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The rate of reaction is the measure of how quickly the reactants in a reaction are used up in the reaction. While reactions are often thought of as fast paced, with flames and heat and bubbles of gas all being produced, the scale of the rate varies massively depending on the reaction occurring. The detonation of explosives is extremely fast paced, in the order of milliseconds, reactions can be far slower, the oxidation of iron for example taking weeks to years depending on the conditions. This set of experiments sought to investigate a number of different factors that could potentially impact the rate of reaction between hydrochloric acid and magnesium. The three factors being looked at were concentration, surface area, and temperature. Three different hypotheses were being tested in these experiments. For the first experiment, it was hypothesised that increasing the concentration of the acid will increase the rate of reaction. For the second experiment, the hypothesis was that increasing the surface area of the magnesium will increase the rate of reaction. And finally, the third experiment hypothesised that the rate of reaction would increase as the temperature of the hydrochloric acid increased. 
The independent variable for each of the three experiments conducted vary. For the first experiment, this was the concentration of the hydrochloric acid the magnesium was reacting with. For the second experiment, this was the surface area of the magnesium being added. And finally, for the third experiment this was the temperature of the hydrochloric acid the magnesium was added to. For all three experiments, the dependent variable was the volume of gas produced by the reaction. The control variable was the mass of magnesium added to the acid, which was kept the same for each experiment.

[bookmark: _Toc193875781][bookmark: _Toc197689730]Results
[bookmark: _Toc197689731]Experiment 1

Graph 1 - The Effect of Concentration on Rate of Reaction
The first experiment involved an investigation into the effect of concentration on the rate of reaction. Graph 1 shows the results from this experiment, while the table of results can be found in Appendix A. In this experiment, a strip of magnesium was added to four different concentrations of hydrochloric acid, 0.5mol, 1 mol, 1.5 mol and 2 mol. In each case, the measurements were stopped when no more metal was visible reacting with the acid. It can be seen from the graph the vast difference in the rate of reaction between all four different concentrations. The lowest concentration of acid by far took the longest, 15 minutes and 20 seconds by the time the metal had all reacted. This decreased significantly, to 6 minutes 20 seconds for 1 mol, 2 minutes 30 seconds for 1.5 mol, and 1 minute 40 seconds for 2 mol acid. 
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Graph 2 - The Effect of Surface Area on Rate of Reaction
The second experiment conducted looked at the change in rate of reaction when the surface area of the magnesium was changed. For this experiment, one mol/L acid was used, with a ribbon of magnesium and filings of magnesium used, the blue and orange lines on Graph 2 respectively. In both cases, the mass of magnesium used was the same. As highlighted by the graph, the filings of magnesium resulted in a faster reaction, with gas being produced at a quicker rate. Whilst the rate of reaction of the magnesium ribbon is fairly close to that of the filings, this is likely due to oxidation of the magnesium, a source of error that is explained further in a later section. 
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Graph 3 - The Effect of Temperature on Rate of Reaction
The final experiment covered the impact on the change of temperature on the rate of reaction. This involved measuring the rate of gas production of magnesium at three different temperatures, firstly at room temperature, 24.7, in blue, then at 70, in orange, and finally at 95, in green. From these results, increasing the temperature the reaction takes place at has a significant impact on the rate that the reaction takes place. Whilst the room temperature reaction starts off at a rate that is not too dissimilar to that of the hotter reactions, it slows down earlier than in the other two reactions, and takes far longer for the entirety of the magnesium to finish reacting with the acid. Comparing the results of the 70 and 95 experiments do not match which this, however. Potential causes of this are explained below, in the discussion.
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The impact of the change in concentration of the acid in the first experiment is clear to see from the graph, and the data recorded. The rate of the reaction can be compared across the 4 different concentrations by looking at the gas produced across the first 100 seconds, as this is the time the fastest reaction finished. This results in the values listed below:
	0.5 mol Acid
	1 mol Acid
	1.5 mol Acid
	2 mol Acid

	0.1 mL/s
	0.60 mL/s
	0.67 mL/s
	0.71 mL/s


However, from looking at these results, it would appear that the results for the three higher concentrations of acid should be fairly similar, compared to the lowest concentration. However, as highlighted in graph 1, there is still significant differenced between the three higher concentrations of acid, which is poorly show just by reducing the results down to a number.
The below results show the rate of reaction for the experiment looking into the rate of reaction across the first 120 seconds of the experiment, before the rate starts to slow significantly. This shows just how similar the rates of reaction were between the two samples, despite what the hypothesis had suggested, which would imply a lack of any impact. However, as seen in graph 2 above, this is not accurate. 
	Magnesium Ribbon
	Magnesium Filings

	0.54 mL/s
	0.53 mL/s



And finally listed below are the results for the final experiment looking at the impact of temperature, from the first 60 seconds before the rate slows down. The third result for the 95 sample can be seen as an anomalous, as explained further in the sources of errors below. However looking at the first two results, it is clear that the temperature increase has had an impact on the rate of reaction. 
	24.7
	70
	95

	0.8 mL/s
	1.0 mL/s
	0.87 mL/s



Looking at the rate of a reaction by just comparing a number in the way that has been presented above is however a poor method of comparing results. The rates calculated for the change in surface area imply that the filings were slower than the ribbon of magnesium, however looking at graph 2 it is clear that the reaction started far quicker and ended with a higher volume for the magnesium filings. Similarly, for the first experiment the three higher concentrations of acid were not as close as the calculated results imply, with the 2 mol acid finishing reacting 5 seconds faster than the 1.5 mol acid, and 280 seconds faster than the 1 mol acid. For these reasons, it is important to look at the rate against time, rather than trying to compare a single snapshot of the rate as the definitive value for that reaction.
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As mentioned in the results, there is a source of error that would have impacted all of the results to some degree, however, would have most significantly affected the second experiment on surface area. Magnesium is a highly reactive metal, and pure magnesium reacts with the oxygen in the air, forming a layer of magnesium oxide on the outer surface of the metal. Whilst the magnesium oxide formed still reacts with the hydrochloric acid, it slows down the rate of reaction of the rest of the magnesium. The effect of this could be lessened in the other experiments by lightly sanding the magnesium ribbon before adding it to the acid to remove the oxide layer, however this was not possible for the magnesium filings, meaning there was a significant amount of oxide present, more so that was present on the ribbon in the experiment.
One of the issues identified during the third experiment were the results for the 70 and 95 acids. While both results were quicker than the room temperature acid, the 70 results were higher than the 95, which does not align with the hypothesis that was being tested, or the theory surrounding particle interactions in a reaction. While in some cases the temperature of a reaction can be too high, when the reactions involve enzymes or reversible reactions, magnesium and hydrochloric acid is neither of these. There are a number of potential causes for this. Firstly, the temperature of the acid may not have been 95 Moving the acid from the water bath to the test tube would have resulted in a decrease in temperature from the water bath, however the short time spent moving this should not have resulted in such a significant decrease in temperature. If the cause was the temperature being incorrect, it is also possible that the cause was human error, and the thermometer was misread. However, again this is unlikely, as the acid remained in the water bath for longer than the 70 acid, so would have been at a higher temperature.
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The rate of a reaction is perhaps one of the most important properties of a reaction to the field of OME. All reactions will differ in speed, the oxidation of iron for example, commonly called rust, can take years under standard conditions. The autocatalytic decomposition of nitrocellulose is a prime example of the impact of rate of reaction. When not stabilised, and stored in poor conditions, nitrocellulose decomposes, forming nitric acid. This greatly increases the hazards of storing and handling munitions using nitrocellulose, and has lead to numerous accidents and explosions throughout the years of its usage. Improperly stored nitrocellulose decomposing in the summer heat was found to be the cause for the 2015 Tianjin explosion, which killed 173 [9]. Through limiting the rate of decomposition, the usable service life of nitrocellulose can be greatly increased. This starts with production, where as much excess acid as possible is removed [6]. Following this, the nitrocellulose is combined with chemicals such as diphenylamine or diphenyl diethyl urea, stabilizers that react with the nitric acid before it reacts with the nitrocellulose, delaying and slowing the decomposition. Through the use of stabilising agents, the service life of nitrocellulose can increase from 12 years for nitrocellulose, to 27 years for stabilised nitrocellulose. In service, the rate of reaction can further be slowed through proper handling and storage. This service life is however also reliant on proper handling and storage. As shown in the experiment conducted, head increases the rate of reactions, and this is true for nitrocellulose. Additionally, as a hydrolysis reaction, exposure to moisture provides more reactants for the decomposition. All of these steps are ultimately taken to reduce the rate of the hydrolysis reaction, to ensure that the desired reaction, the thermal decomposition, proceeds at the expected rate with the expected energy, at the expected time. 
As previously mentioned, the rates of reactions can be years to nanoseconds. Comparatively speaking, the initiation and detonation of explosives are all extremely quick. However, when focused specifically on this field, there is still a range of outcomes that can occur upon initiation, dependent on the rate of reaction. These are combustion, deflagration and detonation, which combustion the slowest, and detonation the highest. Similar to the factors seen in the experiments effecting the rate of reaction, similar factors will impact an explosive material, influencing if it combusts or detonates. The table below, table 1, highlights the role that density plays on the detonation velocity of the primary explosive mercury fulminate and secondary explosive nitroguanidine [8]. 
	Explosive
	Density g/cm3
	Detonation velocity ms-1

	Mercury Fulminate
	1.25
	2300

	
	1.66
	2760

	
	3.07
	3925

	
	3.30
	4480

	
	3.96
	4740

	Nitroguanidine
	0.80
	4695

	
	0.95
	5520

	
	1.05
	6150

	
	1.10
	6440

	
	1.20
	6775


Table 1 - The Impact of Density on Explosive Velocity
As can be seen, in the same way that increasing the concentration of the acid increased the rate of reaction, increasing the density of the explosive increases the detonation velocity of the explosives. It is highly important that this characteristic of reactions is understood, as it can be seen from the table that detonation velocity can increase significantly with higher densities. Modern munitions are often poured, using explosives melted at high temperatures. Once poured, these explosives are then pressed, increasing the density of the explosives. If this is done without understanding the change in characteristics this can have a serious impact on the effectiveness of the weapon. Certain munitions, such as shaped charges or explosively formed penetrators, require precise timings of detonations to achieve the desired effects. Not understanding the impact of density can lead to these being mistimed, a hazard both due to the weapon misfiring, and having an ineffective weapon on the battlefield. 

And in the exact same way that increasing the surface area of the magnesium resulting in an increased rate of reaction, altering the surface area is highly important in the field of propellants. Black powder used to be a relatively crude mixture, with ingredients crushed and mixed with an imprecision that would be unfathomable in modern munitions. By comparison, modern munitions utilise carefully designed propellants, with numerous factors taken into account in the process. Rocket motors for example, utilise different geometries, as can be seen in Image 1 [2]. Differing shapes in the rocket grain serve different purposes, depending on the specific need of the rocket. Some are designed for maximum surface area, maximising the rate of reaction to provide the greatest thrust in a short period of time. Other designs reduce the available surface area, providing a slower, more consistent reaction, for a lower thrust, longer lasting rocket motor. As such, it is highly important in OME that the requirement for the weapon are understood early in the design stage, so that the propellant can be designed to best suit. A high surface area in a long-range missile such as the US Tomahawk missile could result in little energy left in the terminal stages of flight, whilst a longer burning low surface area motor could provide insufficient thrust required for an agile, highly [image: A diagram of different types of parts

AI-generated content may be incorrect.]manoeuvrable air-to-air missile, such as the Sidewinder or ASRAAM.Image 1 - Geometries of Solid Rocket Grains


[image: r/Warthunder - Modern 120mm NATO APFSDS]This importance of surface area is also seen in gun propellants. Modern tank ammunition, such as the M829A4 APFSDS round shown in image 2, utilise highly controlled propellant grains. Due to the complexities of modern fire control systems in tanks, having consistent performance in ammunition fired is vital for accuracy. These grains are designed in such a way as to provide consistent muzzle velocity when fired, through controlling the rate of reaction. Image 2 - M829A4 APFSDS Round

Burning too quickly can result in damage to the gun, or in severe cases harm or death to the crew, while burning too slowly will leave unburnt propellant in the gun by the time the round has left the barrel, reducing muzzle velocity. As such, modern propellants are designed to ensure complete combustion by the time the round leaves the gun, with a constant burning pattern to ensure constant pressure production behind the round, to provide acceleration of the round the entire time. Testing with 120mm ammunition revealed that through optimizing the grain size, muzzle velocity increased from 1,294 m/s to 1,409 m/s, with propellant combustion increasing from 58% to 76% consumption [3] [4].  While this is only an 8% increase in muzzle velocity, kinetic energy is the square of velocity, so this is an 18% increase in the energy of the round. 

One final area where the differences in rates of reaction is of great importance is in the transportation of explosives. For transportation, the UN Orange Book is the internationally recognised set of guidelines for explosives [1]. These guidelines categorised explosives from 1 to 6 according to the hazards present, ranging from mass explosive hazards to flammable to no risk at all. While categories 5 and 6 are dependent on the ease of ignition, rather than the hazards posed, the remainder of the categories will depend upon the rate of reaction of the material. Division 4 substances pose no significant hazard, with such low reactions that they pose no risk outside of the packaging they are in. Division 3 covers substances that are a fire hazard, but not an explosive hazard. Division 2 is substances with a projection hazard, but not a mass explosive hazard. And finally, Division 1 is substances with a mass explosive hazard, where the whole load can detonate instantaneously. Substances that are more volatile than this are unclassified, therefore cannot be transported. As can be seen from these divisions, it is highly important to know the rate of reaction for the substance being transported, as well as the safety measures taken during the transportation. Hazardous materials with a sufficiently low rate of reaction as to burn rather than detonate can safely be transported at lower divisions, however through processes such as pressing to increase density, lower division explosives can require moving into higher divisions as their properties change. Knowing the impact of variables on the rate of reaction is also important for the packaging for transportation. Substances burning can transition from deflagration to detonation due to the buildup of heat and pressure during deflagration. Through the use of safety mechanisms such as blow out panels seen on tanks, the pressure can be kept sufficiently low to prevent detonation, reducing the hazards posed during transportation.
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The three experiments conducted firms proved the three hypotheses that were being investigated. Firstly, it is clear that the concentration of acid has a significant impact on the rate of the reaction, with all three higher concentrations reacting significantly quicker with the magnesium than the half mole acid did. Secondly, while the results are less clear that expected due to the oxidation as identified above, it can be seen that the filings of magnesium had a higher initial rate of reaction with the acid, and finished reacting completely with the acid quicker than the magnesium ribbon did. And finally, despite the errors with the 90 sample, both experiments conducted at higher temperatures had significantly increased rates of reactions to the experiment conducted at room temperature, proving the final hypothesis.
These experiments highlighted the significance of the rate of reactions, and more importantly how much relatively small changes in variables can result in significant changes to the overall rate. This is hugely important for the OME field, where small changes in conditions such as temperature and surface area can have significant impacts on effectiveness and safety, and as such need to be taken into consideration at all stages of a munitions life. It is clear that the experiments conducted only covered a small subsection of the possible investigates into the causes of rates of change, with opportunities to study these further as well as look into other factors affecting the rate. A far greater range of temperatures could be looked at, for example, covering both colder and hotter temperatures. Alternatively, while there are limits to how hot the hydrochloric acid can be heated before changing the concentration, it would be possible to have the magnesium at a much greater range of temperatures, providing another possibility of further study. Outside of the variables studied in this lab session, it would be interesting to look into the synthesis of nitrocellulose more. This is because while all reactions increase in rate when heated and concentrated, the decomposition of nitrocellulose is autocatalytic, so there will be a point reached where increasing the temperature or concentration will result in a greater increase in the decomposition than it will in the synthesis, the equilibrium point of the reaction.  
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Lab tools and supplies:
1. Long test tube with arm
1. Gas syringe
1. Rubber bung and delivery tube to fit the test tube
1. Two large beakers for the water bath and reaction mixture
1. Pipette and pipette filler
1. Two clamp stands
1. Test tube holder
1. Thermometer 
1. Ring stand, Bunsen burner, clay triangle 
1. Stopwatch
1. Graph paper
Chemicals: 
1. Magnesium ribbon cut into 4 cm length and weighed 
1. Magnesium  powder (same mass as ribbon)
1. Hydrochloric acid (2.0 M and 1.0 M)
1. DI water

Apparatus: 
[image: A ruler with text and letters
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Keep the aparatus on the same level and the syringe perpendicular

Procedure: 
1. Effect of HCl concentration on the speed of H2 gas evolution
1. Prepare FOUR 20.0 mL solutions of HCl with the following concentrations: 2.0 M (stock), 1.5 M, 1.0 M and 0.5 M.  Use the pipette to measure appropriate volumes of the 2.0 M HCl solution and DI water. 
1. Pour the HCl solution with the lowest concentration into the test tube with arm. 
1. When ready, add a 4 cm strip of magnesium ribbon to the test tube, quickly put the bung back, and start the stopwatch.
1. For 1 M HCl use the Mg ribbon from the premeasured vial. This set of data will be needed for Part 3. 
1. Record the volume of hydrogen gas given off at suitable intervals (e.g. 10 seconds). Continue timing until no more gas is given off. 
1. After the reaction is completed, discard the reaction mixture in the waste beaker.
1. Measure the temperature of 1.0 M HCl. It will be needed for Part 2. 
1. Repeat the same experiment for three other concentrations of HCl.

1. Effect of temperature on the speed of H2 gas evolution
1. Set up a water bath. Pour water into the large beaker and heat it over the Bunsen burner till the temperature of water increases by approximately 10 degC when compared to the initial temperature of 1 M HCl measured in the previous part. 
1. Pipette 20 mL of 1.0 M stock solution into three test tubes. 
1. Place the first test tube with 1.0 M HCl in the water bath and wait until the temperature of the acid reaches the temperature of the water in the water bath. 
1. Quickly transfer the warm HCl into the tube with the arm, put 4 cm piece of magnesium ribbon, put the bung back, and start the stopwatch.
1. Continue timing until no more gas is given off. 
1. After the reaction is completed, discard the reaction mixture in the waste beaker.
1. Repeat the same experiment for two more temperatures (ideally 10  degC apart).
On the separate graph paper provided, plot the graph (VH2 vs t)) showing the change in volume of H2 gas over time for each temperature. 

1. Effect of the surface area of Mg on speed of H2 gas evolution
1. Use the pipette to transfer 20 mL of 1 M HCl at room temperature into the test tube with arm. 
1. Quickly add the Mg turnings into the test tube, put the bung back, and start the stopwatch.
1. Continue timing until no more gas is given off. 
1. After the reaction is completed, discard the reaction mixture in the waste beaker.
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The Effect of Surface Area on Rate of Reaction
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The Effect of Tempearture on Rate of Reaction
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