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Abstract

This study measures the effect of productive failure instruction in a digital inquiry environment on developing deep
understanding and achievement of organic chemistry among Saudi Arabian secondary school students. The study adopted the
experimental design of control and experimental groups with pre- and post-measurements. The sample comprised 66 secondary
school students from Wadi Al-Dawasir Governorate, Riyadh, Saudi Arabia, distributed into the experimental group (n = 32) and
the control group (n = 34). The data collection utilised the deep understanding test and the achievement test of organic
chemistry. The results revealed that there were statistically significant differences at a = 0.05 between the means of the scores
of the experimental and control groups in the deep understanding level and the achievement test of organic chemistry in favour
of the experimental group. Recommendations and suggestions are also presented in light of the study results.

Keywords: Productive failure, digital inquiry environment, deep understanding of organic chemistry, the achievement of organic
chemistry.
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1. Introduction

Thinking is one of the most important educational goals. Consequently, greater attention must be paid
to its development through shifting away from the traditional teaching and learning approach that
focuses on rote and unidirectional learning and moving from the surface level to the deep level of
knowledge. In response, McFarland and Moulds (2007) asserted that deep understanding is a primary
goal in science education that can be achieved through four conditions: generative knowledge, various
activities, continuous evaluation and clear goals.

Chemistry is one of the basic sciences that has a role in all phenomena surrounding human beings and
one of the most significant branches that changes human life and contributes to its development.
Therefore, it requires greater attention from the teacher to achieve the student’s deep understanding
and provide a supportive educational environment that increases his achievement level.

The International Association for the Evaluation of Educational Achievement (2015) points out that
the increasing achievement level in science and mathematics is through learning how to ‘fail well’ or
being flexible in facing obstacles, which is known as a productive failure (PF). In the literature, the
concept of PF refers to a pattern of directive discovery learning or the highest form of investigation.

Incorporating new technologies provides sufficient incentive for students to practice learning without
feeling frustrated, even while utilising PF activities (Dickson et al., 2020). Hence, the digital learning
environment can be designed using PF to practice the inquiry process effectively (Kennedy-Clark, 2009).
The literature supports the effectiveness of using cognitive failure in the e-learning environment
(Dickson et al., 2020; Kennedy-Clark, 2009; Kapur, 2010; Song, 2018). Studies also focus on the efficient
impact of using PF with inquiry learning and provide procedures for combining them (Brand et al., 2019;
Arrington & Xu,Arrington & Xu, 2019; Kapur & Bielaczyc, 2012; Toh & Kapur, 2017).

According to the above-mentioned description, it is necessary to develop a deep understanding of
learning chemistry, and PF — in this condition — can prepare students’ minds to better understand new
concepts deeply. Therefore, the current study sought to measure the effect of PF instruction in a digital
inquiry environment on developing a deep understanding and achievement of organic chemistry among
Saudi Arabian secondary school students.

2. Literature review
2.1 PF and digital inquiry environment

PF refers to an educational strategy that requires learners to struggle while trying to find solutions to
problems around a specific concept before direct instruction. Studies revealed that this strategy prepares
students for future learning and for the process of transferring the knowledge they have acquired from
one discipline to another (Kennedy-Clark, 2009; Steenhof et al., 2019).

The PF idea stems from the perception that there are four outcomes associated with the educational
activity: PF, productive success, non-PF and non-productive success. Failure or success here indicates the
short term of the learner’s initial performance (Kapur, 2015). In this method, there is no direct
instruction on how to solve the problem as problems are open and have many paths and solutions (Loibl
& Leuders, 2019). Such problems are poorly structured, but they are not frustrated as they suit the
learners’ capabilities (Kapur, 2010; Kapur & Bielaczyc, 2012).

The poorly and well-constructed problems differ in three essential elements, which are the amount of
available information about the situation (the current state of the problem); the degree of clarity of the
goals to be achieved (the desired state); and the amount of knowledge about the means that can help in
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bringing about the requisite change in the current situation to achieve the desired goals (Sternberg,
1999).

Solving complex problems in a multi-user virtual learning environment helps learners to understand
the fundamental stages of PF. It supports learners to focus on the initial cycle of addressing PF to
develop a series of design considerations that teachers can implement in a rich learning environment. In
addition, it helps learners develop strategies for dealing with complex problems across various spheres
of knowledge (Kennedy-Clark, 2009). Chowrira et al. (2019) demonstrated that PF is a potential method
that encourages meaningful learning through solving challenging problems before receiving any specific
instruction, while students often fail to produce satisfactory solutions (hence failure happens). The
results also illustrated the high level of the experimental group, studied by PF, and that improvement is
particularly significant among low-performing students.

Dickson et al. (2020) also used PF in a 3D printer training programme as one of the fundamental
instruments in the Science, technology, engineering and mathematics (STEM) education programme for
middle school students. In this study, students and the teacher had no prior knowledge on this topic that
led to many failures, and thus such failure was not designed into the lesson plans, but rather a product of
new technology and the inexperience of teacher and students.

2.2. Science learning through PF in a digital learning environment

Students face difficulties while visualising and solving complex problems in chemistry. Therefore,
computer-aided learning projects that create conditions for the success of PF can be utilised as it aimed
at enabling students to understand abstract and often complex concepts, such as weather patterns,
astronomy and basic atomic structure (Kennedy-Clark, 2009).

The PF environment can be designed using computer-aided cooperative learning groups by letting
learners struggle with failure in poorly constructed and unorganised tasks that reflect a fruitful exercise
towards PF (Kapur, 2010). The incorporation of new technologies may provide sufficient incentive for
students to participate in learning without feeling frustrated even with the use of PF activities (Dickson
et al., 2020). In this regard, Song’s (2018) study asserted the improvement of the cooperative problem-
solving competence among elementary school students in project-based learning using PF. The results
showed that the experimental group gained a deeper understanding of the conceptual knowledge and
the quality of problem-solving collaboratively. They were also more positive in meeting challenges in
their project-based learning and developing a sense of ownership of their learning compared to those in
the control group.

2.3. Stages of cognitive failure and inquiry cycle

Brand et al. (2019) presented three stages for combining cognitive failure within the inquiry process as
follows:

e Conceptualisation Stage: In this stage, students generate ideas and hypotheses about the required
topic, problem or task, and in which the PF activities are designed to stimulate prior knowledge by
considering this knowledge as a mechanism for learning that helps students achieve the goal.

e |nvestigation Stage: In this stage, data is analysed, and students first need to engage in exploration,
experimentation and collecting data through conducting experiments that are based on hypotheses,
controlling the strategy of variables. Students also analyse the given data sets by inventing different
solutions and comparing them. This helps students to model patterns and relationships between
variables.
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e Conclusion: After the previous two phases, students extract new knowledge and build mental models.
In cognitive failure, knowledge gaps are bridged, and students realise the gaps that support the
structure of their models.

2.4. Deep understanding

Deep understanding requires more than just processing knowledge, as it requires insight and
capabilities that are reflected in various performances. It refers to the student’s ability to critically
examine new ideas and concepts, place them in his cognitive constructions and make connections
between them and his prior knowledge through questions and lines of inquiry that arise from
contemplation, discussion and use of ideas (Purinton & Burke, 2020, Yu & Lee, 2020).

Deep understanding needs knowledge enrichment as it encourages continuous growth and increases
the desire to know more. It can be developed by allowing students to discuss, solve problems and
rebuild the learning environment to enable ideas to be explored (Sherry, 2010). Deep understanding
includes three major dimensions: cognitive, mental and emotional. The main goal of deep understanding
is to employ knowledge in the future and the learners’ professional life and this is what the Next
Generation Science Standards seek to achieve (NGSS, 2013). In this regard, Chin and Brown (2000)
argued that deep understanding includes generative thinking, the nature of interpretations, questioning
and metacognitive activities. Furthermore, King (2016) explained that deep understanding incorporates
students’ ability to ask questions, clarify and explain away from the facts, in addition to the insistence on
understanding the material and showing advanced levels of understanding.

Consequently, deep understanding includes the higher mental capabilities and skills of the learner. It
has cognitive, mental and emotional dimensions. This kind of understanding has a functional significance
manifested in utilising knowledge in the learner’s life. This requires the student’s participation in his
learning because it encourages him to acquire knowledge of his own and forces him to form an
organised knowledge building.

2.5. Deep understanding and digital learning environment

Various studies found out that deep understanding can be enhanced through students’ involvement in
the electronic learning environment in higher educational stages; and that podcasting is a successful tool
in learning science that develops deep understanding (Grisham & Wolsey, 2014; Purinton & Burke,
2020).

LPI researchers have studied three large school networks, including the new technology network. They
concluded that it has succeeded in implementing deep learning practices. They stated that in order to
raise the level of deep understanding, project-based learning, work—study, performance assessments
and demonstrating the student progress can be utilised (MclLeod, 2019; Sparks, 2019). In addition,
Alshdaifat et al. (2020) study provided a new framework for segmenting the fish environment in
underwater videos according to a proposed model for improved identification methods. The results
indicated that the proposed framework has a better performance than other modern fish splitting
models, which in turn enhances a deep understanding of the marine environment.

Hence, the current study problem stimulated from the emphasis of some recent global projects that
highlight the need to deepen the knowledge of learners in science, such as the Global Trends for
Studying Science and Mathematics and the Next Generation Science Standards (NGSS) (Bybee, 2012, p.
544; Ford, 2015, p. 1043). Moreover, learning with PF supports the development of science aspects as
they exhibit more positive attitudes while facing challenges and gain a sense of ownership of their
learning, and this has been confirmed by various studies (Brand et al.,, 2019; Dickson et al., 2020;
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Arrington & Xu,Arrington & Xu, 2019; Kapur & Bielaczyc, 2012; Kennedy-Clark studies, 2009; Song, 2018;
Toh & Kapur, 2017), but there is no Arab study — according to the researchers’ knowledge — concerning
the study of PF in learning science in general and chemistry in particular.

Moreover, students have difficulties in visualising and solving complex problems in chemistry.
Accordingly, computer-aided learning projects can enable students to understand abstract and often
complex concepts, and the use of the online multi-user virtual learning environment can support the
success of PF (Kennedy-Clark, 2009). So, the PF environment can be created by e-learning (Dickson et al.,
2020; Kennedy-Clark, 2009; Kapur, 2010; Song, 2018). Some studies have also focused on using PF with
inquiry learning and provided teaching stages that combine both of them (Brand et al., 2019; Arrington &
Xu,Arrington & Xu, 2019; Kapur & Bielaczyc, 2012; Toh & Kapur, 2017).

The world nowadays faces many risks and disasters, and science is the main gate to overcome them.
Technology plays a vital role in confronting such dangers. Coronavirus disease (COVID-19) is one of the
most recent risks today as it increases unexpectedly. Therefore, the current state forces the necessity of
using e-learning even after the end of the pandemic (United Nations, 2020), and that motivated the
researchers to conduct this study. This also supports the current study orientation towards using PF in a
digital inquiry environment to develop deep understanding and achievement in secondary school
chemistry learning.

3. Methods
3.1. Study questions
The problem of the present study is crystallised in the following main question:

What is the effect of using PF in a digital inquiry environment on developing deep understanding and
achievement of organic chemistry among Saudi Arabian secondary school students?

This main question is divided into the following sub-questions:

1. What is the effect of using PF in a digital inquiry environment on developing deep understanding
of organic chemistry among third-grade secondary school students?

2. What is the effect of using PF in a digital inquiry environment on developing achievement among
third-grade secondary school students?

3.2. Study hypotheses

1. There are statistically significant differences at the level of a = 0.05 between the mean scores of
the experimental and control groups in the deep understanding test of organic chemistry in
favour of the experimental group.

2. There are statistically significant differences at the level of a = 0.05 between the mean scores of
the experimental and control groups in the achievement test of organic chemistry in favour of the
experimental group.

3.3. Study limitations
The current study is limited to:

1. A group of third-grade secondary school students at Al-Khamaseen First High School, and Al-
Khamaseen Second Secondary School in Wadi Al-Dawasir Governorate, Saudi Arabia.
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2. The fifth unit ‘Derivatives of hydrocarbon compounds and their reactions’ from the chemistry
textbook 3 assigned for the high school students in natural sciences path — the courses system —
for the academic year 2020-2021.

3. Measuring deep understanding through three dimensions: generative thinking (fluency, flexibility,
setting hypothesis and prediction in light of data), interpretation and questioning.

4. Measuring achievement according to Bloom’s taxonomy of the cognitive domain including the
following levels: recall, comprehension, application, analysis and synthesis.

3.4. Study methodology

This study utilised the descriptive and analytical approach in preparing the theoretical framework,
study tools, analysis and interpretation of the results, as well as the semi-experimental approach of the
experimental and control group design with the pre- and post-application, which is consistent with the
nature of the current study to achieve its objectives.

3.5 Participants

The two schools assigned for the application were randomly selected to choose the study groups, the
experimental group (n=32) and the control group (n=34) from the third-grade secondary school students
in Wadi Al-Dawasir Governorate, Saudi Arabia.

4. Procedures
4.1. Adjusting and preparing the study tools
4.1.1. The deep understanding test

The objective of this test is to measure the deep understanding of organic chemistry among third-
grade secondary school students. The total test time was 55 minutes. The initial form included 22 test
items distributed into 2 types of objective questions: multiple choice to measure the skills of setting
hypotheses, predicting, explaining and asking questions; and the completion items to measure the
fluency and flexibility skills. The researchers conducted the pilot study for the test on a group of 21
students in the third grade of secondary school at the First Ladam Secondary School in Wadi Al-Dawasir
Governorate to verify the test validity and reliability.

To verify the test face validity, the researchers presented the test to a number of jury members. The
items that obtained agreements less than 90% were removed and the necessary modifications to delete
or add some vocabulary in light of their opinions were conducted. The researchers also checked the
construct validity by calculating internal consistency as shown in Table 1, indicating that the test has a
high internal consistency.

Table 1. Correlation coefficients of deep understanding dimensions with the total score of the test

N Dimensions Correlation coefficients’
1 Generative thinking *0.82
2 Interpretation *0.71

t* Significant at 0.05
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3 Asking questions *0.76

To verify the test reliability, Cronbach’s alpha equation was used. The reliability coefficient for the test
as a whole was 0.83, indicating a high reliability coefficient. The test included in its final form 20 items
distributed into deep understanding dimensions as illustrated in Table 2.

Table 2. Description of the deep thinking test specifications

Dimension Items Item numbers Q. score The total score
Fluency 15-16-17 3 3 9
Flexibility 18-19-20 3 3 9
Setting hypotheses 13-14 2 1 2
Predicting 6-7-8 3 1 3
Interpretation 1-2-3-4-5 5 1 5
Asking questions 9-10-11-12 4 1 4
The whole test 20 32

4.1.2. The chemistry achievement test

The objective of this test is to measure achievement according to the five levels of Bloom’s taxonomy
(recall, comprehension, application, analysis and synthesis) in the chemistry course 3 assigned for the
secondary stage, ‘the Hydrocarbon Derivatives and Interactions’ unit. The total test time was 55 minutes.
The items were designed in the form of multiple choices and the test included in its initial form 44 items.
The pilot study was carried out for the test on a group of 23 students in the third grade of secondary
school at the First Ladam Secondary School in Wadi Al-Dawasir Governorate to verify the test validity and
reliability.

To verify the test face validity, the researchers presented the test to a number of jury members. The
items that obtained agreements less than 90% were removed, and the necessary modifications were
conducted to delete or add some vocabulary in light of their opinions. To verify the test reliability, the
Kuder—Richardson reliability coefficient was used, where the value of recall was 0.84, comprehension
was 0.79, application was 0.81, analysis was 0.78, synthesis was 0.82 and the whole test was 0.80,
indicating an acceptable reliability coefficient. In addition, the ease and difficulty coefficients were
calculated for the test items. Three items with high ease and difficulty levels were excluded.

The test included in its final form 41 items distributed into the five levels of Bloom’s taxonomy as
illustrated in Table 3.

Table 3. Description of the achievement test in the ‘Hydrocarbon Derivatives and Interactions’ unit of
the chemistry course 3 at the secondary stage specifications

Objectives level Recall Comprehension Application Analysis Synthesis Total Percentage
lessons
Alkyl Halides and 4 2 2 2 2 12 29
Aryl Halides
Alcohols, Ethers and 2 1 2 1 6 14.6
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Amines
Carbonyl compounds 3 2 2 1 2 10 24.5
Other interactions of 2 1 1 4 2 10 245
organic compounds
Polymers 1 1 1 3 7.4
Total 12 7 7 8 7 41 100
Percentage 29 17 17 20 17 100

4.2. Application mechanisms

The teacher’s guide and students’ book for applying PF in the digital inquiry environment were
prepared for the assigned unit. The teacher’s guide included an introduction, general directions, learning
procedures for the product failure and deep understanding, a background about this method, a time
plan for teaching and lesson plans according to the PF method. The students’ book included an
introduction, general directions for students, a summary of learning with PF and deep understanding,
the classroom lessons using PF and inquiry worksheet, including poorly constructed tasks and well-
constructed tasks.

The study utilised the Microsoft Teams platform in teaching the assigned unit and in applying the
study tools, as it is an approved platform by the Ministry of Education in the Kingdom of Saudi Arabia.
Mainly, it has many advantages as it has a complete security system because it requires logging in using a
Microsoft account approved by the ministry for both teachers and students. It has the possibilities for
screen sharing, conducting discussions in the chat, exchanging conversations through voice sharing,
sharing the whiteboard and organising posts by raising hands.

Inquiry tasks were presented sequentially by providing poorly constructed tasks, followed by well-
constructed ones. The students have to solve problems that require them to use more advanced
concepts individually. The three basic stages (conceptualisation, investigation and conclusion) were also
applied. The first part of the class time (about 25 minutes) was assigned to students’ activities in solving
inquiry tasks in the visualisation and investigation stages. These activities were designed at the higher
cognitive levels to develop deep understanding, comprising data interpretation and prediction. This was
followed by the conclusion stage where students’ answers were collected and immediate formative
observations were provided and this took about 15 minutes, while the remaining lesson time (about 5
minutes) was to close the lesson.

5. Results

5.1. The first hypothesis result

‘There are statistically significant differences at the level of @ = 0.05 between the mean scores of the
experimental and the control groups in the deep understanding test of organic chemistry in favour of the
experimental group’: to verify the validity of this hypothesis, t-test was used as shown in Table 4.

403


https://doi.org/10.18844/cjes.v17i2.6822

Ezzeldin, S. M. Y. (2022). The effect of productive failure in a digital inquiry environment on developing deep understanding and achievement of
organic chemistry among secondary school students. Cypriot Journal of Educational Science. 17(2), 396-409
https://doi.org/10.18844/cjes.v17i2.6822

Table 4. Results of t-test for the significance of the differences between the control and experimental
groups in the deep understanding test in organic chemistry

Item The The The control tvalue*  Significance n?
highest experimental group level
degree group

Mean St.dvn  Mean St.dv

Fluency 9 6.81 0.95 3.29 0.95 *12.82 0.79
Flexibility 9 6.22 1.0 3.13 0.99 *11.0 0.73
Setting 2 1.7 0.48 0.83 0.70 *4.75 0.34
hypotheses 0.05
Predicting 3 2.23 0.69 1.21 0.84 *4.52 0.32
Interpreting 5 4.0 0.72 2.33 1.10 *5.89 0.44
Asking 4 3.27 0.94 2.63 2.42 1.17 0.03
questions
The whole test 32 24.18 1.74 13.42  3.75 *12.3 0.78

Table 4 reveals that there are statistically significant differences between the experimental and
control groups in fluency, flexibility, setting hypothesis, predicting, interpreting, asking questions and
deep understanding test as a whole in favour of the experimental group.

5.2. The second hypothesis result

‘There are statistically significant differences at the level of (a = 0.05) between the mean scores of
the experimental and the control groups in the achievement test of organic chemistry in favour of the
experimental group’: to verify the validity of this hypothesis, t-test was used as shown in Table 5.

Table 5. Results of the ‘t’-test for the significance of the differences between the control and
experimental groups in the achievement test of organic chemistry

Item The The The control t- Significance n?
highest experimental group value® level
degree group
Mean St.dv. Mean St.dv
Recall 12 9.32 1.64 7.79 2.60 2.35 0.112
Comprehension 7 5.5 1.52 4,58 1.52 2.28 0.104
Application 7 5.86 0.94 2.95 0.96 *10.38 0.710

t* Significant at 0.05

$* Significant at 0.05
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Analysis 8 6.45 1.01 3.67 1.57 *7.2 0.531
Synthesis 7 6.1 0.87 2.5 0.66 *16.8 0.05 0.855
The whole test 41 33.23 286 2146 3.10 *13.38 0.801

Table 5 reveals that there are no statistically significant differences between the experimental and
control groups in the recall and comprehension levels, while there were statistically significant
differences between the experimental and control groups in the application, analysis, synthesis and the
whole achievement test in favour of the experimental group.

6. Discussion

The importance of PF and the necessity to utilise technology in education have been increasingly
realised in the literature. Consequently, it is essential to understand the effect of using them in science
education. First, the results demonstrated that there were statistically significant differences between
the experimental and control groups in fluency, flexibility, setting hypothesis, prediction, interpretation,
guestioning and deep understanding test as a whole in favour of the experimental group. This result is
consistent with the studies of Purinton and Burke (2020) and Grisham and Wolsey (2014) on the
effectiveness of using the digital learning environment in developing deep understanding dimensions.
These results are also in agreement with the studies of Kennedy-Clark (2009), Kapur (2010), Song (2018)
and Dickson et al. (2020) on the effectiveness of using PF in the e-learning environment to develop
students’ thinking skills. On the contrary, the results differ from the study of Kapur (2010) who
concluded that PF has effectiveness when working in groups, while the current study applied PF
individually.

This result may be explained by the idea that PF depends on the learners’ struggle to find out
solutions to problems before not after training on them about a specific concept and understanding the
obstacles presented. Basically, PF is one of the highest levels of active learning and interaction and this
was achieved in all inquiry tasks that were presented to students according to PF procedures in this
study. In addition, the inquiry that included poorly constructed tasks were new but not frustrated that
might have an impact on developing their deep understanding. Consequently, in the case of PF, students
concluded with new knowledge from carrying out such inquiry that increases the chances of success in
each attempt. Hence, the more procedures that are taken, the deeper the knowledge will be, and the
more successful the student will be through an increasing failure rate.

The stages of PF worked on developing the skills of fluency, as the effect size was 0.79 through
training on the inquiry tasks that require many paths and methods to answer by developing the largest
possible number of structural formulas for different organic compounds, such as alcohols, acids,
aldehydes and ketones, which were presented in every lesson. Furthermore, the increasing effect size of
flexibility skills (0.73) can also be explained by the inquiry questions that require moving from one
category to another such as presenting the inquiry of carbonyl compounds and the possibility of
changing the associated atoms, so that the composition and properties of the organic matter completely
change.

The moderate effect size of setting hypotheses skills (0.34) and interpretation skills (0.44) may be due
to the interest of the students’ textbook to present some questions at the end of each unit concerning
such skills. This also made the control group trained on them. However, the current study presented
further inquiries that supported both skills such as the inquiry of alcohols temperature, predicting the
differences between alcohols boiling points, aldehydes and acids which contributed to such moderate
development. In addition, some inquiries also concerned with the development of interpretation skills
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such as interpreting weak acidity of carboxylic acids and significant volatilisation of ethers. The weak
effect value of asking questions skills (0.03) may be interpreted according to the fact that this skill is one
of the skills which the standardised tests for both groups focused on.

The effect size of deep understanding as a whole (0.78), which was a high value, can be explained by
the fact that PF achieves a positive impact in promoting the acquisition of conceptual knowledge through
understanding the basic principles and structures of the learning field. Also, inquiries were presented in a
poorly constructed form with no direct instructions on how to solve the problems, contributing to
students’ engagement in remedial treatment using their prior knowledge to fill in the conceptual gaps.

Moreover, providing the opportunity for students to fail in the first stage, namely investigation, may
have contributed to the acquisition of negative knowledge (Loibl & Leuders, 2019), through which
learners reflect on their mistakes and this, in turn, prevents them from committing similar errors again.
In this stage, data analysis and interpretation helps them to model the patterns and relationships
between different concepts of organic compounds and their interactions.

Regarding the effect of the digital learning environment (Microsoft Teams platform), it was evident
that it supported students’ participants through writing in chat, sharing the voice and writing on the
whiteboard which affected students’ deep understanding. The ease with which the teacher shared the
screen and students’ participation in inquiry also helped in presenting the abstract and complex organic
chemistry concepts. In the second PF stage, the conceptualisation stage, where the students generate
ideas and hypotheses about the required task, prior knowledge was activated and included in the
students’ book, and attention was given to it to be organised into the students’ cognitive structure,
which assisted them to achieve the objective.

Second, the results demonstrated that there are statistically significant differences between the
experimental and control groups in the achievement test of organic chemistry in favour of the
experimental group. This result is consistent with the studies of Kennedy-Clark (2009), Kapur (2010),
Song (2018) and Dickson et al. (2020) regarding the effectiveness of using PF in the e-learning
environment in developing achievement in general and higher levels of achievement in particular.

The absence of the statistically significant differences between the experimental and control group in
the level of recalling and comprehension and the low effect size of them (0.112 and 0.104) may be
explained due to the fact that PF and the control group teaching method contributed to the
development of their levels. Consequently, the differences between the averages of both groups were
small concerning remembering and understanding levels.

Regarding the application level, the effect size was 0.710 and this is due to providing students with
many opportunities to apply what they learned in well-constructed tasks in the visualisation stage by
presenting examples of different organic compounds and students were asked to name them in every
lesson such as naming alkyl halides, aryl halides, alcohols, esters, amines and carboxylic acids.

The value of the analysis level effect size (0.531) that was high may have contributed to the analysis
of the given and missing data and information in the investigation and visualisation stages such as the
differences between aldehydes and ketones, the differences between the carbonyl group compounds
and the differences between the deletion reactions: addition, condensation, hybridisation, oxidation and
reduction.

The value of the comprehension level effect size was 0.855, which is high, and may be mainly due to
the conclusion stage where the students extract new knowledge, build mental models and fill in the
knowledge gaps. In addition, each inquiry ends with a request for a summary of what has been reached
about the composition of the organic compounds under consideration and their general formula,
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presenting examples, mentioning some of their physical properties and stating the difference between
them and other organic compounds.

The value of the effect size of the test as a whole was 0.801, which is high, and may be attributed to
all the above-mentioned reasons and to the fact that the inquiry produced by the Microsoft Teams
platform allows students to upload files that they participate in on the chat, as well as attach what was
extracted in the form of assignments on the platform, which may have supported the achievement in
organic chemistry.

7. Conclusion

The main purpose of this study was to measures the effect of using PF in a digital inquiry environment
on developing the deep understanding and achievement of organic chemistry among Saudi Arabian
secondary school students. This topic has not been previously studied in the Arab context, and despite
the existence of several international studies that focused on such variables and providing the
effectiveness of the PF method, research in this area is spare. The results of this study are expected to
represent a relevant contribution to understand this issue and contribute to the development of other
studies in this field. The current study drives its significance from presenting a teacher’s guide that
includes the procedural application for the PF in a digital inquiry environment in organic chemistry, the
preparation of the deep understanding and the achievement test of organic chemistry; directing the
attention of chemistry curriculum planners and developers to the need to adopt PF in the digital inquiry
environment to develop deep understanding and achievement in other disciplines and educational
stages.

Clarifying the effectiveness of PF in the digital inquiry context was extremely important to be
implemented and improved into different educational stages to prepare students for modern
requirements. In light of the results presented and their interpretation, the study recommends the
following: high school chemistry teachers have to pay attention to PF to develop a deep understanding
and achievement in organic chemistry; high school chemistry teachers have to familiarise with the goal
orientation adopted by students and how to identify it, because this helps them support the goal
orientation that is most useful and important in learning chemistry; professional development
stakeholders should hold training courses for in-service science teachers and their branches in the
various academic stages to train them on the use of PF in teaching science in general and in chemistry in
particular to develop deep understanding and achievement among students; and finally, programmes for
preparing science teachers in general and chemistry in particular should include PF and its related
concepts, as well as the goal orientation of the decisions of teaching methods.
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