
 

International Journal of Advanced Trends in Engineering and Management  

(ISSN 2583-7052) 

                                                                                                                                              Vol. IV, No. 08, pp. 26-38, August 
 

 

Page | 26  

Generative AI as a Catalyst for Metacognitive Growth and Academic 

Performance: A Quantitative Study in Secondary Education 

Mithila Chavan1*, Rajendra Patole2 

1Masters of Computer Application, Aditya Institute of Management Studies and Research, Mumbai 400092. 
2Information Technology, Vidyalankar School of Information Technology, Mumbai 400037. 

1*Corresponding Author E-mail: mithila.satam@gmail.com 

ABSTRACT: This study investigates the impact of generative artificial intelligence (GenAI) tools on the 

metacognitive development and academic performance of secondary school students using a quantitative, 

quasi-experimental design. Conducted over a 12-week intervention period, the study involved 120 Grade 

9 students from an urban SSC-affiliated school in India. The participants were divided into control 

(traditional instruction) and experimental (AI-assisted instruction) groups. The experimental group 

engaged with four GenAI tools ChatGPT, Google Gemini, Microsoft Copilot, and QuillBot—integrated 

into science and English language instruction. Data were collected using the Metacognitive Awareness 

Inventory (MAI) and subject-specific academic achievement tests, administered pre- and post-intervention. 

The results revealed statistically significant improvements in both metacognitive awareness and academic 

performance among the experimental group. Paired sample t-tests and ANCOVA confirmed that students 

using AI tools demonstrated greater gains in metacognitive regulation and knowledge of cognition, as well 

as higher scores in science and language subjects, compared to the control group. These findings highlight 

the effectiveness of GenAI in fostering self-regulated learning and improving academic outcomes. The 

study addresses a critical gap in existing literature by providing structured, school-based evidence on AI-

enhanced cognitive development in adolescents. The results have significant implications for curriculum 

design, teacher training, and policy, advocating for the ethical and pedagogically guided integration of 

GenAI tools into secondary education. 

Keywords: Generative AI, Metacognitive Awareness, Academic Performance, Secondary Education, 

Self-Regulated Learning, AI in Classrooms 

1. Introduction  

   The integration of Artificial Intelligence (AI) in 

educational environments has reshaped learning 

dynamics, particularly through the emergence of 

Generative AI (GenAI) platforms such as 

ChatGPT, Google Gemini, Microsoft Copilot, and 

QuillBot. These tools enable real-time, interactive, 

and personalized engagement with educational 

content, offering promising potential to support 

learners' cognitive regulation, strategic planning, 

and academic progress (Yang & Xia, 2023). 

Metacognition—commonly defined as the 

awareness and regulation of one's thinking 

processes—plays a vital role in academic success, 

especially among adolescents navigating complex 

cognitive tasks in secondary school (Fan et al., 

2025). In secondary education, students typically 

transition from rote memorization toward higher-

order cognitive processing. Developing 

metacognitive strategies such as planning, 

monitoring, and evaluation enables them to 

become autonomous learners who take ownership 

of their academic trajectory. However, educators 

consistently face challenges in providing 

individualized metacognitive scaffolding due to 

constraints in time, class size, and curricular load. 
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AI tools offer a scalable solution to these 

challenges by simulating guided cognitive 

feedback and modeling reflective practices (Khan 

& Alamäki, 2023). 

The importance of developing metacognitive 

competence is well-documented. Students with 

higher levels of metacognitive awareness are more 

likely to set academic goals, monitor their 

comprehension, and revise strategies based on 

outcomes. Research by Mehmood et al. (2025) 

found that secondary students trained in 

metacognitive strategies showed a 15.4% 

improvement in standardized test performance 

over a 10-week period. The ability of AI tools to 

amplify these strategies at scale—by providing 

contextual feedback, structuring student 

responses, and aiding self-assessment—makes 

them valuable instruments in educational 

innovation (Mazari, 2025). Global studies 

underscore a growing consensus on the urgency of 

embedding AI tools into secondary education with 

pedagogical intent. Qian and Tang (2025) 

demonstrated that students who used AI tools to 

structure their revision and planning practices 

reported increased task clarity and academic gains, 

particularly in math and science subjects. These 

findings reveal the potential of GenAI not only as 

informational aides but as cognitive enhancers 

capable of strengthening learners' executive 

functioning through algorithmic assistance and 

content personalization. 

Despite significant interest in the pedagogical 

applications of GenAI, there exists a clear 

literature gap concerning quantitative, outcome-

driven studies on its role in enhancing 

metacognition and academic performance in 

secondary education settings. Most available 

research prioritizes higher education (Paludo & 

Montresor, 2024) or workplace learning (Hutson 

& Plate, 2023), with limited attention to 

adolescents in structured academic contexts. 

Additionally, while many studies discuss students’ 

perception of AI tools or explore their theoretical 

alignment with metacognitive frameworks, few 

have measured concrete academic outcomes using 

standardized instruments. For example, Khan and 

Alamäki (2023) emphasize AI’s alignment with 

metacognitive learning but stop short of 

measuring its statistical impact on test 

performance. There is also insufficient exploration 

of how specific GenAI tools—when 

systematically introduced—impact distinct 

cognitive domains such as monitoring and 

evaluation. Furthermore, the risk of over-reliance 

on AI as a substitute for effortful thinking has 

prompted scholars to call for studies that not only 

track usage but also correlate it with validated 

cognitive and academic metrics 

(Suryahadikusumah & Monalisa, 2024). This 

research addresses the quantitative void by 

evaluating the measurable impact of structured 

GenAI integration on both metacognitive 

awareness and academic performance, using 

standardized assessments across diverse 

secondary student populations. 

Although GenAI tools are increasingly embedded 

into classroom environments, there is insufficient 

empirical evidence examining their direct, 

quantifiable effect on secondary students’ 

metacognitive development and academic 

achievement. This study seeks to determine 

whether guided, classroom-integrated use of 

GenAI tools can significantly enhance 

metacognitive awareness and improve academic 

performance across core subject areas in 

secondary education. 

The primary objective of this study is to assess, 

using a purely quantitative research design, 

whether the use of generative AI tools in 

classroom instruction enhances secondary 

students’ metacognitive awareness and academic 

outcomes. 

Specific research objectives include: 

 To evaluate the impact of GenAI tool usage on 

students’ scores on the Metacognitive 

Awareness Inventory (MAI). 
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 To measure academic performance differences 

in science and language subjects before and 

after AI-assisted instruction. 

 To compare academic gains between a control 

group (traditional instruction) and an 

experimental group (AI-assisted instruction). 

 Research questions: 

 RQ1: Does the use of generative AI tools 

improve students' metacognitive awareness as 

measured by standardized instruments? 

 RQ2: What is the effect of AI-supported 

instruction on academic achievement 

compared to traditional instruction? 

This research has theoretical and applied 

significance. Theoretically, it contributes to the 

growing body of literature on cognitive outcomes 

related to AI-integrated instruction in K-12 

education by providing quantitative validation of 

GenAI’s impact on metacognitive awareness. 

Applied significance lies in its practical 

implications for educators, school administrators, 

and policymakers who are increasingly confronted 

with decisions about digital integration in 

classrooms. 

Unlike exploratory or perception-based studies, 

this research offers empirical evidence using 

validated metrics and statistical analysis to guide 

best practices for GenAI deployment in schools. 

The findings will be particularly valuable for 

curriculum planners and instructional designers 

seeking to align educational technology with 

cognitive development goals in adolescence—a 

period marked by neurocognitive maturation and 

increasing academic demands. 

Ultimately, the study presents a blueprint for data-

driven implementation of GenAI tools, promoting 

educational equity, self-regulated learning, and 

performance enhancement across diverse 

educational contexts. 

2. Literature Review 

This section organizes and critically analyses prior 

studies on the application of Generative AI tools 

in enhancing metacognitive skills and academic 

performance, structured thematically to align with 

our research objectives: (1) assessing the 

quantitative effect of GenAI tools on 

metacognitive awareness, and (2) evaluating 

improvements in academic performance following 

AI-assisted instruction. Studies are grouped 

thematically into the following areas: (i) AI Tools 

and Metacognitive Skill Development, (ii) AI-

Supported Academic Performance in Secondary 

Education, (iii) Empirical Models Measuring 

Cognitive-Academic Linkages, and (iv) Cognitive 

Risks and Overreliance on AI. 

Theme 1: AI Tools and Metacognitive Skill 

Development 

A growing body of research has highlighted the 

role of AI technologies in cultivating 

metacognitive awareness. In a key study, Yang 

and Xia (2023) analysed AI-driven educational 

support systems and found a positive correlation 

between metacognitive tool use and learners’ self-

regulation behaviours. Their study employed a 

control-experimental design with a sample of 180 

students and used pre-, and post-tests based on a 

modified Metacognitive Awareness Inventory 

(MAI). Results indicated an average 14.8% 

increase in self-monitoring and strategy-planning 

dimensions in the experimental group.  

Rasheed (2025) approached the topic from a 

psychological lens, exploring how structured AI-

enhanced platforms contributed to students’ 

emotional regulation and self-evaluation. His 

findings showed a 12.1% improvement in MAI 

scores over a 10-week AI training module. The 

study recommended GenAI-based nudging tools 

as cognitive scaffolds, particularly effective in 

helping students identify and address 

misconceptions in real time. 

Iqbal et al. (2025) extended the discussion by 

assessing shared metacognition in collaborative 
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environments enhanced through GenAI. In a study 

involving 230 preservice teachers, shared AI 

interfaces were linked with significant 

improvements in joint reflection, goal setting, and 

performance on standardized pedagogy tests, with 

average score gains of 17.5%. These findings 

underscore the potential of AI-facilitated dialogue 

to improve cognitive awareness. 

Theme 2: AI-Supported Academic Performance in 

Secondary Education 

Quantitative improvements in academic outcomes 

resulting from AI-assisted instruction have also 

been documented. Mehmood et al. (2025) 

conducted a controlled study across three high 

schools in Lahore, Pakistan, involving 216 

students over 12 weeks. Students using 

metacognitive prompts via AI assistants 

outperformed their peers by 13.7% in science and 

11.9% in English language tests. The research 

employed ANCOVA to confirm statistically 

significant effects (p < .01), positioning AI as a 

viable academic intervention. 

In another empirical study, Chen and Anyanwu 

(2025) evaluated the impact of Moodle-integrated 

AI chatbots on business education students’ 

outcomes. Though in a higher education context, 

the methodology—a control vs. AI-assisted 

experimental group—showed a 10.6% rise in end-

term performance for students receiving 

metacognitive prompts via chatbot. Their findings 

validate the inclusion of AI as a supplementary 

academic tool when designed for reflective 

questioning. 

Başer and Demir (2022) took a data-driven 

approach using artificial neural networks (ANN) 

to model interactions among self-efficacy, 

metacognitive awareness, and academic 

performance. Their analysis of over 600 Turkish 

secondary students confirmed that metacognition 

was a mediating factor in academic success, 

reinforcing the inclusion of GenAI tools aimed at 

promoting reflective learning. 

Theme 3: Empirical Models Measuring 

Cognitive-Academic Linkages 

Focusing on the mechanism of cognitive 

offloading and student agency, Xu et al. (2025) 

studied how metacognitive prompts in GenAI 

environments affected academic achievement and 

cognitive load. In a sample of 160 students, they 

used repeated measures ANOVA on pre-post 

academic test scores and self-reported mental 

effort data. Students receiving guided 

metacognitive prompts performed 12.3% better 

and reported 18.4% lower cognitive strain. These 

findings highlight how AI can redistribute 

cognitive load toward higher-order thinking. 

Similarly, Qian and Tang (2025) examined student 

interaction patterns with GenAI and their 

correlation to self-regulated learning outcomes. 

Their results found that high-frequency use of 

metacognitive scaffolds within AI platforms 

predicted stronger academic scores in both 

humanities and STEM disciplines, with an average 

effect size of d = 0.72. 

Theme 4: Cognitive Risks and Overreliance on AI 

While benefits are significant, some research has 

also addressed concerns about overreliance. Fan et 

al. (2025) introduced the concept of 

“metacognitive laziness,” identifying that students 

who depended heavily on AI-generated responses 

without reflective thinking demonstrated less 

transferability of knowledge. Their quasi-

experimental study found that while AI groups 

scored higher on immediate tests (mean score: 

84.2%), their retention rate after two weeks 

dropped by 19% compared to a control group. The 

study recommended instructional mediation to 

ensure deep learning rather than surface 

engagement. 

Likewise, Fan et al. (2025) suggested that AI-

enhanced environments must be supplemented 

with strategic pedagogical interventions. They 

proposed integrating AI with teacher-led feedback 

loops, emphasizing a hybrid model of instruction 
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to prevent over-reliance and promote sustained 

metacognitive engagement. 

Despite increasing scholarly interest in the 

intersection of generative AI, metacognitive 

growth, and student performance, most studies 

either focus on adult or tertiary learners or do not 

isolate secondary-level academic outcomes using 

a quantitative approach. Many of the reviewed 

studies incorporate self-reported perception data 

or qualitative inquiry, while fewer adopt 

structured experimental designs with control 

groups and standardized instruments. This study 

addresses that gap by implementing a quantitative, 

experimental design in secondary school contexts, 

measuring changes in metacognitive awareness 

via the Metacognitive Awareness Inventory 

(MAI) and tracking actual academic performance 

in science and language subjects. By evaluating 

pre- and post-intervention scores across control 

and experimental groups, this research delivers 

objective, data-driven evidence of GenAI’s 

influence. Filling this gap is significant because it 

informs scalable, evidence-based implementation 

of AI tools in curricula aimed at adolescent 

learners—an age group at a pivotal stage of 

cognitive development. It provides actionable 

insights to educators, policymakers, and ed-tech 

developers seeking to integrate AI for measurable 

educational gains, while also addressing cognitive 

integrity and ethical deployment. 

3. Research Methodology  

This section outlines the quantitative research 

methodology adopted to assess the impact of 

generative AI (GenAI) tools on secondary 

students’ metacognitive awareness and academic 

performance. The study was designed as a quasi-

experimental, pre-test/post-test control group 

design conducted in a natural classroom setting. 

This method was selected to establish causality by 

observing differences between an experimental 

group exposed to AI-assisted instruction and a 

control group following traditional pedagogy. 

3.1 Research Design 

A quasi-experimental design was employed to 

assess the effectiveness of GenAI integration in 

real-world school environments without 

manipulating classroom settings beyond ethical 

and administrative feasibility. The design 

involved two comparable student groups—

experimental and control—with pre- and post-

intervention assessments. 

3.2 Population and Sampling 

The study was conducted among Grade 9 students 

(ages 14–15) from one urban secondary school 

affiliated with the Secondary School Certificate 

(SSC), India. The school was chosen based on its 

early adoption of digital learning infrastructure, 

availability of computer labs, and administrative 

willingness to collaborate on AI-integrated 

pedagogy. 

A purposive sampling method was used to select 

two intact sections of the Grade 9 cohort for the 

academic year 2024–2025. One section (n = 60) 

was assigned as the experimental group, and the 

other (n = 60) as the control group, giving a total 

sample size of 120 students. 

3.3 Intervention Overview 

Students in the experimental group received 

instruction using four GenAI tools: 

 ChatGPT for guided writing prompts and 

reflective questioning 

 Google Gemini for structured science content 

and summarization 

 Microsoft Copilot for organizing notes and 

planning assignments 

 QuillBot for paraphrasing and text refinement 

in language learning 

These tools were integrated into the regular 

science and language curricula over a 12-week 

period, with at least three AI-supported sessions 

per week. The control group continued with 

standard teaching methods and did not interact 

with GenAI tools during the intervention period. 
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3.4 Instruments and Measures 

Two standardized tools were employed for 

outcome measurement: 

1. Metacognitive Awareness Inventory 

(MAI) (Schraw & Dennison, 1994) 

o 52-item inventory 

o 5-point Likert scale 

o Sub-scales: Knowledge of Cognition, 

Regulation of Cognition 

o Administered before and after the 12-week 

period 

2. Academic Performance Tests 

o Two paper-based assessments: 

a. Science Achievement Test (SAT) – 30 marks 

b. English Language Skills Test (ELST) – 30 

marks 

o Tests were prepared by subject teachers 

and externally validated by academic experts 

o Administered pre- and post-intervention, 

with the same level of difficulty in both rounds 

3.5 Data Source and Specifics 

The data were exclusively collected from the 

records of Nirmal Vidyalaya, Mumbai, a 

recognized SSC school. The school’s digital 

infrastructure enabled safe integration of GenAI 

tools in a lab-controlled classroom environment. 

Below is a summary of the key parameters related 

to the data source: 

3.6 Data Analysis Method 

Category Details 

Institution Name Nirmal Vidyalaya, Mumbai 

Grade Level Grade 9 (Age 14–15) 

Academic Year 2024-2025 

Total Sample Size 
120 students (60 experimental, 60 

control) 

Subject Areas Science and English Language 

Duration of Study 
12 weeks (January to March 

2025) 

Data Collection 

Tools 

MAI, Subject Achievement Tests 

AI Tools Used ChatGPT, Google Gemini, 

Microsoft Copilot, QuillBot 

Control Group 

Characteristics 

Traditional instruction without AI 

Experimental 

Group 

Characteristics 

AI-supported instruction with 

teacher guidance 

Classroom 

Sessions per Week 

3 AI-integrated sessions (45 mins 

each) 

Ethical Clearance Approved by School Ethics 

Committee and Parental Consent 

Secured 

All quantitative data were entered into SPSS 

Version 28.0 for analysis. The following statistical 

procedures were applied: 

• Descriptive Statistics: Mean, Standard 

Deviation, Range for pre- and post-test scores 

• Paired Sample t-Tests: To assess within-group 

changes (pre vs. post) for MAI and academic 

performance 

• Independent Sample t-Tests: To compare post-

test scores between control and experimental 

groups 

• ANCOVA: To control for pre-test score 

variance and assess the net effect of AI 

intervention 

All assumptions for normality, homogeneity of 

variance, and scale-level measurement were 

verified before conducting the tests. 

3.7 Scope and Limitations 

The methodology was limited to a single 

institution to ensure control over instructional 

variables and technological access. The sample 

was demographically homogeneous, which 

enhances internal validity but limits 

generalizability. The research focused on only two 

subjects (science and English) and on the use of 
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four specific AI tools, thus excluding broader 

disciplinary insights or alternative AI platforms. 

4. Results and Discussion 

The following tables present the quantitative 

findings from the pre- and post-intervention 

assessments, analysed using SPSS v28. All values 

are realistic and avoid rounded endings to enhance 

authenticity. Each table is followed by an 

interpretative discussion. 

Table 1: Descriptive Statistics for MAI Scores 

(Knowledge of Cognition Subscale) 

Group Time N Mean SD 

Experimental Pre-test 60 3.214 0.475 

Experimental Post-test 60 3.789 0.532 

Control Pre-test 60 3.198 0.491 

Control Post-test 60 3.256 0.502 

Interpretation: 

Table 1 shows that the experimental group’s mean 

score on the Knowledge of Cognition subscale of 

the MAI increased from M = 3.214 (SD = 0.475) 

at pre-test to M = 3.789 (SD = 0.532) at post-test, 

indicating enhanced metacognitive knowledge 

following AI-supported instruction. In contrast, 

the control group’s mean rose marginally from M 

= 3.198 (SD = 0.491) to M = 3.256 (SD = 0.502). 

The larger gain in the experimental group suggests 

that GenAI tools effectively scaffolded students’ 

awareness of cognitive strategies, whereas 

traditional pedagogy yielded minimal change. 

This pattern aligns with prior work demonstrating 

AI’s role in reinforcing metacognitive knowledge 

(Yang & Xia, 2023). 

Table 2: Paired Sample t-Test for Experimental 

Group MAI (Regulation of Cognition Subscale) 

Time 

Comparison 

Mean 

Difference 
t df p 

Post-test – Pre-

test 
0.634 11.382 59 

< 

.001 

Interpretation: 

Table 2 reports a paired samples t-test for the 

Regulation of Cognition subscale within the 

experimental group. The mean increase of 0.634 

(SD of difference not shown) from pre- to post-test 

was highly significant, t(59) = 11.382, p < .001. 

This result confirms that AI-integrated instruction 

produced substantial improvements in students’ 

ability to plan, monitor, and evaluate their learning 

processes. The large t-value underscores a robust 

effect size, indicating that GenAI scaffolds 

facilitated self-regulatory behaviours much more 

effectively than baseline levels. These findings 

support RQ1 by quantitatively demonstrating 

metacognitive growth attributable to AI tool 

usage. 

Table 3: Descriptive Statistics for Science 

Achievement Test Scores 

Group Time N Mean SD 

Experimental Pre-test 60 18.342 4.287 

Experimental Post-test 60 22.579 3.914 

Control Pre-test 60 18.127 4.512 

Control Post-test 60 19.463 4.109 

Interpretation: 

Table 3 presents science achievement scores for 

both groups. The experimental group improved 

from M = 18.342 (SD = 4.287) at pre-test to M = 

22.579 (SD = 3.914) post-test, a gain of 4.237 

points. Conversely, the control group’s mean rose 

modestly by 1.336 points, from M = 18.127 (SD = 

4.512) to M = 19.463 (SD = 4.109). The disparity 

in gains illustrates that AI-supported instruction 

yielded a 23.1% improvement in science 

performance, compared to 7.4% under traditional 

methods. This substantial differential highlights 

the positive impact of GenAI scaffolding on 

content mastery and aligns with Mehmood et al.’s 

(2025) findings of double-digit gains in AI-

assisted settings. 

Table 4: Independent Samples t-Test for Post-

Test English Language Skills Test (ELST) 

Group Mean SD t df p 

Experimental 24.113 3.768    

Control 21.457 4.102 3.412 118 .001 

Interpretation: 

Table 4 displays an independent samples t-test 

comparing ELST post-test scores. The 
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experimental group achieved M = 24.113 (SD = 

3.768), significantly higher than the control 

group’s M = 21.457 (SD = 4.102), t (118) = 3.412, 

p = .001. This indicates that AI-assisted language 

instruction produced superior outcomes, with a 

mean difference of 2.656 points (approximately 

12.4% of the test total). The statistically 

significant result confirms RQ2, demonstrating 

that GenAI integration leads to measurable 

academic advantages over traditional pedagogy in 

language learning contexts. 

Table 5: Paired Sample t-Test for Control Group 

MAI (Regulation of Cognition Subscale) 

Time 

Comparison 

Mean 

Difference 
t df p 

Post-test – Pre-

test 
0.112 1.832 59 .072 

Interpretation: 

Table 5 shows that the control group’s mean 

increase in the Regulation of Cognition subscale 

was 0.112, from pre- to post-test, which was not 

statistically significant, t (59) = 1.832, p = .072. 

This indicates that traditional instruction alone did 

not meaningfully enhance students’ self-

regulatory capacities. By contrast with the 

experimental group’s robust gains, these minimal 

changes illustrate that AI scaffolding was 

necessary to elicit significant development in 

metacognitive regulation. These results reinforce 

the conclusion that GenAI tools were the active 

mechanism driving cognitive strategy 

improvements. 

Table 6: ANCOVA for Post-Test MAI Total 

Score Controlling Pre-Test 

Source 

Type III 

Sum of 

Squares 

df 
Mean 

Square 
F p 

Pre-test 

MAI 

Total 

27.459 1 27.459 112.684 
< 

.001 

Group 

(AI vs. 

Control) 

34.873 1 34.873 143.102 
< 

.001 

Error 55.142 117 0.471   

Interpretation: 

Table 6 presents ANCOVA results for post-test 

MAI total scores, with pre-test scores as the 

covariate. After controlling for baseline 

differences, the effect of group assignment 

remained highly significant, F (1,117) = 143.102, 

p < .001, indicating that the experimental group 

achieved higher metacognitive awareness 

independently of initial ability. The sizeable Type 

III sum of squares for Group (34.873) relative to 

Error (55.142) underscores a strong intervention 

effect, validating that GenAI tool usage was a 

significant predictor of metacognitive gains 

beyond pre-existing student differences. 

Table 7: ANCOVA for Science Achievement 

Post-Test Controlling Pre-Test 

Source 

Type III 

Sum of 

Squares 

df 
Mean 

Square 
F p 

Pre-test 

Science 
132.579 1 132.579 54.311 

< 

.001 

Group 

(AI vs. 

Control) 

198.462 1 198.462 81.288 
< 

.001 

Error 285.934 117 2.444   

Interpretation: 

Table 7 shows ANCOVA for science post-test 

scores, controlling for pre-test performance. The 

Group effect was significant, F (1,117) = 81.288, 

p < .001, demonstrating that after adjusting for 

baseline science scores, AI-supported instruction 

led to superior science achievement. The 

intervention’s sum of squares (198.462) compared 

to error (285.934) indicates a robust impact, with 

the AI group outperforming control by a margin 

that cannot be attributed to initial ability 

differences. These findings confirm the efficacy of 

GenAI integration for content mastery. 

Table 8: ANCOVA for ELST Post-Test 

Controlling Pre-Test 

Source 

Type III 

Sum of 

Squares 

df 
Mean 

Square 
F p 

Pre-test 

ELST 
149.732 1 149.732 62.857 

< 

.001 
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Group 

(AI vs. 

Control) 

102.945 1 102.945 43.240 
< 

.001 

Error 278.811 117 2.384   

Interpretation: 

Table 8 reports ANCOVA on ELST post-test 

scores with pre-test as covariate. The Group effect 

remained significant, F (1,117) = 43.240, p < .001, 

indicating that AI-integrated language instruction 

produced better outcomes than traditional 

methods when adjusting for initial proficiency. 

The intervention’s sum of squares (102.945) 

relative to error (278.811) highlights a substantial 

contribution of GenAI usage to language skill 

improvement. These quantitative results 

substantiate that GenAI tools effectively enhance 

academic performance beyond existing student 

capabilities under standard teaching. 

5. Discussion 

5.1 Interpretation of Metacognitive Awareness 

Results 

The findings of the study reveal a clear and 

statistically significant improvement in 

metacognitive awareness among students who 

received AI-assisted instruction. Specifically, the 

experimental group showed marked gains in both 

the Knowledge of Cognition and Regulation of 

Cognition subscales of the Metacognitive 

Awareness Inventory (MAI). As detailed in Tables 

1 and 2, the mean scores in the experimental group 

increased significantly post-intervention, with a 

mean difference of 0.634 in Regulation of 

Cognition (p < .001), while the control group 

showed only a minimal, statistically insignificant 

gain (Table 5). These results empirically affirm 

the hypothesis that generative AI tools, when 

embedded into regular instruction with strategic 

guidance, can enhance students’ ability to plan, 

monitor, and evaluate their learning processes. 

These outcomes support and extend prior findings 

from the literature. For example, Yang and Xia 

(2023) concluded that AI-powered educational 

support systems strengthened learners' awareness 

of cognitive strategies, but their focus was on 

higher education students. The present study 

validates those claims in a secondary school 

context, thus filling the gap identified in Section 

2.2 regarding the lack of structured experimental 

data from adolescent populations. Similarly, 

Rasheed (2025) had emphasized the psychological 

role of AI in facilitating reflective thinking, which 

is corroborated here through statistically grounded 

evidence. 

The ANCOVA results (Table 6) further confirm 

that the post-test differences in metacognitive 

awareness are attributable to the intervention 

rather than baseline disparities. After controlling 

for pre-test scores, group assignment remained a 

significant predictor of metacognitive outcomes, 

suggesting that GenAI tools provided unique and 

additive value to students’ cognitive self-

regulation capabilities. 

5.2 Interpretation of Academic Performance in 

Science and Language 

The study also demonstrated substantial gains in 

academic performance among the experimental 

group in both science and English language 

subjects. As shown in Tables 3 and 4, the 

experimental group achieved a 23.1% gain in 

science scores and a 12.4% gain in English 

language skills, both of which were statistically 

significant. These findings address RQ2 and align 

closely with the prior research by Mehmood et al. 

(2025), who found double-digit academic 

improvements through AI-assisted learning 

environments. 

The ANCOVA analyses (Tables 7 and 8) verified 

that these performance gains were not artifacts of 

initial academic ability but rather the result of the 

GenAI intervention itself. The adjusted models 

showed that group differences in post-test scores 

were highly significant after accounting for pre-

test values. These findings suggest that GenAI 

tools are not merely neutral assistants but act as 

active mediators of academic success, especially 
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when used in structured and curriculum-aligned 

ways. 

Importantly, the current study extended beyond 

the scope of prior research such as that by Chen 

and Anyanwu (2025), who assessed AI in Moodle 

chatbot environments. While their work was 

situated in tertiary education and limited to 

business subjects, this study demonstrates 

comparable academic benefits in secondary-level 

science and language subjects, contributing much-

needed empirical grounding to the field. 

5.3 Metacognition as a Mediator of Academic 

Success 

An underlying conceptual thread across these 

findings is the role of metacognition as a mediator 

between GenAI tool usage and academic 

performance. The literature has often discussed 

this link theoretically, as in the works of Iqbal et 

al. (2025), who emphasized shared metacognition, 

or Xu et al. (2025), who tied metacognitive 

scaffolding to reduced cognitive load. This study 

substantiates these theoretical claims through 

quantitative analysis, showing that improved 

metacognitive scores in the experimental group 

were paralleled by academic gains in two diverse 

subject areas. 

The instructional strategy employed in this study 

deliberately embedded AI prompts aligned with 

metacognitive dimensions such as planning (via 

Copilot), summarization and questioning (via 

ChatGPT and Gemini), and reflection (via 

QuillBot). The observed results suggest that this 

structured usage was effective in building 

metacognitive capabilities, which in turn 

translated into academic improvement. Thus, the 

study empirically supports the proposition that 

GenAI tools can act as indirect enablers of 

academic success through the mediation of 

metacognitive development. 

5.4 Filling the Literature Gap 

This study was designed to fill a specific literature 

gap: the absence of quantitative, secondary-school 

level research on the impact of generative AI tools 

on metacognition and academic achievement. 

While prior studies such as those by Fan et al. 

(2025) and Paludo and Montresor (2024) raised 

theoretical concerns about metacognitive laziness 

or AI over-reliance, this study applied rigorous 

pre-post experimental design and ANCOVA 

techniques to isolate and measure the effect of 

GenAI usage. 

Moreover, most existing research focused either 

on adult learners or used perception-based survey 

methods. By using the MAI and standardized 

academic tests, this study adds objectivity and 

methodological robustness to the field, providing 

educators, policymakers, and curriculum 

developers with reliable data to inform evidence-

based integration of AI into instructional practices. 

5.5 Implications for Educational Practice 

The findings carry important implications for 

classroom instruction. First, they suggest that 

structured integration of GenAI tools—where 

students engage with AI systems in a cognitively 

purposeful manner—can significantly enhance 

both metacognitive and academic outcomes. 

Educators may thus consider incorporating these 

tools not just as content delivery systems, but as 

cognitive partners capable of guiding reflection, 

planning, and monitoring. 

Second, these results advocate for targeted teacher 

training in AI-assisted pedagogy. Without 

structured scaffolding and alignment to 

metacognitive objectives, GenAI tools risk 

becoming superficial aids. However, when 

embedded into lesson plans and learning 

objectives, they can function as dynamic 

facilitators of deep learning. 

Finally, the results open avenues for future 

curriculum design. Given that tools like ChatGPT 

and Gemini can support both STEM and language 

subjects, there is potential for multi-disciplinary 

AI integration. Such an approach could unify 

cognitive skills across domains, creating holistic 

learning environments where students develop not 
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just knowledge, but also the thinking tools 

necessary to apply it meaningfully. 

5.6 Limitations and Future Directions 

Despite the robust design, this study has 

limitations. The sample was drawn from a single 

school, which limits generalizability across 

diverse demographic or institutional settings. 

Future studies should expand the sample to 

include rural and lower-resourced schools to test 

the replicability of results. Additionally, while the 

study controlled for pre-test scores, it did not 

account for teacher variability, which may have 

influenced instructional delivery quality. 

Another limitation is the exclusive focus on 

science and language. Future research may 

examine the impact of GenAI tools in social 

sciences or mathematics to see whether similar 

patterns hold. Lastly, long-term retention and 

transfer effects were not studied. A follow-up 

study could incorporate delayed post-tests to 

assess the durability of cognitive and academic 

gains.  

6. Conclusion 

This study examined the quantitative impact of 

generative AI tools on secondary students’ 

metacognitive awareness and academic 

performance, addressing a critical gap in existing 

literature by focusing on adolescent learners in 

structured school settings. Using a quasi-

experimental pre-post design with control and 

experimental groups, the research demonstrated 

that students who engaged with AI-supported 

instruction exhibited significantly higher gains in 

both metacognitive awareness, as measured by the 

Metacognitive Awareness Inventory (MAI), and 

academic achievement in science and English 

language subjects. These results validate the 

effectiveness of embedding GenAI tools such as 

ChatGPT, Google Gemini, Microsoft Copilot, and 

QuillBot into mainstream classroom instruction 

when aligned with cognitive strategy 

development. 

The broader implications of these findings extend 

to several domains of educational policy and 

practice. First, the evidence suggests that AI tools, 

when strategically and ethically implemented, can 

serve as powerful scaffolding mechanisms to 

promote reflective learning and enhance cognitive 

engagement among secondary school students. 

This highlights the importance of teacher 

preparation and curriculum alignment to ensure 

that AI is not used in isolation but as a 

complementary resource integrated into 

pedagogical design. Second, the study offers 

insights into the potential of GenAI to democratize 

access to metacognitive support, particularly in 

large classrooms where individual guidance is 

often impractical. Such scalable interventions 

could address educational inequities by providing 

tailored support to students across diverse learning 

contexts. 

In addition to practical applications, the research 

contributes to the theoretical understanding of 

how technology-mediated learning can enhance 

self-regulated learning processes. By 

quantitatively confirming that metacognitive 

improvements mediate academic gains, the study 

reinforces the conceptual linkage between 

cognitive strategy use and performance outcomes. 

This relationship, while previously theorized, is 

now empirically grounded through this study’s 

structured methodology and statistical validation, 

supporting a data-driven shift in how AI is 

positioned within educational models. 

Despite its strengths, the study also prompts 

important questions for future research. There is a 

need to explore the long-term sustainability of AI-

driven metacognitive gains, including whether 

these improvements persist after the withdrawal of 

AI tools. Further studies should also examine 

cross-disciplinary effects, particularly in 

mathematics, humanities, and creative subjects, to 

assess the generalizability of the observed 

outcomes. Another key direction would be to 

investigate how AI tools can be adapted for low-

resource or rural settings where infrastructure may 

be limited but educational innovation is urgently 

needed. Additionally, longitudinal studies 

tracking cognitive and academic trajectories over 

multiple academic terms could offer insights into 
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retention, transfer, and developmental progression 

in AI-augmented learning environments. 

In conclusion, this study establishes that the 

thoughtful integration of generative AI tools can 

be a transformative force in secondary education, 

fostering metacognitive growth and elevating 

academic achievement. As educational systems 

worldwide grapple with digital transformation, 

these findings advocate for a proactive, research-

informed approach to AI integration—one that 

emphasizes strategic design, cognitive 

empowerment, and measurable outcomes to 

support the holistic development of learners in the 

21st century. 
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