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Abstract 
 

Mathematical problems in post-16 chemistry courses such as stoichiometry problems 

can be challenging for a number of students.  By viewing these chemistry problems as 

mathematical word problems, this study explored the extent to which taught 

interventions developed students’ chemistry word problem solving strategies.  

Employing a practitioner research approach with a mixed methods design, the study 

consisted of three main phases: the pre-intervention, the text editing intervention, and 

the visual representations intervention.  Following the intervention phases, analysis of 

responses to the problems showed an improvement in the structure and coherence of 

students’ problem-solving strategies.  This was also accompanied by improvements in 

performance in relation to the proportion of problem steps attempted and completed 

correctly.  Additionally, perceived difficulty had decreased slightly, and perceived 

confidence had increased slightly.  Improvements in students’ problem-solving 

strategies and performance are proposed to be due to the interventions enabling the 

development of problem-solving schema, which resulted in a reduction in cognitive 

load.  Finally, four profiles are suggested in relation to chemistry word problem solving: 

innovative expertise, localised proficiency, aspirational beginner and opportunistic 

novice.
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1 Introduction 

 

1.1 Is everything OK? 

 

“Is everything OK?” I asked Julia as she sat with her forehead on the desk. 

“It’s all just a bit too much!” she replied, half-joking, as she sat up and pointed down to 

the paper in front of her. 

 

Julia was attempting a particularly challenging calculation in my Year 12 chemistry 

class.  She was having difficulty understanding what the problem on the paper in front 

of her was asking her to do.  The volume of information on the page had left her feeling 

confused and overwhelmed, unsure of how to best approach the problem in front of 

her. 

 

A number of authors have investigated students’ challenges in relation to mathematics 

in chemistry in secondary education (Ardura et al., 2021; Scott, 2012) and in 

undergraduate courses (Clark et al., 2022; Hoban et al., 2013).  Some studies have 

focussed upon specific concepts such as stoichiometric problems (Clark et al., 2022; 

Gulacar et al., 2013; Scott, 2012), whilst others have sought to view these challenges in 

relation to students’ problem-solving skills (Johnstone, 1993; Johnstone & El-Bana, 
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1984; Overton & Potter, 2011).  In a similar way to Julia, many students seem to find the 

comprehension of chemistry problems challenging.  Whilst this has been 

acknowledged in some of the chemistry education literature (e.g., Ngu et al, 2002; Ngu 

& Yeung, 2013), it does not seem to have been explored in-depth.  However, studies 

into mathematical word problems have noticed these challenges and sought to 

understand them further (e.g., Daroczy et al., 2015; Heggarty et al, 1995; Leiss et al., 

2019). 

 

1.2 School context 

 

The school is a fee-paying British curriculum international school located in Central 

Europe, providing early years through to post-16 education.  

 

In relation to post-16 sciences (biology, chemistry and physics), the school offers the 

International Baccalaureate (IB) Diploma Programme (DP) at Higher level (HL) and 

Standard level (SL), and the General Certificate of Education Advanced Level (A-level). 

 

The high performing nature of the school means that many students perform very well 

in public examinations for the chemistry courses that are offered.  However, in my 

experience, there are still a number of students that seem to find the mathematical 

elements of chemistry challenging.  
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During lessons, where support is available, many students complete mathematical 

chemistry problems well.  However, during assessments, this tends to be an area 

where students perform less well.  Figure 1 shows a student’s answer to a 

stoichiometry problem from a Year 12 test.   

 
Figure 1: Year 12 student response to a stoichiometry problem 

 
 
The student’s answer shows they have tried to use the data in the question to calculate 

an answer.  Unfortunately, they have misunderstood the focus of the question, and 

applied an incorrect formula, calculating moles in relation to mass and relative mass, 

rather than using concentration and volume. 

 

Therefore, the purpose of this study is to understand the reasons as to why students 

find these problems challenging.  Furthermore, the use of taught interventions that may 

assist with developing their problem-solving skills in relation to these problems will be 

explored. 
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2 Literature review 

 

2.1 Considering the chemistry-maths problem 

 

A number of the challenges posed by the mathematical aspects of chemistry have 

been studied in detail, especially regarding students’ understanding of the mole 

concept, molar calculations, and stoichiometric relationships (Furió et al., 2000; 

Gulacar et al., 2013; Raviolo et al., 2021; Strömdahl et al., 1994).  Some studies have 

focussed upon seeking to understand students’ performance in chemistry calculations 

alongside similar areas in mathematics (Scott, 2012; Hoban et al., 2013).  Within their 

methodologies, these studies assume that the mathematical problems are analogous, 

assessing the same mathematical skills but within a chemistry context.  The 

conclusions of such studies, advocate a deficit view.  Arguing the main reason for 

students’ difficulties in these areas of chemistry is that they lack the necessary 

mathematical skills, or fail to transfer mathematical skills to a chemistry context (e.g., 

Britton et al., 2005; Hoban et al., 2013; Scott, 2012). 

 

Redish and Kuo (2015), and Wong (2023) have challenged this deficit view.  Instead, 

they assert that mathematics in science is used in different ways, and for different 

things due to the meanings that are applied to numbers (e.g., units of measurement).  
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Therefore, considering this argument, mathematics and the mathematical areas of 

science may not be able to be considered to be analogous with one another. 

 

Within my own professional experience, I have indeed encountered students that do 

not possess the required mathematical skills to be able to access these areas of 

chemistry curricula.  However, these students have needed significant support and 

intervention in both chemistry and mathematics.   Nevertheless, the deficit view does 

not explain why students viewed as strong mathematicians also find the mathematical 

areas of chemistry challenging.  Therefore, it would seem wise to examine these areas 

of chemistry from different perspectives. 

 

2.2 Chemistry calculations as exercises in problem solving 

 

Whilst the extent to which mathematics and the mathematical areas of chemistry may 

or may not relate to one another is a matter of debate, the idea that chemistry 

calculations are exercises in problem solving seems to be agreed upon.  One area of 

chemistry calculations is stoichiometric problems.  These are numerical problems that 

require students to use information about the different substances in chemical 

equations, to calculate an unknown property of a specific substance.  Whilst not an 

exhaustive list, these properties may include: the mass, amount (moles), or volumes 

and concentrations of solutions (volumetric analysis).   
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This type of problem solving in chemistry education literature is often referred to as a 

closed problem, whereby there is a single, definite answer, often solvable by 

algorithmic methods (Johnstone, 1993; Chandrasegaran et al., 2009; Tsaparlis, 2021a).  

In direct contrast, open problems are defined as having several reasonable answers 

and require students to use unfamiliar methods to identify a solution pathway 

(Johnstone, 1993; Cooper & Stowe, 2018; Randles & Overton, 2015).  Some argue that 

most stoichiometry problems that students experience within secondary education are 

of a closed nature (Reid & Yang, 2002).  In many instances this may well be true.  

Assessment within courses such as A-level and the International Baccalaureate (IB) is 

heavily, if not entirely examination-based, and therefore require students to solve 

problems from given data, with a definite outcome.  However, the fact remains that 

stoichiometry problems can be problematic. 

 

Literature from chemistry education research tends to focus on three main factors that 

contribute to problem solving difficulty in relation to stoichiometry problems: their 

multiple-step nature; understanding of chemistry concepts; and problem format. 

 

A stoichiometry problem such as finding the mass of a product from a known mass of 

reactants, may require between five and seven separate calculation steps.  This may 

include writing chemical equations and the manipulation of mathematical formulae 

(Gulacar et al., 2021).  The multiple-step nature of stoichiometry problems is a 

potential source of difficulty for many students.  The high number of independent, yet 
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interconnected steps that must be taken increase the chances for error.  A mistake in 

an individual step of the problem causes the final answer to be incorrect (Gulacar et 

al., 2021).  Another contributing factor is that some steps may be more difficult than 

others (Tsaparlis, 2021b). 

 

Students’ conceptual understanding of the problem content has also been shown to 

hinder students’ problem-solving ability.  For example, misconceptions of 

stoichiometric ratios and how they relate to a chemical equation may lead students to 

incorrectly calculate the amount of other substances in a reaction (e.g., Clark et al., 

2022).  Gulacar et al. (2013) studied undergraduate students’ difficulties with 

stoichiometry problems in relation to their understanding of chemistry concepts.  They 

found that writing chemical equations was associated with low attempt and successful 

completion rates (45% and 43% respectively).  However, balancing a provided 

chemical equation was associated with much higher attempt (90%) and successful 

completion (89%) rates.  This may suggest that students experience difficulty in writing 

chemical equations but are able to apply learned methods to successfully balance 

provided equations.   Additionally, the study found that the concepts of limiting 

reagent, stoichiometric ratio, and the mole concept were characterised by high 

attempt rates but lower successful completion rates (Gulacar et al., 2013).  This 

indicates that students are aware of the steps required to solve the problem but are not 

able to complete these steps correctly.  Indeed, the study concludes that “students in 
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the study lacked the ability to properly plan how to solve a multi-step problem like a 

stoichiometry problem” (Gulacar et al., 2013, p. 514). 

 

Problem format has also been found to affect problem solving success.  A study 

conducted by Lazonby et al. (1985) investigated the impact of posing the same 

stoichiometric problem in different formats.  Firstly, only the problem itself was given 

without any guidance, as shown by Figure 1 below:  

 
Figure 2: Stoichiometry problem example (Lazonby et al., 1985, p. 60) 

 
 

The subsequent formats showed the question in separate parts, guiding students 

through the problem-solving process.  The findings revealed that when problems were 

broken down into separate parts, students were able to demonstrate their 

understanding more easily (Lazonby et al.,1985).  In this respect, Figure 1 represents an 

unstructured problem, whereas separating it into a set of smaller subproblems leading 

to the same answer represents a structured problem. 

 

Considering stoichiometry problems from a problem-solving viewpoint gives useful 

insights into why students may experience difficulties with these types of problems.  

Their multiple-step nature, reliance on subject-specific knowledge and varying formats 

Silver chloride (AgCl) is formed in the following reaction: AgNO3 + HCl → AgCl + HNO3 
 
Calculate the maximum yield of solid silver chloride which can obtained from reacting 25 cm3 of 2.0M 
hydrochloric acid with excess silver nitrate (AgCl = 143.5). 
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provides many potential sources of error during the problem-solving process.  

However, even with the above points in mind, it is likely that there are other factors in 

relation to the structure of these problems and the problem-solving process that 

warrant further investigation.   

 

2.3 Mathematical word problems 

 

A small number of studies have considered stoichiometry problems as mathematical 

word problems (e.g., Ngu et al., 2002; Ngu & Yeung, 2013; Tang et al., 2014).  However, 

it would seem that the influence of the specific elements of word problems has not 

been examined explicitly within a chemistry-specific context. 

 

Word problems (WPs) can be defined as mathematical tasks whereby task information 

is usually communicated in written form, rather than in a mathematical format such as 

an equation (Daroczy et al., 2015; Strohmaier et al., 2022; Verschaffel et al., 2020).  

Whilst a staple in mathematics curricula globally, WPs are often considered to be one 

of the more difficult types of problem that students face (Jaffe & Bolger, 2023; 

Verschaffel et al., 2020).   
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2.3.1 The role of selected linguistic and numerical factors 

 

Stoichiometry problems may be considered as WPs due to the fact that they are 

mathematical tasks communicated to students through written means (see Figure 1).  

However, research into WPs shows the existence of complex interactions between the 

linguistic and numerical factors of the problem.  Further analysis of these factors of 

WPs may offer valuable insights into why stoichiometric problems are often 

challenging for students.  Therefore, a selection of the linguistic and numerical factors 

that are most relevant to chemistry WPs will be discussed. 

 

Solving WPs involves developing a situational model, which is most simply understood 

as the process of understanding the content of a task.  Development of a suitable 

situational model dependent upon students’ general and domain-specific reading and 

comprehension skills (Kintsch & Greeno, 1985; Leiss et al. 2019).  This is further 

supported by the work of Vilenius-Tuohimaa et al. (2008) who found that WP solving 

success was strongly related to reading comprehension.  Additionally, technical 

reading abilities further improved WP solving. However, when technical reading level 

was controlled for, performance in WPs was still related to reading comprehension.  

Therefore, it was suggested that fluent technical reading skills “may work as a ‘capacity 

enhancer’, helping students to further leverage their prior knowledge related to the 

problem” (Vilenius-Tuohimaa et al., 2008, p. 422).  The role of comprehension has been 

found to be fundamental in successfully solving WPs, with this step taking 
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approximately 41% of the total solution time.  Although this is strongly affected by the 

linguistic complexity of the task (Leiss et al., 2019).   

 

Jerman & Rees (1972) examined the effect of the word count of the problem text, 

finding that it contributed to the difficulty of WPs.  Conversely, Lepik (1990) found that 

word count did not significantly predict WP solving but was strongly linked to the time 

taken to solve WPs.  More recently, Walkington et al. (2018) found that WP length and 

WP solving accuracy were negatively correlated.  However, in studies where word 

count was changed without changing the situational or conceptual context of the WP, 

no significant differences in performance were found (Vondrová et al., 2018; 

Walkington et al., 2019). 

 

The presence of irrelevant linguistic and numerical information within the WP 

statement has been found to result in lower WP solving performance (Muth, 1992).  

However, this is disputed by Englert et al. (1987) who found that irrelevant numerical 

information has been found to negatively affect WP solving performance, whilst 

irrelevant linguistic information did not.  Furthermore, the presence of implicit 

information within the WP statement has been found to affect performance.  

Unsuccessful problem solvers may often use methods such as direct translation 

(looking for numbers and keywords), meaning that important implicit information may 

be missed when employing this strategy (Hegarty et al. 1995). 
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Problems become more complex with a larger number of calculation steps (Terao et 

al., 2004).  Quintero (1983) studied students’ WP performance in relation to ratio, 

finding that two-step problems were more difficult than single-step problems.  

Additionally, when all other factors are controlled, Muth (1992) observed that two-step 

problems experienced a larger number of errors than one-step problems. However, it 

should be noted that Daroczy et al. (2015) warn that it would be difficult to categorically 

conclude that the reason two-step problems are more difficult is solely due to 

mathematical complexity because, “in two-step problems, the WP has also become 

more difficult linguistically as it usually contains more phrases and semantic 

distractors” (p. 348).   

 

2.3.2 Word problem complexity 

 

Based on the linguistic and numerical factors contained within the problem, WPs can 

be considered to be simple or complex.  Strohmaier (2020) contrasts these WPs and 

concludes that simple problems follow a simple syntax, within a superficial context 

that requires a single mathematical operation.  Conversely, the syntax of complex 

problems does not mirror the solution process.  Furthermore, complex problems 

contain irrelevant information, with multiple representations, within a context that is 

central to the problem solution (Strohmaier, 2020). 
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Complex WPs contain a mathematical concept within a real-life situation whereby both 

must be understood to successfully solve the problem, requiring connections between 

the mathematical and extra-mathematical (real-world) contexts (Leiss et al., 2019).  

Therefore, complex WPs require considerable comprehension processes and strong 

engagement with of the problem context (Leiss et al., 2019).  Furthermore, the central 

mathematical aspect of the WP is not able to be solved by fact retrieval, therefore 

requiring calculations (Strohmaier et al., 2022). 

 

2.4 Positioning stoichiometry problems as complex word problems 

 

As previously mentioned, chemistry education literature in relation to the challenges of 

stoichiometry problems tends to focus on the multiple-step nature of problems 

(Gulacar et al., 2021), students’ conceptual understanding of chemistry topics 

(Chandrasegaran et al., 2009; Gulacar et al., 2013), and problem type and structure 

(Cooper & Stowe, 2018; Lazonby et al.,1985; Tsaparlis, 2021a).  Although some studies 

do refer to stoichiometry problems as WPs (Ngu et al., 2002; Ngu & Yeung, 2013; Tang 

et al. 2014), there is little evaluation of the complex relationships between the linguistic 

and numerical factors of these problems, and how it may influence students’ 

performance. 

 

On the other hand, mathematics education literature has studied these factors 

extensively, especially in relation to students’ comprehension of problems and the role 
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of multiple solution steps (Daroczy et al., 2015; Leiss et al., 2010, 2019; Muth, 1992; 

Terao et al., 2004).  It would therefore seem sensible to examine these factors in 

relation stoichiometry problems, and how they may affect students’ ability to solve 

these problems. 

 

Figure 2 (Section 2.2) and 3 (below) show two different stoichiometric problems in 

chemistry. 

 
Figure 3:  A-level titration problem (Edexcel, 2016) 

 
 
 
Table 1 below gives a summary of the linguistic and numerical factors for each 

problem, along with other relevant factors. 

 

 

The figure originally presented here cannot be made
freely available via ORA because of copyright.

The figure was sourced at
Edexcel (2016) GCE A level Chemistry Paper 1 June
2016. Pearson Education. Available from: https://
qualifications.pearson.com/content/dam/pdf/A-

Level/Chemistry/2015/Exam-
materials/8CH0_01_que_20160525.pdf
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Table 1: Comparison of factors for two stoichiometry problems 

 
 Problem Figure 2 Figure 3 

Linguistic 
Factors 

Word count 42 179 
Technical vocabulary Yes Yes 
Syntax follows the problem solution Partially No 
Irrelevant/superfluous information No Yes 
Real-world situation No Yes 

Numerical 
factors 

Irrelevant/superfluous numbers No Yes 
Number of steps required to solve 5 13 

Other 
relevant 
factors 

Structured or unstructured Unstructured Unstructured 
Different units of measurement 2 3 
Unit conversions needed Yes (1) Yes (2) 
Number of different formulae needed 2 4 

 
 

Both problems contain many elements of linguistic and numerical complexity.  In 

relation to linguistic complexity, both contain significant chemistry-specific 

vocabulary.  Without an understanding of this vocabulary, it would be impossible to 

solve the problem.  However, Figure 3 contains more elements of linguistic complexity 

than Figure 2, including a real-world context that is central to understanding and 

solving the problem.  The numerical complexity of each problem is high, requiring 

multiple solution steps. When examining the level of numerical complexity, Figure 3 

could be considered to be significantly more complex than Figure 2.  When considering 

some other relevant factors that may add to problem complexity, both are 

unstructured problems, and require the use of more than one formula, and unit 

conversions to reach a solution. 

 

Considering all of the above, there may be a strong argument for viewing stoichiometry 

problems as complex WPs.  By doing so, it may offer valuable insights into why 

students find them challenging and enable teachers to better support students.  
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Therefore, for the purposes of this study, the term ‘chemistry word problem’ will be 

used to refer to problems of this nature. 

 

2.5 Working memory, cognitive load theory and chemistry word problems 

 

With respect to WPs in mathematics, the role of working memory (WM) has been 

strongly linked to WP solving ability (Fuchs et al., 2020).  Within the literature from 

mathematics education, the role of WM tends to focus on the interactions between the 

linguistic and numerical factors of a WP, and how these may place increased demands 

on WM.  For example, Fuchs et al. (2020) argue that “WM resources involved in solving 

word problems differ from and are more numerous than those underlying number 

knowledge or calculation skill” (p.11).  Peng et al. (2016) further acknowledge the 

multiple-step nature of solving WPs, stating that they “draw upon significant WM 

resources” (p. 457).  However, in relation to stoichiometric problem solving in 

chemistry education, the main consideration in terms of WM seems to be related to the 

number of problem steps and centres around the Johnstone-El-Bana Model (Johnstone 

& El-Bana, 1984, 1986).   

 

The Johnstone-El-Bana Model proposes a bottleneck in information at around five to six 

problem steps resulting in WM overload and significantly decreased performance 

(Tsaparlis, 2021b).  However, a study by Opdenacker et al. (1990) found that as the 

number of problem steps increased, performance decreased smoothly, with no sharp 
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decrease that may indicate sudden WM overload.  Furthermore, Tsaparlis (2021b) 

argues that the Johnstone-El-Bana Model may not be sufficient, as it does not account 

for unsuccessful attempts when problems may be regarded as less difficult.  In 

explanation, four possibilities are offered: incomplete conceptual understanding 

(including forgetting); problem steps not being of equivalent difficulty; being able to 

work out the part, single step subproblems but not the composite problem; and the 

presence of irrelevant information (Tsaparlis, 2021b).  Tsaparlis (2021b) also offers two 

explanations for when the model may be violated (successful solution by lower 

achieving students): familiarity with the problem type, and successful ‘chunking’ of the 

problem, decreasing WM demand.   

 

WM is often referred to as one’s ability to retain and process small amounts of 

information for short time periods (Baddeley, 2012; Cowan; 2017).  Miller (1956) 

proposed that the WM is limited in capacity, being able to hold seven ( 2) ‘bits’ such as 

individual numbers in a sequence.  The limited capacity of WM seems to effectively 

apply only to novel information (Sweller et al, 2019).  Consequently, this may have 

direct impacts on solving complex WPs, as they centre around situations that are not 

experienced by learners in their daily lessons (Verschaffel et al., 2020).   

 

However, this limited capacity for bits of information can be overcome by the process 

of chunking (Miller 1956).  Through chunking, individual bits of information are 

organised and recoded into single units or ‘chunks’.  Therefore, using only chunks of 
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information reduces the storage load on WM, freeing up its capacity to maintain other 

information concurrently (Thalman et al., 2019).  The WM is believed to be able to hold 

around four chunks of information at a given time (Cowan, 2001), with chunk size being 

found to have no influence on how much WM capacity it requires (Cowan, 2001; 

Thalman et al., 2019).  Furthermore, chunks of new information held in WM can be 

compared to information held in the long-term memory (LTM).  If matching information 

is found, it is recalled from the LTM and encoded into the WM.  This further reduces WM 

load, facilitating the encoding of subsequent information into the WM (Thalman et al., 

2019; Waterman & Miller, 2022).   

 

During the process of comparing chunks of information in the WM to information 

stored in the LTM, an existing schema may be activated.  Schema or schemas (plural) 

are mental frameworks that allow information to be organised and processed 

(Anderson, 1977).  Schema can be used to transform a complex problem into smaller, 

more familiar problem-solving sequences (Overton & Potter, 2011).  Additionally, 

according to Piaget (1999) new sources of information may be able to be combined 

with existing schema through assimilation. 

 

Cognitive load theory (CLT) (Sweller, 1988; Sweller et al., 1998) posits that to enable the 

successful completion of problem-solving tasks, the cognitive load needed to 

complete the task (or as a result of the task) must not exceed the capacity of the WM 

(Sweller, 1994; Sweller et al., 2019).  Chandler & Sweller (1991) outline three types of 
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cognitive load: intrinsic cognitive load (ICL), extraneous cognitive load (ECL), and 

germane cognitive load (GCL).  ICL depends upon task complexity-the number of 

interacting information elements in the task.  These elements must be processed 

simultaneously in order to successfully carry out the task (van Gog et al., 2011).  Due to 

the limited capacity of the WM, tasks that have a higher number of interacting elements 

impose a greater ICL on the WM (van Gog et al., 2011).  ECL is caused by the way in 

which tasks are designed.  It can arise from cognitive processes such as processing 

redundant or irrelevant information (Kalyuga, 2011), or by engaging in less effective 

problem-solving strategies, for example, means-ends-analysis (trial-and-error) (Sweller 

et al., 2019; van Merriënboer & Sweller, 2005).  GCL is a product of processes caused 

by the design of the task that contribute to learning, such as the use of schema from 

the LTM (van Merriënboer & Sweller, 2005).  Therefore, in order for problem solving (and 

learning) to be effective and efficient, ECL should be minimised, and GCL optimised in 

order to maximise available WM resources (Sweller et al., 1998, 2019). 

 

The Environmental Organising and Linking Principle of CLT (Sweller et al., 2019) relates 

to the linking or combining of novel information with schemas held in the LTM, allowing 

it to be more easily recalled.  Therefore, the use of schema causes “the limitations of 

working memory disappear, and the information can be transferred back to working 

memory using the Environmental Organising and Linking Principle to generate 

appropriate action” (Sweller et al., 2019, p. 274).  However, on occasions when 

information stored in LTM is not available it will need to be generated (Sweller et al, 
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2019). In this case, new information is generated using a “random generate and test 

procedure” (Sweller et al, 2019, p. 273) during problem solving.  This is known as the 

Randomness as Genesis Principle, whereby, only effective strategies are retained 

(Sweller et al, 2019).   

 

These two principles from CLT may go some way to explaining why WPs and more 

specifically to this study, chemistry WPs are so challenging.  Becoming proficient in 

solving chemistry WPs places high demands on WM.  Additionally, the development of 

new and adaptation of existing schemas may require additional investments in relation 

to time and cognitive resources.  Understanding this may be especially important in 

relation to examinations, as the ICL and ECL of problems may be high and out of the 

control of students and teachers.  Therefore, enabling students to understand and 

independently use strategies that are able to optimise GCL is especially important. 

 

2.6 Expert vs. novice problem solving 

 

High levels of subject knowledge and its application is often regarded as a prerequisite 

for expertise (Gulacar et al., 2019; Larkin et al., 1980), with experts tending to view their 

subjects more holistically than novices (Chi et al., 1981; Silver, 1979).  Silver (1979) 

found that in relation to mathematical problems, experts categorised them based upon 

underlying mathematical structures or shared problem structures.  In physics, Chi et 

al. (1981) observed that experts categorised physics problems in relation to scientific 
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principles, whereas novices tended to focus upon features such as the specific topic 

mentioned in the problem.  Being able to take a broad view of their subject could 

enable experts to use their familiarity with the problem content and structure to more 

readily formulate a solution plan than novices.   

 

The notion of experts being able to make explicit use of their experience and familiarity 

is exemplified by Gulacar et al. (2019) who observed how experts’ familiarity with 

stoichiometry problems enabled them to complete unfamiliar problems.  They found 

many incidences of participants recognising specific elements of problems and 

relating them to methods they had used previously (Gulacar et al., 2019).  Related to 

experts’ familiarity is their effective use of chunking.  More effective chunking occurs 

with increased familiarity with the information (Overton & Potter, 2011).  In relation to 

chess, Gobet and Clarkson (2004) found that the size of the chunks used by Masters 

were larger than those of novices, but there was little difference in the number of 

chunks used by both.  These findings may relate directly to the solving of chemistry 

WPs.  If experts are able to combine new information from WPs into larger chunks, 

more WM resources may be available for other processes related to the problem. 

 

Another element of expertise in relation to WM is the possession of larger amounts of 

relevant, domain-specific knowledge in the form of diverse and complex schemas 

(Tricot & Sweller, 2014).  These schemas may significantly reduce WM load as even 

highly complex schema can be dealt with as one element in the WM (van Merriënboer & 
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Sweller, 2005).  In this respect, it could be argued that the WM of experts is more 

efficient than that of novices.  This is likely due to experts being able to draw on their 

extensive library of complex schemas through The Environmental Organising and 

Linking Principle (Sweller et al., 2019) and optimising GCL.  This may also mean that 

when confronted with unfamiliar problems, experts are likely to spend less time and 

exert fewer WM resources in relation to the Randomness as Genesis Principle.  

Whereas, for novices, the opposite may be true, as without effective schemas or 

chunking, the WM may become overloaded and cognitive overload occurs (Overton & 

Potter, 2011). 

 

Linked to the WM characteristics of experts and novices but worth discussing 

separately, is the fact that experts (and those developing expertise) have been 

observed to use fewer solution steps when completing multiple-step problems 

(Blessing & Anderson, 1996; Koedinger & Anderson, 1990; Ngu & Yeung, 2013).  Ngu 

and Phan (2022) propose that this step-skipping performance of experts is likely due to 

the presence of a schema linking conceptual knowledge and procedural knowledge, 

and that “the schema allows the experts to use conceptual knowledge to refine the 

solutions steps, resulting in fewer solution steps” (p. 2).   

 

Studies have also shown that expert and novice problem solvers exhibit different 

attributes and behaviours.  Overton et al. (2013) studied the problem-solving 

approaches of chemists from different backgrounds (undergraduates, academics and 
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industry) in relation to open-ended problems.  They suggested that expert problem 

solvers were characterised by adopting approaches such as: understanding the 

problem and employing a structured method, being able to cope with a lack of data, 

and evaluate their solutions.  Novices’ approaches were defined as: lacking a 

structured strategy, being unable to define the problem, very limited evaluation, being 

unable to detach themselves from the context of the problem and seeking an 

arithmetic approach, and no clear problem-solving approach (Overton et al., 2013).  

Despite these categories being related to open-ended problems, they are also 

applicable to stoichiometry problems. However, references to arithmetic approaches 

are not considered as stoichiometric problems are arithmetic by nature. 

 

Being able to understand problems suggests the importance of problem 

comprehension, as the successful solving of complex problems requires domain-

specific knowledge in addition to domain-specific reading and comprehension skills 

(Kintsch & Greeno, 1985; Leiss et al., 2019).  Therefore, in addition to their strong 

subject knowledge, experts may have increased levels of comprehension skills, or at 

least higher levels of technical reading skill that act as a ‘capacity enhancer’ (Vilenius-

Tuohimaa et al., 2008).  Consequently, experts may be able to construct more effective 

situational models to assist in problem solving than novices. 

 

The role of evaluation of answers and coherence of strategy in both categories may 

indicate differences in the metacognition and metacognitive skills between experts and 
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novices.  Experts may be able to employ evaluative skills more effectively due to their 

more developed metacognitive skills, which apply throughout the problem-solving 

process (Depaepe et al., 2010).  Thus, experts may engage in evaluative behaviour 

more readily than novices.  The ability to formulate a more logical and structured 

approach could be a function of experts’ metacognitive knowledge.  Metacognitive 

knowledge is an important element of metacognition (Flavell, 1979), and can been 

viewed as knowledge of “one’s own cognitive processing, experiences during learning 

and the outcomes of their activities” (Efklides, 2011, p. 8).  Experts’ increased 

metacognitive knowledge may assist them in choosing effective problem-solving 

strategies, as metacognitive knowledge also includes strategic knowledge about the 

advantages and disadvantages of applying a particular strategy in a given situation (Jia 

et al., 2019).   

 

Due to their relative success, experts may experience higher levels of self-efficacy.  

Self-efficacy can be defined as a judgement as to one’s ability or capacity to perform 

domain-specific tasks (Bandura, 1997).  Moreover, self-efficacy can be thought to act 

and vary across three dimensions: facet-specificity (general or specific tasks), level of 

difficulty (perceived as easy or hard), and strength (confidence in one’s capability to 

perform the task) (Bandura, 1997; Street et al., 2017; Street et al., 2022).  In this 

respect, experts could be viewed as having increased self-efficacy as a product of 

higher levels of confidence across a wide range of tasks (general and specific), which 

they perceive as less difficult.  More positive experiences across the three dimensions 
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of self-efficacy may be due to experts’ familiarity with the subject; ability to free up WM 

resources by more effectively chunking information and the use of schemas; and 

possessing more developed metacognitive skills and knowledge.   

 

2.7 Interventions to support the development of chemistry word problem solving 

strategies 

 

There are a number of different interventions that may develop students’ chemistry WP 

solving strategies.  The following section contains a brief discussion of some 

interventions that may be the most appropriate for chemistry WPs.  

 

2.7.1 Text editing 

 

Originally developed by Low and Over (1990), text editing (TE) was used as a tool to 

measure schema acquisition in mathematics education and was consequently 

developed as an instructional technique in relation to algebraic WPs (Low et al., 1994).  

Later, Ngu et al. (2002) used TE in relation to chemistry WPs, due to algebraic and 

chemistry WPs sharing similar characteristics (Ngu et al. 2002).  

 

The premise of TE is relatively straightforward, requiring students to categorise WPs as 

having sufficient information to be solved; missing information; or containing irrelevant 
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information.  Ngu et al. (2002) investigated the use of this strategy in comparison to 

conventional problem solving for molarity problems and stoichiometric problems.  

They found that for molarity problems the TE group performed better than the 

conventional problem-solving group.  However, when completing stoichiometric 

problems, the performance of the two groups was reversed.  This difference was 

attributed to the fact that “text editing did not give students practise in the skills 

required to solve stoichiometry problems” (Ngu et al., 2002, p.395).  However, Ngu and 

Yeung (2013) did find that students using TE made few computational errors, possibly 

due to them being able to identify useful numerical values in the problem statement 

more readily.  Therefore, TE may have relevance in relation to assisting students with 

making sense of the information contained in the WP statement.  Due to the limitations 

identified above, TE could potentially be more useful if combined with another 

problem-solving approach.  This could be viewed as especially important with respect 

to stoichiometry problems where there are many different numerical values for a range 

of substances that must be evaluated before solving the problem. 

 

2.7.2 Visual representations 

 

The use of visual representations (VRs) is another strategy that has been noted to be 

useful in WP solving.  The use of VRs in WP solving has been well studied (Boonen et 

al., 2014; Jitendra et al., 2007; Stylianou & Silver, 2004) and there is evidence to show 

that students who are able to construct an accurate VR of a problem may be more 
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successful (Boonen et al., 2014; Hegarty & Kozhevnikov, 1999).  However, when 

students construct their own VRs, they may fail to construct an appropriate VR or may 

omit it altogether (Ayabe et al., 2022).  Moreover, the accuracy of students’ VRs 

influence WP solving performance (e.g., Krawitz & Schukajlow, 2020).  This may be 

especially important when considering what Ayabe et al. (2022) call the problem-

appropriateness of a VR.  Studies such as Hurley and Novick (2010) found that 

performance was lower in cases where the VR was not matched to the problem.  

Further highlighting the importance of the correct type of VR in relation to the problem. 

 

Some studies have examined the effect of VR in relation perceived cognitive load in 

addition to WP solving performance.  Beitzel and Staley (2015) found that the overall, 

the use of VRs in undergraduate probability problems reduced students perceived 

cognitive load and increased solution accuracy.  Related to this, it has been proposed 

that some VRs such as tables may act as, or in a similar way to schema.  Ayabe et al. 

(2022) and Zahner and Corter (2010) argue that empty cells in a table draw attention, 

enabling solvers to identify missing information.  This in turn allows the problem to be 

broken down into smaller, more manageable steps, and may allow connections to 

relevant formulae (Zahner & Corter, 2010).  This may be especially important as the use 

of a table to structure stoichiometry problems is a common teaching method, 

especially at GCSE-level. 
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2.7.3 Deliberate practice 

 

One facet of expertise is the development of complex cognitive schemas that allow the 

recognition and retrieval of large chunks of appropriate information from the LTM.  A 

commonly agreed requirement for the development of expertise within a domain is 

extensive practice (Pachman et al., 2013).  The process of deliberate practice (Ericsson 

et al., 1993) may be best thought of as the completion of well-defined tasks that are 

challenging but achievable (Ericsson, 1996, 2018).  Furthermore, these tasks are 

specifically tailored to a learner’s weaker areas, leading to the development of specific 

improvement goals (Ericsson, 2006).  However, the empirical studies into the effects of 

deliberate practice in a classroom setting appear to be limited.  

 

Pachman et al. (2013) studied the effect of deliberate practice on 8th Grade students’ 

performance in geometry.  They found that students in the deliberate practice 

condition performed better than students in the free-choice practice condition, as the 

latter tended to select practise activities that were less challenging.  This choice was 

found to effect higher achieving students the most, as they did not challenge 

themselves enough to reach higher levels of performance.  The study also found that 

deliberate practice was more effective when it was focussed on fewer problem areas.  

The suggested reason for this was that concentrating on too many problem areas at a 

time may overload WM and negatively affect schema development, especially in 

relation to novice learners.  According to Pachman et al. (2013) further research is 
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required to better understand how deliberate practice could be operationalised in 

cognitively rich domains.  However, from a teaching and learning perspective, the use 

of deliberate practice requires careful consideration of students’ areas for 

development, selection of appropriate practise materials, monitoring of students’ 

progress and ensuring that areas of competence are not neglected. 

 

2.7.4 Worked Examples 

 

Worked examples provide students with a step-by-step demonstration of a task that 

makes the process of completing the task and how to achieve the answer clear (EEF, 

2021).  When faced with new problems to solve, novice learners will generally engage in 

less effective problem-solving strategies such as direct translation (Hegarty et al., 

1995) and means-ends-analysis.  It is therefore argued that the use of worked 

examples as a teaching and learning strategy reduces ECL caused by less effective 

problem-solving methods, and focusses learner’s attention on problem structures and 

useful solution steps (Leppink et al., 2014; van Merriënboer & Sweller, 2005).  The 

reduction of cognitive load therefore allows novice learners to assign more of their WM 

resources to dealing with ICL and to eventually develop schema in relation to the 

problem (Leppink et al., 2014). 

 

Worked examples have been shown to improving learning, particularly for students 

with lower prior knowledge (Cooper & Sweller, 1987; Sweller & Cooper, 1985).  By 
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contrast, more expert learners, are more likely to benefit from autonomous problem 

solving as they have already acquired the schema to solve the problem, which assists 

their problem-solving approach (Leppink et al., 2014). Therefore, worked example 

formats designed for novice learners can actually result in negative effects as learners 

gain expertise, this is known as the ‘expertise reversal effect’ (Kalyuga et al., 2003).  

Additionally, it has been observed that worked examples are less effective when 

examples contain redundant information (e.g., Tarmizi & Sweller, 1988).  Therefore, 

from a teaching and learning perspective, it would be prudent to take account of the 

nature of the problems being solved, in addition to learners’ prior knowledge and how 

to monitor their progress during the use us worked examples (EEF, 2021).  

 

2.8 Summary 

 

In order to fully understand students’ difficulties with chemistry WPs such as 

stoichiometry problems, it may be necessary to examine them from a number of 

different perspectives.  The complex relationship between elements of chemistry 

education, mathematics education, and CLT must be considered in order to effectively 

support students within this challenging area of chemistry. 

 

Viewing stoichiometry problems from a chemistry problem solving perspective enables 

understanding of the important interactions between students’ conceptual 

understanding of chemistry and the multiple-step nature of chemistry WPs (Gulacar, 
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2013; Tsaparlis, 2021a).  However, supplementing this understanding with the findings 

from studies into mathematical WPs may shed light on new perspectives as to why 

students find these areas of chemistry challenging.  For example, WP research tends to 

have a strong focus on the underlying linguistic structure of problems (Leiss et al., 

2019), and how this interacts with the numerical factors of problems (Daroczy et al., 

2015).  Furthermore, WP research in mathematics also offers valuable insights into 

how considering stoichiometry problems as complex WPs may further contribute to 

knowledge in this area.  In relation to the latter point, this may be especially important 

as much of the literature in chemistry education shows a tendency to classify 

stoichiometry problems as ‘routine exercises’, categorising them as closed problems 

that are often solvable by algorithmic means (Cooper & Stowe, 2018; Reid & Yang, 

2002; Tsaparlis, 2021a).  However, mathematics WP research broadly tends to take the 

view that a true problem is dependent upon familiarity with the problem, and 

proficiency in the types of required knowledge and skills (Verschaffel et al., 2014). 

 

Ideas from CLT and WM research contribute further to our wider understanding of 

chemistry WPs.  This is especially important given the fact that WPs place significant 

demands upon WM resources (Peng et al., 2016).  Understanding the role of WM and 

CLT in relation to the structure of chemistry WPs may help with enabling students to 

make use of their existing schemas and familiarity with related problems.  Additionally, 

it may further enable students to better cope with the presence of irrelevant or 

superfluous information, and the number of steps required to solve the problem.  
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Although the number of problem steps has been explored in relation to chemistry 

problem solving through the Johnstone-El-Bana model, this model has been subjected 

to criticism.   

 

Enabling the successful solution of chemistry WPs by students of all abilities is the 

eventual goal, facilitating the transition from novice to expert.  Therefore, by 

considering how the attitudes and behaviours of expert learners can be operationalised 

may facilitate the design of effective interventions that lead to improved chemistry WP 

performance. 

 

Although there is a wealth of research and literature detailing students challenges with 

stoichiometry problems, there only seems to be a handful that view mathematical 

chemistry problems, such as stoichiometry problems as WPs.  Additionally, it appears 

to be difficult to find studies that seek to understand the effect of interventions from 

the perspectives of students.  This seems to be especially true in relation to qualitative 

or mixed methods studies into students’ perceived difficulty and confidence in relation 

to these problems.  Therefore, this study seeks to contribute to this area by positioning 

stoichiometry problems as complex WPs.  The study will seek to understand how 

taught interventions influence student performance, perceived confidence and 

difficulty.  Additionally, how students use interventions to develop their chemistry WP 

solving strategies will be explored. 
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2.9 Research questions 

 

This study seeks to contribute to the field of problem solving in chemistry by exploring 

the following research questions: 

 

1. Which types of chemistry word problem do students find the most challenging? 

2. How do taught interventions impact students’ chemistry word problem 

performance, perceived difficulty and confidence? 

3. How do students use taught interventions to solve chemistry word problems? 
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3 Methodology 

 

This study used a practitioner research approach, with elements inspired by design-

based research (DBR).  Although small-scale applications of DBR in relation to 

graduate studies have been discussed (e.g. McKenney & Reeves, 2012; Pool & 

Laubscher, 2016), it was decided that the time scale of this study was too short to 

allow for the important, iterative nature of a DBR approach. 

 

Dinkelman (2003) defines practitioner research as “the intentional and systematic 

inquiry into one’s own practice” (p. 8), focusing on questions that emerge from 

teachers’ observations, everyday experiences, and own practice (Campbell, 2013; 

Menter et al., 2016; Westbroek et al., 2022).  In this respect, teachers seek to find 

possible solutions to specific practical problems and questions, with the aim of 

offering evidence to illustrate what may work in practice and why (Cochran-Smith & 

Lytle, 2009; Ponte, 2005). 

 

Practitioner research is participatory in nature, whereby educators are integral 

members of the process (Mertler, 2017), being involved in the practices themselves 

and understanding them from an ‘insider position’ (Anderson & Herr 1999).  In relation 

to this particular study, two positionalities were employed based on the 

categorisations provided by Herr and Anderson (2005, p. 31).  At the beginning of the 

study, the “insider” positionality was employed as I began researching my own practice 
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and identifying a problem to be investigated.  However, as the study progressed, my 

positionality evolved to that of “insider in collaboration with other insiders”, with the 

study participants acting as the ‘other insiders’.  This allowed me to gain a deeper 

insight into their perspectives and an increased awareness of their needs and 

motivations (Levin & Rock, 2003).   

 

The absence of a control group could be viewed as potentially problematic.  However, 

in keeping with the DBR-inspired approach used in this study, a traditional control 

group was not deemed necessary as DBR compares iterations of the intervention and 

that the agenda of the designer(s) is not seen as a threat to validity (Hoadley & Campos, 

2022).  Additionally, a DBR approach seeks to focus on changing practice, rather than a 

‘frozen’ input–output model of an intervention that can be seen in much experimental 

and educational research” (Baumgartner et al., 2003, p. 7). 

 

Practitioner research often uses all of the data that is available from both qualitative 

and quantitative sources (Ivankova, 2015).  Therefore, mixed methods designs may be 

considered extremely useful when conducting practitioner research.  This study 

employed a mixed methods convergent design, whereby both quantitative and 

qualitative data are collected and analysed for the purpose of comparing or combining 

the results (Creswell & Plano Clark, 2017).  This design was chosen in order to combine 

quantitative and qualitative findings for a more complete understanding of my practice-

based problem. 
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4 Design of the intervention and data collection methods 

 

4.1 Participants 

 

The study was undertaken with a mixed ability, Year 12 International Baccalaureate (IB) 

chemistry class, comprised of eight students.  Seven students studying the higher level 

(HL) course, and one student following the standard level (SL) course.  This class were 

chosen for three main reasons: 

 

1. Having previously been introduced to stoichiometry topic at the beginning of 

Year 12, and showing a good understanding in lessons, this class performed less 

well than expected in the end-of-topic assessment.  The marks for this 

assessment ranged from 9-23 out of a maximum of 44, with a mean mark of 15.5 

(SD=4.44). 

2. There is no difference in the HL and SL content of the stoichiometry topic in the 

IB Chemistry Diploma Program, and so the same interventions were able to be 

used with all students in the class. 

3. The findings of my Year 1 assignment that investigated students’ perceptions of 

the mathematical elements of IGCSE and post-16 chemistry courses in the 

school, showed that Year 12 students found these areas of their chemistry 

course more challenging than any of the other year groups. 
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4.2 Intervention summary 
 
 
Table 2: Summary of study phases 

Study Phase Description Purpose 

1 Pre-intervention 
assessment and 
interviews. 

− Identify WPs students find the most challenging and why. 
− Understand how students approach these problems. 

 
 

2 Analyse data from 
pre-intervention 
assessment 

− Measure student performance in different types of WP as a baseline for 
comparison. 

− Identify any current WP solving strategies. 
− Understand students’ perceptions and experiences of WPs in chemistry. 
− Identify a focus for the study: type(s) of WP. 

 
3 Investigate 

possible 
interventions 

− Review of the literature to inform the intervention strategies based upon the 
pre-intervention findings. 

− Design intervention(s). 

4 Introduce the text 
editing intervention 

− Introduce students to the intervention and model its use. 
− Allow students to practise using the intervention strategy. 

 
5 Post-text editing 

assessment 
− Assess the impact of the intervention. 
− Assess students’ use of the intervention strategy. 
− Assess students’ perceptions of the intervention. 

 
6 Post-text editing 

data analysis 
− Identify trends in student performance related to the intervention. 
− Analyse students’ strategy usage. 
− Understand students’ perceptions of the intervention and identify themes. 
− Identify possible next steps for the study. 

 
7 Introduce visual 

representations 
intervention 
 

− Introduce students to the intervention and model its use. 
− Allow students to practise using the intervention strategy. 

8 Post-visual 
representations 
assessment 

− Assess the impact of the intervention. 
− Assess students’ use of the intervention strategy. 
− Assess students’ perceptions of the intervention. 

 
9 Post-visual 

representations 
data analysis 

− Identify trends in student performance related to the intervention. 
− Analyse students’ strategy usage. 
− Understand students’ perceptions of the intervention and identify themes. 
 

10 Identify 
implications for 
practice 
 

− How will the findings of this study impact my teaching practice and that of my 
colleagues? 
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4.3 Description of the main study phases 

 

The study took place over three main phases: pre-intervention; the text editing 

intervention; and the visual representations intervention. 

 

It should be noted that for each of the interventions, students were introduced to the 

strategy during a lesson with the strategy modelled by myself.  Students were provided 

with acquisition problems with answers and encouraged to use them to practise and 

check their progress.  The answers provided took the form of problem-example pairs. 

This was decided as students face challenges, and make errors, they may be more 

inclined to study examples closely and pay close attention to the steps that couldn’t be 

solved (van Gog et al., 2011).  

 

To increase exposure to each strategy, six lessons over a three-week period were used.   

Time was given to practising and discussing the strategy, and for students to seek 

assistance where necessary.  This decision was based upon the meta-analysis of WP 

solving interventions by Myers et al. (2022), who found that interventions provided at 

least three times per week had a much greater effect size than those provided once or 

twice per week.  As the number of lessons per week could not be changed, the length of 

the intervention was increased.  Myers et al. (2022) also found that interventions that 

offered students additional opportunities to receive explicit modelling, develop their 

skills, and receive feedback on their performance were more effective. 
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Each intervention strategy was trialled with six Year 13 students and was amended 

based upon their feedback before use with the study participants. 

 

4.3.1 The pre-intervention phase (Pre) 

 

The purpose of this phase in the study was twofold.  Firstly, to understand the types of 

WP that students found the most challenging and why.  Secondly, to provide a baseline 

of student performance in different types of WP and to establish a focus for the 

interventions.  

 

4.3.2 First intervention phase: text editing (TE) 

 

Following analysis of data from the pre-intervention, it was evident that most students 

possessed the required chemistry-specific knowledge in relation to stoichiometry 

problems.  The main challenges students faced were finding and organising the 

relevant information in complex titration problems.  Due to this, the intention of this 

intervention phase was assisting students with finding information, helping to develop 

more a structured approach to solving chemistry WPs.  Therefore, TE was chosen as 

the basis for the first intervention to assist with finding information as it required 

students to actively engage with the content of the question. 
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For the purposes of this intervention, the TE strategy outlined by Ngu et al. (2002) was 

adapted to provide students with a framework within which to work, enabling them to 

move beyond simply categorising information as sufficient, missing, or irrelevant.  The 

final version of the strategy along with feedback from the trail can be found in Appendix 

1. 

 

4.3.3 Second intervention phase: visual representations (VR) 

 

The main purpose of this intervention phase was to assist students with organising 

information so that it could be used to begin solving the problem.   The intervention was 

based upon the “Draw-it” problem solving cycle developed by van Garderen and 

Scheuermann (2015).  Originally, developed as a teaching tool to help students with 

learning difficulties to develop WP solving skills in mathematics, it was believed that it 

provided a sound structure within which students could work.  The final version of the 

strategy developed for this intervention along with feedback from trials can be found in 

Appendix 2, along with a copy of the original “Draw-it” strategy. 

 

In addition to being introduced to the VR strategy, students were also taught the role of 

VR in WP solving.  For example, what constitutes a VR, and what different 

representations can be used for (diagrams, tables, graphs, etc), and given guidance on 
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selecting appropriate VRs in relation to the problem, as per the findings of Ayabe et al. 

(2022). 

 

4.4 Data collection methods 

 

4.4.1 Pre-intervention and post-intervention assessments 

 

The pre-intervention assessment contained four WPs that focussed on different types 

of stoichiometry problem in post-16 chemistry.  Complex titration questions were 

identified as the focus for the study.  Post-intervention assessments for the TE and VR 

phases contained three titration questions with an increasing word count and number 

of solution steps.  Post-intervention assessments for each phase were closely 

matched in terms of the number of words and solutions steps, so that performance in 

each of the problems would be comparable. 

 

To account for the individual needs and differences of each student, and reduce test 

anxiety, a single 55-minute lesson was allocated.  The reason for the removal of a set 

time limit (other than that of the lesson itself) to complete the problems was based 

upon the suggestions of Gernsbacher et al. (2020).  They argue that time-limited tests 

are less valid, less reliable, less inclusive, and less equitable than untimed tests 
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(Gernsbacher et al., 2020).  All students completed the problems within the allocated 

55-minutes. 

 

Problems for the assessments were either written by myself, in collaboration with the 

class co-teacher, adapted from Edexcel GCE A-level examination papers, or adapted 

from Clarke (2005) Calculations in AS/A Level Chemistry (7th Ed). 

 

Appendices 13-15 shows the WPs used in each of the study phases. 

 

4.4.2 Questionnaires 

 

Whilst completing problems in each of the post-intervention assessments, students 

were asked to complete a short paper-based questionnaire following each problem.  

The questionnaire contained of a mixture of two Likert response format questions, and 

three open-ended questions.  The questions sought students’ perceptions of their 

confidence and difficulty of the problem, what they felt was most and least challenging 

about the problem, and what approach or strategy they used whilst completing the 

problem.  

 

Likert format questions had a 6-point scale with labelled scale points.  The lowest 

numerical value was assigned to the most negative option (extremely difficult, and 

extremely unconfident) following the suggestions of Fink (2002).  An even numbered 
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scale was chosen to reduce the potential problems of survey satisficing, and self-

protection (Champagne, 2014).  Additionally, when the questionnaire was trialled with 

Year 13 students, they thought that a ‘neutral’ option should not be included, with one 

student stating, “you’re either confident, or you’re not” and many agreed.  This 

sentiment was also shared by departmental colleagues, reinforcing the decision to use 

an even-numbered scale and the removal of a mid-point.  Although it is argued that a 7-

to-11-point Likert scale may generate more reliable data (Krosnick & Presser, 2010), a 

6-point scale is within the acceptable 5-to-11-point range (Friedman & Amoo, 1999).  

Moreover, it enables effective differentiation between response categories, without 

providing too many response options, reducing the task difficulty of providing a 

response (Dillman et al., 2014; Krosnick & Presser, 2010). 

 

Open-ended questions were included as they are able to provide authenticity, 

richness, and depth of response (Cohen et al., 2018).  These benefits far outweigh the 

associated problems with additional cognitive and time demands placed on 

respondents, data handling, data volume and possible difficulties in making 

comparisons between respondents (Cohen et al., 2018). 

 

Although think-aloud data collection methods have been successfully used in problem 

solving research in chemistry and mathematics education (e.g., Csíkos et al., 2011; 

Overton et al., 2013), a questionnaire-based approach was used for this study.  This 

was due to the associated increase in participants mental workload during think-aloud 
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methods, in comparison to completing tasks in silence (Hertzum et al., 2009).  

Additionally, participants have been found to take more time to complete tasks during 

think-aloud methods (Ericsson & Simon, 1993; Hertzum et al., 2009).  A copy of the 

questionnaire can be found in Appendix 3. 

 

4.4.3 Student interviews 

 

Semi-structured interviews were used to gain a deeper insight into the practice-based 

problem, as they enable greater depth of data collection (Cohen et al., 2018).  The 

semi-structured interview is flexible, yet allows the specific topics related to the study 

to be addressed whilst enabling participants to bring new meaning and insight to the 

study focus (Galletta, 2012). 

 

Small group interviews ranging from 20-30 minutes in length took place in the school 

conference room during the school day.  Appendix 4 shows examples of interview 

guides. 
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4.5 Data analysis 

 

4.5.1 Quantitative data analysis 

 

4.5.1.1 Pre-and-post-intervention assessments 

 

WPs were assessed to determine the word count and number of required solution 

steps, similar to the study conducted by Pongsakdi et al. (2020).  The process of 

deciding each of the steps required to solve individual problems was done in 

collaboration with the class co-teacher until an agreement was reached. 

 

Following a similar, method to that used by Gulacar et al. (2013, 2019) students’ 

responses were analysed by the proportion of solution steps that were attempted 

(correctly or incorrectly) and completed correctly.  A success ratio was calculated as a 

measurement of the proportion of how many of the attempted problem steps were 

completed correctly. 

 

success ratio = 
number of correct problem steps

number of attempted problem steps
 

 
 

As all of the above measurements are reported as proportions, the minimum value is 

0.00 and the maximum value is 1.00. 
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Based upon students’ responses, the difficulty and discrimination of the problems was 

assessed.  Difficulty rating ranges from 0.00-1.00.  Higher difficulty values represent an 

easier question, whereby more students achieved the correct answer (Towns, 2014).  

Discrimination values also range from 0.00-1.00.  Values closer to 1.00 indicate 

problems that discriminate well between higher and lower performing students and a 

value closer 0.00 does not discriminate well (Towns, 2014), indicating that both higher 

and lower performing students are able to solve the problem correctly.  Appendix 5 

gives a more detailed explanation of how difficulty and discrimination values were 

calculated.  

 

4.5.1.2 Questionnaire responses 

 

Questionnaire items regarding students’ perceived difficulty and confidence are 

reported as medians due to the ordinal nature of the data.  It also should be noted here 

that although decimal values in relation to perceived difficulty and confidence do not 

represent options in the Likert format question, they are used as rounding to the next 

integer, would change the category of the rating.  For example, rounding a confidence 

value of 3.5 to 4.0 would indicate a median rating of ‘somewhat confident’ and 

therefore may be misleading.  This method will be used throughout this analysis. 
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4.5.1.3 Statistical tests 

 

Two-tailed Spearman’s rank correlations were used to determine the strength and 

significance of any relationships present between the variables in the pre-intervention 

assessment (n=4).  Spearman’s rank correlations were used as the data was found to 

be non-parametric (Cohen et al., 2018).  Because the data was a mixture of continuous 

and ordinal data, Spearman’s rank correlations can be used to compare each these 

data types to one another, especially when the ordinal data contains five or more levels 

(Khamis, 2008).  An alternative method for correlating ordinal-ordinal, and ordinal-

continuous data is the Kendall rank correlation, but this would not have been suitable 

for continuous-continuous data sets (Khamis, 2008, p.160).  Furthermore, the 

performance of a Spearman’s rank correlation is comparable to that of a Kendall rank 

correlation (Khamis, 2008; Zar, 2010). 

 

4.5.2 Qualitative data analysis 

 

4.5.2.1 Student interviews and open-ended questionnaire questions 

 

Analysis of data from the pre-intervention phase was used to gain a more in-depth 

understanding of students’ perceptions of WPs, what they found challenging about 

them and why.  Analysis of the TE and VR phases focussed more on students’ 



 48 

perceived impact of the interventions.  Responses to the open-ended items of the 

questionnaire were collated and combined with interview data for analysis. 

 

During student interviews, audio recordings of students’ responses were taken and 

transcribed by myself.  Following the advice that “transcriptions need to be 

constructed so that they are useful for your analysis, but not overwhelming” (Ingram 

and Elliott, 2019, p. 190), transcriptions were ‘cleaned up’ before analysis.  This 

process was used to make the transcripts more easily readable whilst maintaining 

participants’ actual words (Carlson, 2016; Kohler Riessman, 1993).   

 

Member checking was carried out to ensure the accuracy of the interview data (Birt et 

al., 2016; Carlson, 2010).  As transcripts are partial representations of the data 

collected (Ingram and Elliott, 2019), the transcribed interviews were returned to 

participants to allow them to check and confirm the content of the interview and to 

further reduce the potential for researcher bias (Birt et al., 2016).  Additionally, as 

verbatim transcripts may contain grammatical errors and significant use of filler words, 

some participants may become embarrassed when reading their own words.  

Therefore, ‘cleaned up’ transcripts were used to preserve their “dignity and voice” 

(Carlson, 2016, p. 1112).   

 

Interview transcripts were analysed using thematic analysis as outlined by Braun and 

Clarke (2006, 2021).  The purpose of the coding process was to aid the generation of 
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pertinent themes from the data.  An inductive approach to identifying codes and 

themes was employed, with themes being developed at the semantic level enabling a 

rich description of the whole data set (Braun & Clarke, 2006, 2021).   Therefore, all of 

the interview data was transcribed.  This allowed me to become more familiar with the 

data, enhancing the reliability of coding and theme development.   

 

Appendices 6 and 7 show examples of a coded transcript and code book. 

 

4.5.2.2 Word problem solving strategy usage 

 

Assessment of strategy usage is difficult to specify comprehensively and score 

accurately by the use of a rubric (Bisson et al., 2016).  Therefore, it was assessed using 

the principles of comparative judgement.  Responses to WPs were compared to one 

another to provide judgements that are reliable despite being derived from subjective, 

holistic judgements (Jones & Davies, 2024).  Due to the small sample size, responses 

were placed in rank order as suggested by Bramley (2007).  Ranking was performed 

separately by myself and the co-teacher of the class then discussed until an 

agreement was reached.  Although the ranking exercise is inherently subjective with 

each judge using their own interpretation of ‘best’, it is in line with similar studies into 

assessing problem solving in mathematics (e.g., Holmes et al., 2017). 
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Once responses had been ranked, they were grouped together based on their level of 

strategy usage, and descriptors for these categories were created.  In some cases, 

student responses included elements from different categories.  Therefore, a holistic 

judgement was made of the student’s approach, and a ‘best-fit’ judgement was 

applied.  Appendix 8 gives a summary of the strategy usage categories and descriptors. 

 

4.6 Collaboration 

 

In relation to this study myself and the co-teacher of this class collaborated closely in 

the design of the interventions.  Examples of the collaboration points included 

choosing the questions to be used in each phase of the study and finalising the 

suggested approaches for each intervention strategy.  Additionally, the co-teacher of 

the class would also use the intervention strategies in their lessons with the class. 

 

Collaboration with students was a key element of this study.  A small group of Year 13 

students were used to trial aspects of the study, and their feedback was used to inform 

and refine materials used in the study phases.  The participants of the study also 

played an important role in deciding the nature of the interventions based on the 

findings from the pre-intervention phase, making the subsequent interventions 

bespoke to them as a group.   
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4.7 Ethical considerations 

 

This study was granted ethical approval by the Central University Research Ethics 

Committee (Ethics Approval Reference: EDUC_C1A_23_339) and carried out in 

accordance with The British Education Research Association (BERA) Ethical Guidelines 

for Educational Research, fourth edition (2018).  The Headteacher was informed and 

gave permission to carry out the study within the school.  Additionally, the safeguarding 

procedures of the school were followed at all times.  As the study used some existing 

assessment data, a Data Sharing Agreement was drawn up between the university and 

the school to allow the use existing student work and assessment data. 

 

The study was introduced to students in a chemistry lesson and the purpose of the 

interviews was clearly explained.  Students were provided with information regarding 

the study, including an opt-out form and an explanation of how to opt-out.  Although 

participants were all classed as competent youths, information regarding the study 

was sent to parents informing them of the study along with details of how to opt-out of 

the study.  It was made clear that participation in the study optional, and that students 

may opt-out at any stage without needing to give a reason.  It was also stressed to 

students that all data would be anonymised using a pseudonym, and they would not be 

identifiable from the information they provided.  All students are given female 

pseudonyms as there was only one male student in the class.  Therefore, using a male 

name may have made this student identifiable.  Informed consent was gained from 
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participants based upon mutual trust (BERA, 2018).  All participants fully understood 

the nature of the research without any coercion or duress to participate.  All 

participants gave verbal and written consent to their involvement in the study, 

including written consent to audio recordings of interviews. 

 

An important issue that requires careful, and significant consideration is the unequal 

power relationship between researcher and participant.  This asymmetric relationship 

(Farrimond, 2017) is reinforced by the unequal power between teacher and students 

(Ingram & Elliott, 2019).  Moreover, the authority of the teacher persists in all of their 

interactions, no matter how a teacher may seek to share this authority with students 

(Buzzelli & Johnston, 2001).  To mitigate this, the advice offered by Ingram and Elliott 

(2019, pp. 165-166) was followed, through:  

• Gaining informed consent. 

• Interviewing students in pairs or small groups-unless they wished to be 

interviewed individually. 

• Interviews took place in a neutral space, rather than a classroom. 

• Emphasising that I was interested in their opinions and views and would not take 

anything they said personally. 

• Reassuring students that there are no ‘right’ or ‘wrong’ answers or behaviours. 
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4.8 Limitations of the study 

 

Although serious thought and consideration was taken to reduce the number of 

limitations during the design of the study, there still some limitations inherent within 

the methods chosen. 

 

Whilst the direct effect of the TE intervention may be able to be estimated in relation to 

the pre-intervention phase, it is most likely not possible to do this for the VR 

intervention.  However, due to the DBR-inspired approach to practitioner research 

used in this study, each study phase informs the next.  Therefore, some elements of the 

previous phase are taken through into the next phase, and so cannot be easily 

separated. 

 

The effect of practise cannot be ignored in relation to students’ performance in the 

post-intervention assessments.  This may lead to higher scores during the post-

intervention assessment through the effect of practise.  However, this practise could 

be considered as a free-choice practice condition, which was found by Pachman et al 

(2013) to have less of an impact that deliberate practice.  Therefore, the effects of this 

may not have been as influential as expected.  However, there was no way of 

measuring this, so the possible effect of this should be noted.  
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Additionally, as students were actively encouraged to practise the intervention 

strategies outside of lessons and provided with the worked answers to aid independent 

study, this could have introduced the worked example effect (Sweller et al., 2019).  

Furthermore, if present the worked example effect may have been advantageous to 

lower prior knowledge learners (Leppink et al., 2014), but disadvantaged higher prior 

knowledge learners through the ‘expertise reversal effect’ (Kalyuga et al., 2003).  Again, 

this was not measured and so the extent to the effect of worked examples is unknown 

but important to note. 
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5 Findings and Discussion 

 

5.1 Which types of chemistry word problem do students find the most 

challenging? 

 

5.1.1 Findings 

 

The findings from the pre-intervention show that problems containing a higher word 

count, and more solution steps were answered less successfully (see Table 3).  The 

mean proportion of attempted solution steps also shows a similar trend in relation to 

word count and the number of solution steps.  Calculated difficulty values also broadly 

agree, with the exception of Pre-2 where there were no correct answers due to a 

misconception regarding ratios that was addressed in the following lesson.  Students’ 

perceived difficulty and confidence ratings also decrease as the word count and 

number of solution steps increase.  This indicates that students find these problems 

more difficult and feel less confident answering them.  Problem Pre-3 would appear to 

be the only question that discriminated well between higher and lower achieving 

students.  This is due to, Pre-1 being completed correctly by all students, whereas Pre-

2 and Pre-3 were not completed correctly by any students. 
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Table 3: Summary information for the Pre-intervention questions 

Question Solution 
Steps 

Word 
Count 

Mean 
Attempt 

Total 
correct 

answers 

Correct 
answer-
higher 

Correct 
answer-

lower 

Difficulty Discrimination Median 
difficulty 

rating1 

Median 
confidence 

rating2 
Pre-1 2 11 1.00 8 2 2 1.00 0.00 4.00 5.00 
Pre-2 5 21 0.48 0 0 0 0.00 0.00 4.00 3.50 
Pre-3 9 97 0.78 2 2 0 0.25 1.00 2.00 2.50 
Pre-4 13 191 0.40 0 0 0 0.00 0.00 1.00 1.50 

 
 

Relationships between problem variables were investigated using two-tailed 

Spearman’s rank correlations (n=4).  Figure 4 shows a summary of these correlation 

values.  Due to the small sample size, the statistical significance of most of these 

correlations was found to be greater than the alpha value of p=0.05 (unless otherwise 

stated) and therefore not statistically significant.  However, as Cohen et al. (2018) 

state, “statistical significance is not the same as educational significance” (p. 743). 

Therefore, the correlations found between variables within this sample, could be 

viewed as educationally significant within the context of this study. 

 

 

 

 

 

 

 
 

 
1 On a 1-6 scale, lower numbers represent higher difficulty, and higher numbers represent lower difficulty. 
2 On a 1-6 scale, lower numbers represent lower confidence, and higher numbers represent higher 
confidence. 
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Figure 4: Colour coded correlation matrix for the pre-intervention assessment 

 
 
 
 
 
 
 

 

**Correlation is significant at the 0.01 level (2-tailed). 
 
 
 
 
 
 

Correlation coefficients vary from 0.80 to 1.00, indicating large to very large 

correlations (Cohen et al., 2018, p. 772).  In summary, the following relationships were 

found: 

• Problems with more solution steps and a higher word count were perceived as 

more difficult, and perceived confidence was lower. 

• Students felt less confident when the perceived difficulty of the problem was 

higher. 

• Students attempted more steps of a problem that contained fewer solution 

steps, and a lower word count, and when the perceived difficulty of the problem 

was lower. 

  Solution 
Steps 

Median 
Difficulty 

Rating 

Word 
Count 

Median 
Confidence 

Rating 

Mean 
Attempted 

Steps 

Mean 
Correct 

Steps 

Mean 
Success 

Ratio 

Solution 
Steps 1.00 -1.00 1.00 -0.95 -0.80 -0.80 -0.80 

Median 
Difficulty 

Rating 
-1.00** 1.00 -1.00 0.95 0.80 0.80 0.80 

Word Count 1.00** -1.00** 1.00 -0.95 -0.80 -0.80 -0.80 

Median 
Confidence 

Rating 
-0.95 0.95 -0.95 1.00 0.95 0.95 0.95 

Mean 
Attempted 

Steps 
-0.80 0.80 -0.80 0.95 1.00 1.00 1.00 

Mean 
Correct 

Steps 
-0.80 0.80 -0.80 0.95 1.00** 1.00 1.00 

Mean 
Success 

Ratio 
-0.80 0.80 -0.80 0.95 1.00** 1.00** 1.00 
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• More solution steps were correct in problems with fewer solution steps, less 

words, and lower perceived difficulty.  Additionally, students felt more confident 

answering the problem and more problem steps were attempted. 

• Success ratio increased when problems contained fewer solution steps and 

fewer words, when perceived difficulty was lower, and when perceived 

confidence was higher. 

• When more steps of a problems were attempted, more of them were completed 

correctly, and success ratio increased. 

 

Analysis of qualitative data identified five key themes further supporting the findings 

discussed above.  Finding and organising information was prevalent among all students 

and mainly related to a higher word count.  "The phrasing and then the different values, 

but then you don't necessarily need some of them, so if you don't get the question in 

the first place you won't figure out which one to use" – Helena, and "It's easy to make a 

mistake by using too much information or using information you don't need" – Julia.   

 

Managing stress and anxiety.  Louisa detailed her frustrations with the amount of 

irrelevant or superfluous information in a question, “throwing things at us that are 

completely useless, you're going to over-think how much it's applicable and it's just 

gonna stress you out even more”.  Furthermore, Sofia outlines "I get confused and if I 

get confused, I just panic and the whole question was wrong just because I've 

panicked”. 
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Simple vs. complex problems.  Students found questions containing more solution 

steps, and a higher word count the most challenging.  When asked which types of 

problems she found the least challenging, Helena stated, “ones that explicitly say what 

you have to find out-it just gives you the things that you need [values and information]”.  

Conversely, complex problems were viewed as those that contained more words and 

solution steps, which students found to be more problematic.  Margot explained what 

she felt constituted a more complex problem: 

“Titration questions, there are quite a lot of steps to think about, things like 
conversions or if they use different types of formula for the same thing 
[substance] you’ve got to remember to divide or times things-just quite a lot 
going on so they’re the trickiest” 

 

Structured vs. unstructured problems.  Imogen gave a useful insight into her experience 

of unstructured problems, “it's confusing to figure out how to get from the information 

to the answer that you need, there's lots of steps in between that you're not told 

specifically that you have to do”.  

 

Confidence.  Feelings of confidence were very closely tied to the type of problem being 

answered, “for relatively simple calculations I’m confident, if it gets more complicated, 

I get less confident” – Irini.  Zara indicated that her confidence was lower when the 

number of words and solution steps increased, “you've got to do different steps, the 

unit conversions and how many words there are, it’s confusing how many words there 

are”.   
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5.1.2 Discussion 

 

Students’ performance and confidence were higher in relation to more simple 

problems containing fewer words and fewer solution steps.  This may be explained by 

the fact that in these cases the problem syntax generally follows the solution pathway 

(Strohmaier et al., 2022).  In this way, the ICL of the problem is likely to be lower as 

there is less element interactivity (Chandler & Sweller, 1991; van Gog et al., 2011).  

Moreover, the ECL experienced by students is also likely to be lower, as there is very 

little or no irrelevant information (Kalyuga, 2011).  For the simplest problem (Pre-1), all 

of the above would seem reasonable as all students were successful.  Furthermore, 

the existence of students’ pre-existing schema in relation to the problem may have 

meant that the process of solving this problem was mostly automated.  Therefore, 

optimising GCL and requiring fewer WM resources (Sweller et al., 1998, 2019, van 

Merriënboer & Sweller, 2005).  

 

For more complex problems the opposite is likely true.  Fuchs et al. (2020), argue that 

that WM resources involved in solving WPs differ from and are more numerous than 

those associated with calculations.  It could be viewed that in more complex WPs, ICL 

will be higher due to increased element interactivity (more information and solution 

steps), as may ECL due to the presence of more irrelevant or superfluous information 

(Kalyuga, 2011).  Additionally, this type of problem is more likely to be less similar to 

those that students encounter in their daily lessons (Verschaffel et al., 2020).  
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Therefore, existing schemas in the LTM may not match the problem and new solving 

solutions are sought through the Randomness as Genesis Principle (Sweller et al., 

2019).  This may in turn lead to the use of less effective problem-solving methods and 

increase ECL (Sweller et al., 2019, van Merriënboer & Sweller, 2005).   In this case, it 

may be more likely that the limited capacity of the WM is exceeded, and cognitive 

overload occurs (Overton & Potter, 2011) leading to decreased performance.  This may 

also explain why students perceived these problems as less difficult and account for 

the strong negative correlations between word count and perceived difficulty, and 

solution steps and perceived difficulty. 

 

Findings from this study would seem to support the above, particularly in relation to 

linguistic factors.  Students identified the number of words in the problem and the 

presence of irrelevant information, as specific sources of difficulty, being strongly 

linked to challenges with identifying the information needed to solve the problem.  

More linguistically complex problems may require more WM resources in relation to 

comprehension.  This is supported by Jaffe and Bolger (2023) who state, “from a 

cognitive load perspective, all facets of the linguistic component can influence 

problem solving” (p. 105).  Therefore, the development of a situational model for the 

problem may take a significant amount of time, possibly exceeding the 41% of total 

solution time suggested by Leiss et al. (2019).  The findings of this study support those 

of Walkington et al. (2018), that increased word count is negatively correlated with WP 

solving accuracy.  Additionally, word count was very strongly correlated with the 
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number of solution steps (rs= 1.00, p=<0.01).  However, this is likely due to the 

argument of Daroczy et al. (2015) that multiple-step problems also become more 

difficult linguistically as they “usually contain more phrases and semantic distractors” 

(p. 348). 

 

Further contributing to the complexity of problem comprehension, is the presence of 

irrelevant or superfluous information, with the qualitative analysis agreeing with the 

findings of Muth (1992).  Students often cited this in relation to feelings of confusion, 

anxiety and panic, further reinforcing students’ perceptions of complex chemistry WPs 

as difficult and feelings of lower confidence.  This could be especially important from a 

self-efficacy perspective, particularly when considering self-efficacy across the 

dimensions of facet-specificity, level of difficulty, and strength (Bandura, 1997; Street 

et al., 2017; Street et al., 2022).  Lower self-efficacy in relation to complex problems 

may be a function students’ perceived lower confidence, and high difficulty.  This 

decreased self-efficacy may then be linked to particular aspects of chemistry WPs 

such as complex titration problems, evidenced by Margot in the previous section.   

However, self-efficacy may be preserved or even enhanced in relation to more simple 

problems where students enjoy success, substantiating self-efficacy and enhancing 

motivational outcomes (Schunk & DiBenedetto, 2020).  This argument may be 

especially important given that self-efficacy can vary across and within domains 

(Schunk, 1991), and domain-linked self-efficacy can be debilitating (Yeo & Neal, 2006). 
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Students often mentioned the increased number of steps involved in more complex 

problems as a source of difficulty, supporting the findings of Peng et al. (2016) that the 

multiple-step nature of WPs draw upon significant WM resources.  The findings are also 

in line with elements of the Johnstone-El-Bana model, which when considered in 

isolation, an increasing number of problem steps does relate to lower performance.  

However, it is much more likely that there are numerous other factors that contribute 

to this such as students’ understanding of chemistry concepts and comprehension 

(Tsaparlis, 2021b; Daroczy et al., 2015). 

 

A particular challenge identified by students that is related to, but not exclusive to the 

multiple-step nature of the problems, is unit conversions.  In complex stoichiometry 

problems such as Pre-3, unit conversions are required in order to correctly solve the 

problem.  In fact, only one student correctly converted the units for temperature and 

pressure for Pre-3.  Although a necessary step within the problem solution, they may be 

best considered as examples of implicit information.  The presence of implicit 

information has been shown to negatively affect WP performance, especially when less 

effective problem-solving strategies such as direct translation are used (Heggarty et al., 

1995).  In relation to chemistry WPs, unit conversions could be argued to require 

domain-specific comprehension, technical reading ability and domain-specific 

knowledge as per the assertions of Leiss et al. (, 2019) and Vilenius-Tuohimaa et al. 

(2008).  Furthermore, unit conversions are likely to increase ICL and require significant 

WM resources to process. 
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Based on a combination the analysis of the pre-intervention phase of the study, the 

reasons outlined above, and consultation with students.  The focus of the subsequent 

intervention phases was assisting students with identifying and organising information 

in complex titration problems such as Pre-4.  These specific areas of difficulty seemed 

to stem from managing the WM demands of the complex linguistic factors and 

multiple-step nature of these problems.  After careful consideration of the pre-

intervention findings the strategies of TE and the use of VRs were chosen.  These 

strategies were selected as it was believed that they would best meet the needs of the 

students in this study. 

 

5.2 How do taught interventions impact students’ chemistry word problem 

performance, perceived difficulty and confidence? 

 

5.2.1 Findings 

 

Performance in titration problems between the pre-and-post intervention phases of the 

study, shows improvement in all of the measures outlined in Table 4.  This 

improvement is larger in problems with fewer words and solution steps, agreeing with 

the findings from the pre-intervention phase.  A similar trend is seen with respect to 
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students’ difficulty and confidence ratings, and calculated difficulty and discrimination 

values. 

 
Table 4: Summary of mean performance in the two intervention phases3 

Question Solution 
Steps 

Word 
Count 

Mean Steps 
Attempted 

Mean Steps 
Completed 
Correctly 

Mean 
Success 

Ratio 

Median 
Difficulty 

Rating 

Median 
Confidence 

Rating 

Calculated 
Difficulty 

Calculated 
Discrimination 

Pre-4 13 191 0.40 0.13 0.20 1.00 1.50 0.00 0.00 
TE-1 7 74 1.00 0.86 0.86 4.00 4.00 0.75 0.50 

TE-2 11 109 0.91 0.78 0.84 3.00 3.00 0.63 1.00 
TE-3 12 196 0.75 0.51 0.61 2.00 2.00 0.25 1.00 

VR-1 9 81 0.91 0.85 0.90 4.00 4.00 0.75 1.00 
VR-2 10 187 0.90 0.88 0.97 3.50 3.00 0.88 0.50 

VR-3 15 273 0.92 0.62 0.65 2.00 2.50 0.38 0.50 

 
 

For this analysis it is most useful to compare questions Pre-4, TE-3 and VR-2 as these 

questions are classed as complex titration questions.  These questions are also 

comparable in relation to their number of words and solution steps.  However, problem 

VR-3 will be discussed separately due to its significantly increased number of words 

and solution steps.  As can be seen in Table 4, performance in complex titration 

problems has shown a significant increase in each of the three measures of 

performance: mean proportion of steps attempted, mean number of steps completed 

correctly, and mean success ratio.  This improvement in all areas of student 

performance indicates that the TE and VR interventions had positive impacts, enabling 

students to complete these problems more successfully.    

 

 
3 Question codes beginning with TE represent the text editing intervention phase, and VR represents the 
visual representations intervention phase. 
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In relation to perceived difficulty and confidence, a small increase in both was evident.  

The median difficulty rating for Pre-4 was 1.50 (extremely unconfident), increasing 

slightly to 2.00 (unconfident) for TE-3 and again to 3.00 for VR-2 (somewhat 

unconfident).  A similar trend can be seen in relation to students’ perceived difficulty of 

the problems, median difficulty was rated as 1.00 (extremely difficult) for Pre-4, 2.00 

(difficult) for TE-3, and 3.50 (somewhat difficult) for VR-2.   

 

Calculated difficulty values show a similar trend to students’ perceived difficulty, 

showing that more students achieved correct answers, indicating that the same type of 

problem became less difficult.  Problem TE-3 discriminated well between higher and 

lower achieving students (1.00), but for VR-2 and VR-3 the value decreased to 0.50 for 

both problems.  This is due to more students from the lower and medium achievement 

groups achieving a correct answer, in relation to students from the higher achievement 

group. 

 

Problem VR-3 showed an increase in the mean number of attempted steps (0.92) in 

comparison to the other complex titration problems in the study.  However, the mean 

proportion of correctly completed steps (0.62), and the success ratio (0.65) was lower 

than for VR-2, but higher in comparison to both Pre-4 and TE-3.  Perceived difficulty and 

confidence medians (2.00 and 2.50 respectively) were also lower than those for VR-2, 

and similar to those for TE-3, but higher than Pre-4.  Again, the calculated difficulty 
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(0.38) indicates that the problem may not have actually been as difficult as students 

perceived it to be as three students achieved a correct answer. 

 

Thematic analysis after each of the intervention phases, with students indicating that 

each strategy was able to serve a different purpose, but neither was thought to be 

sufficient by itself.  The theme of Strategy utility reflected this.  In relation to TE students 

felt that it focussed their attention on the problem through the ‘Target’ step, with Julia 

commenting “it helped me to identify what the target was and how to find it through 

working out the stuff I didn’t know”.  Students also found the ‘identify’ step of the 

strategy useful in helping them to find the relevant information from the question, “it 

helps you organise the information into what you are looking for, and what information 

you already know, and allows me to make sense of the excessive information that I am 

given” - Imogen.  Many students felt that these first two steps of the strategy were the 

most useful, with the following steps of list, pair, categorise and calculate being less 

so, “the pairing step was a bit repetitive and wasn't as useful as the other steps, the 

listing step can sometimes be hard to make clear if the question contains two volumes 

for a substance [dilutions]” – Margot.  When asked what she found least useful about 

this strategy, Irini stated “the pairing and categorising steps”.  A further, problem with 

the utility of TE was that for some students it created more confusion, “it gave me more 

stuff to remember which made the question more confusing” – Zara. 
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Within the same theme for VR, most students perceived the greatest benefit to be 

organising information clearly, “I was able to see the information more clearly” – 

Louisa.  Other students found this particularly useful in relation to specific aspects of 

complex titration problems “it helps me organise my thoughts and the work, especially 

when the question involves a dilution” – Imogen.  However, VRs were not without their 

disadvantages.  Some students found it to be time consuming, “it takes a lot of time, 

and it is not always practical” – Julia.  Margot specifically referenced this concern in 

relation to a test situation when talking about drawing process-related diagrams “it can 

take a long time, and in an exam, it might be a waste of time”.  Some of the same 

concerns raised about TE were also present within VRs, especially in relation to 

creating further confusion and difficulties, “there were too many steps, so I ended up 

forgetting and mixing up a lot of them” – Zara.  

 

Strategies impact confidence was mostly found to be in relation to a perception of 

increased confidence.  Findings from the quantitative analysis found that there was a 

modest increase in students’ confidence between the pre-intervention and post-

intervention phases of the study.   Many students stated that the interventions 

increased their confidence buy a small amount.  In relation to TE, Helena stated, “I 

think it made me feel a little bit more confident, but not much to be honest”.  With 

respect to TE, increased feelings of confidence were linked to feeling more able to 

begin solving the problem, “I think in a way, it helped me gain footing at the beginning of 

the question to get me started” – Imogen.  This feeling was also shared by Margot, “it 
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helped me be more confident because it helps identify what was needed in the 

question”.  Students that continued to find complex titration problems challenging also 

shared a similar sentiment, “you have a strategy and then you're a bit more confident, 

but they’re still hard “ – Helena.   

 

In contrast to increased confidence, some students felt that using a specific strategy 

led to feelings of being overwhelmed, “it’s way too overwhelming, thinking about the 

whole strategy throughout the question” – Sofia.  In this way, this theme of overlaps 

significantly with the theme of strategy utility. 

 

5.2.2 Discussion 

 

As the findings above show, there were clear improvements in performance for to 

students’ solving of chemistry WPs such as complex titration problems.  These 

improvements are thought to be most likely to the TE and VR interventions reducing the 

cognitive load associated with completing complex chemistry WPs. 

 

In relation to TE, students felt that it enabled them to make sense of the problem 

statement more easily, feeling more able to begin solving the problem.  Students 

specifically referenced that the Target and Identify steps were particularly useful in 

differentiating between the useful and irrelevant information.  In this way, this strategy 

may assist with reducing the ECL associated with irrelevant information (Kayluga, 
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2011), freeing up more WM to deal with other aspects of the problem (Sweller et al., 

2019).  In turn, the WM demands associated with the development of a situational 

model may have been reduced, which is required for problem comprehension (Leiss et 

al., 2019).  This explanation would be in line with other studies into the effect of 

interventions to assist students in coping with irrelevant information in relation to WM 

demands (e.g., Fuchs et al., 2020). 

 

In relation to the VR intervention, most students agreed that it enabled them to 

organise the information extracted from the problem more effectively.  The most 

prominent VR used was a table, with students citing that this allowed them to see 

clearly what information was missing, informing the next steps in their problem-solving 

process.  This would agree with Ayabe et al. (2022) and Zahner and Corter (2010) that 

empty cells in a table allow solvers to check for missing information.  In this way, the 

use of tables in relation to chemistry WP solving may allow for the activation of existing 

schema from the LTM or facilitate generation of new schema (Novick & Hurley, 2001; 

Zahner & Corter, 2010).  Therefore, the deployment of relevant schema, is able to 

effectively bypass the WM (Sweller et al., 2019), and optimise GCL enabling more 

efficient and effective problem solving (van Merriënboer & Sweller, 2005).  

Furthermore, students’ improved performance when using VRs agrees with the findings 

of previous studies such as Beitzel and Staley (2015). 

 



 71 

The use of strategies such as TE and an effective VR such as a table, seem to reduce 

the cognitive load related to problem comprehension and the processing of numerical 

information of chemistry WPs. This may then allow the allocation of more WM 

resources to tackle the other steps involved in these problems (Sweller et al, 1998, 

2019) including implicit information such as unit conversions.  However, it is important 

to address students concerns such as less useful elements of the strategies.  These 

elements may have increased ECL as they could be viewed as a less effective problem-

solving strategy (Sweller et al., 2019; van Merriënboer & Sweller, 2005).  Although it 

would seem that most students decided that they would not use these elements of the 

strategy, therefore it may not have affected cognitive load.  However, some students 

such as Zara and Sofia indicated trying to remember the steps of the strategies 

sometimes left them feeling more confused.  Therefore, trying to remember all of the 

steps of the strategy in addition to attempting to solving solve a complex problem, may 

have resulted in cognitive overload.  This may go some way to explaining lower and 

inconsistent performance during the study. 

 

Although students perceived confidence did improve modestly during the study, it 

indicated that students on the whole did not feel particularly confident by the end of 

the VR intervention, despite their increasing performance.  This was also evident in 

interview data, with students stating that they felt slightly more confident “but they’re 

still hard” - Helena.  Considering self-efficacy again (see Section 5.1.2) across the 

dimensions of facet-specificity, level of difficulty, and strength (Bandura, 1997; Street 
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et al., 2017; Street et al., 2022), students may still associate this type of problem (facet) 

with being particularly difficult and therefore their confidence remains low.  

Furthermore, students have been observed to underestimate their self-efficacy despite 

improved performance and is observed more in examinations (Talsma et al., 2019).  

Although the post-intervention assessments were not tests, it is likely that students 

viewed them as such and may underestimate their self-efficacy, reporting this as lower 

confidence in the questionnaire. 

 

5.3 How do students use taught interventions to solve word problems? 

 

5.3.1 Findings and discussion 

 

Student responses to the complex titration problems were analysed and categorised in 

accordance with the descriptors outlined in Appendix 8.  Table 5 shows each student’s 

strategy use for the problems, along with the proportion of problem steps attempted 

and completed correctly.  Whilst, completing the steps of the problem is not a pre-

requisite for assessing higher strategy usage, more developed and coherent strategies 

often resulted in a higher proportion of attempted and correctly completed steps.
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Table 5: Summary of strategy use per student for complex titration problems 

Student 
   Pre-4                                  TE-3     VR-2        VR-3 

Attempted 
Steps 

Correct 
Steps 

Strategy 
Use 

Attempted 
Steps 

Correct 
Steps 

Strategy 
Use  Attempted 

Steps 
Correct 

Steps 
Strategy 

Use 
Attempted 

Steps 
Correct 

Steps 
Strategy 

Use 

Margot 0.69 0.46 High 1.00 1.00 Very 
High  1.00 1.00 Very High 1.00 0.53 Very High 

Julia 0.62 0.15 Low 0.75 0.17 Medium  1.00 1.00 Very High 1.00 1.00 Very High 
Sofia 0.15 0.00 Low 0.83 0.42 Medium  0.80 0.70 Medium 1.00 0.40 High 

Louisa 0.46 0.08 Low 0.92 0.58 High  1.00 1.00 Very High 1.00 1.00 Very High 

Imogen 0.54 0.15 Medium 0.92 0.50 Medium  1.00 1.00 High 0.93 0.53 High 

Irini 0.62 0.15 High 1.00 1.00 Very 
High  1.00 1.00 Very High 1.00 0.87 Very High 

Zara 0.00 0.00 Very Low 0.42 0.42 Low  0.70 0.70 Medium 0.73 0.40 Low 

Helena 0.15 0.00 Very Low 0.17 0.00 Low  0.70 0.60 Medium 0.67 0.20 Medium 



 74 

Overall, an improvement in all students’ strategy usage can be seen in addition to 

improvements in the proportion of problem steps attempted and completed correctly. 

In order to understand how students use taught interventions to develop their word 

problem solving strategies, it is necessary to examine student responses in more 

detail.  Only the written portions of the students’ problem responses are shown in the 

examples.  However, Appendices 9-12 show the full problems with responses, 

including any annotations that students made to the problem text whilst completing 

the problems. 

 

Helena’s problem-solving strategy developed considerably throughout the study. In 

relation to strategy usage, her responses began as very low (Pre-4) and low (TE-3 see 

Figure 5).  The response to TE-3 shows a small amount of evidence of TE use in 

identifying the target of the question.  When asked to talk through her approaches to 

Pre-4 and TE-3, she stated that, “I didn’t know how to start and didn’t understand the 

question, I just randomly filled in some of the question” (Pre-4), and “I didn’t 

understand the question or know where to start” (TE-3). 
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Figure 5: Helena’s responses to the problems TE-3 (left) and VR-3 (right)  

 
 
Helena’s response to VR-3 (Figure 5), shows a much more developed strategy.  There is 

usage of terminology from TE, limited to the ‘Target’ and ‘Identify’ steps to “help find 

the important information” – Helena.  Additionally, an appropriate VR in the form of a 

table is used to organise information about relevant substances, “it [table] made the 

known information clear, helping me to understand what to work out next” – Helena.  

Furthermore, the VR-3 response also uses illustrations to help her understand the 

procedural aspects of the question.  When asked to outline how she approached the 

questions, she replied “a combination of both [TE and VR], because to me, that is the 

best way to understand the question, but the tables helped me to work out what I 

needed to work out next”.  For each of these problems, the proportion of problem steps 

attempted and completed correctly increased, especially in relation to attempt.   

The response to VR-3 was categorised as having a medium strategy usage due to the 

fact there was still some evidence of trial-and-error in the later stages of the response.  

When Helena reflected on the question, she identified the cause as “not being able to 

work out the total volume”. 
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The evolution of Helena’s chemistry WP solving strategy is a clear example of how 

students’ strategies can improve due to taught interventions.  From initially having little 

to no strategy, to using a more coherent strategy that enables them to become more 

successful in solving complex titration problems.  The improvements in Helena’s 

strategy use and performance indicate that she is beginning to gain expertise through 

familiarity with this type of complex problem (Gulacar et al., 2013; Tsaparlis, 2021b).  

Her later responses such as VR-3 would indicate that she is able to use her increased 

familiarity with the problem type and apply learned schema in the form of elements 

from TE to identify relevant information, combining this with another schema in relation 

to a table to organise information.  Although this was not assessed, it may also be 

possible that the two schemas are combined into a single complex schema, that can 

be handled as a single element in the WM (van Merriënboer & Sweller, 2005).  In either 

case, Helena’s improved performance is likely due to her use of schema transferred 

from LTM, freeing up capacity in the WM (Sweller et al., 2019) to deal with the other 

demands of the problem.   

 

Furthermore, Helena’s transition from novice to developing expertise can be further 

evidenced using categories proposed by Overton et al. (2013).  The response to TE-3 

would sit firmly with the novice category as there is very little evidence of her ability to 

define the problem or of a structured approach.  It is likely that based on the 

description of her approach, there was a lack of related schemas to draw on, and her 
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WM was overloaded resulting in cognitive overload (Overton & Potter, 2011).  However, 

her response to VR-3, shows more aspects of expertise, being far more structured with 

a more evident understanding of the problem.  Having a clear conceptual 

understanding of the relevant chemistry seemed to be the source of Helena’s eventual 

error (Gulacar et al., 2013), being unable to link the values that she had calculated to 

chemistry-specific knowledge.  In this way, the argument of Tsaparlis (2021b), that not 

all steps of multiple-step problems are equally difficult is also supported.  Helena was 

also able to locate the step of the problem that led to her error in relation to the final 

volume.  This ability to evaluate the problem would indicate that in the process of 

gaining expertise, there may have also been development in metacognitive skills. 

 

Margot’s responses for the same problems (Figure 6) provide insights into how 

students with existing strategies are able to further develop their chemistry WP solving 

strategies. 
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Figure 6: Margot’s responses to the problems TE-3 (left) and VR-3 (right) 

 

           
 
 

Margot’s response to Pre-4 was categorised as having high strategy usage, making 

effective use of a table to organise information.  Whilst the proportion of steps 

attempted in this instance was high (0.69), the proportion of steps completed correctly 

was lower (0.46).  When asked to describe her approach to the problem, she stated, “I 

underlined the information and used the formulas that I’ve learned”.  This combination 

of high strategy use and low performance may indicate the use of previously learned 

schema that are not successfully transferred to a similar yet more complex problem. 

Unsuccessfully applying this existing schema may have led to an increase in ECL as 

she attempted to generate a solution strategy (Sweller et al., 2019; van Merriënboer & 

Sweller, 2005).  Additionally, this may have possibly caused her to forget important 

chemistry-specific knowledge (Tsaparlis, 2021b). Margot’s response here shows some 
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elements of expert behaviour in the form of a structured and logical approach (Overton 

et al., 2013). 

 

However, following the TE intervention, there is clear evidence of strictly adhering to 

the strategy, completely abandoning her previous use of a table to organise 

information.  Margot’s approach appears to use TE as a schema as this approach was 

used in all of the problems in the TE post-intervention assessment.  When describing 

her approach to this question, she simply stated “text editing”.  Although the TE format 

was strictly adhered to, she indicated that she found some of the steps “repetitive” and 

“probably not necessary”.  This may indicate that some students will use taught 

strategies exactly as they are presented, simply because it has been taught.  This last 

point would be in line with the findings of Goulet-Lyle et al. (2020) who observed that 

many students will follow a taught strategy closely, especially when it is supported by 

the socio-mathematical culture of the classroom (such as teacher endorsement of a 

solution strategy). 

 

Following the VR intervention, it is interesting that Margot reverts to the use of a table to 

organise information (see Figure 6).  Additionally, the rigid adherence to the TE steps is 

no longer seen.  Instead, the first three steps of TE are used (‘Target’, ‘identify’ and 

‘List’), and then combined with a table to organise the information before completing 

subsequent calculations.  The overall approach is organised and methodical, with 

relevant information identified and used to assist in problem solving.  Margot described 
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her approach as in these problems as, “a mixture of text editing and visual 

representations, because it helps me to understand the questions and organise the 

information clearly”. Furthermore, links are made between parts of the question to aid 

the problem-solving process.  For VR-2 and VR-3, strategy usage was classed as very 

high.  All problem steps were attempted, but the proportion of steps completed 

correctly differed between VR-2 (1.00) and VR-3 (0.53).  The same values were found in 

relation to the success ratio for each problem.  Upon closer analysis, the reason for the 

lower performance in VR-3 was due to an intermediate value being calculated 

incorrectly.  However, all subsequent steps completed with this incorrect value were 

performed correctly.  This may either support the arguments of Gulacar et al. (2013) 

related to incomplete chemistry-specific knowledge, or of Tsaparlis (2021b) that 

increased problem steps increase the chances of error.  However, looking for closely at 

the response and the responses to previous problems it is more likely to be due to the 

latter argument.  All of Margot’s responses were classed as very high for strategy usage 

and shared nearly all of the elements of expertise suggested by Overton et al. (2013). 

 

Students acting with agency to combine aspects from the two interventions after the 

VR phase of the study, was evident in four-out-of-eight responses to VR-2 and VR-3.   

Indicating that some students sought to adapt taught strategies, ‘cherry picking’ what 

they felt worked best for them.  This may be considered as an example of strategy 

flexibility, which is defined by Star and Newton (2009) as knowledge of multiple types of 

solution strategies in addition to the ability and tendency to choose the most 
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appropriate strategy in relation to the specific problem.  However, the combination of 

elements from different strategies may be best understood by considering the 

elements of strategy flexibility offered by Star and Rittle-Johnson (2008) of: knowledge 

and use of multiple strategies, and knowledge and use of efficient strategies.  In this 

way, it would seem that these students’ knowledge and use of multiple strategies 

enabled them to act with agency, selecting what they believed to be the most efficient 

elements.  Additionally, this may indicate developing expertise related to 

metacognitive knowledge, as experts have been observed to choose the most 

appropriate strategy in relation to particular problems (Star & Newton, 2009). 

 

In all of the cases where elements from the TE and VR strategies were combined, the 

original language of the taught intervention was retained, as can be seen in the 

responses of both Helena and Margot.  Retaining the original, familiar language of each 

individual schema, may assist in combining them into a single more complex schema.  

This may be especially relevant given that new sources of information may combined 

with existing schema through assimilation (Piaget, 1999).  Thus, this new schema is 

able to be deployed during problem solving, freeing up WM resources to deal with other 

elements of complex problems.   

 

Two students (Louisa and Zara) preferred to use a strategy based solely upon 

constructing a table to organise information.  For these students, this strategy was in 

all of the study assessments.  For Louisa, this strategy proved to be relatively effective 
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especially in relation to problems VR-2 and VR-3 where all steps were attempted and 

completed correctly.  However, for Zara this strategy produced inconsistent results in 

terms of strategy usage and the proportion of problem steps attempted and completed 

correctly (see Table 5).  Reasons for their staunch table usage, seem to be rooted in the 

fact that it is a familiar strategy with Louisa commenting that both TE and VRs 

“restricted the natural flow” in relation to solving chemistry WPs.  Whereas Zara felt 

that remembering the steps used in each of the interventions “made the questions 

even more difficult”.  This apparent resistance to using an alternative strategy or 

adapting a new strategy may be explained by the reluctance to ‘let go’ of existing 

schemas that have previously been successful.  Resistance to taught strategies has 

also been observed by Goulet-Lyle et al. (2020), especially in cases when students had 

used a strategy unsuccessfully.  Additionally, when using existing problem-solving 

strategies, there may be a chance of getting at least some of the question correct.  This 

point could prove especially important in relation to test situations, where gaining 

some marks from tried-and-tested strategies may be preferable to the possibility of 

scoring nothing when trying a new strategy. 

 

Perhaps most striking and unexpected was the finding that two students (Irini and Julia) 

independently developed novel strategies over the course of the study that were not 

evident in the pre-intervention phase.  These strategies showed high levels of agency, 

bearing very little resemblance to any of the strategies used in the study phases.  Figure 

7 shows the development of Irini’s more mathematical strategy. 
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Figure 7: Irini’s Pre-4 response (left) and TE-3 response (right) 

 
  
 

 
 
 
 
 
 
 
Irini found problem Pre-4 challenging, describing her approach at this point as “trial-

and-error”, although it meets many of the criteria of high strategy usage.  Irini’s 

approach here shares many commonalities with that of Margot, such as the use of 

existing schema, leading to a high attempt (0.62) but only 0.15 steps being completed 

correctly.  Similarly to Margot, the eventual failure of the strategy may have been due to 

increased ECL related to a trial-and-error approach (van Merriënboer & Sweller, 2005).  

However, her response to TE-3 shows a very different approach (Figure 7).  Whilst there 

is no evidence of TE, all of the pertinent information from the question has been 

identified and organised in a mathematical manner.  This strategy was also observed in 

her responses to VR-2 and VR-3. 
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The use of this strategy is successful (all steps complete correctly) with the exception 

of VR-3, where all steps were attempted and 0.87 were completed correctly.  This was 

due to a miscalculation of an intermediate value that seemed to be related to a chance 

error rather than a misconception.  When asked about this approach, Irini described 

how she liked to, “shorten the steps”.  The strategy employed by Julia, also condenses 

the problem into a smaller number of steps.  Julia’s correct response to problem VR-2 

in Figure 9 demonstrates this ability very clearly.  Here Julia uses only three steps rather 

than the ten individual problem steps that may be required. 

 

Figure 8: Julia’s response to VR-2 

 

 
 
 
Approaches that show high instances of step-skipping and are consistent with the 

problem-solving approaches of experts.  Irini and Julia’s novel strategies are likely due 

to the development of a new, complex schema, linking conceptual and procedural 

knowledge (Ngu & Phan, 2022).  From a problem-solving perspective, the examples 

discussed in this section are of great interest and show how students’ problem-solving 

strategies develop over time in relation to developing expertise in chemistry WPs. 
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5.3.2 Chemistry word problem solving profiles 

 

Based on the analysis of student responses to the problems in each intervention 

phase, it became apparent students could be categorised into four profiles.  The 

suggested problem-solving profiles in relation to chemistry WPs are outlined in Table 6 

along with their specific characteristics.  The profiles are based upon my professional 

experience, observations from this study and the categories suggested by Overton et 

al. (2013).  They are also informed by Gulacar et al. (2019) who examined the behaviour 

of experts’ problem-solving strategies in stoichiometry problems. 

 
Table 6: Summary of chemistry WP solving profiles 

 Profile 

Innovative Expertise Localised 
Proficiency 

Aspirational 
Beginner 

Opportunistic 
Novice 

Strategy Usage Very High High – Very High Low-Medium Very Low 
Performance High High Low-Medium Very Low-Low 
Attempt High High Medium-High Low 
Agency of strategy High Low-Medium Low-Medium Low 
Step-skipping Medium-High Low-Medium Low Low 

Example Response Irini TE-3  
(Appendix 11, Fig. 17) 

Margot TE-3  
(Appendix 10, Fig. 14) 

Helena VR-3  
(Appendix 9, Fig. 12) 

Sofia Pre-4  
(Appendix 12, Fig. 20) 

 
 

Students that demonstrate innovative expertise are generally very high performing and 

motivated.  Their strategies are developed with agency, either by devising their own, or 

by combining elements from different taught strategies and retaining their original 

language. There is also evidence of increased levels of step-skipping.  This category 

shows many attributes associated with strategy flexibility (Star & Newton, 2009; Star & 
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Rittle-Johnson, 2008), and those of experts in relation to problem solving in chemistry 

(Gulacar et al., 2019; Ngu & Phan, 2022; Overton et al., 2013). 

 

Localised proficiency refers to the highly effective use of a taught strategy that has 

been learned fluently and employed correctly.  This enables students to demonstrate a 

high level of proficiency, but only in specific contexts-it is localised to certain types of 

problem.  However, these problem-solving approaches may not be transferred 

effectively to solve unfamiliar problems.  Strategies are very structured indicating some 

aspects of expertise.  However, within the context of an unfamiliar problem, students 

may not be able to clearly define the problem.  In this way, these students may display 

attributes of experts and novices observed by Overton et al. (2013) and Gulacar et al. 

(2019) dependent upon the problem type. 

 

Aspirational beginners are characterised by their strong engagement with strategy 

usage and resilience.  Their attempt level is generally high, but steps are often 

completed incorrectly.  Additionally, errors are mainly related to lower levels of 

chemistry-specific understanding that are associated with novices, such as errors in 

unit conversions (Gulacar et al., 2019).  Students may also show elements of 

developing expertise such as a structured strategy (Overton et al. 2013). 
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Opportunistic novices do not tend to have a coherent approach to problem solving and 

tend to rely on equations and formulae that they have previously learned, employing 

them in an opportunistic manner.  Formulae may be written out correctly from 

memory, but incorrect values are often substituted into them.  This category shares 

many commonalities with the novice category suggested by Overton et al. (2013). 

 

These profiles are intentionally broad and multifaceted, and there will be variation 

within each of them.  For example, the final problem-solving strategies of Margot, Irini 

and Julia could all be categorised as innovative expertise.  However, Irini and Julia may 

be considered as demonstrating this more proficiently due to them acting with more 

agency in the development of their novel strategies, and use of more expert skills such 

as step-skipping.  Whilst Margot has acted with agency to combine elements of TE and 

VR to develop a problem-solving approach, she has retained the original language of 

the taught interventions.  Nevertheless, her agency and development of her own 

approach should be recognised.  Whilst it is also understood that there will be overlap 

between each of the profiles and that other profiles will exist, it is believed that they 

offer a useful framework for understanding students’ problem-solving approaches in 

relation to chemistry WPs. 
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6 Conclusions 

 

6.1 Which types of chemistry word problem do students find the most 

challenging? 

 

Findings from the pre-intervention phase of the study showed that stoichiometry 

problems with a higher word count and more solution steps were the most challenging.  

The source of students’ difficulties was mainly related to the amount of information in 

the problem, and the presence of irrelevant and implicit information.  Additionally, an 

increased number of solution steps were also found to negatively affect performance.  

The number of solution steps were also found to be strongly correlated with the 

problem word count.  Many of the challenges experienced by students are most likely 

explained by the increased cognitive load of these problems, rather than difficulties 

related to chemistry-specific concepts.  Furthermore, interview data suggests that for 

the students in this study, the complexity of the linguistic factors of the problems were 

the greatest source of difficulty.  It was also observed that most students did not 

employ a coherent strategy when attempting more complex WPs. 

 



 89 

6.2 How do taught interventions impact students’ chemistry word problem 

performance, perceived difficulty and confidence? 

 

The two intervention phases of the study, TE and VR were found to improve 

performance.  Based upon analysis of the qualitative data, increased performance is 

thought to be due to taught strategies enabling students to develop schema in relation 

to then problem type.  These schemas are believed to assist problem solving by 

reducing the cognitive load associated with the problem.   

 

Although students did perceive these problems to become less difficult over the 

course of the study, they were still perceived as difficult.  A similar trend was also seen 

in relation to confidence, which improved by a modest amount indicating that most 

students still felt less confident when solving more complex chemistry WPs.  It is 

suggested that this perceived low confidence and high difficulty are a related to their 

self-efficacy with respect to complex chemistry WPs. 

 

 

 

 



 90 

6.3 How do students use taught interventions to solve chemistry word 

problems? 

 

Students’ problem-solving strategy generally became more developed and organised 

during the course of the study.  The improvements in problem-solving approach were 

accompanied by an overall improvement in performance, particularly in relation to the 

number of problem steps attempted.  Interestingly, six-out-of-eight students in the 

study used the taught interventions to develop their own strategy.  Four of the new 

strategies were based upon a combination of the TE and VR interventions, and two 

students developed novel strategies displaying many characteristics associated with 

expertise.    

 

6.4 Implications for practice and further research 

 

Considering mathematical problems in chemistry as complex WPs equipped me with a 

deeper theoretical understanding of the challenges that students face in this area of 

chemistry.  However, it is the combination of this theoretical understanding with how 

students perceive these types of problem that has had the greatest impact on my 

practice.  For example, for the students in this study, the main challenge they faced 

was sufficiently comprehending the problem so that they felt able to attempt it.  This is 
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likely to be true in many chemistry classrooms.  Therefore, the findings of this study are 

likely to be of use to teachers whose students are facing similar challenges.   

 

Observing the development of students’ strategies has highlighted the importance of 

teaching a range of different problem-solving strategies in relation to chemistry WPs.  

By teaching a range of strategies it may not only expose students to alternative ways of 

working, but also enable them to exercise agency in relation to these strategies.  

However, it is acknowledged that the time constraints of different curricula may be a 

limiting factor with respect to this. 

 

The chemistry WP solving profiles developed as part of this study could potentially be 

of use in understanding how selected facets of problem-solving attributes and 

behaviours may compliment or oppose one another.  This may assist teachers in 

identifying individual or co-existing attributes and how they may relate to one another, 

informing support or interventions on an individual, group or whole-class basis.  It 

would be interesting to further develop and refine this framework with the eventual aim 

of understanding how and why students may move through different profiles, and how 

the development of more favourable attributes can be fostered.  

 

However, a missing yet important element of the proposed profiles is self-efficacy, 

especially when considered across the three dimensions of facet-specificity, strength 

and level of difficulty (Bandura, 1997; Street et al., 2017; Street et al., 2022).  Although 
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perceived confidence and difficulty were measured in this study, improve by a small 

amount, including these may offer a skewed view.  Related to the findings in relation to 

perceived confidence and difficulty, it would be interesting to explore how and why 

students’ self-efficacy in relation chemistry WPs changes over time through a 

longitudinal study. 
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Appendix 1: Text editing intervention final strategy approach  
 
After consultation with the Year 13 trial group and departmental colleagues, the final 
suggested approach for the text editing intervention can be seen below. 
 
Figure 9: Adapted text editing suggested approach. 

 
 
 
 
 

 

 

 

 
 
 
 
 
 
 When used with the trial group, the following changes were made: 

• Step 5: calculate, was changed to include the extra information in brackets, as 
the Year 13 students felt that it would be useful to have a reminder about what 
they could try and use the information to calculate.   

• Bold type for all in Step 2 was included as the students felt that all of the 
information needed to be considered, and the bold type would help to 
emphasise this.   

 
Following the feedback from the trial group, the suggested approach was shared with 
departmental colleagues for their thoughts and no further changes were made. 
 
 
 
 
 
 
 
 

Text editing: suggested approach 
 
Step 1: Target (what are you being asked to find out?). 
 
 
Step 2: Identify all substances from the question. 
 
 
Step 3: List the information that you have about each substance. 
 
 
Step 3: Pair the information about each substance. 
 
 
Step 4: Categorise the information as complete, missing, irrelevant (CMI).  Decide if the information 
that you have for each substance is complete, missing, or irrelevant. 
 
 
Step 5: Calculate.  Use the complete information to calculate values (moles, concentrations, etc) 
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Appendix 2: Visual representations intervention final strategy 
approach  
 
Both my colleagues and the Year 13 trail group thought that the overall premise of the 
“Draw-it” (van Garderen & Scheuermann, 2015) strategy was good, but it contained too 
many steps and too much information.  Additionally, the students thought that it would 
be useful to include some overlap with the TE strategy such as thinking about what the 
question is asking to be worked out, if there is any irrelevant information, identifying the 
different substances, and what is known about them.  Departmental colleagues also 
thought that in Step 3: Organise and Construct, it would be useful to have a reminder 
about what kind of VRs could be used. 
 
Furthermore, feedback from student questionnaires and interviews from the TE 
intervention was taken into account in the design of this intervention.  A number of 
students felt that there was significant repetition in the TE strategy, particularly in the 
steps of identifying, listing and pairing.  Therefore, these steps were condensed into the 
identify step.  
 
Figure 10: Visual representations suggested approach 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
  
 

Visual representations: suggested approach 
 
Step 1: Read 
• Read the question carefully. 
• What are you being asked to work out? 
• Is there any irrelevant information? 
 
Step 2: Identify 
• Identify the substances; what substances are there in the question? 
• What values do these substances have (volume, mass, concentration, etc)? 
 
Step 3: Organise and Construct 
• How can you represent information in a visual way (diagram) to help you understand it?  This could be a table, 
a graph, a flow diagram, an illustration, etc. 
• What steps will you need to take to calculate the answer? 
 
Step 4: Evaluate 
• Does your diagram(s) match the question? 
• Is your diagram(s) missing anything? 
• Will your diagram allow you to work out the answer? 
• Can you simplify your diagram? Is there an easier way to solve the problem? 
 
Step 5: Calculate 
• Use your diagram(s) to calculate an answer. 
• Did you go through all the steps you planned to? 
• Check your answer; does it make sense in relation to the question? 
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Figure 11: Original “Draw-It” strategy (van Garderen & Scheuermann, 2015, p.285) 

 

 

The figure originally presented here cannot be made freely available via ORA because of
copyright.

The figure was sourced at van Garderen, D., & Scheuermann, A. M. (2015). Diagramming
Word Problems: A Strategic Approach for Instruction. Intervention in School and Clinic, 50(5),

282– 290. https://doi.org/10.1177/1053451214560889
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Appendix 3: Post-problem questionnaire  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix 4: Strategy evaluation questionnaire 
 
 
 
 

How difficult did you find this question? 
 

1 2 3 4 5 6 
Extremely  

Difficult 
Difficult Somewhat 

Difficult 
Somewhat 

Easy 
Easy Extremely 

Easy 
 

What did you find most challenging about this question? 
 
 

How did you approach this question? Did you use any particular strategies? 
 
 

What did you find least challenging about this question? 
 
 

How confident did you feel answering this question? 
 

1 2 3 4 5 6 
Extremely 

Unconfident 
Unconfident Somewhat 

Unconfident 
Somewhat 
Confident 

Confident Extremely 
Confident 
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Appendix 4: Interview guide examples  
 
Pre-intervention interview guide 
 

1. How confident do you feel answering calculations questions in chemistry?  Why 
 
 
 
 
2.  Do you find calculation questions difficult?  Why? 
 
 
 
 
3. What types of calculation question do you find least challenging?  Why?  
 
 
 
 
4. What types of calculation question do you find the most challenging?  Why? 
 
 
 
 
5. How do you approach calculation questions?  Do you use a strategy? 
 
 
 
 
6. What do you feel would help you be more confident when answering calculations 

question in chemistry? 
 
 
 
 
Other notes 
 
 
 

 



 134 

 
Post-intervention interview guide 
 

1. Do you feel that this strategy has affected your confidence in answering 
calculations questions in chemistry?  How/Why? 

 
 
 
 
2.  Did you use this strategy to help you answer the questions?  Why/How? 
 
 
 
 
3. Did you find this strategy easy to use?  Why? 
 
 
 
 
4. Did you use all the steps of the strategy? Why? 
 
 
 
 
5. How do you feel the strategy could be made better/more useful? 
 
 
 
 
6. What do you feel would help you be more confident when answering calculations 

question in chemistry? 
 
 
 
 
Other notes 
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Appendix 5: Difficulty and discrimination  
 
In order to determine the difficulty of the problems, the proportion of students 
answering the question correctly was calculated (Beerepoot et al., 2023; Kelley, 1939; 
Marion et al., 2023; Towns, 2014; Uminski et al., 2023).  As a general guide, difficulty 
values above 0.75 can be classified as easy, between 0.25 and 0.75 as average, and 
below 0.25 as difficult (Towns, 2014).  This method for calculating question difficulty is 
mostly used in relation to multiple-choice problems (Beerepoot et al., 2023; Kelley, 
1939; Marion et al., 2023; Towns, 2014; Uminski et al., 2023), which posed a potential 
issue in relation to the problems used in this study.  Due to the nature of the problems 
used in this study, an answer was classified as correct when the proportion of correct 
steps completed was equal to, or greater than 0.70.  This allowed for a distinction to be 
made between students that demonstrated higher and lower levels of achievement in 
multiple-step problems.  This distinction is in line with previous studies conducted into 
assessing student performance and understanding, such as Reisslein et al. (2007, p. 
49). 
 
Discrimination is a measure of how discriminating performance in a problem is 
between high-performing and low-performing students (Kelley 1939).  Discrimination 
can be calculated by various methods such as those using Rasch analysis, Item 
Response Theory (IRT), and the extreme group method.  The latter of these options was 
chosen due to Rasch analysis and IRT requiring larger sample sizes of approximately 
30-300 respondents to provide reliable estimates (Bond et al., 2020; Morizot et al., 
2007).  Therefore, due to the small sample size of this study (n=8), the extreme group 
method originally outlined by Kelley (1939) was used.  Although there are limitations 
when using an extreme groups method, such as the introduction of bias when 
excluding portions of a sample (Chen & Fouladi, 2022; Fisher et al., 2020), it was felt 
that this method was appropriate as it would allow the effect of any intervention to be 
found if it exists, and it being well suited to the exploratory stage of research (Preacher 
et al., 2005). 
 
In this study, the discrimination score per question was based on students’ responses 
to each individual question.  It was calculated using the difference between the 
number of correct responses by the students within the highest 27% of students (n=2) 
and the students scoring in the lowest 27% (n=2), divided by the number of students 
that compose 27% of the respondents (n=2) (Kelley, 1939; Marion et al., 2023).  The 
students within the lowest and highest 27% of respondents were based on the pre-
intervention assessment scores and kept constant throughout the study.  This allowed 
for comparison during the different study phases.  The highest performing students 
were Margot and Irini, and the lowest performing students were Zara and Helena. 
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Appendix 6: Coded interview transcript example  
 
Interviewer:  How confident do you feel you felt answering calculation questions in 
chemistry? 
 
Participant: Not really that confident because they were quite…I thought quite 
overwhelming, there is quite a lot of information within the questions you have to pick 
out, and you had to pick out which ones needed to be applied for the question because 
sometimes they give you information which wasn't necessary. 
 
Interviewer: Why did you feel that you found calculation questions difficult? 
 
Participant: I don't think that I don't think I found it difficult, but I wouldn't be easy either 
if there were more the medium style question, I need to think about it more than the 
other ones and probably put a bit more effort in and then more likely to be the ones that 
get wrong.  They required more thought. 
 
Interviewer: What types of calculations you find least challenging? 
 
Participant: Probably just simple [calculations] what is the moles, concentration 
[where] we have to do this simple formula that you can follow. Whereas the titration 
ones they end up with quite a lot of steps you have to go through and then maybe have 
to change things. 
 
Interviewer: What do you find the most challenging questions? 
 
Participant: Titration questions, there are quite a lot of steps to think about ,things like 
conversions or if they use different types of formula for the same thing [substance] you 
got remember to divide or times things-just quite a lot going on so they’re the trickiest. 
 
Int: Would you say that the maths is difficult? 
 
Participant: No, it’s easy, it's just knowing what to do and which type of maths to use in 
a way for the questions remembering to do all the steps the maths itself for me at least 
is simple, it's just timsing and dividing, but it's remembering what things you have to 
times and things you have to divide which is the harder part. 
 
Interviewer: OK, so the actual maths itself isn’t a problem, so what them difficult?  You 
said lots of steps, is there anything else about those types of questions like titration or 
back titration apart from the number of steps so conversions dilutions anything else in 
there that makes it tricky? 
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Participant: That question likes to use a lot of words and kind of make it quite a long 
question we have to read and really pick out the information which is also I feel what 
makes them more difficult, as a simple one it's normally like here's the concentration 
here's the volume figure out the moles, whereas this one they'll give you a large 
question that you must read and find the information. 
 
Interviewer: Did you have a particular strategy or approach that you used for 
calculation start problem? 
 
Participant: Sometimes a table, I'm gonna put my information there and see what 
formulas I could use to help find out the missing gaps in the table probably want to do 
and then maybe highlight stuff within the question to kind of focus for what I'm using.  
 
Interviewer: OK and then what do you think would have helped you be more confident 
in calculations? 
 
Participant: maybe practising them or having a different strategy maybe that would 
make them easier but definitely more practise. 
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Appendix 7: Example code book  
 

Code Description 
 

LC Refers to any indication of feelings of lower confidence 
HC Refers to any indication of feelings of higher confidence 
NeEm Refers to any indication of negative emotions 
PoEm Refers to any indication of positive emotions 
Hi-Inf Refers to higher amounts of information in a problem 
Lo-Inf Refers to lower amounts of information in a problem 
Ir-Inf Refers to irrelevant information in problems 
Fi-Inf Refers to difficulties in finding relevant information in a 

question that can be used to answer it. 
HiMe-Eff Refers to indications of high mental effort needed 
LoMe-Eff Refers to indications of low mental effort needed 
PS-Sim Refers to problem structure-simple problem structure 
PS-Com Refers to problem structure-complex problem structure 
PS-SP Refers problems structure-structured problems 
PS-UP Refers problems structure-unstructured problems 
PS-HWC Refers to mentions of problem structures-higher word 

count/information 
PS-LWC Refers to mentions of problem structures-lower word 

count/information 
L-Sef Refers to indications of low self-efficacy 
H-Sef Refers to indications of high self-efficacy 
MS Refers to multiple steps of a problem 
PT-Ti Refers to a specific problem type-titration problem 
MS-Conv Refers to unit conversions in multiple-step calculations 
MND Refers to feelings that the maths in the problem is not 

difficult 
Str-VR Refers to the use of a visual representation strategy such 

as diagram 
Str-IF Refers to the use of an information finding strategy such 

as highlighting 
Str-Pr Refers to using practise as a strategy 
Str-Diff Refers to thoughts of using a different strategy to what 

had been used. 
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Appendix 8: Strategy usage categories and descriptors  
 
Table 7: Summary of strategy usage categories and descriptors 

Strategy Usage Description of general observations 
1 – None/Very low No or very little evidence of any form of strategy usage.  May be limited to highlighting of text in the 

problem text, some of which may be relevant.  Copying of information from the problem verbatim. 
Often results in no attempt to answer the question. 
 

2 – Low Identifies (in some way) some relevant problem text, may be evidence of removal of irrelevant 
information (crossing out), some attempt to organise information, often in the form of writing a 
relevant equation/formula with some attempt at calculation (correct or incorrect).  Problem 
solution is incomplete with few steps attempted. Trial-and-error with no coherence and no clear 
evaluation in relation to the problem. Copying of information from the problem verbatim.  
 

3 – Medium Identification of most of the relevant information (highlighting or direct use in organisation method) 
but there are mistakes/inconsistencies, may be evidence of removal of irrelevant information 
(crossing out), there is an obvious attempt to organise information, most calculation steps are 
attempted but not all correct due to mistakes in identifying relevant information.  There may still be 
evidence of a trial-and-error strategy-especially in the later stages of calculation. 
 

4 – High Majority of relevant information is identified with few mistakes (highlighting/underlining or direct 
use in organisation method), information is generally organised before calculations take place, 
majority/all calculation steps attempted, many of which are correct, may be some evidence of 
evaluation of sub-steps/final answers in relation to the question but this is inconsistent. 
 

5 – Very High All relevant information is identified and used correctly in calculations, information is organised 
and structured, evidence of evaluation of sub-steps/final answers in relation to the question, 
usually evidence of self-correction of errors, all steps completed with no/very few errors. 
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Appendix 9: Helena’s full strategy use  
 

Figure 12: Helena’s full responses to the problems Pre-4 (left) and TE-3 (right) 

 
 
Figure 13: Helena’s full responses to the problems VR-2 (left) and VR-3 (right)  
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Appendix 10: Margot’s full strategy use  
 
Figure 14: Margot’s full responses to the problems Pre-4 (left) and TE-3 (right) 

 

 
Figure 15: Margot’s full responses to the problems VR-2 (left) and VR-3 (right) 
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Appendix 11: Irini’s full strategy use  
 
Figure 16: Irini’s full Pre-4 response 

 
 
Figure 17: Irini’s full TE-3 response 
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Figure 18: Irini’s full responses to the problems VR-2 (left) and VR-3 (right) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 144 

[return] 

Appendix 12: Julia’s and Sofia’s full strategy use  
 
Figure 19: Julia’s full response to VR-2 

 
 
Figure 20: Sofia’s full response to Pre-4 
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Appendix 13: Pre-intervention assessment  
 

Pre-intervention assessment 
 
 
 
Instructions 
 

1. You should attempt each question, even if you don’t feel like you can complete 

it. 

2. After you answer each question, you should complete the evaluation-please be 

as detailed and honest as you can in the evaluation. 

3. You should show all of your working. 

4. If you have any questions, please ask-this is not a test. 

5. You may use a calculator and a Data Booklet to help you. 

6. The blank space after each question is there for you to write your answer and 

show your working.  You do not have to fill the entire space. 

 
 
 
 
 
 
 
 
 
Acknowledgements: 
 

1. Questions 2 and 3 taken from Edexcel GCE A level Chemistry Paper 1 June 2016, 
p2 and p10. 

2. Question 4 taken from: Edexcel GCE AS level Chemistry Paper 1 May 2020, p 16. 
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Question 1 
 
Calculate the number of moles in 4.60g of ethanol, C2H5OH. 
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Evaluation: Question 1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

How difficult did you find this question? 
 

1 2 3 4 5 6 
Extremely 

Difficult 
Difficult  Somewhat 

Difficult 
Somewhat 

Easy 
Easy Extremely  

Easy 
 

What did you find most challenging about this question? 
 
 

How did you approach this question? Did you use any particular strategies? 
 
 

What did you find least challenging about this question? 
 
 

How confident did you feel answering this question? 
 

1 2 3 4 5 6 
Extremely 

Unconfident 
Unconfident Somewhat 

Unconfident 
Somewhat 
Confident 

Confident Extremely 
Confident 
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Question 2 
 
What is the number of ions in 9.53 g of magnesium chloride, MgCl2?  
 
[Avogadro constant = 6.02 × 1023 mol–1]  
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Evaluation: Question 2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

How difficult did you find this question? 
 

1 2 3 4 5 6 
Extremely  

Difficult 
Difficult Somewhat 

Difficult 
Somewhat 

Easy 
Easy Extremely 

Easy 
 

What did you find most challenging about this question? 
 
 

How did you approach this question? Did you use any particular strategies? 
 
 

What did you find least challenging about this question? 
 
 

How confident did you feel answering this question? 
 

1 2 3 4 5 6 
Extremely 

Unconfident 
Unconfident Somewhat 

Unconfident 
Somewhat 
Confident 

Confident Extremely 
Confident 
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Question 3 
 
When malachite, Cu2CO3(OH)2 is heated to approximately 300 °C, water, carbon 
dioxide and copper(II) oxide are formed. 
 
The equation for this decomposition is: Cu2CO3(OH)2 → 2CuO + CO2 + H2O 
 
Calculate the maximum volume of carbon dioxide that could be produced when 0.810 
g of malachite is thermally decomposed. 
 
Assume that the gas is collected at a temperature of 25 °C and 101 kPa pressure. 
Give your answer to an appropriate number of significant figures and state the units. 
 
[The ideal gas equation is pV = nRT. Gas constant (R) = 8.31 J mol–1 K–1] 
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Evaluation: Question 3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

How difficult did you find this question? 
 

1 2 3 4 5 6 
Extremely  

Difficult 
Difficult Somewhat 

Difficult 
Somewhat 

Easy 
Easy Extremely 

Easy 
 

What did you find most challenging about this question? 
 
 

How did you approach this question? Did you use any particular strategies? 
 
 

What did you find least challenging about this question? 
 
 

How confident did you feel answering this question? 
 

1 2 3 4 5 6 
Extremely 

Unconfident 
Unconfident Somewhat 

Unconfident 
Somewhat 
Confident 

Confident Extremely 
Confident 
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Question 4 
 
A solution of nitric acid, HNO3, of concentration 100 g dm–3, can be used to artificially 
age wood. 
 
A sample of nitric acid, thought to be suitable for this use, was diluted by pipetting 
10.00 cm3 of this acid into a 250 cm3 volumetric flask, adding deionised water and 
making the solution up to the mark. The solution was thoroughly mixed. 
 
A titration was carried out using this diluted solution of nitric acid. The burette was 
filled with 0.0800 mol dm–3 sodium hydroxide solution and 25.00 cm3 of the diluted 
nitric acid was pipetted into each of three conical flasks. The following results were 
obtained. 
 

 
 
The equation for the reaction is: 
 
HNO3 + NaOH → NaNO3 + H2O 
 
(a)   Select the appropriate titres and calculate the mean titre in cm3. 
 
 
 
 
 
 
(b)   Calculate the concentration of the undiluted nitric acid in g dm–3. Give your answer 
to one decimal place. 
 
Deduce whether this nitric acid is suitable for use in artificially ageing wood. 
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Extra space for your answer. 
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Evaluation: Question 4 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

How difficult did you find this question? 
 

1 2 3 4 5 6 
Extremely  

Difficult 
Difficult Somewhat 

Difficult 
Somewhat 

Easy 
Easy Extremely 

Easy 
 

What did you find most challenging about this question? 
 
 

How did you approach this question? Did you use any particular strategies? 
 
 

What did you find least challenging about this question? 
 
 

How confident did you feel answering this question? 
 

1 2 3 4 5 6 
Extremely 

Unconfident 
Unconfident Somewhat 

Unconfident 
Somewhat 
Confident 

Confident Extremely 
Confident 
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Appendix 14: Text Editing post-intervention assessment  

Post-Text editing assessment 
 
 
 

Instructions 
 

1. You should attempt each question, even if you don’t feel like you can complete 

it. 

2. After you answer each question, you should complete the evaluation-please be 

as detailed and honest as you can in the evaluation. 

3. You should show all of your working. 

4. If you have any questions, please ask-this is not a test. 

5. You may use a calculator and a Data Booklet to help you. 

6. The blank space after each question is there for you to write your answer and 

show your working.  You do not have to fill the entire space. 

 
 
 
 
 
 
 
 
 
 
 
 
 
Acknowledgements: 
 

1. Question 2 adapted from Edexcel GCE A level Chemistry Paper 2 June 2014.  
2. Question 3 taken from: Edexcel GCE AS level Chemistry Paper 1 May 2017.  
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Question 1 
 
25.0cm3 of sodium hydroxide solution, NaOH with an unknown concentration was 
placed in a conical flask and titrated with a hydrochloric acid solution, HCl with a 
concentration of 0.0125 mol dm-3 added from a burette.  23.5 cm3 of the hydrochloric 
acid solution was needed to neutralise the sodium hydroxide solution. 
 
The equation for the reaction is: 
NaOH  +  HCl  →  NaCl  +  H2O 
 
Calculate the concentration of the sodium hydroxide solution in mol dm-3. 
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Evaluation: Question 1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 
 
 

How difficult did you find this question? 
 

1 2 3 4 5 6 
Extremely  

Difficult 
Difficult Somewhat 

Difficult 
Somewhat 

Easy 
Easy Extremely 

Easy 
 

What did you find most challenging about this question? 
 
 

How did you approach this question? Did you use any particular strategies? 
 
 

What did you find least challenging about this question? 
 
 

How confident did you feel answering this question? 
 

1 2 3 4 5 6 
Extremely 

Unconfident 
Unconfident Somewhat 

Unconfident 
Somewhat 
Confident 

Confident Extremely 
Confident 
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Question 2 
 

Brand X is unlike many conventional toilet cleaners in that it does not contain bleach, 
but instead contains hydrochloric acid, HCl. The label states that the toilet cleaner 
contains 9 g of HCl per 100 cm3 of the toilet cleaner. 

 

An industrial technician was given the task of checking the validity of this statement. 
Using a 25.0 cm3 portion of the toilet cleaner, the technician carried out a titration 
using 2.50 mol dm−3 sodium hydroxide solution, NaOH.   24.55 cm3 of the sodium 
hydroxide solution was required to neutralise the hydrochloric acid in the toilet cleaner 
solution. 

 
Calculate the mass of HCl present in 100 cm3 of the toilet cleaner.  
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Evaluation: Question 2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 
 
 

How difficult did you find this question? 
 

1 2 3 4 5 6 
Extremely  

Difficult 
Difficult Somewhat 

Difficult 
Somewhat 

Easy 
Easy Extremely 

Easy 
 

What did you find most challenging about this question? 
 
 

How did you approach this question? Did you use any particular strategies? 
 
 

What did you find least challenging about this question? 
 
 

How confident did you feel answering this question? 
 

1 2 3 4 5 6 
Extremely 

Unconfident 
Unconfident Somewhat 

Unconfident 
Somewhat 
Confident 

Confident Extremely 
Confident 
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Question 3 
 

Hydrochloric acid is prepared by dissolving hydrogen chloride gas in water. It is difficult 
to dissolve a known amount of hydrogen chloride, so the exact concentration of such 
solutions is uncertain. A solution of hydrochloric acid of concentration between 0.095 
mol dm–3 and 0.105 mol dm–3 was prepared. 

Before a class attempted a practical using this solution, a technician standardised the 
hydrochloric acid with sodium carbonate solution. The technician dissolved 1.30 g of 
anhydrous sodium carbonate in water and made up the solution to 100 cm3. 

The equation for the reaction which occurs is shown. 

Na2CO3 + 2HCl → 2NaCl + H2O + CO2 

A 10.0 cm3 portion of the sodium carbonate solution was transferred to a conical flask. 
Three drops of methyl orange indicator were added, and the solution titrated with 
hydrochloric acid. The results for the experiment are shown. 

 
Complete the table and determine the concentration, in mol dm–3, of the hydrochloric 
acid solution. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The figure originally presented here cannot be made freely available via ORA because
of copyright.
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Extra space for your answer. 
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Evaluation: Question 3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 

How difficult did you find this question? 
 

1 2 3 4 5 6 
Extremely  

Difficult 
Difficult Somewhat 

Difficult 
Somewhat 

Easy 
Easy Extremely 

Easy 
 

What did you find most challenging about this question? 
 
 

How did you approach this question? Did you use any particular strategies? 
 
 

What did you find least challenging about this question? 
 
 

How confident did you feel answering this question? 
 

1 2 3 4 5 6 
Extremely 

Unconfident 
Unconfident Somewhat 

Unconfident 
Somewhat 
Confident 

Confident Extremely 
Confident 
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Appendix 15: Visual representations post-intervention assessment  

 
Post-Visual representations 
assessment 
 
 
 

Instructions 
 

1. You should attempt each question, even if you don’t feel like you can complete 

it. 

2. After you answer each question, you should complete the evaluation-please be 

as detailed and honest as you can in the evaluation. 

3. You should show all of your working. 

4. If you have any questions, please ask-this is not a test. 

5. You may use a calculator and a Data Booklet to help you. 

6. The blank space after each question is there for you to write your answer and 

show your working.  You do not have to fill the entire space. 

 
 
 
 
 
Acknowledgements: 
 

1. Question 1 taken from: Clarke, J. (2005) Calculations in AS/A Level Chemistry (7th 
Ed).  Harlow, Longman. p 81.   

2. Question 2 adapted from Edexcel GCE A level Chemistry Paper 2 June 2019, 
Question 6.  

3. Question 3 taken from: Edexcel GCE A level Chemistry Paper 1 Sample 
Assessment Material, Question 8.  
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Question 1 
 
Lime water is calcium hydroxide solution.  In an experiment to find the concentration of 
calcium hydroxide in lime water, 25.0cm3 of lime water was placed in a conical flask 
and titrated with a hydrochloric acid solution, HCl with a concentration of 0.0400 mol 
dm-3.    18.8 cm3 of the hydrochloric acid solution was needed to neutralise the lime 
water. 
 
The equation for the reaction is: 
 
Ca(OH)2  +  2HCl  →  CaCl2  +  2H2O 
 
Calculate the concentration of calcium hydroxide solution in g dm-3. 
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Evaluation: Question 1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 
 
 

How difficult did you find this question? 
 

1 2 3 4 5 6 
Extremely  

Difficult 
Difficult Somewhat 

Difficult 
Somewhat 

Easy 
Easy Extremely 

Easy 
 

What did you find most challenging about this question? 
 
 

How did you approach this question? Did you use any particular strategies? 
 
 

What did you find least challenging about this question? 
 
 

How confident did you feel answering this question? 
 

1 2 3 4 5 6 
Extremely 

Unconfident 
Unconfident Somewhat 

Unconfident 
Somewhat 
Confident 

Confident Extremely 
Confident 
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Question 2 
 
Wine and gin are aqueous solutions of ethanol with traces of other organic compounds 
which give these drinks their characteristic flavours and aromas. 
 
When a bottle of wine is opened, oxidation of the ethanol, C2H5OH in the wine produces  
ethanoic acid, CH3COOH. 
 
An experiment was carried out to determine the percentage of the ethanol that  
had been oxidised. 
 
1. A bottle of white wine, with an ethanol concentration of 2.50 mol dm–3, was opened and 

left to stand at room temperature for three weeks.  
2. A 25.0 cm3 sample of the wine was transferred to a conical flask and phenolphthalein 

indicator added. 
3. Aqueous sodium hydroxide of concentration 0.235 mol dm–3 was added from a burette 

until the colour of the indicator permanently changed. 
4. The titration was repeated three times and the mean volume of sodium hydroxide 

solution required to neutralise the ethanoic acid was calculated to be 28.00 cm3.  
 
The equation for the neutralisation reaction is: 
 
CH3COOH  +  NaOH    CH3COONa  +  H2O 
 
Calculate the percentage of ethanol that has oxidised, given that one mole of 
ethanol forms one mole of ethanoic acid. 
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Extra space for your answer 
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Evaluation: Question 2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 
 

How difficult did you find this question? 
 

1 2 3 4 5 6 
Extremely  

Difficult 
Difficult Somewhat 

Difficult 
Somewhat 

Easy 
Easy Extremely 

Easy 
 

What did you find most challenging about this question? 
 
 

How did you approach this question? Did you use any particular strategies? 
 
 

What did you find least challenging about this question? 
 
 

How confident did you feel answering this question? 
 

1 2 3 4 5 6 
Extremely 

Unconfident 
Unconfident Somewhat 

Unconfident 
Somewhat 
Confident 

Confident Extremely 
Confident 
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Question 3 
 
A sample of trichloroethanoic acid was supplied to a laboratory by a chemical 
manufacturer.  
 
A technician at the laboratory was asked to check whether the percentage purity by 
mass of the acid was 99.9% as claimed on the label. 
 
The technician used a titration method to determine the purity of the acid. The 
technician followed this method: 
 
1. The technician placed an empty glass bottle on a balance. 
2. After zeroing the balance, the technician added a sample of trichloroethanoic acid 

to the bottle. 
3. The technician recorded the balance reading, accurate to 1 d.p., as 6.2 g. 
4. The technician transferred the acid to a beaker and dissolved the acid in a small 

volume of distilled water. 
5. The technician poured this solution into a 250 cm3 volumetric flask and made the 

solution level up to the mark with distilled water. 
6. The technician filled a burette with the acid solution. 
7. Using a pipette, 25.0 cm3 of 0.130 mol dm−3 sodium hydroxide solution was 

transferred to a conical flask. 
8. Several 25.0 cm3 samples of the sodium hydroxide solution were titrated with the 

acid solution and the results were recorded.  
 
Trichloroethanoic acid has the formula CCl3COOH. 
 
The equation for the reaction with sodium hydroxide is: 
 
CCl3COOH(aq) + NaOH(aq) → CCl3COONa(aq) + H2O(l) 
 
Results 

 
    
Calculate the concentration of trichloroethanoic acid in g dm−3, and show using a 
calculation, that the percentage purity of trichloroethanoic acid is less than that 
claimed by the manufacturer. 

The figure originally presented here cannot be made freely available via ORA because
of copyright.
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Space for your answer. 
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Evaluation: Question 3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 
 
 

How difficult did you find this question? 
 

1 2 3 4 5 6 
Extremely  

Difficult 
Difficult Somewhat 

Difficult 
Somewhat 

Easy 
Easy Extremely 

Easy 
 

What did you find most challenging about this question? 
 
 

How did you approach this question? Did you use any particular strategies? 
 
 

What did you find least challenging about this question? 
 
 

How confident did you feel answering this question? 
 

1 2 3 4 5 6 
Extremely 

Unconfident 
Unconfident Somewhat 

Unconfident 
Somewhat 
Confident 

Confident Extremely 
Confident 
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Appendix 16: Headteacher permission letter 
 
It should be noted that the title of the study was changed after ethical approval had 
been granted.  This change took place through the official University channels and was 
approved.  The school were also informed of the change of the study title.  All of the 
following documentation contains the old study title. 
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Appendix 17: Student information sheet 
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Appendix 18: Parent/Guardian information sheet 
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Appendix 19: Study opt-out form 
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Appendix 20: Interview consent form 
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