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1. [bookmark: _Toc165832055]Introduction. 

a. An experiment was carried out to evaluate the influence of different factors on the rate of a reaction between Magnesium (Mg) and Hydrochloric Acid (HCl). 

b. Mg and HCl react to produce Hydrogen (H2) and Magnesium Chloride (MgCl2). 

Equation 1: Reaction between magnesium and hydrochloric acid

c. Three experiments evaluated the impact of the following variables on the rate of the reaction between Mg and HCl:
· Experiment One: The concentration of the HCl solution.
· Experiment Two: The temperature of the HCl solution.
· Experiment Three: The surface area of the Mg sample.

d. In experiment one it is theorised that as the concentration of HCl molecules in the solution is increased so is the probability that a HCl will make contact with an Mg atom and allow the reaction to take place. It is expected that the rate of reaction will increase with the concentration of HCl. 

e. In experiment two it is theorised that, as the heat of the HCl solution is increased, the HCl molecules in the solution will become more energised. This will increase the probability that a HCl molecule will make contact with an Mg atom and allow the reaction to take place. It is expected that the rate of reaction will increase with the temperature of the HCl solution.

f. In experiment three it is expected that the larger surface area of the Mg sample will expose more Mg atoms to HCl molecules, leading to an increased rate of reaction. 

g. The experiment will therefore test the following hypotheses:
· The rate of reaction will increase with the concentration of the HCl solution (Hypothesis One).
· The rate of reaction will increase with the temperature of the HCl solution (Hypothesis Two).
· The rate of reaction will increase with the surface area of the Mg sample (Hypothesis Three).

h. The following variables will be controlled while tests are carried out:
· The temperature of the HCl solution.
· The concentration of the HCl solution.
· The state of the Mg sample.
· The weight of the Mg sample.

i. A full equipment list and detailed methodology can be found in Appendix A.
2. [bookmark: _Toc165832056]Kinetics and Rates of Reaction

a. Kinetics is the study of the rate at which chemical reactions progress, and the influence of factors such as temperature and concentration on the reaction taking place [1].

b. The rate of reaction is defined as the speed at which a chemical reaction takes place [1]. In the reaction between Mg an HCl, a high rate of reaction would result in more rapid production of H2 and MgCl2.`

c. The rate of reaction in this experiment will be measured by the rate at which H2 is produced. As the molar mass of the Mg samples used will be similar, the amount of H2 produced is expected to also be similar. The rate of reaction is expected to change as other variables, such as the concentration of the HCl solution, are adjusted.


V = Volume in cm3
t = time in s
Equation Two: Average Rate of Reaction


d. Rate of reaction can be used to determine the rate law of the reaction, as well as the rate constant. The rate law for the HCl + Mg reaction is shown below:

K = Rate constant
A = Reactant A (HCl)
B = Reactant B (Mg)
Equation Three: Rate Law

The reaction between HCl and Mg is second order with respect to HCl, and first order with respect to Mg. Equation Two can therefore be expressed as:


e. Once the rate of reaction has been determined experimentally, the rate constant can be calculated for each experiment. 


3. [bookmark: _Toc165832057]Results

	Concentration of HCl (M)
	Volume of H2 Produced (ml3)
	Time Taken (s)

	2.0
	95
	100

	1.5
	90
	130

	1.0
	90
	660

	0.5
	90
	690


Table 1 – Results of Experiment One


Graph 1 - Results of Experiment One

	Strength of HCl Solution (M)
	Temperature of HCl Solution (°C)
	Volume of H2 Produced (ml3)
	Time Taken (s)

	1.0
	23
	90
	660

	1.0
	33
	92
	180


Table 2 – Results of Experiment Two

Graph 2 - Results of Experiment Two
 


	Strength of HCl Solution (M)
	Mass of Mg Sample (g)
	State of Mg Sample
	Volume of H2 Produced (ml3)
	Time Taken (s)

	1.0
	0.077
	Strip
	90
	660

	1.0
	0.077
	Turnings
	86
	330


Table 3 – Results of Experiment Three

Graph 3 - Results of Experiment Three


4. [bookmark: _Toc165832058]Analysis

a. For all results, the average rate and instantaneous rate were calculated using Equation Two. When finding the average rate, calculations considered the total volume of H2 produced and the total time taken for the reaction to take place. When finding the instantaneous rate, calculations considered the volume of H2 produced after ten seconds. 

b. Analysis of the results of experiment one shows a strong correlation between the molarity of the HCl solution and the rate of reaction:

	HCl (mol/L)
	Mass of Mg Strip (g)
	Average Rate of Reaction (cm3/s)
	Instantaneous Rate of Reaction at 10s (cm3/s)

	2.0
	0.075
	0.950 (3dp)
	3.200 (3dp)

	1.5
	0.077
	0.880 (3dp)
	2.700 (3dp)

	1.0
	0.077
	0.630 (3dp)
	0.600 (3dp)

	0.5
	0.082
	0.140 (3dp)
	0.200 (3dp)


Table 3 - Rate of Reaction in Relation to Molarity of HCl

Graph 4 - Average Rate vs Concentration of HCl

c. Analysis of the results of Experiment Two show a marked increase in the rate of reaction as the temperature of the HCl solution is increased:
	Temperature of 1.0 mol HCl Solution (°C)
	Rate of Reaction (cm3/s)
	Instantaneous Rate of Reaction at 10s (cm3/s)

	23
	0.136 (3dp)
	0.600 (3dp)

	33
	0.511 (3dp)
	2.000 (3dp)


Table 4 - Rate of Reaction in Relation to Temperature of HCl Solution
d. Analysis of the results of Experiment Three show a significant increase in the rate of reaction when the surface area of the Mg sample is increased: 

	State of 0.077g Mg Sample
	Rate of Reaction (cm3/s)
	Instantaneous Rate of Reaction at 10s (cm3/s)

	Strip
	0.136 (3dp)
	0.600 (3dp)

	Turnings
	0.261 (3dp)
	0.900 (3dp)


Table 5 - Rate of Reaction in Relation to Surface Area of Mg Sample


5. [bookmark: _Toc165832059]Discussion 

a. In Experiment One, the average rate of reaction increased with the concentration of the HCl solution. Graph 4 shows that increasing the molarity of the HCl concentration led to an increase in the average rate of reaction:


b. As all other variables remained constant throughout the tests, it is reasonable to suggest that increasing the concentration of the HCl solution directly affected the rate of reaction. This supports hypothesis one. 

c. To further investigate the effects of concentration on rate of reaction, equation two can be used:


As Mg is in a solid state during this experiment, the concentration of Mg is essentially a constant and can be disregarded:

The results for each experiment are then inserted:

For 0.5 mol HCl:




0 cm³molˉ2sˉ¹ (3dp)
For 1.0 mol HCl:





For 1.5 mol HCl: 





For 2.0 mol HCl:






d. In experiment two, an increase of 10oC in the temperature of the HCl solution led to a significant increase in the rate of reaction. As all other variables remained constant, this increase can be attributed to the change in temperature. This supports hypothesis two.

e. In experiment three, increasing the surface area resulted in an increase in the rate of reaction. This supports hypothesis three. 

6. [bookmark: _Toc165832060]Reliability of Results

a. The results of the tests detailed in this report may have been affected by experimental design, human error, and time constraints.

b. The experimental design required the top of the test tube to be blocked using a rubber stopper immediately after the Mg sample was added. There was a delay in inserting the stopped in each test, resulting in an unknown volume of H2 escaping from the test tube before the stopper was inserted. As this delay varied between individual tests, it is likely that the results for volume of H2 produced are not completely accurate. Future experiments could benefit from a refined experimental design.

c. The experiment required the value for H2 produced to be read from the gas syringe. These values may have been misread. Future experiments could utilise electronic measuring tools for more accurate measurement of produced H2.

d. Due to limited time, only a single run of tests could be performed. Multiple runs of each experiment would likely provide more reliable data, as well as reducing the impact of inaccurate data on the analysis of results. Alternatively, as the same experiments were conducted by several groups, it would be possible to pool results to achieve a similar outcome.
7. [bookmark: _Toc165832061]Conclusions

a. All three initial hypotheses are supported by the experimental results and subsequent analysis.

b. To obtain more accurate results, the experimental design for the tests can be refined through the use of equipment to make more precise measurements, and mitigate human error. 

8. [bookmark: _Toc165832062]Relevance of Kinetics 

a. Ordnance, munitions and explosives (OME) containing energetic materials such as rocket propellant, high and low explosives and pyrotechnic elements must necessarily be stored for long periods [2]. This storage may include a variety of environmental conditions, such as warship magazines in hot and cold climates, or underground munitions storage sites susceptible to damp. Such conditions may impact the reliability and safety of the OME concerned. 

b. It is therefore vital that the effects of environmental conditions such as humidity, temperature and vibration on individual items of OME be investigated. This is often done through kinetic analysis of energetic compounds [3] [4], which can accurately determine the rate of decomposition in conditions reflective of OME service conditions. 

c. Kinetics can also be used to determine the activation energy of energetic substances [5]. This information is vital to design OME which will function reliably and safely.
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A1. Materials
a. The following materials were used in the experiments:
· A test tube with arm and rubber stopper, in which the reaction would take place.
· A gas syringe to measure the volume of H2 produced. 
· A length of rubber tube to connect the test tube and gas syringe.
· Stands and clamps to hold the test tube and gas syringe in place. 
· Beakers for heating water and disposal of waste.
· Test tubes for mixing HCl solutions. 
· A test tube stand.
· A thermometer to measure the temperature of HCl solutions.
· A Bunsen burner, tripod, and ceramic triangle to heat water. 
· A stopwatch to time the reactions.
[bookmark: _Toc165832066]A2. Chemicals

a. The following chemicals were used in the experiments:
· Magnesium ribbon.
· Magnesium turnings.
· HCl in 2.0 M and 1.0 M solutions.
· Distilled water (DI). 

[bookmark: _Toc165832067]A3. Method for Experiment One

a. Four HCl solutions were prepared by mixing 2.0 M HCl with DI to achieve molarities of 2.0 M, 1.5 M, 1.0 M and 0.5 M. These solutions remained at room temperature, and the temperature of the 1.0 M solution was recorded.

b. A solution was placed in the test tube connected to the gas piston. The gas syringe was reset and a stopwatch prepared. 

c. A magnesium strip was dropped into the HCl solution and the rubber stopper inserted. Readings from the gas syringe were taken every ten seconds until the magnesium strip was completely dissolved and the volume of H2 gas produced stopped rising.  

d. The final time was recorded, and the experiment repeated with the next sample.

e. To help mitigate the risk of contamination, HCl solutions were tested in increasing order of molarity. 
[bookmark: _Toc165832068]
A4. Method for Experiment Two

a. A solution of 1.0 M HCl was prepared and heated in a water bath until a thermometer placed in the solution read 33°C, a temperature of 10°C higher than the 1.0 M solution tested in Experiment One.

b. The solution was placed in the test tube connected to the gas syringe. The syringe was reset and a stopwatch prepared.

c. A magnesium sample was placed in the solution and the rubber stopper inserted. Readings from the gas syringe were taken every ten seconds until the magnesium strip was completely dissolved and the volume of H2 gas produced stopped rising.  

d. The final time was recorded. 

[bookmark: _Toc165832069]A5. Method for Experiment Three

a. A solution of 1.0 M HCl was prepared and placed in the test tube connected to the gas syringe. A stopwatch was prepared.

b. The magnesium turnings were added to the HCl solution, and the stopper inserted into the test tube. Readings from the gas syringe were taken every ten seconds until the magnesium turnings were completely dissolved and the volume of H2 gas produced stopped rising.  

c. The final time was recorded. 



Results of Experiment Three

Strip	0	10	20	30	40	50	60	70	80	90	100	110	120	0	6	22	28	35	41	46	52	56	60	63	67	69	Turnings	0	10	20	30	40	50	60	70	80	90	100	110	120	0	9	16	22	27	32	36	40	44	47	50	53	54	Time (s)


Volume of H2 (ml3)




Average Rate of Reaction vs Concentration of HCl

0.5	1	1.5	2	0.14000000000000001	0.63	0.88	0.95	Molarity of HCl (mol)


Rate of Reaction (cm3/s)



Results of Experiment One

HCl 0.5 mol	0	10	20	30	40	50	60	70	80	90	100	110	120	0	2	3	4	6	7	8	9	10	13	14	15	16	HCl 1.0 mol	0	10	20	30	40	50	60	70	80	90	100	110	120	0	6	22	28	35	41	46	52	56	60	63	67	69	HCl 1.5 mol	0	10	20	30	40	50	60	70	80	90	100	110	120	0	27	50	64	72	75	78	80	83	85	88	89	90	HCl 2.0 mol	0	10	20	30	40	50	60	70	80	90	100	110	120	0	32	60	64	76	80	87	90	94	95	95	95	95	Time (s)


Volume of H2 (cm3)




Results of Experiment Two

Temp 23 C	0	10	20	30	40	50	60	70	80	90	100	110	120	0	6	22	28	35	41	46	52	56	60	63	67	69	Temp 33 C	0	10	20	30	40	50	60	70	80	90	100	110	120	0	20	36	47	58	62	63	69	72	74	75	76	77	Time (s)


Volume of H2 (cm3)




