided by time, meaning an increased number of collisions will result in a greater rate of reaction [2]. The impact increasing concentration of a substance has on the rate of reaction depends on the order of the reaction [3]. 
[bookmark: _Toc166960556]1.2.2 Experiment 2 – Effect of Temperature (°C) on Hydrogen Gas Evolution (mL)
Increasing the temperature increases the kinetic energy of reactant particles. This increases the velocity at which they move, increasing the number of collisions [2]. This subsequently increases the frequency of successful collisions which according to Collision Theory, increases the rate of reaction. Increasing the kinetic energy of particles also increases the number of particles above the Activation Energy required for a successful collision [3]. This increases the frequency of successful collision and in turn the rate of reaction, following the Arrhenius Equation. 
[bookmark: _Toc166960557]1.2.3 Experiment 3 – Effect of Surface Area of Magnesium on Hydrogen Gas Evolution (mL)
Increasing the surface area of a reactant increases the number of reactant particles available to take part in collisions [4]. This increases the number of collisions and subsequent frequency of successful collisions. This will increase the rate of reaction according to Collision Theory. 
[bookmark: _Toc1551015224][bookmark: _Toc166960558]1.3 Hypothesises 
· Increasing the concentration of HCl will increase the rate of reaction due to Collision Theory. 
· Increasing the temperature will increase the rate of reaction due to both Collision Theory and the Arrhenius Equation.
· Increasing the surface area of Mg will increase the rate of reaction due to Collision Theory. 


[bookmark: _Toc105259921][bookmark: _Toc166960559]1.4 Variables
· Independent 
· Concentration of HCl (Mole)
· Temperature of reaction (°C)
· Surface area of Mg 
· Dependent 
· Rate of reaction (volume of hydrogen gas produced over a measured time).
· Control for Experiment 1 (concentration)
· Temperature of HCl (°C)
· Surface area of Mg
· Control for Experiment 2 (temperature)
· Concentration of HCl (Mole)
· Surface area of Mg
· Control for Experiment 3 (surface area)
· Temperature of HCl (°C)
· Concentration of HCl (Mole)

[bookmark: _Toc1770206097][bookmark: _Toc166960560]1.5 Equations

[bookmark: _Ref166701758][bookmark: _Ref166701746]Equation 1 - Rate of Reaction using volume of Hydrogen produced and time

[bookmark: _Toc166960561]2 Results
[bookmark: _Toc166960562]2.1 Results of Experiment 1 
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[bookmark: _Ref166616826][bookmark: _Toc166619044][bookmark: _Toc166705252]Figure 1 - Key explaining the colour coding of tables shown in results
[bookmark: _Toc166960563]2.1.1 Results and Calculations of 1.0 Mole HCl (25°C)
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[bookmark: _Toc166619045][bookmark: _Toc166705253]Figure 2 - Table showing the Volume of Hydrogen Gas Produced (mL) in 10 second intervals when 1 Mole HCl at 25°C reacts with Magnesium Ribbon
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[bookmark: _Toc166619046][bookmark: _Toc166705254]Figure 3 - A graph showing the volume of Hydrogen Gas produced (mL) per second when 1.0 Mole HCl at 25°C reacts with Magnesium Ribbon
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[bookmark: _Toc166705255]Figure 4 - A graph showing the volume of Hydrogen Gas produced (mL) per second when 1.0 Mole HCl at 25°C reacts with Magnesium Ribbon with the gradient of the red line being used to calculate the Instantaneous Rate of Reaction at t=0s
				Equation 1
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[bookmark: _Toc166705256]Figure 5 - A graph showing the volume of Hydrogen Gas produced (mL) per second when 1.0 Mole HCl at 25°C reacts with Magnesium Ribbon with the gradient of the red line being used to calculate the Average Rate of Reaction between t=0s and t=100s
				Equation 1


[bookmark: _Toc166960564]2.1.2 Results and Calculations of 1.5 Mole HCl (25°C)
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[bookmark: _Toc166619047][bookmark: _Toc166705257]Figure 6 - A table showing the Volume of Hydrogen Gas Produced (mL) in 10 second intervals when 1.5 Mole HCl at 25°C reacts with Magnesium Ribbon
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[bookmark: _Toc166619048][bookmark: _Toc166705258]Figure 7 - A graph showing the Volume of Hydrogen Gas Produced (mL) per second when 1.5 Mole HCl at 25°C reacts with Magnesium Ribbon
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[bookmark: _Toc166705259]Figure 8 - A graph showing the volume of Hydrogen Gas produced (mL) per second when 1.5 Mole HCl at 25°C reacts with Magnesium Ribbon with the gradient of the red line being used to calculate the Instantaneous Rate of Reaction at t=0s
				Equation 1
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[bookmark: _Toc166705260]Figure 9 - A graph showing the volume of Hydrogen Gas produced (mL) per second when 1.5 Mole HCl at 25°C reacts with Magnesium Ribbon with the gradient of the red line being used to calculate the Average Rate of Reaction between t=0s and t=100s
				Equation 1


[bookmark: _Toc166960565]2.1.3 Results and Calculations of 2.0 Mole HCl (25°C)
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[bookmark: _Toc166619049][bookmark: _Toc166705261]Figure 10 - A table showing the Volume of Hydrogen Gas Produced (mL) in 10 second intervals when 2.0 Mole HCl at 25°C reacts with Magnesium Ribbon
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[bookmark: _Toc166619050][bookmark: _Toc166705262][bookmark: _Toc166874558]Figure 11 - A graph showing the Volume of Hydrogen Gas Produced (mL) per second when 2.0 Mole HCl at 25°C reacts with Magnesium Ribbon
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[bookmark: _Toc166705263]Figure 12 - A graph showing the volume of Hydrogen Gas produced (mL) per second when 2.0 Mole HCl at 25°C reacts with Magnesium Ribbon with the gradient of the red line being used to calculate the Instantaneous Rate of Reaction at t=0s
				Equation 1
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[bookmark: _Toc166705264]Figure 13 - A graph showing the volume of Hydrogen Gas produced (mL) per second when 2.0 Mole HCl at 25°C reacts with Magnesium Ribbon with the gradient of the red line being used to calculate the Average Rate of Reaction between t=0s and t=100s
				Equation 1


[bookmark: _Toc166960566]2.2 Results of Experiment 2 
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[bookmark: _Toc166619051][bookmark: _Toc166705265]Figure 14 - A key explaining the colour coding of tables used in results
[bookmark: _Toc166960567]2.2.1 Results and Calculations of 1.0 Mole HCl (25°C)
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[bookmark: _Toc166619052][bookmark: _Toc166705266]Figure 15 - A table showing the Volume of Hydrogen Gas Produced (mL) in 10 second intervals when 1.0 Mole HCl at 25°C reacts with Magnesium Ribbon
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[bookmark: _Toc166619053][bookmark: _Toc166705267]Figure 16 - A graph showing the Volume of Hydrogen Gas Produced (mL) per second when 1.0 Mole HCl at 25°C reacts with Magnesium Ribbon
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[bookmark: _Toc166705268]Figure 17 - A graph showing the volume of Hydrogen Gas produced (mL) per second when 1.0 Mole HCl at 25°C reacts with Magnesium Ribbon with the gradient of the red line being used to calculate the Instantaneous Rate of Reaction at t=0s
				Equation 1
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[bookmark: _Toc166705269]Figure 18 - A graph showing the volume of Hydrogen Gas produced (mL) per second when 1.0 Mole HCl at 25°C reacts with Magnesium Ribbon with the gradient of the red line being used to calculate the Average Rate of Reaction between t=0s and t=100s
				Equation 1


[bookmark: _Toc166960568]2.2.2 Results and Calculations of 1.0 Mole HCl (45°C)
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[bookmark: _Toc166619054][bookmark: _Toc166705270]Figure 19 - A table showing the Volume of Hydrogen Gas Produced (mL) in 10 second intervals when 1.0 Mole HCl at 45°C reacts with Magnesium Ribbon
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[bookmark: _Toc166619055][bookmark: _Toc166705271]Figure 20 - A graph showing the Volume of Hydrogen Gas Produced (mL) per second when 1.0 Mole HCl at 45°C reacts with Magnesium Ribbon
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[bookmark: _Toc166705272]Figure 21- A graph showing the volume of Hydrogen Gas produced (mL) per second when 1.0 Mole HCl at 45°C reacts with Magnesium Ribbon with the gradient of the red line being used to calculate the Instantaneous Rate of Reaction at t=0s
				Equation 1
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[bookmark: _Toc166705273]Figure 22 - A graph showing the volume of Hydrogen Gas produced (mL) per second when 1.0 Mole HCl at 45°C reacts with Magnesium Ribbon with the gradient of the red line being used to calculate the Average Rate of Reaction between t=0s and t=100s
				Equation 1


[bookmark: _Toc166960569]2.2.3 - Results and Calculations of 1.0 Mole HCl (55°C)
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[bookmark: _Toc166619056][bookmark: _Toc166705274]Figure 23 - A table showing the Volume of Hydrogen Gas Produced (mL) in 10 second intervals when 1.0 Mole HCl at 55°C reacts with Magnesium Ribbon
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[bookmark: _Toc166619057][bookmark: _Toc166705275]Figure 24 - A graph showing the Volume of Hydrogen Gas Produced (mL) per second when 1.0 Mole HCl at 55°C reacts with Magnesium Ribbon
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[bookmark: _Toc166705276]Figure 25 - A graph showing the volume of Hydrogen Gas produced (mL) per second when 1.0 Mole HCl at 55°C reacts with Magnesium Ribbon with the gradient of the red line being used to calculate the Instantaneous Rate of Reaction at t=0s
				Equation 1
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[bookmark: _Toc166705277]Figure 26 - A graph showing the volume of Hydrogen Gas produced (mL) per second when 1.0 Mole HCl at 55°C reacts with Magnesium Ribbon with the gradient of the red line being used to calculate the Average Rate of Reaction between t=0s and t=100s
				Equation 1


[bookmark: _Toc166960570]2.3 Results of Experiment 3
[image: A white rectangular sign with black text

Description automatically generated]
[bookmark: _Toc166619058][bookmark: _Toc166705278]Figure 27 - A key explaining the colour coding of tables used in results
[bookmark: _Toc166960571]2.3.1 Results and Calculations of Magnesium Ribbon 
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[bookmark: _Toc166619059][bookmark: _Toc166705279]Figure 28 - A graph showing the volume of Hydrogen Gas Produced (mL) in 10 second intervals when 1 Mole HCl at 25°C reacts with Magnesium Ribbon
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[bookmark: _Toc166619060][bookmark: _Toc166705280]Figure 29 - A graph showing the Volume of Hydrogen Gas Produced (mL) per second when 1.0 Mole HCl at 25°C reacts with Magnesium Ribbon
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[bookmark: _Toc166705281]Figure 30 - A graph showing the volume of Hydrogen Gas produced (mL) per second when 1.0 Mole HCl at 25°C reacts with Magnesium Ribbon with the gradient of the red line being used to calculate the Instantaneous Rate of Reaction at t=0s
				Equation 1
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[bookmark: _Toc166705282]Figure 31 - A graph showing the volume of Hydrogen Gas produced (mL) per second when 1.0 Mole HCl at 25°C reacts with Magnesium Ribbon with the gradient of the red line being used to calculate the Average Rate of Reaction between t=0s and t=100s
				Equation 1



[bookmark: _Toc166960572]2.3.2 Results and Calculations of Magnesium Turnings
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[bookmark: _Toc166619061][bookmark: _Toc166705283]Figure 32 - A table showing the Volume of Hydrogen Gas Produced (mL) at 10 second intervals when 1.0 Mole HCl at 25°C reacts with Magnesium Turnings
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[bookmark: _Toc166619062][bookmark: _Toc166705284]Figure 33 - A graph showing the Volume of Hydrogen Gas Produced (mL) per second when 1.0 Mole HCl at 25°C reacts with Magnesium Turnings
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[bookmark: _Toc166705285]Figure 34 - A graph showing the volume of Hydrogen Gas produced (mL) per second when 1.0 Mole HCl at 25°C reacts with Magnesium Turnings with the gradient of the red line being used to calculate the Instantaneous Rate of Reaction at t=0s
				Equation 1
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[bookmark: _Toc166705286]Figure 35 - A graph showing the volume of Hydrogen Gas produced (mL) per second when 1.0 Mole HCl at 25°C reacts with Magnesium Turnings with the gradient of the red line being used to calculate the Average Rate of Reaction between t=0s and t=100s
				Equation 1


[bookmark: _Toc166960573]3 Discussion
[bookmark: _Toc166960574]3.1 Experiment 1 - Interpretation of Experimental Results 
As the concentration of HCl increased, so did both the Instantaneous Rate of Reaction at t=0s and the Average Rate of Reaction between t=0 and t=100s, agreeing with the hypothesis. Increasing the concentration had the greatest impact on the Instantaneous Rate of Reaction as the greatest difference in number of reactant particles available to take part in collisions occurred at this point. As reactant particles were used in the reaction, collisions became less frequent causing the gradient of the graph to decrease until no more hydrogen was produced. 

[bookmark: _Toc166960575]3.2 Experiment 2 – Interpretation of Experimental Results
Increasing the temperature of HCl from 25°C to 45°C increased the Average Rate of Reaction at t=0s from 0.64 mLs-1 to 0.67 mLs-1 however decreased the Instantaneous Rate of Reaction between t=0s and t=100s from 1.67 mLs-1 to 1.60 mls-1 which disagrees with the hypothesis. Increasing the temperature from 45°C to 55°C increased the Instantaneous Rate of Reaction to 2.40 mLs-1 however decreased the Average Rate of Reaction from 0.67 mLs-1 to 0.64 mLs-1, again disagreeing with the hypothesis. These discrepancies in experimental results are believed to be cause by experimental error. 

[bookmark: _Toc166960576]3.3 Experiment 3 – Interpretation of Experimental Results   
Increasing the surface area of Magnesium decreased both the Instantaneous Rate of Reaction at t=0s and the Average Rate of Reaction between t=0s and t=100s which disagrees with the hypothesis. However, increasing the surface area increased the overall volume of Hydrogen produced from 64 mL to 70 mL.  It is believed that these discrepancies were due to measurement errors. 



[bookmark: _Toc166960577]3.4 Potential Causes of Error
· The water bath used to heat the HCl was being heated by a Bunsen Burner. This meant that the temperature of the water bath was constantly fluctuating, causing it to be difficult to obtain an accurate measurement of the temperature of the HCl. This error could be reduced by using a thermostatic water bath.
· Once the HCl reached the desired temperature, it was removed from the water bath and transferred into the test tube connected to the gas syringe where the reaction took place. As this test tube wasn’t heated, the temperature of the HCl would have decreased over the course of the reaction, affecting the accuracy of the results. This error could have been reduced by keeping the reaction test tube in a thermostatic water bath to ensure the temperature is maintained throughout the duration of the reaction. 
· The volume of Hydrogen gas evolved was being measured by eye using the scale on the gas syringe. Due to the rate at which this syringe was moving, it was difficult to record accurate measurements of the volume of Hydrogen gas evolved, causing inaccuracies in experimental results. This error could have been reduced by using an electronic gas syringe as this would reduce human error in the results.
· Different masses and surface areas of magnesium ribbon were used in each reaction meaning control variables were not maintained. This would have caused errors in accuracy of results. This could be resolved by using equipment with a higher degree of accuracy when measuring the magnesium ribbon. 











[bookmark: _Toc166960578]3.5 Applications to the OME Industry 
· Chemical Kinetic Analysis of Constant-Volume Combustion Tests 
· Constant-Volume Combustion Tests are where chemical reactions occur in a reactor pressurised by the gas evolution and thermal expansion of the reaction. The pressure profiles generated can then be used to infer the kinetic properties of the energetic material [5].
· From this the combustion performance (including ignition time delay and maximum pressure which) of the energetic material can be quantified, aiding in the comparison of performance of energetic materials [5]. 
· Chemical Kinetic Analysis in Prediction of Reaction Progress
· Thermal decomposition of energetic materials depends on kinetic parameters such as temperature and pressure which can significantly vary between experiments. This causes problems with comparing experimental data [6].
· However, calculated kinetic parameters which remain constant can be used to predict the reaction progress of the decomposition of an energetic material [7].
· This can then be used to gain an understanding of and compare sensitivity, performance, thermal stability and hazards of an energetic material as well as predicting conditions needed for the safe production, storage and transportation [7].











[bookmark: _Toc166960579]4 Conclusions
· Increasing the concentration of HCl increased both the Instantaneous Rate of Reaction at t=0s and the Average Rate of Reaction between t=0s and t=100s. This confirmed the hypothesis that increasing the concentration of HCl would increase the overall rate of reaction. 
· Increasing the temperature of the HCl didn’t increase the overall rate of reaction as anticipated in the hypothesis, however this was believed to be due to experimental error. 
· Increasing the surface area of Magnesium also didn’t increase the rate of reaction as originally thought but this was believed to be again caused by human and experimental error. 
· The experiment should have been repeated with improved equipment to increase accuracy and reduce the likelihood of human error impacting the results.
· Chemical kinetics greatly impacts the performance and sensitivity to external stimuli of energetic materials meaning an understanding of it is necessary in the designing, characterisation and evaluation process of energetic materials. In order to be able to compare these aspects, chemical kinetic factors such as temperature, surface area and pressure need to be the same which is not the case for many lab-based experiments, meaning a more accurate method of comparing these factors needs to be researched [8]. 
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[bookmark: _Toc166960581]6 Appendices 
[bookmark: _Toc166960582]6.1 Lab Safety Precautions 
· Ensure long hair is tied back
· Safety Goggles are to be worn at all times during the experiment
· Lab coat is to be worn
· Nitrile gloves are to be worn
· Beards are to be covered

[bookmark: _Toc166960583]6.2 List of Materials
· 2 Clamp Stands and associated clamps
· Large test tube with side arm
· Delivery tube (that fits the side arm and gas syringe) 
· Rubber bung (that fits the large test tube)
· Gas syringe 
· 4 beakers (water bath, 1 mole HCL, 2 mole HCl and waste)
· 2 pipettes (acid and water)
· Pipette filler 
· Test tube holder
· 3 test tubes
· Thermometer
· Bunsen Burner
· Heatproof mat 
· Tripod
· Clay Triangle / Gauze
· Stopwatch 
· 4cm long Magnesium ribbon pieces (weighed)
· Magnesium turnings (same mass as ribbon pieces)
· Hydrochloric acid (1 and 2 mole)
· Deionised Water


[bookmark: _Toc166960584]6.3 Experiment 1 Method: Effect of HCl Concentration on Rate of H2 Gas Evolution
1. Decant approximately 50ml of 2 mole HCl and 50ml of Deionised Water into separate large glass beakers and label. 
2. Label the pipettes with acid and water respectively to avoid confusion.
3. Place three test tubes into the test tube rack and prepare 20ml solutions of 1, 1.5 and 2 Mole HCl (stock) in them using the labelled pipettes and pipette filler to measure the necessary volumes of HCl and Deionised Water. Label each test tube with their respective concentration to prevent confusion.
4. Decant the 1 mole HCl solution into the large test tube attached to the gas syringe, ensuring that the syringe is fully depressed and record the temperature of the solution using the thermometer. 
5. When ready, place a 4cm ribbon of magnesium into the solution and quickly secure the bung in the top to prevent Hydrogen gas escaping. Ensure the stopwatch is started as soon as the magnesium encounters the HCl.
6. Record the volume of Hydrogen gas given off at ten second intervals until no more gas is being produced by the reaction (the syringe stops moving). 
7. After the reaction is complete, discard contents of test tube into waste beaker.
8. Repeat this process for the other 2 concentrations. 









[bookmark: _Toc166960585]6.4 Experiment 2 Method: Effect of Temperature on Rate of H2 Gas Evolution 
1. Use the values recorded for 1 Mole HCl at room temperature in previous experiment for baseline reading.
2. Pour enough water into a large beaker to cover the majority of a test tube. Place the tripod and clay triangle over the Bunsen Burner on a heat proof mat and place the beaker on top. Light the Bunsen Burner with a closed air vent to obtain the safety flame then close to obtain roaring flame and leave to heat.
3. While water bath is heating, place 2 test tubes into the test tube rack and measure 20ml of 1 Mole HCl (stock) solution into them.
4. Place one of these test tubes into the water bath and leave to heat until the temperature of the acid reaches around 40ºC, record this temperature and immediately transfer the HCl solution into the large test tube connected to the gas syringe. 
5. Place a 4cm ribbon of magnesium into the solution and quickly secure the bung in the top to prevent Hydrogen gas escaping. Ensure the stopwatch is started as soon as the magnesium encounters the HCl.
6. Record the volume of Hydrogen gas given off at ten second intervals until no more gas is being produced by the reaction (the syringe stops moving). 
7. After reaction is complete, discard contents of test tube into the waste beaker.
8. Repeat this process for a temperature no higher than 60ºC, ideally 10 ºC higher than the previous temperature. 

[bookmark: _Toc166960586]6.5 Experiment 3 Method: Effect of Surface Area of Mg on Rate of H2 Gas Evolution 
1. Use the values recorded for 1 Mole HCl at room temperature in previous experiment for baseline reading.
2. Use the pipette to measure 20ml of room temperature 1 Mole HCl (stock) solution into the test tube attached to the gas syringe.
3. Add the magnesium turnings with the same mass as the 4 cm magnesium ribbon used for the 1 mole HCl solution in the first experiment and quickly secure the bung in the top to prevent Hydrogen gas escaping. Ensure the stopwatch is started as soon as the magnesium encounters the HCl.
4.  Record the volume of Hydrogen gas given off at ten second intervals until no more gas is being produced by the reaction (the syringe stops moving). 
5. After the reaction is complete, discard contents of test tube into waste beaker.
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