


The effect of concentration of an electrolyte on the rate of production of Hydrogen in alkaline electrolysis.

RATIONALE
Eighty-ﬁve percent of the energy consumed globally is provided by fossil fuels, namely coal, oil, and natural gas [1]. Consuming fossil fuels at the rate needed to provide the world with energy produces so much greenhouse gas emissions as a by-product, that fossil fuels alone are consider the major contributor to climate change [2]. In this context, hydrogen has been proposed as a promising source of energy for over fifty years [3]. Hydrogen offers several advantages as an energy source: its combustion produces significant energy, water is the only by-product of combustion, and it can be produced from renewable and sustainable sources. In spite of these advantages, hydrogen has failed to be widely used in energy systems due to numerous barriers, including costs of production and storage and the availability of infrastructure [4].	Comment by TURNER, Gary: The first paragraph is the “big picture” part of a considered rationale. Given my experiment, I had a choice of “big picture” – the concept of electrolysis, or why we need hydrogen gas produced. When I went to Chat GPT and Bing chat, I quickly realised that hydrogen as a fuel was a big thing. So, my first para was about positioning the production of hydrogen as a valuable fuel source to replace fossil fuels. Your first para should explain why your topic is important. This provides the context for your investigation and contributes to being “considered” in your rationale. 
Hydrogen can be produced by the electrolysis of water. Water electrolysis involves the decomposition of water molecules (H2O) into hydrogen gas (H2) and oxygen gas (O2) through the application of an electric current.	Comment by TURNER, Gary: 2nd part of your rationale needs to cover necessary theory. So basic electrolysis of water, then narrow to the alkaline electrolysis to produce hydrogen, then narrow to an explanation of why KOH should be investigated. Whichever way you do cover the theory, make it a logical and sequential series of points, and try to start general and narrow at the end to your specific variable you are investigating – this is “considered”. No irrelevant information.

2 H2O(l)        2 H2(g)   +   O2(g)   
In terms of a commercial scale of Hydrogen production, the most well-established method is alkaline electrolysis [6]. This commonly uses aqueous potassium hydroxide as the electrolyte (and reactant) in the electrolytic cell with inert electrodes. In the alkaline electrolysis of water, the following reactions occur:
Reduction (at the cathode)            2 H2O(l)   +    2 e-     2 OH-(aq)   +   H2(g)   
Oxidation (at the anode)                            2 OH-(aq)       2 e-   +  ½ O2(g)    +   H2O(l)                                                         [6, p5]
As hydroxide ions are the species oxidised, the concentration of hydroxide ions is likely to have a significant influence on the rate of hydrogen production via the alkaline electrolysis method. 
This investigation will examine the effect of varying the concentration of the alkaline electrolyte (KOH) on the production of hydrogen via the alkaline hydrolysis method. The effect of Hydroxide (OH-) concentration on the rate will be precisely determined by identifying the reaction order with respect to KOH concentration, using natural log analysis of the data. 	Comment by TURNER, Gary: The third part covers the basic idea of the investigation. Why it needs to be done, what will be done, and how it will be done (short and minimum sentences)

RESEARCH QUESTION
To what extent does changing the concentration of potassium hydroxide electrolyte (0.2M to 1.0M) affect the rate of production of 25 mL of hydrogen gas via alkaline electrolysis?	Comment by TURNER, Gary: A single criteria by itself… GET THIS RIGHT!!! Read the guide if you are not sure how to do this. The script to follow is: To what extent does changing the independent variable (include range) affect the dependent variable, given context. Try to avoid using “how does” to start your RQ. “How” implies you should provide an explanation of the effect. In most student investigations you are not doing this; you are simply describing the amount of the effect.
ORIGINAL EXPERIMENT
The online simulation ‘Electrolysis Experiments’ (Crowley 2003) examined how changing an electrolyte’s chemical composition can affect the volume of hydrogen gas produced during electrolysis. The two electrolytes examined, acidified water and hydrochloric acid, offered different concentrations of H+(aq) available to undergo reduction. The higher concentrations of H+(aq) in the Hydrochloric acid did produce significantly higher amounts of hydrogen gas.	Comment by TURNER, Gary: No real marks for describing the original experiment, but you need to do this to give your modifications some context. State the experiment, the independent and dependent variables (and any other key controlled variables), and the key finding.


MODIFICATIONS TO THE METHODOLOGY
Table 1: The original experiment was modified by:
	Modification
	Justification

	Changing the independent variable from concentration of H+ (acidic electrolysis) to concentration of [OH-] (alkaline electrolysis) with silver electrodes.
	This allowed the change in the independent variable - to concentration of OH- (not [H+]). This change enabled an investigation into the effect of hydroxide concentration on the rate of electrolysis	Comment by TURNER, Gary: Note the pattern, which is then repeated – state the modification, and then justify it (fancy way of saying just explain why you made this change). The is most obvious when in a table, but you could use bullet points. Avoid using a paragraph structure as it sometimes difficult to see if you are missing a justification.

	Timing the production of 25mL of Hydrogen gas.
	This allowed the rate of production of Hydrogen (dependent variable) to be calculated.

	Five concentrations of KOH (0.2 M, 0.4 M, 0.6 M, 0.8 M and 1.0 M) were used.	Comment by TURNER, Gary: This “modification” may not technically be a modification (depends on the original exp). However, you need to include this point AND the next one about three trials. These two points cover the criteria for “collection of sufficient data”
	This should be sufficient variation in the independent variable to accurately identify a trend in the electrolyte effect.

	Each concentration was trialled three times.
	This should be sufficient to reduce and determine the random uncertainty for the dependent variable.

	Reducing the total volume of hydrogen collected to a volume of 25 mL.
	This reduced the time needed for the trials and made the investigation more efficient.

	using a 25.00 ± 0.25 mL measuring cylinder rather than a test tube with a marker.
	to more accurately quantify the volume of hydrogen gas produced (controlled variable)



 RISK MANAGEMENT	Comment by TURNER, Gary: Make sure you cover all three types of risk management – Chemical (and Physical), Environmental, and ethical. You may choose to refer to some risks as Physical risks, such as cutting yourself with a scalpel. There need to be several realistic Chemical and/or Physical risks. If there are no environmental risk or ethical concerns, make sure you state this so you can say it has been considered.

This is one of only 3 criteria in the FINDING section – so don’t take this section lightly. Do risk very well, and make sure all the information is correct. Include references for the environmental risks. Usually, teachers will not need references for the chemical/physical risks, but check with your teacher. SDS sheets are useful for these risks.
TABLE 2: Assessment of risks
	SOURCE OF RISK
	RISK
	MITIGATION OF RISK
	RESPONSE TO OCCURANCE

	Chemical: Potassium hydroxide electrolyte exposure to eyes and skin (irritant, but not corrosive)

	Medium
	Appropriate PPE will be worn, including safety glasses and a lab coat.
	If exposure to eyes occurs, the eye wash will be used to irrigate eyes. If skin exposure occurs, the area will be rinsed completely with water. Inform the teacher.

	Chemical: Possible combustion of Hydrogen or Oxygen gas when collected

	Slight
	No flame sources will be used. Electrical contacts will not be manipulated until gas is released. Safety glasses worn. Laboratory will be ventilated using extraction fans
	Assess for physical injury and treat appropriately. Assess equipment for damage and replace if necessary. Inform the teacher

	Environmental: Disposal of Potassium Hydroxide electrolyte (avoiding local waterway contamination) [5, p4]

	Slight
	The electrolyte used in the investigation (and any excess) will be collected, returned to the prep room for storage and appropriate disposal. 
	Nil

	Ethical: No ethical concerns are associated with this investigation








ANALYSIS 
RAW DATA	Comment by TURNER, Gary: This is also one of only 3 criteria in the FINDING section. Not hard to accomplish, just list your raw data. You could include the average column, which I have not – but probably should have. Technically anything you calculate rather than measure is not raw data, but averages of measurements are often considered (and maybe by your teacher) as raw data. 
Table 3: Concentration of electrolyte and time for production of 25mL of hydrogenConcentration of OH- 
(mol/L)
Time (seconds)

Trial 1
Trial 2
Trial 3
0.2
359.5
368.5
364.5
0.4
360.0
345.5
327.5
0.6
325.5
339.5
333.5
0.8
343.5
307.0
327.5
1.0
307.0
339.5
326.5
*Operating temperature of the apparatus = 26.0 °C = 299.0 K 
*Pressure in the lab = 101 kPa
*Uncertainty in time = ± 0.5 seconds
*Uncertainty in 25 mL volume = ± 0.5 mL

	Comment by TURNER, Gary: The 3rd criteria in the FINDING section is for “fluent and concise use of scientific language and representations”. This will be your scientific language use throughout the whole assignment, so you cannot write directly to this criterion. Your teacher will make a holistic judgement on this. 
However, the representation part refers to equations, diagrams and graphs – so get these right (remember units – every single time!).  
There are AI tools that will improve the fluency and use of scientific language. Up to you if you use them, and if you do not understand how use them to aid, rather than cheat, you should avoid them.
PROCESSING OF DATA	Comment by TURNER, Gary: Processing of data is the first criterion in the ANALYSING section. This is a nightmare. I think many teachers are pretty relaxed about allowing small errors, but it is best to make none. Correct processing of data means you have to do two things.
The first is show an example of every calculation you used to go from the raw data to the secondary data. This is usually done with a data processing table – of which there are many versions. The three column table shown is one that I use, but your teacher may have their own preference. For the data processing table, simply list all the calculations you did – and provide an example of each, propagating your uncertainty each time. You should use “inserting equations” a lot, and do a lot of copy and pasting equations and editing them.

 The second part of this massive criteria is the correctness and relevance of your secondary data. Your secondary data table should list just the independent variable with its uncertainty (if you have it), and the dependent variable with its percent uncertainty. See below for detail.
.
Table 4: Calculations for secondary data – trials at 1.0M used
	Explanation
	Formula used to process data
	Sample calculations for 1.0 M KOH

	Calculation of average time for 25 mL of gas
	
	


	
	
	
*

*Comparison of random and measurement uncertainty means random uncertainty will be used to represent uncertainty for time in the investigation.

	Calculation of moles of Hydrogen in 25 mL of gas
	

	mL

 (sig fig continued)

	
	
	
 moles

	
	
(note: all other values in n calculation are “known” values)
	moles
 moles

	Rate of hydrogen production
	
	moles/s
 moles/s

	
	
	




	Natural log of rate and [KOH]
	

	






Table 4: Concentration of KOH and the rate of electrolysis.	Comment by TURNER, Gary: Secondary data table should just have the independent and dependent variables and their uncertainties. I do not have uncertainty for my independent variable – the reason is that for the independent variable, uncertainty is a measurement uncertainty (not random) and is usually not significant. But check with your teacher if this is okay. Notice I used percent uncertainty with my independent variable rather than absolute uncertainty. 
There are arguments for using absolute uncertainty here, but you will find that in the analysis section you use percent uncert to “identify uncertainty” and “evaluate reliability”, so include it in your secondary data table. Best to check with your teacher, just in case.
	Concentration of OH-(aq) (mol/L)
	Rate of H2 production (moles/s)
	Uncertainty in rate of H2 production (%)

	0.2
	2.46 x 10-6
	3.24

	0.4
	2.60 x 10-6
	6.72

	0.6
	2.69 x 10-6
	4.10

	0.8
	2.74 x 10-6
	7.60

	1
	2.76 x 10-6
	7.01















Figure 1: Rate of Electrolysis	Comment by TURNER, Gary: Don’t forget units! Remember the criteria “fluent and concise use of scientific representation”














Figure 2: Natural log graph of OH- and Rate	Comment by TURNER, Gary: A natural log plot is very useful when interpreting reaction orders.
For an understanding of how concentration affects rate, this graph is very important. This graph is a linearised version of the graph above it. Linearisation is used so the reaction order with respect to KOH can be unambiguously determined – it is the slope of the straight line. Note the slope of straight line in this graph is the index in the earlier graph. So, both graphs give you this reaction order. However, in the earlier graph, the index is calculated by excel and simply presented to you. Linearisation is more scientifically accepted evidence of the reaction order, as you can calculate the slope of the straight line manually if you want. It is very old school… but it is likely so is your teacher  (this one is!). If you are not doing a reaction rate investigation you may only need the first graph. Reaction orders have to be well understood if you are going to use them. I do use reaction order in my analysis, so I have put in the linearised graph as evidence.

IDENTIFICATION OF TRENDS AND RELATIONSHIPS
As the concentration of the Potassium hydroxide electrolyte in the alkaline electrolysis cell increased, the rate of production of Hydrogen gas increased. At the lowest concentration of 0.2 M the rate of production was 2.46 x 10-6 moles/L, and at the maximum concentration of 1.0 M, the rate was 2.76 x 10-6 moles/L. The relationship was non-linear, with smaller increases in the rate as concentration increased, and is best described by a power equation (with an R2 of 0.99):	Comment by TURNER, Gary: Simple statement of trend, then support it with data, then try to use some detail to describe the trend with precision. For the detail I have used some words (the non-linear bit) and also the mathematical equation. Need to do all 3 steps, but you can swap the 2nd step (data support) and the 3rd step (describe in detail) around. This is enough for “thorough identification” of the trend. Do this for each trend you have (I only have one). 
I like to end with a sentence about an implication of what the trend means, to set up my conclusion. Usually this is simple, but I realised my implication was very significant and a little complicated - and needed to be explained with data. So, I added a second para rather than simply another sentence. (sound confusing - see annotation below for explaination)
Rate of H2 production = 3 x 10-6 x [OH-]0.0748
This relationship suggests that the change in concentration of KOH did not have a significant effect on the rate of production. An increase of five-fold in the concentration (0.2 to 1.0) resulted in an increase of 1.12 fold in the rate (2.46x10-6 to 2.76x10-6). The natural log graph indicates that the reaction order with respect to [OH-] is 0.075. Given that reaction orders are generally whole numbers, or multiples of 0.5; and an average uncertainty in the rate of 6%, the value of 0.075 can realistically be considered to be zero. A reaction order of zero with respect to [OH-] suggests that the concentration of KOH has no influence on the rate of Hydrogen production.	Comment by TURNER, Gary: I noticed that my trend is actually not really much of a trend – the line in figure one looks like a significant trend, but when you look at the numbers, the rate hardly changes compared with the changes in conc. I realized this was important so used a second para to explain. This para ends with something too much like a conclusion… but most teachers will be fine with it.
IDENTIFICATION OF UNCERTAINTY
There is significant uncertainty in the data. The rate of H2 production had an average uncertainty of under 6%, with higher uncertainty (~7%) at higher rates, and the highest uncertainty being 7.6%. These values are not high and should reflect a degree of certainty about the data. However, the rate values have only very small differences (12% range), and the values for rate do not differ by very much more than the uncertainty range (± 6%). This is most clearly shown in figure 1, where the rate values almost all lie within the uncertainty bars (error bars) of the other values. Given this, the rate values cannot be considered to be determined with any certainty. 	Comment by TURNER, Gary: With <6% uncertainty and an R2 of 0.99, you would assume low uncertainty in data and trend. Pretty standard stuff and I certainly started this way. However… actually, just read the bit after “however” in both para graphs, it should make sense.
There is also significant uncertainty in the trend. The trend line does initially appear to accurately depict the pattern in the data, and almost all the variation in the rate can be explained by the variation in the concentration (R2=0.99). However, given the similarity between the range in the rate values and the uncertainty, it is theoretically possible to draw a number of different trend lines which would all fit within the range of the uncertainties. Therefore, a trend line which does appear to accurately describe a trend in the data, the trend is not certain.
IDENTIFICATION OF LIMITATIONS
The uncertainty (and reliability) of the data and trend was limited by using only three trials. The uncertainty was found to be reasonably low, but very significant. This indicates there should have been more than three trials for each concentration. This may have reduced the uncertainty to a point where the trend may have been conclusively identified. 	Comment by TURNER, Gary: Have only two limitations, but they are good ones. You must include all limitation your teacher could easily identify – if you miss any the teacher can see then you will lose marks.

The range of concentrations of KOH used has limited the application of these results to commercial situations. The concentrations of KOH used (0.2 to 1.0M) were not reflective of commercial operating concentration which are approximately five moles/Litre [6,p5]. This was a known limitation as concentrations of KOH within a commercial range are considered quite caustic, and significant additional safety procedures would have been needed. Therefore, the trend identified may be limited by not be representative of higher concentrations.
INTERPRETATION AND EVALUATION
CONCLUSION
The concentration of potassium hydroxide does not significantly affect the rate of hydrogen gas production in alkaline electrolysis. The relationship between concentration and rate was determined to be 	Comment by TURNER, Gary: Brief. Start with an answer to your research Q (but leave out the detail in the RQ). Then use your trend to justify (explain) your opening sentence. Finish with, and explain, a real-life implication of the conclusion. This is a very brief conclusion, but enough. It only has to be ”linked to the RQ” and “Justified” – don’t overdo it.
Rate of H2 production = 3 x 10-6 x conc0.0748
This relationship showed that a 500% increase in the concentration resulted in only a 12% increase in the rate. The reaction order with respect to KOH was close to, and given the degree of uncertainty, likely to equal zero. It therefore appears that significantly increasing the concentration of potassium hydroxide in alkaline electrolysis should not be considered as an economical method for improving the production of hydrogen gas. 
EVALUATION OF RELIABILITY	Comment by TURNER, Gary: Reliability is generally interpreted as “repeatability” and is judged using the uncertainty you identified earlier. 
Start with a decision about reliability and justify this. I have done so in the first very long sentence/para. If it was this simple, I would pad this out with more explanation. 
However, as the data varied only as much as the uncert range – I did not think the data was reliable. So, the precise mathematical relationship identified in the conclusion was not reliable. So I stated this, and then justified it. 
However the main conclusion I considered reliable. State this and justify.

The data recorded and thus the existing methodology would generally be considered reliable considering the relatively low relative uncertainty (average <6%) in the data, and a trend which appeared to accurately describe the pattern in the data. 
However, the determined mathematical relationship between concentration and rate that was identified in the conclusion cannot be considered reliable. The variation in the measured rates was very small, and were determined to be well within the ranges of the uncertainties. Therefore, despite the relatively low uncertainty, these rate values cannot be considered reliable. It was further identified that the trend could vary significantly and still fit within the range of uncertainties. Given this, the precise mathematical description of the relationship would lack reliability. 
Conversely, the conclusion that concentration of KOH does not significantly affect the rate of hydrogen gas production is considered highly reliable. The rate values varied so little when the concentration was changed very significantly, that no other general conclusion seems possible.
EVALUATION OF VALIDITY	Comment by TURNER, Gary: Validity is whether you actually tested what you said you did. Start with a decision on whether the conclusion is valid or not. I have two conclusions – the main conclusion and the math relationship. 
The main conclusion I considered valid. So, state this and justify.
The math relationship I considered not valid. State this and justify. 
It is VERY IMPORTANT that you clearly use the limitation identified earlier (nothing new) to justify any “not valid” decision. Be very clear how the limitation affects validity. 


The main conclusion that concentration of the electrolyte does not significantly affect the rate of H2 production is likely to be valid. The very small variation in the rate vales contrasted greatly with the significant variations in the concentration, and very strongly suggests that for the concentrations used in this experiment, there was little to no variation in the rate of H2 production. However, the use of concentrations of the electrolyte in this investigation was well below commercial levels. This means this conclusion may not extrapolate with any validity to commercial electrolysis situations.
The specific mathematical relationship between concentration and rate which was identified in the conclusion cannot be considered valid. The use of only three trials meant that the uncertainty in the rate values was similar to the small variation in the rate values. This suggests that any precise mathematical relationship between concentration and rate could vary significantly, and cannot be considered valid.
IMPROVEMENTS AND EXTENSIONS
The methodology of this investigation would be improved by doing more than three trials at each concentration. This would reduce the random uncertainty and improve the reliability of the data. It would also help a more valid identification of the mathematical relationship between rate and KOH concentration. Additionally, the concentration of the KOH electrolyte should be varied (with additional safety measures) beyond 1.0 M. This would increase the validity of the conclusion as it relates to commercial applications. 	Comment by TURNER, Gary: Improvements must be related to the limitations you identified.
This investigation could be extended by investigating other factors which affect rate, specifically temperature of the electrolyte solution. This would enable a more comprehensive picture of the factors which affect the rate of hydrogen production in alkaline electrolysis. This investigation could also be extended by investigation the effect of hydroxide concentration in Anion Exchange Membrane (AEM) water hydrolysis to produce hydrogen gas. This would provide an indication if the interaction of the electrolyte is specific to hydroxide anion, or the methodology used for the electrolysis.	Comment by TURNER, Gary: Extensions almost always involve changing the independent variable.
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Rate of H production	Rate = 3E-06 x conc0.0748
R² = 0.9874
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Rate of Hydrogen production (moles/s)



y = 0.0748x - 12.794
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