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Abstract
[bookmark: OLE_LINK137][bookmark: OLE_LINK138]Malodour generation from decomposing organic wastes constitutes a significant environmental and public health challenge in urban settings. This study investigated hydrogen sulphide (H₂S) emissions, sensory odour perception, and physicochemical changes in six common waste types, including fish, broken eggs, meat, tomato, onion, and cabbage, under unsealed and sealed container conditions over 15 days in Awka, Nigeria. Protein-rich wastes consistently produced the highest H₂S concentrations, with peaks of 2,499 ppm for eggs and 1,772 ppm for fish in unsealed bins, whereas plant-based wastes emitted negligible sulphurous gases under open conditions. Sealed containers delayed peak emissions but occasionally elevated cumulative H₂S levels, particularly in plant-based wastes. Sensory evaluation revealed strong alignment between H₂S levels and human-perceived odour intensity and offensiveness, with protein-rich wastes rated highest (r = 0.91, p < 0.001). Physicochemical analyses showed progressive alkalinisation and increased total dissolved solids (TDS) in protein-rich wastes, correlating with H₂S production, while plant-based wastes initially acidified before gradual recovery. Temporal patterns highlighted rapid odour peaks in protein-rich wastes and delayed, gradual emissions in plant-based wastes, illustrating the influence of substrate composition and container condition. These findings emphasise the critical role of waste type, environmental exposure, and physicochemical processes in malodour dynamics and provide practical guidance for municipal waste management strategies, including source segregation, rapid removal of high-protein waste, and container management. Integrating chemical and sensory monitoring offers a predictive framework for mitigating odour nuisance in urban settings.
[bookmark: OLE_LINK68][bookmark: OLE_LINK69][bookmark: OLE_LINK139][bookmark: OLE_LINK140][bookmark: OLE_LINK141][bookmark: OLE_LINK142][bookmark: OLE_LINK143][bookmark: OLE_LINK144][bookmark: OLE_LINK145][bookmark: OLE_LINK146]Keywords: Hydrogen sulphide (H₂S), Organic waste decomposition, Protein-rich waste, Sensory evaluation, Waste management
1. Introduction 
Urbanisation and population growth have substantially increased the quantity of municipal solid waste generated worldwide, creating significant environmental and public health challenges, particularly in rapidly developing cities. Organic waste constitutes a major fraction of municipal solid waste and undergoes complex biological and chemical transformations that generate malodorous and potentially hazardous gaseous emissions. Understanding the formation, transport, and quantification of these emissions is an important area of environmental chemistry because they influence air quality, ecosystem sustainability, human health, and the development of effective waste management strategies. In many developing countries, inadequate waste collection, inefficient disposal systems, and uncontrolled decomposition of organic refuse continue to exacerbate environmental pollution and reduce urban quality of life (Agency for Toxic Substances and Disease Registry [ATSDR], 2016; Fang et al., 2023; U.S. Environmental Protection Agency [EPA] & U.S. Department of Agriculture [USDA], 2000; Chou et al., 2003). Recent evidence from southeastern Nigeria indicates that delayed collection and the absence of routine source separation remain substantial constraints within urban municipal solid-waste systems (Onyishi et al., 2023). Comparable evidence from Nakasongola, Uganda, shows that household solid-waste management practices are shaped by local socioeconomic and knowledge-related factors, reinforcing the need for context-specific waste-management interventions (Andama et al., 2024).
Awka, the capital city of Anambra State, Nigeria, has experienced rapid urban expansion accompanied by increasing municipal solid waste generation. The city's population, estimated at approximately 301,657 in 2006, is projected to exceed 500,000 by 2025, placing considerable pressure on existing waste management infrastructure (Federal Republic of Nigeria, 2007). As in many Nigerian cities, municipal waste collection systems are frequently overwhelmed by increasing waste volumes, resulting in prolonged storage of refuse at communal collection points and occasional indiscriminate disposal along roadsides and open spaces. Residents in densely populated neighbourhoods such as Okpuno Avenue and Y-Junction have reported increasing odour nuisance following the consolidation of waste into fewer collection sites. These conditions provide favourable environments for microbial decomposition of organic waste, leading to the continuous release of odorous and chemically reactive gases into the surrounding atmosphere (News Agency of Nigeria, 2025; Onwuka et al., 2025).
The decomposition of organic waste is governed by a series of biochemical reactions involving diverse microbial communities operating under aerobic and anaerobic conditions. During these processes, carbohydrates, proteins, lipids, and other biodegradable constituents are progressively mineralised, producing carbon dioxide, methane, ammonia, hydrogen sulphide, volatile fatty acids, and numerous volatile organic compounds (VOCs) (Han et al., 2019; EPA & USDA, 2000; Zhang et al., 2012). Among these emissions, hydrogen sulphide (H₂S) is one of the most important reduced sulphur compounds because of its extremely low odour threshold, high toxicity, and significant contribution to offensive odours associated with municipal waste facilities. The formation of H₂S primarily results from microbial reduction of sulphate and the degradation of sulphur-containing amino acids such as cysteine and methionine present in protein-rich organic materials (Guidotti, 2010; Han et al., 2019; Zhang et al., 2013). Environmental factors including temperature, moisture content, pH, oxygen availability, microbial activity, and waste composition strongly influence the rate and magnitude of H₂S generation during decomposition (Han et al., 2019; Zhang et al., 2013). Recent food- and green-waste composting research further indicates that H₂S formation can be closely coupled to acidogenesis and microbial sulphate-reduction pathways (Gao et al., 2024).
The chemical composition of organic waste plays a critical role in determining emission characteristics. Protein-rich wastes such as fish residues, meat, and eggs generally produce considerably higher concentrations of H₂S than plant-derived materials because of their elevated sulphur content and rapid microbial degradation (Zhang et al., 2012; Zhang et al., 2013). Conversely, vegetable wastes including tomato, cabbage, and onion typically emit lower concentrations of reduced sulphur compounds, although prolonged anaerobic decomposition can still generate substantial odour emissions (Han et al., 2019; EPA & USDA, 2000). Oxygen availability further modifies decomposition pathways; aerobic conditions favour oxidation reactions and relatively lower H₂S production, whereas oxygen-limited environments stimulate anaerobic metabolism and sulphate-reducing bacteria capable of producing large quantities of hydrogen sulphide (Han et al., 2019). Consequently, storage conditions, container design, and waste handling practices are important determinants of odour generation in municipal waste management systems. Food-waste composting studies also show that microbial community structure and process conditions can alter H₂S emissions through changes in sulphur-oxidation and sulphate-respiration pathways (Wang et al., 2025; Zhang et al., 2024).
Recent advances in odour monitoring have increasingly focused on continuous sensing, predictive modelling, and intelligent monitoring systems for hydrogen sulphide emissions from municipal waste facilities (Yang et al., 2026). Machine learning approaches that integrate meteorological variables with gas sensor data have demonstrated improved capability for predicting H₂S concentration fluctuations and supporting early warning systems for odour management. Likewise, recent developments in spatiotemporal odour monitoring have highlighted the importance of integrating continuous gas measurements with environmental variables to improve odour prediction and operational decision-making in municipal solid waste management. Despite these advances, limited information remains available regarding hydrogen sulphide emission characteristics during decomposition of common household organic wastes under tropical environmental conditions, particularly in sub-Saharan Africa. 
The environmental and health implications of H₂S and related gaseous emissions have attracted increasing scientific attention. Exposure to H₂S has been associated with headaches, nausea, dizziness, eye irritation, respiratory discomfort, and neurological effects, while exposure to high concentrations may result in unconsciousness or fatality (ATSDR, 2016; Guidotti, 2010; WHO, 2003). Ammonia contributes to respiratory irritation and reduces ambient air quality, whereas methane is an important greenhouse gas and presents explosion hazards in confined environments (WHO, 2003; EPA & USDA, 2000). Beyond direct health effects, persistent malodour negatively affects community well-being, reduces property values, and frequently generates public complaints around waste treatment facilities and landfill sites (Capelli et al., 2011). Consequently, minimising odorous emissions has become an important objective of sustainable municipal waste management.
Recent advances in environmental analytical chemistry have substantially improved the detection, quantification, and interpretation of odorous emissions from decomposing waste. Conventional laboratory techniques such as gas chromatography–mass spectrometry (GC–MS) remain the reference method for identifying VOCs and sulphur-containing compounds, while standardised procedures including the USEPA TO-15 method provide reliable protocols for monitoring gaseous pollutants (Lucernoni et al., 2017; Zhu et al., 2016). Dynamic olfactometry has become widely accepted for quantifying odour concentration through controlled sensory evaluation, allowing direct comparison between instrumental measurements and human odour perception (Capelli et al., 2011). In addition, electrochemical sensors have emerged as practical alternatives for continuous field monitoring because they provide rapid, sensitive, and cost-effective measurement of H₂S concentrations under real-time conditions (Han et al., 2018). Advances in electronic noses, chemometric analysis, fuzzy synthetic evaluation, and predictive emission models such as the USEPA Landfill Gas Emissions Model (LandGEM) have further enhanced the capability to characterise complex odour mixtures and evaluate their environmental impacts (Cheng et al., 2019; Lucernoni et al., 2017).
Recent studies have significantly advanced the understanding of odour generation from municipal organic waste. Experimental investigations have demonstrated that waste composition and oxygen availability are primary factors controlling H₂S production during decomposition (Han et al., 2019; Zhang et al., 2013). Other researchers have reported that electrochemical sensors and integrated monitoring systems provide reliable alternatives to conventional laboratory analysis for tracking temporal variations in sulphur emissions (Han et al., 2018). Advances have also been made in converting hydrogen sulphide into value-added products, including photoelectrochemical conversion to hydrogen fuel and elemental sulphur, highlighting opportunities for resource recovery within circular economy frameworks (Chen et al., 2025). Nevertheless, most published investigations have been conducted under temperate climatic conditions, within engineered landfill systems, composting facilities, or laboratory-scale reactors that differ substantially from waste management practices commonly encountered in tropical developing countries (Chen et al., 2025; Han et al., 2019; Zhang et al., 2013). Furthermore, many previous studies have focused primarily on either chemical measurements or sensory evaluation without integrating both approaches alongside physicochemical characterisation of the decomposing materials.
Despite considerable progress in understanding odorous emissions from municipal waste, several important knowledge gaps remain. Quantitative information on hydrogen sulphide emission dynamics from common household organic wastes under tropical environmental conditions is still limited, particularly in sub-Saharan Africa. The influence of local climatic conditions on sulphur emission profiles, the relationships between physicochemical changes and gaseous emissions during decomposition, and the correspondence between instrumental measurements and perceived odour intensity remain insufficiently understood. Moreover, few studies have simultaneously evaluated hydrogen sulphide emissions, physicochemical characteristics, sulphur mass loss, and sensory perception throughout the entire decomposition process using representative household organic wastes relevant to rapidly urbanising Nigerian cities. These limitations hinder the development of evidence-based strategies for odour control and sustainable municipal waste management.
Therefore, the aim of this study was to investigate hydrogen sulphide emissions from representative household organic wastes during controlled decomposition under conditions relevant to municipal solid waste management in Awka, Nigeria. Specifically, the study sought to (i) characterise hydrogen sulphide emission profiles by determining peak concentrations and cumulative emissions from different organic waste types; (ii) evaluate the influence of physicochemical parameters, including temperature, pH, moisture content, and organic matter degradation, on emission dynamics; (iii) examine the relationship between instrumental measurements of hydrogen sulphide and sensory assessment of odour intensity and offensiveness; and (iv) assess sulphur loss from decomposing organic materials. To achieve these objectives, representative protein-rich and plant-derived household wastes were subjected to controlled decomposition while hydrogen sulphide concentrations, physicochemical characteristics, and sensory responses were monitored throughout the experimental period. The findings are expected to contribute to a better understanding of odour generation mechanisms in tropical urban environments and provide scientific evidence for improving municipal organic waste management and odour mitigation strategies. Unlike previous studies that have focused primarily on landfill facilities or large-scale composting systems, this study evaluates hydrogen sulphide generation from representative household organic wastes under tropical environmental conditions using an integrated framework combining instrumental gas monitoring, physicochemical characterisation, and sensory evaluation. 
Study objectives
Accordingly, the objectives of this study were to characterise H₂S emission profiles across the selected organic waste types, evaluate the influence of the measured physicochemical parameters on emission dynamics, examine the relationship between instrumental H₂S measurements and sensory odour assessments, and assess sulphur loss during decomposition.
2. [bookmark: OLE_LINK6][bookmark: OLE_LINK7]Materials and methods
[bookmark: OLE_LINK159][bookmark: OLE_LINK160][bookmark: OLE_LINK158]2.1	Experimental Site 
[bookmark: OLE_LINK71][bookmark: OLE_LINK72][bookmark: OLE_LINK30][bookmark: OLE_LINK31]The study was conducted in Awka, the capital city of Anambra State in southeastern Nigeria. The city is located within the humid tropical rainforest zone and experiences two distinct seasons: a wet season (April–October) and a dry season (November–March). Average annual temperatures range between 26 °C and 32 °C, while relative humidity frequently exceeds 70 %. These climatic conditions favour rapid microbial activity, which accelerates the decomposition of organic waste and promotes the release of odorous gases.
Organic waste materials for this study were collected from selected municipal dumping sites across the Awka metropolis, which largely operate through open dumping with minimal waste segregation. These practices have led to the accumulation of biodegradable materials, including food remnants, vegetable residues, and other putrescible matter. To simulate local waste management conditions while allowing controlled observation, the pilot-scale experiment was conducted on the premises of Nnamdi Azikiwe University, Awka, under open-air conditions. This setup enabled the monitoring of decomposition and malodour emission in a realistic yet manageable environment.
Six commonly discarded organic waste types, including fish, broken eggs, meat, tomato, onion, and cabbage, were selected for the study, representing both protein-rich and plant-based wastes. Each waste type was loaded into two types of 0.5 L plastic containers: unsealed containers exposed to ambient air and sealed containers that limited air exchange. Figure 1 presents representative photographs of all six waste types under both conditions. In unsealed containers (Figures 1a and 1b), protein-rich wastes such as meat, fish, and eggs exhibited rapid visual signs of decomposition, while plant-based wastes showed slower changes. In sealed containers (Figures 1c and 1d), the onset of visible decay was delayed, but some plant-based wastes accumulated moisture and odour compounds over time. These images provide a visual reference for the experimental setup and illustrate the contrasting decomposition patterns between waste types and container conditions, complementing the chemical and sensory analyses presented in subsequent sections.
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Fig. 1. Representative photographs of all six waste types under unsealed and sealed conditions: (a) unsealed bins of meat, fish, and eggs showing rapid decomposition, (b) unsealed bins of tomato, cabbage, and onion showing rapid decomposition, (c) sealed bins of meat, fish, and eggs with delayed onset of visible decay, and (d) sealed bins of tomato, cabbage, and onion with delayed onset of visible decay.     
2.2	Waste Materials and Sample Preparation
[bookmark: OLE_LINK73][bookmark: OLE_LINK74]The organic wastes used in this study consisted of commonly discarded food materials: tomato, cabbage, fish, meat, broken eggs, and onion. These materials were selected because they are typical components of household and market waste streams in Awka and are known to decompose rapidly, often generating strong malodours, particularly sulphur-containing compounds. The combination of plant-based (tomato, cabbage, onion) and protein-rich animal-based wastes (fish, meat, broken eggs) was intended to reflect the heterogeneous nature of municipal organic waste and to capture variations in odour emissions during decomposition.
The waste materials were collected fresh from local markets and food vendors to ensure active biodegradability at the start of the experiment. Non-organic contaminants such as plastics, paper, and packaging materials were manually removed. The collected wastes were then sorted and combined in predetermined proportions to form a composite sample. Larger items were cut into smaller pieces to enhance uniformity and promote consistent microbial activity across the experimental units. No chemical additives or preservatives were introduced, as the study aimed to simulate natural decomposition conditions.
Prior to loading into the pilot-scale setup located within the premises of Nnamdi Azikiwe University, the prepared waste mixture was thoroughly homogenised and weighed. Equal quantities were introduced into each experimental unit to maintain consistency and allow reliable comparison of emission patterns. The samples were then subjected to uncontrolled degradation under ambient environmental conditions representative of typical open dumping practices in the study area.
2.3	Experimental Design
[bookmark: OLE_LINK75][bookmark: OLE_LINK76]A pilot-scale experimental study was conducted to assess malodour emissions from selected organic wastes over a 20-day decomposition period. The wastes, including tomato, cabbage, onion, fish, meat, and broken eggs, were selected to represent typical household and market discards in Awka. Each waste type was loaded separately into 0.5 L plastic containers under two conditions: sealed bins completely closed to limit air exchange, and unsealed bins exposed to ambient air. Each treatment was replicated three times, resulting in six experimental units per waste type.
For the sealed containers, precise masses of each waste were used: meat (15.789 g), fish (47.801 g), tomato (16.848 g), onion (37.065 g), cabbage (7.943 g), and broken egg (52.237 g). Prior to loading, the wastes were homogenised to ensure consistency. All containers were positioned outdoors within the premises of Nnamdi Azikiwe University and exposed directly to sunlight throughout the 20-day period. This arrangement allowed natural environmental factors such as temperature fluctuations, solar radiation, and ambient airflow to influence decomposition, simulating realistic conditions typical of open dumping sites.
Malodour perception from each waste type was evaluated using a structured sensory approach based on human olfactory response. Three trained panellists independently assessed odour intensity and offensiveness at regular intervals throughout the 20-day period. By keeping each waste type in separate containers, the study was able to capture individual emission patterns and decomposition dynamics while comparing the effects of fully sealed versus unsealed conditions on odour generation.
2.4	Analytical Methods 
[bookmark: OLE_LINK77]Malodour emissions from the decomposing organic wastes were evaluated using an integrated approach combining instrumental gas analysis, physicochemical measurements, and sensory assessment. Hydrogen sulphide (H₂S), the principal sulphur-containing malodorous gas produced during decomposition, was monitored at 24-hour intervals using a calibrated portable electrochemical gas analyser (Dräger X-am 5000, Dräger Safety AG & Co., Germany). Prior to each sampling session, the instrument was calibrated according to the manufacturer's recommended zero and span calibration procedures using certified calibration gases to ensure measurement accuracy and consistency. Instrument performance was verified daily before data collection.
Gas measurements were conducted by positioning the sampling probe approximately 10 cm above the surface of each waste sample while minimising disturbance of the decomposing material. Measurements were performed at approximately the same time each day to reduce diurnal variability associated with ambient temperature and microbial activity. Three replicate measurements were obtained for each experimental unit, and the average value was used for statistical analysis.
Ambient environmental conditions, including air temperature and relative humidity, were recorded throughout the experimental period because these variables influence microbial metabolism and hydrogen sulphide generation. The experiments were conducted under natural outdoor conditions representative of municipal waste storage environments in Awka, Nigeria.
Physicochemical properties were monitored simultaneously to evaluate changes occurring during decomposition. The pH of each sample was measured using a calibrated digital pH meter following routine buffer calibration before each measurement session. Total dissolved solids (TDS) were determined using a portable conductivity/TDS meter. Moisture loss and organic matter degradation were evaluated by oven-drying representative samples at 70 °C until constant weight was achieved, after which dry matter content and percentage moisture loss were calculated using standard gravimetric procedures.
Sensory evaluation of malodour was conducted independently by three trained assessors using a standardised structured scoring system for odour intensity and odour offensiveness. Assessments were carried out under outdoor conditions immediately following instrumental measurements to facilitate comparison between measured hydrogen sulphide concentrations and human odour perception. Exposure time during sensory assessment was minimised to reduce observer fatigue and potential health risks associated with prolonged exposure to odorous gases.
Quality assurance and quality control (QA/QC) procedures were implemented throughout the study. All analytical instruments were calibrated before use, measurements were performed in triplicate, data sheets were checked daily for completeness and consistency, and any anomalous readings resulting from instrument malfunction or environmental interference were verified through repeat measurements before inclusion in the final dataset.
2.5	Data Analysis
[bookmark: OLE_LINK78][bookmark: OLE_LINK79]All data collected from the experimental units were organised and analysed using R (version 4.3.2) and Microsoft Excel 2021. Descriptive statistics, including mean, standard deviation, and range, were calculated for hydrogen sulphide (H₂S) concentrations, pH, total dissolved solids (TDS), and organic content for each waste type and treatment condition. These summaries provided an initial overview of temporal trends and variation in malodour emissions across the 20-day decomposition period.
To examine differences between treatments (sealed vs. unsealed bins) and among waste types, a two-way analysis of variance (ANOVA) was performed. Where significant differences were detected (p < 0.05), post hoc comparisons were conducted using the Tukey Honest Significant Difference (HSD) test to identify specific pairwise differences between treatments and waste categories. Temporal trends in H₂S concentrations and physicochemical parameters were further evaluated using repeated-measures ANOVA, allowing assessment of changes over time while accounting for correlations between daily measurements.
Correlation analyses were conducted to evaluate the relationships between H₂S emissions, pH, TDS, and organic content. Scatterplots and trendlines were used to visualise these relationships, while Pearson’s correlation coefficient was calculated to quantify the strength and direction of associations. All results were presented with appropriate tables and graphs, with statistical significance set at p < 0.05. This combination of descriptive and inferential statistical methods provided a robust framework for interpreting malodour generation patterns and the effects of waste type and container condition on decomposition dynamics. 
2.6	Safety and Risk Assessment
A risk assessment was conducted before commencement of the study to identify hazards associated with the decomposition of organic wastes and the generation of hydrogen sulphide (H₂S). Experimental procedures involving fish, meat, eggs, tomato, onion, and cabbage were carried out in an outdoor, well-ventilated pilot-scale experimental area to minimise accumulation of hazardous gases. H₂S concentrations were monitored using a calibrated Dräger X-am 5000 portable gas detector throughout the study. Researchers wore appropriate personal protective equipment, including laboratory coats, nitrile gloves, safety goggles, and safety footwear during sample preparation, monitoring, and waste handling. Sealed containers were opened cautiously under outdoor conditions to reduce the risk of sudden H₂S exposure. After completion of the experiment, all decomposed materials were collected and disposed of in accordance with institutional and municipal waste management procedures, and experimental equipment was cleaned and disinfected before reuse. 
3. [bookmark: OLE_LINK26][bookmark: OLE_LINK27]Results
3.1 [bookmark: OLE_LINK131][bookmark: OLE_LINK132][bookmark: OLE_LINK18][bookmark: OLE_LINK21][bookmark: OLE_LINK24]Hydrogen Sulphide (H₂S) Emissions
[bookmark: OLE_LINK8]Hydrogen sulphide (H₂S) concentrations varied markedly across waste types, container conditions, and decomposition days (Figure 2). Clear differences were observed in both the magnitude and timing of peak emissions. In unsealed containers, protein-rich wastes generated the highest H₂S concentrations. Fish exhibited a progressive increase with multiple emission spikes, reaching its maximum concentration of 1,772 ppm on day 11, following earlier peaks on days 4 (887 ppm) and 6 (1,450 ppm). Broken eggs recorded the overall highest unsealed-bin concentration, peaking at 2,499 ppm on day 13, with substantial elevations also observed on days 8 (1,611 ppm), 9 (1,772 ppm), 11 (1,429 ppm), and 12 (1,896 ppm). Meat showed comparatively moderate emissions, with a maximum value of 65 ppm on day 3, followed by a rapid decline to near-zero concentrations after day 11.
Plant-based wastes in unsealed bins produced minimal H₂S throughout the 20-day period. Tomato reached a modest peak of 15 ppm (day 8), onion peaked at 8 ppm (day 15), and cabbage recorded 0 ppm across all sampling days, indicating negligible sulphurous gas generation under open conditions.
In sealed containers, emission patterns differed substantially, with several wastes showing delayed but intensified peaks. Fish reached its highest sealed-bin concentration of 1,878 ppm on day 5, after which levels declined sharply to 204 ppm (day 10), 45 ppm (day 15), and 6 ppm (day 20). Eggs displayed a delayed but pronounced peak, reaching 1,914 ppm on day 15, following 1,752 ppm on day 10 and declining thereafter to 318 ppm on day 20.
Notably, some plant-based wastes exhibited substantial H₂S accumulation under sealed conditions. Tomato, which showed very low emissions in unsealed bins, increased sharply to 510 ppm on day 15 before declining to 81 ppm on day 20. Onion demonstrated a dramatic rise under sealed conditions, reaching 963 ppm (day 15) and remaining high at 934 ppm on day 20. Similarly, cabbage, which produced no detectable H₂S in unsealed bins, recorded significant concentrations in sealed bins, peaking at 1,112 ppm on day 15. Meat also showed elevated sealed-bin emissions, with a sharp spike of 970 ppm on day 5 before declining to lower concentrations.
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[bookmark: OLE_LINK83][bookmark: OLE_LINK84]Fig. 2. Hydrogen sulphide (H₂S) concentrations in (a) unsealed and (b) sealed waste bins of protein-rich fish, eggs, and meat, and (c) unsealed and (d) sealed waste bins of tomato, onion, and cabbage.       
3.2	Sensory Evaluation of Malodour
Sensory evaluation of decomposing organic waste was conducted over a 15-day period using a 0–5 scale for odour intensity and odour offensiveness, while hedonic tone was classified as either pleasant or unpleasant. Three panellists independently assessed six waste types (meat, fish, tomato, onion, cabbage, and eggs) daily.
Day 1–3: Initial Stage of Decomposition
During the early stage (Days 1–3), odour intensity and offensiveness scores were generally low across all waste types. Mean intensity scores ranged from 0–1 for cabbage and eggs, 1–2 for tomato and onion, 1–2 for meat, and 1–3 for fish. Fish consistently recorded the highest offensiveness ratings (mean ≈1–2) and was predominantly classified as unpleasant by all observers. Meat and onion were mostly perceived as pleasant during Days 1–2 but began showing increasing offensiveness by Day 3. Cabbage remained largely neutral to mildly perceptible (mean ≈0), while eggs began to show slight increases in intensity and offensiveness by Day 3. Overall, sensory responses indicated minimal malodour development during the first three days.
[bookmark: OLE_LINK135][bookmark: OLE_LINK136]Day 4–7: Progressive Increase in Odour Perception
From Day 4 onward, a clear upward trend in odour intensity and offensiveness was observed, particularly for fish, meat, and eggs. Fish demonstrated consistently high intensity scores (mean ≈3–4) and increasing offensiveness (mean ≈2–4). All panellists classified fish as unpleasant from Day 4 onward. Meat showed moderate intensity (mean ≈2) and rising offensiveness (mean ≈2–3), with hedonic tone shifting to predominantly unpleasant. Eggs exhibited gradual increases, reaching moderate intensity (mean ≈1–3) and offensiveness (mean ≈1–3) by Day 7. Tomato and onion remained at low-to-moderate intensity levels (mean ≈1), although offensiveness scores gradually increased. Cabbage maintained the lowest intensity values (mean ≈0–1) but began to be perceived as unpleasant more frequently from Day 5 onward. This phase reflects the active decomposition stage, with fish showing the most rapid and pronounced malodour development. 

Day 8–12: Peak Malodour Development
[bookmark: OLE_LINK92][bookmark: OLE_LINK93]Between Days 8 and 12, odour perception reached peak levels for several waste types. Eggs recorded the highest intensity and offensiveness scores during this period, reaching maximum values of 5 on both scales (Days 11–12), with unanimous classification as unpleasant. Fish maintained high intensity (mean ≈3–4) and recorded very high offensiveness scores, reaching up to 5 by Days 11–12. Meat exhibited moderate but sustained intensity (mean ≈2) and offensiveness (mean ≈2–3). Tomato and onion showed gradual increases in offensiveness (mean ≈2–3), though intensity remained comparatively low (mean ≈1–2). Cabbage remained the least intense overall (mean ≈0–1), although hedonic tone was predominantly unpleasant during this period. All waste categories were classified as unpleasant by nearly all observers from Day 9 onward, indicating widespread malodour perception at advanced decomposition stages.

Day 13–15: Late Decomposition Stage
During the final stage (Days 13–15), high offensiveness ratings persisted for fish and eggs, though slight reductions in intensity were observed for meat and fish by Day 15. Eggs sustained very high offensiveness (mean ≈4–5) and intensity (mean ≈3–5). Fish maintained high offensiveness (mean ≈4–5) with moderate-to-high intensity (mean ≈2–3). Meat showed a slight decline in intensity (mean ≈1–2) but remained unpleasant. Tomato, onion, and cabbage remained low-to-moderate in intensity (mean ≈1–2) yet were consistently classified as unpleasant.
Across the 15-day evaluation period, fish and eggs demonstrated the highest odour intensity and offensiveness scores, particularly during the peak decomposition window (Days 8–12). Meat exhibited moderate and sustained malodour development, while tomato, onion, and cabbage remained comparatively lower in intensity but were increasingly perceived as unpleasant over time.
3.3 Physicochemical Changes
pH Variation
[bookmark: OLE_LINK96][bookmark: OLE_LINK97]The temporal variation in pH of the decomposing organic waste samples over a 15-day period is presented in Table 1. The initial pH of the extraction water was 7.10 (100 mL), serving as the control baseline. Marked changes in pH were observed across all waste categories, reflecting biochemical transformations associated with microbial degradation.
Protein-rich wastes (meat, fish, and eggs) exhibited a progressive increase in pH throughout the decomposition period. Meat increased from 6.68 on Day 1 to 8.28 on Day 15, while fish rose from 6.97 to 8.30 within the same period. Similarly, egg samples increased from 7.34 to a peak of 8.00 on Day 12 before slightly declining to 7.07 by Day 15. The overall alkalinisation observed in these samples is attributable to proteolytic activity and the subsequent release of nitrogenous bases such as ammonia and amines during putrefaction.
In contrast, plant-based wastes demonstrated an initial acidification phase followed by gradual alkalinisation. Tomato decreased sharply from 6.29 (Day 1) to 5.19 (Day 2), indicating early fermentation and organic acid production, before steadily increasing to 8.09 by Day 15. Onion exhibited the most pronounced early acidification, declining from 7.24 to 4.36 between Days 1 and 2, followed by a gradual rise to 7.50 at the end of the study. Cabbage remained relatively stable, fluctuating near neutral pH throughout the experiment, with values ranging from 7.00 to 7.43, although a temporary decrease was observed around Days 8–9 (6.63–6.40).
[bookmark: OLE_LINK98][bookmark: OLE_LINK99]
Table 1. Temporal variation in pH of the decomposing organic waste samples over a 15-day period.  
	DAYS
	MEAT
	FISH
	TOMATO
	CABBAGE
	ONION
	EGG

	1
	6.68
	6.97
	6.29
	7.00
	7.24
	7.34

	 2
	6.92
	6.90
	5.19
	7.16
	4.36
	6.58

	 3
	7.13
	7.19
	6.13
	7.23
	4.81
	6.78

	4
	7.63
	7.61
	7.40
	7.57
	5.51
	7.01

	5
	7.66
	7.53
	7.43
	7.46
	5.53
	7.09

	 6
	7.68
	7.45
	7.46
	7.40
	5.46
	7.15

	 7
	7.63
	7.60
	7.50
	7.31
	5.87
	7.42

	 8
	7.81
	7.69
	7.61
	6.63
	6.20
	7.47

	9
	7.99
	7.78
	7.76
	6.40
	6.56
	7.55

	10
	8.08
	7.79
	7.74
	6.92
	7.02
	7.64

	11
	8.20
	7.88
	7.87
	7.18
	7.21
	7.76

	 12
	8.30
	7.97
	7.86
	7.16
	7.26
	8.00

	13
	8.23
	8.12
	7.99
	7.31
	7.38
	7.09

	14
	8.25
	8.21
	8.05
	7.35
	7.43
	7.11

	15
	8.28
	8.30
	8.09
	7.43
	7.50
	7.07



Total Dissolved Solids (TDS) Variation
Total dissolved solids (TDS) values increased substantially in all samples over the 15-day period. The initial TDS of the extraction water was 8 ppm (100 mL). Progressive increases in TDS reflected the solubilisation of organic compounds and mineral constituents resulting from microbial breakdown.
Animal-based wastes recorded markedly higher TDS values than plant-based wastes. Fish showed the highest increase, rising from 91 ppm on Day 1 to 2,071 ppm by Day 15. Meat exhibited a similar trend, increasing from 45 ppm to 1,749 ppm within the same period. Egg samples also demonstrated substantial increases, from 165 ppm to 2,001 ppm, with pronounced increments observed between Days 2 and 7. These trends indicate extensive protein degradation and release of soluble nitrogenous compounds into the aqueous medium.
Conversely, plant-derived wastes showed more gradual increases in TDS. Tomato increased from 17 ppm to 186 ppm, cabbage from 27 ppm to 185 ppm, and onion from 27 ppm to 115 ppm over the 15-day period. The comparatively lower TDS values in plant wastes reflect their reduced protein content and slower release of soluble metabolites.
[bookmark: OLE_LINK16][bookmark: OLE_LINK17]3.4 Correlations among Parameters
[bookmark: OLE_LINK102]H₂S concentrations increased concurrently with odour intensity and offensiveness, with peak emissions (Days 8–12) corresponding to maximum sensory scores, particularly for fish and eggs. Higher H₂S levels were observed during periods of rising pH in protein-rich wastes, especially under sealed conditions. TDS showed a positive association with H₂S across all waste types, as increasing dissolved solids paralleled elevated gas concentrations. Overall, H₂S generation was strongly linked to physicochemical changes and anaerobic conditions during decomposition.
4 [bookmark: OLE_LINK19][bookmark: OLE_LINK20][bookmark: OLE_LINK39]Discussion   
[bookmark: OLE_LINK103][bookmark: OLE_LINK104]The present study provides a detailed assessment of malodour generation from typical household and market organic wastes in Awka, Nigeria. The results highlight the interplay of waste type, container condition, physicochemical changes, and temporal dynamics of decomposition, providing practical insights for municipal waste management.
4.1 Influence of Waste Type
Protein-rich wastes (fish, eggs, and meat) were the dominant sources of hydrogen sulphide (H₂S) and high sensory offensiveness. In unsealed bins, fish and eggs reached peaks of 1,772 ppm (Day 11) and 2,499 ppm (Day 13), respectively, whereas meat peaked at 65 ppm (Day 3) (Figure 2a). These high emissions are consistent with the presence of sulphur-containing amino acids such as cysteine and methionine, which serve as precursors for H₂S during microbial degradation (Zhang et al., 2012; Zhang et al., 2013). Plant-based wastes, including tomato, onion, and cabbage, exhibited substantially lower emissions in unsealed bins (Figure 2c), reflecting their lower sulphur content and slower decomposition rates (EPA & USDA, 2000).
4.2 Effect of Container Condition
[bookmark: OLE_LINK107][bookmark: OLE_LINK108]Container conditions had a major influence on H₂S emission dynamics. Unsealed bins allowed oxygen exchange and moisture loss, accelerating microbial activity and leading to earlier peaks in H₂S emissions (Days 8–10). In contrast, sealed bins delayed peak emissions to Days 12–15 but occasionally produced higher cumulative H₂S levels, particularly in plant-based wastes (Figure 2d). For example, cabbage emitted negligible H₂S in unsealed bins but peaked at 1,112 ppm under sealed conditions. This highlights the role of anaerobic pathways in sulphur gas production (Han et al., 2019; EPA & USDA, 2000) and aligns with previous studies indicating that oxygen limitation can shift microbial metabolism towards sulphate-reducing organisms, prolonging and intensifying odour generation.
4.3 Relationship between Malodour and Sensory Perception
H₂S emissions correlated strongly with sensory perception, with peaks in odour intensity and offensiveness coinciding with chemical maxima (Days 8–12) (Figure 3). Protein-rich wastes were consistently rated highest in intensity and offensiveness, whereas plant-based wastes remained less perceptible under unsealed conditions. These results confirm H₂S as a reliable chemical marker for human-perceived malodour, supporting earlier findings from municipal solid waste studies (Han et al., 2019).
[image: ]
[bookmark: OLE_LINK111][bookmark: OLE_LINK112][bookmark: OLE_LINK113]Fig. 3. Variation in Mean Odor Intensity and Offensiveness of Meat, Fish, Tomato, Onion, Cabbage, and Egg between Day 8 and Day 12 of Decomposition (n = 3 Observers) 
4.4 Physicochemical Drivers
[bookmark: OLE_LINK114][bookmark: OLE_LINK115]Physicochemical changes strongly influenced odour evolution. Protein-rich wastes exhibited progressive alkalinisation, with pH increasing from 6.68 to 8.30 for fish, 6.68 to 8.28 for meat, and 7.34 to 8.00 for eggs, corresponding with periods of elevated H₂S emissions (Figure 4). This alkalinisation is attributed to proteolytic activity and ammonification, which release nitrogenous bases facilitating sulphur gas volatilisation (Zhang et al., 2013). Total dissolved solids (TDS) also increased markedly in protein-rich wastes, reflecting accumulation of soluble metabolites that serve as substrates for sulphur-reducing microbes (Figure 4). Plant-based wastes showed initial acidification followed by gradual pH recovery, with delayed H₂S production in sealed bins, indicating the interplay between pH, substrate availability, and microbial metabolism (EPA & USDA, 2000; Zhang et al., 2012).
4.5 Temporal Dynamics of Odour Generation
[bookmark: OLE_LINK116][bookmark: OLE_LINK117]The temporal patterns of H₂S emissions and sensory scores highlight the influence of waste composition and container condition. Protein-rich wastes showed rapid peaks in H₂S and sensory offensiveness, whereas plant-based wastes exhibited delayed, gradual emission profiles, particularly under sealed conditions (Figures 2–3). Figure 4 visually summarises peak H₂S concentrations and corresponding sensory scores, illustrating the relative contribution of each waste type to overall odour nuisance. These patterns are consistent with previous studies on aerobic and anaerobic decomposition, where oxygen availability dictates the timing and intensity of malodour (Han et al., 2019; Zhang et al., 2013).
The present findings are consistent with recent advances in odour monitoring, which indicate that hydrogen sulphide emissions exhibit substantial temporal variability and are strongly influenced by meteorological conditions including wind speed, temperature, humidity, and atmospheric pressure. Recent predictive studies have shown that incorporating environmental variables into monitoring frameworks substantially improves forecasting accuracy and provides valuable support for odour management in municipal waste treatment facilities. Consequently, integrating continuous gas monitoring with local meteorological observations may further enhance prediction of high-risk odour episodes in tropical urban environments.
 [image: ]
Fig. 4. Comparative Peak H₂S Emissions and Associated Sensory Response of Meat, Fish, Tomato, Onion, Cabbage, and Eggs during Decomposition, Indicating Relative Odour Nuisance Contribution 
4.6 Implications for Waste Management
[bookmark: OLE_LINK120][bookmark: OLE_LINK121]The predominance of protein-rich wastes in odour generation emphasises the need for targeted interventions, including source segregation, rapid collection, and controlled composting, to mitigate malodour impact. Beyond source segregation and rapid waste collection, recent studies have demonstrated that engineered hydrogen sulphide removal technologies can substantially reduce sulphide emissions from municipal waste systems. For example, venturi stripping systems have shown considerable potential for removing hydrogen sulphide from landfill leachate, illustrating the importance of integrating emission control technologies with conventional waste management practices (D’Aoust et al., 2026). Container management also plays a critical role; covering or ventilating waste can delay peak emissions and reduce odour intensity (EPA & USDA, 2000). Integrating chemical monitoring of H₂S, pH, and TDS with sensory evaluation provides a robust framework for predicting periods of high odour nuisance and optimising urban waste handling practices (Han et al., 2019). 
4.7	Environmental Variability and Uncertainty in Hydrogen Sulphide Emissions
Although the present study was conducted under representative tropical outdoor conditions, hydrogen sulphide emissions from decomposing organic waste are inherently influenced by changing environmental conditions. Temperature, relative humidity, rainfall, wind velocity, solar radiation, oxygen availability, and moisture content collectively regulate microbial metabolism and consequently affect both the timing and magnitude of H₂S production. Elevated temperatures generally accelerate microbial degradation and sulphate reduction, whereas rainfall and increased moisture content may enhance anaerobic conditions within waste masses, thereby increasing hydrogen sulphide production. Conversely, strong air movement can dilute emitted gases and reduce measured concentrations around waste storage sites.
Seasonal variation may also influence emission dynamics. During the wet season, increased moisture and reduced oxygen diffusion may favour prolonged anaerobic decomposition, while the dry season may promote faster drying of exposed wastes and reduce microbial activity in surface layers. Consequently, the emission profiles observed in this study represent decomposition under the prevailing environmental conditions during the experimental period and should not be interpreted as universally applicable across all climatic conditions.
Despite these potential variations, the comparative differences observed among protein-rich and plant-based wastes remain scientifically robust because all experimental treatments were exposed to identical environmental conditions. Future investigations should evaluate seasonal variability, different climatic regions, landfill-scale operations, and continuously monitored meteorological variables to improve predictive models of odour emissions from municipal organic waste.
4.8 Study Limitations
This study has several limitations that should be considered when interpreting the findings. First, the investigation was conducted as a pilot-scale experiment under controlled outdoor conditions, which may not fully represent the complexity of large municipal landfills or waste transfer facilities. Second, the study was limited to a single tropical location in southeastern Nigeria; consequently, the influence of seasonal climatic variability and regional environmental differences was not investigated. Third, hydrogen sulphide was selected as the principal indicator gas because of its high toxicity and major contribution to malodour, whereas other important odorous compounds, including ammonia, methane, mercaptans, and volatile organic compounds (VOCs), were not simultaneously quantified. Furthermore, sensory evaluation was performed using three trained assessors, which, although adequate for comparative assessment, may not fully represent broader public perception. Future studies incorporating larger monitoring networks, multiple climatic zones, comprehensive gas profiling, and extended observation periods would further improve understanding of odour generation dynamics in municipal solid waste systems.
5 Conclusion
[bookmark: OLE_LINK122][bookmark: OLE_LINK123]This study provides a comprehensive analysis of malodour generation from common household and market organic wastes in Awka, highlighting the influence of waste type, container conditions, and physicochemical transformations during decomposition. Protein-rich wastes, particularly fish and broken eggs, were identified as the primary contributors to hydrogen sulphide (H₂S) emissions and sensory offensiveness, while plant-based wastes exhibited delayed and lower odour potential. Container condition played a critical role, with unsealed bins accelerating odour development through enhanced aerobic microbial activity, whereas sealed bins delayed peak emissions but occasionally increased cumulative H₂S accumulation, especially in plant-derived wastes.
Physicochemical parameters such as pH and total dissolved solids (TDS) were strongly correlated with malodour intensity, reflecting the underlying microbial and chemical processes driving odour formation. The temporal alignment of H₂S peaks with sensory scores underscores the predictive value of chemical monitoring for assessing odour nuisance. These findings have practical implications for municipal solid waste management, emphasising the need for targeted strategies such as source segregation, rapid collection of high-protein waste, controlled composting, and appropriate container management to mitigate odour impact. Integrating chemical and sensory monitoring can inform operational decision-making and improve community acceptance of waste handling practices. Future investigations should integrate continuous sensor networks, meteorological observations, and predictive modelling approaches to improve real-time forecasting of hydrogen sulphide emissions and support proactive odour management strategies in rapidly urbanising tropical cities. Overall, this study demonstrates that combining waste characterisation, physicochemical analysis, and sensory evaluation provides a robust framework for understanding and managing malodour in urban waste systems, offering actionable insights for environmental management and public health.
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