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This study evaluates indoor air quality in university lecture halls, focusing on the impact of interior finishes on air pollutant levels. Key pollutants monitored included Particulate Matter (PM2.5 and PM10), Carbon Dioxide (CO2), Sulphur Dioxide (SO2), Nitrogen Dioxide (NO2), formaldehyde (HCHO), and total volatile organic compounds (TVOCs), with sources identified as industrial emissions and traffic. Measurements were conducted in three distinct indoor environments at an Egyptian university during July 2024. Results showed that PM2.5 and PM10 concentrations remained within the World Health Organization (WHO) guidelines, whereas CO2 levels varied notably, with Lecture Hall 1 recording 713 ppm and Lecture Hall 2 reaching 1,071 ppm, indicating inadequate ventilation in the latter. Notably, NO2 and HCHO concentrations exceeded WHO recommended limits, with Lecture Hall 1 measuring 160 μg/m3 for NO2 and formaldehyde levels ranging between 430 μg/m3 and 1,380 μg/m3 across the halls. Based on these findings, we recommend that indoor air quality assessments follow the evaluation framework outlined in this study. Furthermore, we advocate for the enhancement of educational buildings through the implementation of design codes aimed at preserving and improving indoor air quality in lecture halls. Additionally, the study underscores the importance of raising awareness among students and faculty to foster healthier educational environments.
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1 INTRODUCTION
Industrial and technological advancements have significantly contributed to environmental pollution, leading to imbalances within ecosystems. One major consequence is the decline in indoor air quality (IAQ), a global concern that negatively affects human health and comfort—particularly within educational settings. Research indicates that poor IAQ is associated with various non-specific symptoms, including coughing, headaches, eye irritation, fatigue, and exhaustion. These symptoms can impair students’ learning experiences and overall wellbeing (Mata et al., 2022; Sadrizadeh et al., 2022). Consequently, this may result in reduced academic performance, increased absenteeism, and diminished satisfaction within educational institutions (Bluyssen et al., 2018; Zhang et al., 2019).
In Egypt, the annual concentration of Particulate Matter with a diameter of 2.5 μm (PM2.5) is approximately 70 μg/m3, both indoors and outdoors environments—over seven times higher than the limit recommended by the World Health Organization (WHO) (Larsen, 2019). This alarming figure highlights the urgent need to address IAQ, particularly in learning environments where students spend extended periods indoors.
This study aims to examine the relationship between IAQ and environmental factors in Egyptian universities, with a focus on aligning with sustainability and public health goals. By developing a comprehensive methodology to improve indoor air quality in educational spaces, this research seeks to enhance both student health and the overall quality of education.
1.1 The research problem
The research problem stems from the ongoing deterioration of IAQ within university educational facilities in Egypt, which raises significant concerns regarding environmental pollution and its detrimental effects on public health.
According to the WHO, indoor air pollution represents one of the most critical health risks worldwide, contributing to approximately seven million deaths annually due to exposure to fine particulate matter (WHO, 2018). Multiple studies have revealed that indoor pollutant concentrations can be two to five times higher than outdoor levels—and sometimes up to 100 times higher. Given that individuals spend nearly 90% of their time indoors, IAQ profoundly influences overall health outcomes. Despite this, there is a noticeable scarcity of localized research addressing current IAQ conditions in Egyptian higher education institutions, limiting the contextual understanding for both national and international audiences (Mannan and Al-Ghamdi, 2021).
Assessing IAQ in university lecture halls is particularly important, as students and faculty typically spend four to 8 hours per day in these environments (Goyal and Khare, 2009); where optimal air quality is essential for maintaining concentration and cognitive performance (Singh et al., 2019). Existing literature emphasizes the strong correlation between IAQ exposure and adverse health outcomes, underscoring the critical need to expand local investigations and enrich the current literature to address this pressing issue effectively.
1.2 Objective of the study
The study aims to assess indoor air quality (IAQ) in university settings by monitoring and identifying pollutant types and concentrations. Specifically, it seeks to determine pollution levels in three lecture halls through systematic measurement and analytical evaluation. Based on the findings, a coding framework is developed to classify air quality levels, which can be integrated into design strategies for lecture halls. These classifications are framed within applicable indoor air quality standards to guide the implementation of effective environmental controls in lecture hall design.
1.3 The primary air pollutants
The major primary air pollutants examined in this study include particulate matter PM2.5 and PM10, carbon dioxide (CO2), nitrogen Dioxide (NO2), sulphur dioxide (SO2) and total Volatile organic compounds (TVOCs) (Gul and Das, 2023), Table 1 presents both global and local indoor air quality guidelines (Fikry and Elsayed, 2021; EEAA, 2023).
TABLE 1 | Global and Local Standards for Indoor Air Quality based on WHO, EPA, and EEAA guidelines. (Source: authors).	Parameter measures	Egyptian environmental affairs agency (EEAA)	Environmental protection agency (EPA)	American society of heating and refrigeration engineers	World health organization (WHO)
	Particulate Matter (PM2.5)	60 µg/m3 (24h)	35 µg/m3 (24h)
15 µg/m3 (year)	—	25 µg/m3 (24h)
10 µg/m3 (year)
	Particulate Matter (PM10)	90 µg/m3 (24h)	150 µg/m3 (24h)	—	50 µg/m3 (24h)
	Nitrogen Dioxide (NO2)	150 µg/m3	53 PPB (year)	—	200 µg/m3 (1h)
40 µg/m3 (year)
(2010)
	Sulphur Dioxide (SO2)	150 µg/m3	140 PPB (24h)
75 PPB (1h)	—	20 µg/m3 (24h)
500 µg/m3 (10 min)
(2006)
	Carbon Dioxide
CO2	5000 PPM	—	1000 PPM (8h)	920 PPM (24h)
	Formaldehyde (HCHO)	100 µg/m3	—	0.1 PPM	100 µg/m3
	Total Volatile Organic Compounds (TVOCs)	500 µg/m3 (3h)	—	—	300 µg/m3 (3h)
	Humidity	—	—	30%–65%	—
	Temperature	—	—	20:26	—


1.4 The indoor air quality index (IAQI)
The Indoor Air Quality Index (IAQI) is used internationally to facilitate public understanding of air quality conditions. It is based on guidelines from organizations such as the World Health Organization (WHO) and the U.S. Environmental Protection Agency (EPA) and represents pollution levels using a color-coded scale (e.g., green for clean air, red for hazardous conditions). The IAQI assigns numerical values from 0 to 500, with lower values indicating better air quality. To enhance interpretability, this study integrates percentage-based classification schemes that reflect the relative concentration of each pollutant, helping to contextualize IAQ more effectively. Table 2 outlines the parameters and thresholds associated with the IAQI system (Saad et al., 2017).
TABLE 2 | Parameters and thresholds of the Indoor Air Quality Index (IAQI) used to categorize pollutants (Saad et al., 2017).	Pollutant	Unit	Indoor air quality	Percentage range	Measurement range
	Particulate Matter (PM2.5)	μg/m³	Good	100%-81%	0–25
	μg/m³	Moderate	80%-61%	26–35
	μg/m³	Unhealthy for allergic people	60%-41%	36–55
	μg/m³	Unhealthy	40%-21%	56–150
	μg/m³	Very unhealthy	20%-0%	Above 150
	Particulate Matter (PM10)	μg/m³	Good	100%-81%	0–50
	μg/m³	Moderate	80%-61%	50–90
	μg/m³	Unhealthy for allergic people	60%-41%	90–200
	μg/m³	Unhealthy	40%-21%	200–500
	μg/m³	Very unhealthy	20%-0%	Above 500
	Carbon Dioxide (CO₂)	ppm	Good	100%-76%	0–920
	ppm	Moderate	75%-51%	920–1000
	ppm	Unhealthy for allergic people	50%-26%	1000–5000
	ppm	Unhealthy	25%-0%	Above 5000
	Nitrogen Dioxide (NO₂)	μg/m³	Good	100%-81%	0–40
	μg/m³	Moderate	80%-61%	40–100
	μg/m³	Unhealthy for allergic people	60%-41%	100–200
	μg/m³	Unhealthy	40%-21%	200–400
	μg/m³	Very unhealthy	20%-0%	Above 400
	Sulfur Dioxide (SO₂)	μg/m³	Good	100%-81%	0–20
	μg/m³	Moderate	80%-61%	20–40
	μg/m³	Unhealthy for allergic people	60%-41%	40–100
	μg/m³	Unhealthy	40%-21%	100–200
	μg/m³	Very unhealthy	20%-0%	Above 200
	Formaldehyde (HCHO)	μg/m³	Good	100%-81%	0–100
	μg/m³	Moderate	80%-61%	100–350
	μg/m³	Unhealthy for allergic people	60%-41%	350–620
	μg/m³	Unhealthy	40%-21%	620–1230
	μg/m³	Very unhealthy	20%-0%	Above 1230
	Total Volatile Organic Compounds (TVOCs)	μg/m³	Good	100%-81%	0–300
	μg/m³	Moderate	80%-61%	300–500
	μg/m³	Unhealthy for allergic people	60%-41%	500–700
	μg/m³	Unhealthy	40%-21%	700–800
	μg/m³	Very unhealthy	20%-0%	Above 800


2 METHODOLOGY
2.1 Materials and methods
The case study building was selected on the campus of Al-Ahram Canadian University (ACU), located in the sixth of October City’s industrial zone in Egypt. The measures were conducted in July 2024 - one of the hottest and most polluted months of the year (Ali and Ibrahim, 2023). This period also coincides with the presence of students attending summer courses. To eliminate confounding effects from human activity, such as body emissions or clothing, the study focused exclusively on environmental parameters. Indoor temperatures, regulated by central air conditioning systems, ranged between 22°C and 25°C. Figure 1 illustrates the layout of the university and the case study buildings. The surrounding area experiences elevated pollution due to proximity to factories and heavy traffic, which may adversely impact students' health.
[image: ]FIGURE 1 | Layout of Al-Ahram Canadian University, Egypt, showing the case study buildings (Buildings 1 and 3). (Source: Authors).This study focused on three distinct lecture halls within the university, each characterized by different interior finishes and architectural features. These halls collectively serve approximately 10,000 students and staff daily. Both objective (instrumental) and subjective (environmental) measurement methods were applied during the summer season, where ambient temperatures averaged 37°C, contributing to increased atmospheric pollutant levels. Figure 2 provides layout plans and interior photographs of the lecture halls.
[image: ]FIGURE 2 | Floor plans and photographs of the selected lecture halls used in the case study. (Source: Authors). (a) Photogaraph of Lecture Hall 3 SCALE 150. (b) Plan of Lecture Hall 3 (Building 1). (c) Photogaraph of Lecture Hall 1. (d) Plan of Lecture Hall 1 (Building 3). (e) Photogaraph of Lecture Hall 2. (f) Plan of Lecture Hall 2 (Building 3).2.1.1 Lecture hall descriptions
	• Building 1, covering a total area of 3,400 m2 over four identical floors, includes Lecture Hall 3, used as the third study sample. Lecture Hall 3 which accommodates 80 students, spans 98 m2, and has a volume of 281 m3. The finishes include granite tile flooring, painted and porcelain walls, gypsum tile ceilings (60 × 60 cm), three aluminum windows on the western side, wooden doors with varnish, and benches made of plywood layers supported by an iron structure (Figure 2a).
	• Building 3, with a basement and four similar floors, covers a total area of 1,500 m2. It houses Lecture Halls 1 and 2, used as the first and second study samples, respectively. Each accommodates 120 students, with an area of 135 m2 and a volume of 405 m3. The finishes include varnished parquet flooring, MDF wood cladding on the walls, gypsum ceilings (60 × 60 cm), and plywood benches supported by iron frames. Lecture Hall 1 includes windows, while Lecture Hall 2 does not, which influences ventilation patterns (Figure 2b).

2.2 Methodological considerations and limitations
In this study, several potential confounding factors were deliberately minimized to maintain measurement consistency and focus on the impact of interior finishes on indoor air quality (IAQ). These factors include.
2.2.1 Occupancy variations
Human presence and activities can significantly influence IAQ, particularly CO2 and TVOC levels, due to respiration, movement, clothing and the use of personal items (Niza et al., 2024). To control for this, measurements were conducted during periods of minimal or stable occupancy. This strategy was intentionally adopted to evaluate the space under controlled conditions prior to student use, isolating the influence of interior finishes on pollutant levels. To identify design-related sources and mitigation strategies before the halls are used by students. While this approach may not fully reflect real-life conditions during peak academic hours, it aligns with the study’s objective of preparing the environment for optimal student use.
2.2.2 HVAC cycles
Heating, ventilation, and air conditioning (HVAC) systems play a crucial role in regulating indoor pollutant levels. Fluctuations caused by HVAC cycling (e.g., on/off patterns or inconsistent temperature settings) may introduce variability in air quality (Bluyssen et al., 2018; Sadrizadeh et al., 2022). Although HVAC settings were kept constant during data collection, this does not replicate actual lecture hall conditions where usage varies throughout the day.
2.2.3 Outdoor environmental influences and weather conditions
Given the university’s proximity to industrial zones and major traffic routes, outdoor pollutants and weather conditions (e.g., temperature, humidity, wind) can infiltrate indoor spaces and influence IAQ (Mata et al., 2022). Measurements were taken during July to reduce variability; however, this approach limits the representation of seasonal and daily environmental changes.
2.2.4 Justification for control or exclusion
These factors were controlled or excluded to isolate the effects of interior finishes and reduce measurement variability. While this strengthens internal validity, it also limits the generalizability of the findings to real-world scenarios where such variables are dynamic and often interact.
2.3 Instruments and methods
Measurements of CO2, SO2, NO2, and particulate matter were collected using the Aeroqual Series 500 device, while formaldehyde and TVOCs were assessed using the certified JSM Air Quality Detector, approved and calibrated according to Egyptian Environmental Affairs Agency (EEAA) standards. Table 3 presents detailed instrumentation specifications.
TABLE 3 | Technical specifications of devices used to measure indoor air pollutants (Source: authors).	Device name	Parameter	Range	Minimum
detection limit	Accuracy
	Aerqual Series 500 S.N:5002	Carbon dioxide (CO2)	0–2000 (ppm)	10 (ppm)	<±10 (ppm) +5%
	Nitrogen dioxide (NO2)	0–25 (ppm)	0.005 (ppm)	<±0.02 PPM 0–0.2 (ppm)
<±10%0.2–1 (ppm)
	Sulfur dioxide (SO2)	0–10 (ppm)	0.04 (ppm)	<±0.05 ppm 0–0.5 (ppm)
<± 10% 0.5–10 (ppm)
	Particulate Matter
PM10&PM2.5	0–30 (µg/m3)	0.10 (µg/m3)	<± 8% of reading7
	Air Quality Detector –JSM	Total Volatile Organic Compounds &
Formaldehyde (TVOCs &HCHO)	≤0.6 (µg/m3)	0.10 (µg/m3)	<±0.02 (ppm)
+10%


Field data were collected at fixed points in each lecture hall, specifically 1.2 m above the floor and 1 m away from walls or windows, to ensure consistent sampling. These measurements were compared to IAQ thresholds outlined by the WHO and the EEAA to evaluate air quality compliance.
2.4 Data analysis
Data analysis involved graphical interpretation and systematic modeling to evaluate the relationship between environmental conditions and pollutant levels. The study assessed how differences in building materials and finishes-especially post-maintenance-affected IAQ. Lecture Halls 1 (with windows), 2 (without windows), and 3 were compared to identify specific factors influencing pollutant concentrations.
The findings helped formulate practical recommendations for improving IAQ in university buildings, as well as a broader methodological framework for sustainable design and ventilation planning. Table 4 summarizes the average pollutant concentrations measured across the three lecture halls.
TABLE 4 | One-way ANOVA results comparing pollutant concentrations across lecture halls, including F-values and significance (p). (Source: authors).	Pollutant	Sum of Squares	df	Mean Square	F	Sig
	Particulate Matter (PM2.5) (µg/m3)	Between Groups	277.33	2	138.66	242.66	0.000
	Within Groups	12.00	21	0.57		
	Total	289.33	23			
	Particulate Matter (PM10) (µg/m3)	Between Groups	162.75	2	81.37	9.19	0.001
	Within Groups	185.87	21	8.85		
	Total	348.62	23			
	Carbon dioxide (CO2)
(ppm)	Between Groups	518377.00	2	259188.50	27.11	0.000
	Within Groups	200733.00	21	9558.71		
	Total	719110.00	23			
	Nitrogen dioxide (NO2)
(µg/m3)	Between Groups	22267.00	2	11133.50	5374.79	0.000
	Within Groups	43.50	21	2.07		
	Total	22310.50	23			
	Formaldehyde (HCHO) (µg/m3)	Between Groups	3703221.08	2	1851610.54	752.92	0.000
	Within Groups	51643.85	21	2459.23		
	Total	3754864.95	23			
	Total Volatile Organic Compounds (TVOCs) (µg/m3)	Between Groups	303675063.25	2	151837531.62	1107.95	0.000
	Within Groups	2877903.37	21	137043.01		
	Total	306552966.62	23			


3 RESULTS
Researchers assessed indoor air quality by recording spot measurements of PM2.5, PM10, CO2, NO2, SO2, HCHO, and TVOC concentrations in the air. The analytical plots in Figures 3a–f represent the recorded measurements for each variable across the three lecture halls, reflecting variations in finishes and environmental conditions, along with overall averages. Detailed pollutant measurements are provided in Supplementary Appendix A.
[image: ]FIGURE 3 | (a–f) Represent the comparative analysis of six key air pollutants across three different conditions and finishes of the studied (lecture halls 1, 2, 3) vs World Health Organization (WHO) Egyptian Environmental Affairs Agency (EEAA) guidelines. (The figures indicated are average values after analysis and measurements during eight hours from 8 am to 3 pm, (Source authors).To enhance the statistical rigor of the analysis, one-way ANOVA tests were performed using SPSS (version 26) to compare pollutant levels across the three lecture halls. The results, summarized in Table 4, showed statistically significant differences (p < 0.001), for all measured pollutants, confirming that pollutant concentrations vary depending on the lecture hall characteristics.
Following the ANOVA, Tukey HSD post-hoc tests were conducted to explore specific pairwise differences. The results, shown in Table 5, highlight the most significant differences in pollutant concentrations between lecture halls.
TABLE 5 | Tukey HSD post-hoc test showing significant pairwise comparisons of pollutant concentrations between lecture halls (Source: authors).	Dependent variable	(I) Sample	(J) Sample	Mean difference (I-J)	Std. Error	Sig	95% confidence interval
	Lower bound	Upper bound
	Particulate Matter PM2.5 (µg/m3)	1	2	8.00a	0.37	0.000	7.05	8.95
	3	6.00a	0.37	0.000	5.05	6.95
	2	1	−8.00a	0.37	0.000	−8.95	−7.05
	3	−2.00a	0.37	0.000	−2.95	−1.05
	3	1	−6.00a	0.37	0.000	−6.95	−5.05
	2	2.00a	0.37	0.000	1.05	2.95
	Particulate Matter PM10 (µg/m3)	1	2	6.00a	1.48	0.002	2.25	9.75
	3	1.12	1.48	0.733	−2.62	4.88
	2	1	−6.00a	1.48	0.002	−9.75	−2.25
	3	−4.87a	1.48	0.010	−8.62	−1.13
	3	1	−1.12	1.48	0.733	−4.87	2.62
	2	4.87a	1.48	0.010	1.12	8.62
	Carbon Dioxide CO2 (ppm)	1	2	−358.75a	48.88	0.000	−481.97	−235.53
	3	−153.50a	48.88	0.013	−276.72	−30.28
	2	1	358.75a	48.88	0.000	235.53	481.97
	3	205.25a	48.88	0.001	82.03	328.47
	3	1	153.50a	48.88	0.013	30.28	276.71
	2	−205.25a	48.88	0.001	−328.46	−82.03
	Nitrogen Dioxide NO2 (µg/m3)	1	2	20.00a	0.71	0.000	18.18	21.81
	3	72.25a	0.71	0.000	70.43	74.06
	2	1	−20.00a	0.71	0.000	−21.81	−18.18
	3	52.25a	0.71	0.000	50.43	54.06
	3	1	−72.25a	0.71	0.000	−74.06	−70.43
	2	−52.25a	0.71	0.000	−54.06	−50.43
	Formaldehyde HCHO (µg/m3)	1	2	609.62	24.79	0.000	547.12	672.12
	3	−339.87a	24.79	0.000	−402.37	−277.37
	2	1	−609.62a	24.79	0.000	−672.12	−547.12
	3	−949.50a	24.79	0.000	−1011.99	−887.00
	3	1	339.87a	24.79	0.000	277.37	402.37
	2	949.50a	24.79	0.000	887.00	1011.99
	Total volatile Organic compound TVOCs (µg/m3)	1	2	7600.62a	185.09	0.000	7134.07	8067.17
	3	7489.75a	185.09	0.000	7023.20	7956.29
	2	1	−7600.62a	185.09	0.000	−8067.17	−7134.07
	3	−110.87	185.09	0.820	−577.42	355.67
	3	1	−7489.75a	185.09	0.000	−7956.29	−7023.20
	2	110.87	185.09	0.820	−355.67	577.42


a The mean difference is significant at the 0.05 level.
Table 6 presents mean concentrations and standard deviations (±SD) of each pollutant across the three halls, with error bars representing ±1 SD to illustrate within-group variability. Effect sizes (η2) were also calculated to quantify the strength of the relationship between lecture hall features and pollutant levels, provided in Supplementary Appendix A (Supplementary Table B1).
TABLE 6 | Mean Concentrations and Standard Deviations (±SD) of Pollutants in Lecture Halls (Source: authors).	Lecture Hall	Pollutant	Unit	Mean	Std. Deviation	N
	Lecture Hall 1	Particulate Matter (PM2.5)	μg/m³	15.50	0.93	8
	Particulate Matter (PM10)	μg/m³	19.25	3.06	8
	Carbon dioxide (CO₂)	μg/m³	712.75	50.16	8
	Nitrogen dioxide (NO₂)	μg/m³	160.00	0.00	8
	Formaldehyde (HCHO)	μg/m³	1039.63	67.29	8
	Total Volatile Organic Compounds (TVOCs)	μg/m³	7875.00	640.87	8
	Lecture Hall 2	Particulate Matter (PM2.5)	μg/m³	7.50	0.76	8
	Particulate Matter (PM10)	μg/m³	13.25	2.87	8
	Carbon dioxide (CO₂)	μg/m³	1071.50	147.91	8
	Nitrogen dioxide (NO₂)	μg/m³	140.00	0.00	8
	Formaldehyde (HCHO)	μg/m³	430.00	0.00	8
	Total Volatile Organic Compounds (TVOCs)	μg/m³	274.38	12.37	8
	Lecture Hall 3	Particulate Matter (PM2.5)	μg/m³	9.50	0.53	8
	Particulate Matter (PM10)	μg/m³	18.13	2.99	8
	Carbon dioxide (CO₂)	μg/m³	866.25	65.45	8
	Nitrogen dioxide (NO₂)	μg/m³	87.75	2.49	8
	Formaldehyde (HCHO)	μg/m³	1379.50	53.38	8
	Total Volatile Organic Compounds (TVOCs)	μg/m³	385.25	16.18	8


3.1 Key findings
	• PM2.5 and PM10:

All PM2.5 and PM10 values were within WHO and EEAA guideline limits. PM2.5 ranged from 7.5 to 15.5 μg/m3 (Figure 3a), while PM10 ranged from 13.25 to 19.25 μg/m3 (Figure 3b). Lecture Hall 2 recorded the lowest concentrations, likely due to its enclosed design and limited exposure to outdoor sources. Tukey’s HSD showed significant differences for PM2.5 between Hall 2 and the others, with a strong effect size (η2 = 0.959). For PM10, the effect size was moderate (η2 = 0.467).
	• CO2 Concentration:

As shown in Figure 3c, Lecture Hall 1 recorded the lowest average CO2 at 713 ppm, followed by Hall 3 at 866 ppm—both below the WHO limit of 920 ppm. These values likely reflect effective natural ventilation. Lecture Hall 2, lacking windows and reliant on mechanical ventilation, recorded the highest average at 1,071 ppm. Tukey’s HSD revealed significant differences with a substantial effect size (η2 = 0.721).
	• NO2 Concentration:

Figure 3d shows that NO2 levels in all halls exceeded the WHO guideline of 40 μg/m3. Hall 1 recorded the highest at 160 μg/m3, followed by Hall 2 at 140 μg/m3, and Hall 3 at 88 μg/m3. These values indicate significant pollution exposure. Differences were o statistically significant with a very strong effect size (η2 = 0.998).
	• Formaldehyde (HCHO) Concentrations:

HCHO levels ranged from 430 μg/m3 to 1,380 μg/m3 (Figure 3e), far exceeding the WHO and EEAA guideline of 100 μg/m3. These elevated levels likely stem from recent renovations. Hall 1 showed the highest levels, with Tukey’s HSD test confirming significant differences and a strong effect size (η2 = 0.986).
	• TVOCs Concentration:

TVOC values varied widely (Figure 3f). Hall 2 remained within both WHO and EEAA limits at 274 μg/m3. Hall 3 slightly exceeded WHO limits at 385 μg/m3 but complied with EEAA standards. Hall 1 recorded an exceptionally high 7,875 μg/m3, attributed to emissions from synthetic finishes and ongoing maintenance. Tukey’s HSD test confirmed significant differences, with a very strong effect size (η2 = 0.991).
4 DISCUSSION
This section analyzes the air quality data collected in July 2024 to determine which lecture hall exhibited the best indoor air quality (IAQ). Table 7 presents the average pollutant percentages across the three halls and evaluates IAQ based on EEAA and WHO standards.
TABLE 7 | Average pollutant percentages and IAQ assessments for lecture halls based on World Health Organization (WHO) and Egyptian Environmental Affairs Agency (EEAA) guidelines, (Source: authors).	Pollutant parameter	Unite	WHO	EEA	Lecture hall 1	Lecture hall 2	Lecture ball 3
	Particulate Matter (PM2.5)	μg/m3	25	60	88.20%	94.30%	92.80%
	Particulate Matter (PM10)	μg/m3	50	90	92.70%	94.90%	93.10%
	Carbon dioxide (CO2)	ppm	1000	5000	81.40%	44.80%	77.40%
	Nitrogen dioxide (NO2)	μg/m3	40	150	44.80%	46.70%	63.30%
	Sulphur dioxide (SO2)	μg/m3	20	150	100%	100%	100%
	Formaldehyde (HCHO)	μg/m3	100	100	24%	46.80%	2.50%
	Total Volatile Organic Compounds (TVOCS)	μg/m3	300	500	3.30%	82.60%	65.30%
	Total Percentage				62%	72.90%	70.60%
	Indoor Air Quality (IAQ)				Not good	Moderate	Moderate


To calculate indoor air quality (IAQ) percentages, a linear gradient formula (Equation 1) was applied. This formula positions each measured pollutant concentration within a defined index range, based on the assumption of a linear relationship between pollutant levels and health effects within established threshold limits. This methodological approach is consistent with the U.S. Environmental Protection Agency (EPA)’s Air Quality Index (AQI) interpolation technique, which employs linear interpolation between pollutant-specific breakpoint concentrations to convert raw pollutant levels into a standardized index scale (U.S. Environmental Protection Agency (EPA), 2018), and it aligns with the framework established by the World Health Organization (WHO) (WHO, 2006). Additionally, the use of normalized pollutant indices is endorsed by international standards such as ASHRAE 62.1 (Liu, 2022) and the WELL Building Standard (Ebbini, 2024), both of which support quantitative, index-based approaches for evaluating and communicating IAQ performance in built environments.
Pc%=PIndex High−C−BpLoBPHi−BpLo×PIndex High−PIndex Low(1)
	- PC: Percentage of current Measurement.
	- PIndex High: Percentage index high.
	- C: Current Measurement.
	- PIndex Low: Percentage index low.
	- BpLo: Baseline Pollution low.
	- BpHi: Baseline Pollution high.

This formula enables real-time IAQ assessment and comparison between indoor environments. Future studies may benefit from exploring nonlinear models that reflect pollutant-specific dose-response curves for more accurate health risk estimation.
Example:
Researchers apply the percentage of The PM2.5 measurements in Lecture Hall 1, showing an average reading of 15.5 μg/m3.
Pc%=100−15.5−025−0×100−81
Pc%=100−11.78=88.2%
Table 7 lists the percentage results for each pollutant and an overall IAQ score per halls.
	- Particulate Matter (PM) levels were similar across all halls; Hall 2 slightly favored.
	- CO2: Hall 1 performed best, followed by Hall 3, likely due to natural ventilation.
	- NO2, HCHO, and TVOC: Hall 2 had the lowest concentrations, followed by Hall 3, while Hall 1 showed the highest pollutant levels.

These results translated into overall IAQ percentages.
	- Hall 2: 73% (Good).
	- Hall 3: 71% (moderate).
	- Hall 1: 62% (poor).

The superior performance of Hall 2 is likely due to lower pollutant levels and minimal external contamination. However, there is no conclusive evidence that air filtration systems, particularly in Hall 2 which lacks windows, are the cause of these results. This suggests that other factors, such as spatial design, may contribute to maintaining lower pollutant concentrations. In contrast, Halls 1 and 3 require targeted improvements to their air quality. The presence or absence of openings in these spaces influences pollutant levels differently, necessitating specific interventions to reduce contaminants while managing ventilation effectively.
The identified pollutant sources include building materials and furnishings, each contributing various VOCs and formaldehyde emissions. For example, adhesives used in furniture and synthetic materials in seating and flooring can continuously emit VOCs. Environmental factors such as ventilation rates, temperature, and humidity also significantly affect pollutant concentrations, with emissions typically increasing under warmer and more humid conditions.
Based on these findings, several strategies are recommended to improve IAQ in educational settings. These include selecting low-emission materials for future renovations and maintaining consistent control of temperature and humidity. Enhancing ventilation systems, especially in halls with poorer air quality, is also crucial. Future research should focus on quantifying emission rates of specific materials under controlled conditions and expanding monitoring to include seasonal and long-term variations to better inform mitigation strategies.
4.1 Impact of excluded confounding factors
The intentional control or exclusion of potential confounding variables—such as occupancy fluctuations, HVAC operation, and outdoor environmental influences—was essential for conducting a focused evaluation of how interior finishing materials affect indoor air quality (IAQ). This methodological choice allowed the study to isolate the effects of material-related emissions without interference from external dynamic factors. However, it is acknowledged that this approach may limit the direct applicability of findings to real-life university settings, where such factors are continuously changing. For instance, higher occupancy levels during regular lecture hours, variable HVAC operation, and fluctuating outdoor environmental conditions could lead to increased pollutant concentrations and more dynamic IAQ profiles than those recorded in this study.
These limitations do not diminish the study’s objectives; rather, they reflect the necessary trade-offs made to achieve experimental control. The results provide a valuable baseline for understanding how interior design choices influence IAQ prior to student occupancy, supporting the proactive design of healthier learning environments.
4.2 Future research recommendations
Future studies are encouraged to incorporate real-time occupancy tracking, continuous HVAC system monitoring, and parallel measurements of outdoor air quality and meteorological data. Such an integrated approach would enhance the ecological validity of IAQ studies and guide the development of more responsive and sustainable indoor environmental strategies for educational facilities.
5 CONCLUSIONS AND FUTURE SCOPE
This study highlights the critical importance of maintaining healthy indoor air quality (IAQ) in educational environments, particularly in university lecture halls, where students and staff spend approximately 90% of their time indoors. The results confirm that IAQ is closely linked to the materials and finishes used in lecture halls, as well as the availability of natural or mechanical ventilation.
Although the study demonstrates strong correlations between pollutant levels and interior finishes, a direct causal relationship between specific material types and IAQ remains to be fully validated. For instance, the study titled “Effect of Building Materials on Indoor Air Quality in Residential Buildings in Egypt: A Pre-Occupancy Assessment” found strong correlations between material choice and pollutant levels—supporting the notion that materials significantly influence IAQ.
Poor IAQ has been shown to adversely affect student health, cognitive focus, and academic outcomes (Mannan and Al-Ghamdi, 2021), in addition to increasing the likelihood of Sick Building Syndrome (SBS) symptoms (Niza et al., 2024).
The investigation conducted at Al-Ahram Canadian University revealed that pollutant levels were shaped by both the types of interior materials and the presence or absence of windows. These findings underscore the need for further investigation into how finishes, ventilation strategies, and external environmental factors interact to influence student health and learning.
5.1 Recommendations for improving IAQ in lecture Hall design
	(1) Ventilation System Improvements:	- Ensure a minimum of 6 air changes per hour in line with ASHRAE Standard 62.1 (ASHRAE, 2022).
	- Install HEPA or equivalent high-efficiency air filters in all HVAC systems (Dubey et al., 2021).
	- Maintain indoor temperature between 20°C and 25.5°C and relative humidity between 40% and 60% (Singh, 2019).


	(2) Material Selection and Emission Standards:	- Keep Total Volatile Organic Compounds (TVOCs) concentrations within 300–500 μg/m3 over an 8-h exposure (Saffell and Nehr, 2023).
	- Ensure formaldehyde levels remain below 100 μg/m3, (WHO guideline).
	- Use only certified low-emission materials in educational buildings.


	(3) Biophilic Design and Indoor Plants:	- Incorporate air-purifying plants such as Golden Pothos, Rubber Plant, and Aloe Vera (Polk, 2018) to support passive air filtration.


	(4) Natural Lighting:	- Design lecture halls with minimum window-to-wall ratio of 30% to enhance daylighting, reducing dependency on artificial lighting and minimizing energy consumption.


	(5) Air Quality Monitoring:	- Install IAQ sensors and automate HVAC systems to dynamically respond to real-time pollutant levels.



5.2 Impact of confounding factors
While this study intentionally excluded variables such as occupancy, HVAC fluctuations, and outdoor air quality to isolate the impact of interior finishes, this choice reduces the direct applicability of the findings to active academic settings. Real-life conditions would likely result in higher pollutant concentrations and more dynamic IAQ patterns. Nevertheless, by focusing on a controlled pre-occupancy phase, this research identifies critical design considerations for future renovations and constructions in educational spaces.
5.3 Future research directions
	- Integrate building occupancy and HVAC cycling into predictive IAQ models.
	- Use machine learning to analyze large-scale pollutant behavior and IAQ patterns.
	- Include external weather and pollution data in long-term monitoring frameworks.
	- Assess long-term pollutant accumulation and off-gassing trends in newly renovated buildings.
	- Evaluate intervention outcomes (e.g., changes in student performance or health) following design improvements.

5.4 Suggested areas for exploration
	- Enhanced Understanding: Machine learning can be used to analyze large, complex IAQ datasets and improve prediction models for pollutant dynamics.
	- Better Design Decisions: Use predictive modeling to guide architectural and material choices.
	- Integration of External Variables: Future IAQ models should include ambient weather and outdoor pollution data for more accurate and adaptable building strategies.

Moreover, integrating external environmental conditions into IAQ prediction models represents an integrated approach that will enable architects, engineers, and designers to develop more adaptive and sustainable building solutions, fostering healthier and more resilient learning environments.
5.5 Conclusion
Advancing indoor air quality management in Egypt requires an interdisciplinary approach that connects architectural design, environmental science, and smart monitoring systems. Currently, IAQ management frameworks in Egypt do not formally include architects or interior designers in policymaking—despite their critical role in shaping the built environment. This study highlights the urgent need to revise national standards and include architectural perspectives in IAQ policy development. Doing so will enable the creation of healthier, more resilient, and academically supportive learning environments.
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