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Tobacco curing poses serious environmental and health risks from elevated airborne pollutant emissions.
This study aims to identify key air pollutants and associated behaviours during tobacco curing and
storage operations, focusing on their impacts on air quality and potential health risks. This in situ analysis
was conducted over 24 h at six tobacco curing houses (CHs) and three storage houses (SHs). Pollutant
dynamics are influenced by ambient temperature and relative humidity, with higher temperatures and
lower humidity amplifying emissions. Statistical analysis confirms that particulate matter (PM), total
volatile organic compounds (TVOCs), HCHO, NO,, Oz, CO, and SO, for both environments exceed
WHO standard limits, and most pollutants follow flat distributions with occasional spikes. Indoor—
outdoor ratio (I/O) analysis shows that outdoor pollution stems from biomass combustion, while indoor
levels result from both outdoor diffusion and indoor emissions. Pearson's correlation, Principal
Component Analysis (PCA), and cluster analysis reveal a strong correlation among TVOCs, HCHO, NO,,
and Os, suggesting similar sources and behaviours. Air quality indices (AQIs) indicate severe degradation,
with CHs reaching unhealthy and SHs reaching very unhealthy levels, primarily driven by PM, NO,, and
Os. These pollutants pose significant threats to human health, particularly for children sleeping in SHs,
with TVOCs, HCHO, NO,, and PM primarily driving non-carcinogenic risks, and TVOCs are emerging as
a major cancer risk. TVOCs, HCHO, and NO, also impair plant health. This research highlights severe air
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DOI: 10.1039/d5ea00037h pollution and associated health hazards in tobacco curing and storage environments, guiding policies to

rsc.li/esatmospheres reduce exposure and promote sustainable tobacco production practices.

Environmental significance

The investigation underscores the significant environmental impact of tobacco processing and storage, where critically high pollutant levels, such as PM, 5,
PM,,, TVOCs, HCHO, O;, SO,, and NO,, exceed national and international standards. The study highlights temperature and humidity as key drivers of
emissions, with indoor air quality being influenced by both outdoor diffusion from tobacco curing and indoor emissions. These pollutants pose severe risks to
human health, plant vitality, and crop yields. Implementing mitigation strategies is essential for protecting public health, supporting sustainable agricultural
practices, and advancing progress toward Sustainable Development Goals (SDGs).

approximately 11 000 liters of air each day.>® Dry air has a rela-

1 Introduction _ i
tively stable composition by volume: N, (78.084%), O,

Clean air is fundamental to human health, yet air pollution
remains a major global challenge.” Alarmingly, 99% of the
global population lives in areas where air quality exceeds the
limits recommended by the World Health Organization's
(WHO) Air Quality Guidelines.>* Socioeconomic factors are key
drivers of air quality changes.” On average, humans inhale
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(20.946%), Ar (0.934%), CO, (0.033%), Ne (0.0018%), and trace
gases (0.0012%), while water vapor can vary up to 4%.” However,
increasing emissions of particulate matter (dust, fumes, mists,
and smoke), gaseous pollutants (gases and vapors), and
odorous compounds (e.g., H,S) pose serious threats to human
health, ecosystem security, climate stability, sustainable devel-
opment, and plant vitality and human behavior.*** Imple-
menting effective clean air policies can substantially reduce
these detrimental effects on overall well-being.* Key pollutants
include criteria air pollutants (O3, CO, NO,, SO,, PM, 5, and
PM,,) and ambient air quality parameters (CO,, H,S, HCHO,
and TVOCs).""** Air pollution originates from both natural and
human sources but is predominantly driven by anthropogenic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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emissions and meteorological conditions.”® Human activities
contribute to air pollution through stationary sources (agricul-
ture, mining, industry, home heating, and waste incineration),
mobile sources (vehicles, aircraft, and traffic dust), and indoor
sources (tobacco smoke, biological allergens, combustion
emissions, and volatile organic compounds). Additionally,
natural sources include volcanic eruptions, soil erosion, and
biological emissions (pollen, bacteria, spores, and viruses),
which also contribute to air pollution.' Outdoor air pollution is
a major public health concern, increasing the risk of severe
diseases, including cancer.' However, the impact of air pollu-
tion is significantly greater in developing countries than in
developed nations.” Indoor air pollution, caused by physical,
chemical, and biological contaminants, triggers toxicity mech-
anisms such as DNA methylation changes, oxidative stress, and
gene activation.>'® Biomass smoke exposure is linked to respi-
ratory symptoms such as wheezing, coughing, and shortness of
breath.”*®* Chronic exposure increases risks for respiratory
infections, cardiovascular diseases, dementia, hypertension,
and poor sleep quality.”>* Indoor air pollution causes approx-
imately 1.9 million deaths annually, particularly in rural areas,
while ambient air pollution contributes to 0.5 million addi-
tional deaths. Air pollution caused approximately 7 million
premature deaths worldwide in 2019,>** with 4-8% of global
premature deaths and 20-30% of respiratory diseases linked to
pollution, particularly from indoor exposure.*® Air pollution in
Bangladesh caused 123 000 deaths in 2017, increasing to 173
500 in 2019.>* Health impacts vary with temperature, humidity,
altitude, exposure levels, and indoor ventilation. Vulnerable
groups include children, the elderly, and individuals with pre-
existing respiratory conditions.” Temperature influences health
and can confound pollutant effects, while humidity minimally
affects gas toxicity but alters particle deposition through
hygroscopic growth in the lungs. Sustainable Development
Goals (SDGs 3, 7, 11, 13, and 15) emphasize reducing air
pollution through improved energy efficiency, climate resil-
ience, and ecosystem conservation.> The Air Quality Index (AQI)
tracks pollution levels using color codes and numerical values,
guiding exposure limits and policy enforcement.”® Many coun-
tries, including the USA (1999), Hong Kong (2013), Canada
(2017), the EU (2017), and South Korea (2018), have imple-
mented AQI systems to manage air pollution. The USEPA-AQI
remains the most widely used globally, including in Bangla-
desh,*” India,” and China.>*® Effective air quality management
enhances public health, reduces mortality, and supports
economic and social well-being. Strengthening regulations,
promoting clean energy, and raising awareness are crucial in
the fight against air pollution.

Tobacco, Bangladesh's sixth-largest cash crop and second-
highest export crop, ranks 14th globally in acreage and 12th
in production, contributing 1.3% to global tobacco output.
Major cultivation areas include Kushtia, Rangpur, Meherpur,
Chuadanga, Jashore, Gazipur, and the Chattogram Hill Tracts,
with extensions into Lalmonirhat, Nilphamari, Jhenaidah, and
Rajshahi.”® In FY 2021-22, tobacco covered an area of 40 634 ha,
yielding 92 327 tons. The primary tobacco varieties cultivated
include Virginia (69.85%), Joti (19.81%), and Motihari
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(10.34%).> Kushtia was chosen as the study area due to its
leading tobacco production, accounting for 29.58% of Bangla-
desh's total tobacco-cultivated land over the past five years.*
One of the critical processes in tobacco production is flue-
curing, which is necessary for Virginia tobacco. This method
involves drying tobacco leaves at controlled temperature and
humidity by burning fuel wood for approximately 72 h.** The
process accelerates chlorophyll breakdown, imparts the char-
acteristic yellow color to leaves and stems, converts starch into
sugar, enhances aroma and flavor, increases nicotine concen-
tration, and reduces moisture content.* However, flue curing is
highly resource-intensive, requiring approximately 15.56 tons of
dry fuel wood per ha.*® This process releases a substantial
amount of pollutants, many of which are toxic, carcinogenic,
and mutagenic.'* The U.S. Environmental Protection Agency
identified over 4000 chemical compounds in tobacco smoke in
1992, with approximately 60 known carcinogens.*” Nearly half of
these compounds naturally exist in green tobacco leaves, while
the remainder form during combustion. Key pollutants include
nitrogen oxides (NO,), sulfur oxides (SO,), CO, PM, H,S, HCN,
and various volatile and semi-volatile organic compounds.
Additionally, UV-driven photochemical reactions transform
NO, and VOCs into ground-level O;.** Following the curing
process, tobacco leaves are stored indoors for up to 45 days
before being sold.*® Due to space limitations, many farmers
store dried leaves inside their living quarters, often sleeping on
them with their families, including women and children. The
stored leaves undergo natural fermentation, primarily emitting
NO, due to the high nitrogen content (56-64%) in dried tobacco
leaves. Additionally, VOCs and secondary O; gas are released.*
Fine tobacco leaf particles, carried as particulate matter in the
air, further degrade indoor air quality. Poor ventilation in
storage rooms exacerbates exposure to these harmful emis-
sions, posing severe health risks to tobacco-farming families.
Although tobacco cultivation is economically profitable and
supports local economies, it poses serious threats to food
security, environmental sustainability, and public health. It
contributes to deforestation, ecological disruption, and climate
change. Tobacco plantations account for 3.5% of annual
deforestation, with curing processes consuming an average of
23 m’® of fuel-wood per season, adding another 3%.* According
to the WHO,** tobacco farming causes 5% of global deforesta-
tion and emits about 80 million tons of CO, annually. In Ban-
gladesh, the total GHG emissions from tobacco farming are
estimated at (710664 + 19414) tCO,e, around 0.26% of the
country's total annual emissions. Producing one kilogram of
tobacco leaves releases approximately (7.7 £ 0.21) kg of CO,e.*®
Despite these environmental impacts, farmers often remain
unaware, focusing only on short-term economic gains. Notably,
65.28% of tobacco farmers acknowledged that tobacco curing
severely pollutes the air.** However, all previous assessments
were based solely on questionnaire surveys. Given the growing
global concern and evidence from countries such as the USA,
Brazil, China, India, and Bangladesh, assessing real-time air
pollution from tobacco curing is crucial. To address this,
a portable OCEANUS AQM-9 (China) automatic air quality
monitoring device was installed near CHs and inside SHs.
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Recent studies worldwide, including in Bangladesh, have
extensively explored air pollution and its health effects from
solid fuel cooking emissions®'****37 and brick kiln emis-
sions.'**% Additionally, research has evaluated ambient air
quality with seasonal variation in major cities>***3264945 and
industrial areas.*® Numerous global studies also have focused
on air pollution prediction and forecasting.“****” Indoor and
outdoor air quality studies have assessed air pollution-
associated  health risks’® in sleeping rooms and
classrooms'*****->> and the effects of tobacco smoke exposure.*
Research has also explored tobacco curing methods, fuel char-
acteristics, and microbial changes during curing.>**® Despite
these extensive studies on air quality and health risks, no
research either globally or in Bangladesh has specifically
assessed the effects of tobacco leaf curing and storage on indoor
and outdoor ambient air quality. Additionally, there are no
estimations of the emissions of major toxic air pollutants from
these processes, nor evaluations of the associated carcinogenic
and non-carcinogenic health risks to surrounding communities
and tobacco-growing families. This study aims to fill this critical
research gap by assessing indoor and outdoor air quality in
tobacco-processing communities, characterizing toxic pollut-
ants, and evaluating the health risks associated with tobacco
curing and storage. The findings of this research will provide
essential insights into air pollution linked to tobacco process-
ing, guiding policies and interventions to mitigate exposure,
prevent long-term health effects, and promote sustainable
tobacco production practices.

2 Materials and methods
2.1 Research location

Kushtia district, the study area, is located in the Khulna division
of western Bangladesh and covers an area of 1621.15 km?. It lies
between latitudes 23°42’ and 24°12’ north and longitudes 88°
42" and 89°22' east, within Agro-Ecological Zone 11 (AEZ 11),
known as the High Ganges River Floodplain. This study focused
on six curing houses (CHs) and three tobacco storage houses
(SHs) in Kazihata village (Table 1) (Dharmapur union, Bher-
amara upazila, Kushtia district), selected for their significant
tobacco cultivation, which covers about 54.63% of the land in

Table 1 Study area locations (Kazihata, Bheramara, and Kushtia)®
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the Rabi season.” The study village was also chosen for its
minimal external pollution influences, being 10 km from the
national highway and over 20 km from any industrial area.>*

2.2 Measurement and instrumentation

Ambient air quality monitoring is an expensive process due to
the sophisticated equipment and technology required. The
analyzers used are highly sensitive and need precise calibration
and maintenance for accurate measurements. Continuous
monitoring also involves significant operational costs,
including data processing, equipment upkeep, and technical
expertise. Hence, the sample size is relatively limited. Tobacco
curing, specifically for Virginia tobacco, is the most tedious
stage of production, requiring around 72 h of continuous
heating that releases significant air pollutants into the envi-
ronment, which can also infiltrate nearby sleeping quarters.
Additionally, stored tobacco leaves also emit substantial toxic
pollutants. This study monitored air quality during the tobacco-
curing season (March 16-25, 2024). A portable ambient air
quality monitor (Brand: OCEANUS; Model: AQM-9; Country:
China) was installed at a standard breathing height of 1.5
meters using an adjustable tripod.'**® Continuous sampling
was conducted using automatic sensors, employing light scat-
tering for PM detection and a high-precision electrochemical
sensor for gases, to provide time-averaged concentration data.
At each location, the device operated for 24 h,® starting at 09:00,
recording two-hourly mean values, resulting in 12 data points
per site.” Monitored parameters included key air pollutants
(03, CO, NO,, SO,, PM, 5, and PM,,), meteorological factors (AT
and RH), and air quality indicators (CO,, H,S, HCHO, and
TVOCs). The data stored in the device were subsequently
retrieved via a computer for analysis.

2.3 Data processing and analysis

The raw data were compiled into a master sheet and analyzed
using Statistical Package for the Social Sciences (SPSS) software
(Version 20) and Microsoft Excel 2016 for statistical evaluation.

2.3.1 Assessment of the air quality index (AQI) using the
USEPA method. The USEPA AQI reports daily air quality using
color codes, numerical values, and descriptive terms for easy

Location
Code no. Name of the place Latitude Longitude Weather
CH, In front of Shanto's house 24.041376 88.923588 Sunny
CH, In front of Idris's house 24.030714 88.933962 Sunny
CH; In front of Ziaur's house 24.020412 88.862726 Sunny
CH,4 In front of Kabir's house 24.019428 88.889666 Sunny
CHs In front of Monir's house 24.024411 88.914216 Sunny
CH, In front of Latif's house 24.038072 88.947025 Sunny
SH, Inside Idris's tobacco storage house 24.030711 88.933852 Sunny
SH, Inside Monir's tobacco storage house 24.024540 88.914981 Sunny
SH; Inside Latif's tobacco storage house 24.037851 88.947197 Sunny

“ Note: CH indicates the community near the tobacco curing house; SH indicates inside the tobacco storage house.
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Table 2 Truncation of major pollutant levels (1st step)®

Name of the Measuring Data processing Level to be
pollutants unit time truncated

O3 ppm 8 h average 3 decimal places
CO ppm 8 h average 1 decimal place
SO, ppb 24 h average Integer

NO, ppb 24 h average Integer

PM;, pgm 24 h average Integer

PM, 5 pg m—? 24 h average 1 decimal place

% Source: USEPA.’

interpretation.*® It warns citizens, guides activity adjustments,
recommends respiratory precautions, and informs medical
actions during pollution events.** AQI evaluation followed three
steps (Tables 2 and 3), incorporating six common ambient air
pollutants.>*”

Step 3: calculation of the pollutant sub-index using eqn (1)
(ref. 2, 4 and 41) to determine levels of concern.

IHi - ILo

5= gp.—gp, (G~ BPL) T 1o

(1)
where I, is the pollutant index for p, C, is the truncated
concentration of pollutant P, BPy; and BPy, are the concentra-
tion breakpoints greater than or equal to C, and less than or
equal to C,, respectively, and Iy; and I, are the corresponding
AQI values for BPy; and BPy,.

The highest sub-index AQI value is considered the site's
overall USEPA AQI (eqn (2)):>*%®

USEPA AQI = maximum
(AQlo,, AQIco. AQIso,, AQINo,. AQIpm,,, AQIpm,) (2)

The Aggregated Air Quality Index (AAQI) is calculated using
eqn (3):*7

© =

AAQI = { ) (AQL)”} ()

i=1
where AAQI is the Aggregated Air Quality Index; AQ], is the sub-
index for single pollutant i; the parameter p, ranging from 1 to
o, when p = 1, AAQI is the linear summation of sub-indices. In
previous studies, the value of p ranged between 2 and 3.%”* This
study set p to 2.5.>
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2.3.2 Assessment of ecological toxicity potential (ETP). The
ETP represents the potential impact of a pollutant on ecological
health per unit of its release into the environment, calculated
using eqn (4):>**°

C
ETP = —
S

i

(4)

where C; is the measured concentration of parameter 7, while S;
denotes its standard concentration value for ecologically
sensitive areas. The standard values are based on the India
AQI® for PM, 5 (60 pg m™>), PM;, (100 pg m>), SO, (80 ug m—3),
NO, (80 pg m ), 05 (100 ug m?), and CO (2 mg m?). Other
standard values are assumed as CO, = 1800 mg m>;% H,S =
0.15 mg m*;*> HCHO = 0.2 mg m%® and TVOCs = 1 mg m >.*

2.3.3 Assessment of non-carcinogenic (NCR) and carcino-
genic (CR) health risks. Human health risk assessment,
encompassing carcinogenic (CR) and non-carcinogenic (NCR)
risks via inhalation, is vital for identifying air pollution hazards.*®
This study followed the USEPA's Exposure Factors Handbook.*
Of the twelve analyzed air pollutants, ten (CO,, H,S, HCHO,
TVOCs, O3, CO, NO,, SO,, PM, 5, and PM,,) were classified as
NCR, while only PM, 5, PM;,, and TVOCs were considered LCR
due to available carcinogenic risk factors (CRFs). The first step
calculated the average daily dose of i number of air pollutants
(ADD;, pg per kg-day) using eqn (5):*>°¢%¢7

C; x IR x ET x EF x ED
BW x AT

ADD,; = (5)
where C; is the air pollutant concentration (ug m™?) of the i
parameter; IR is the inhalation rate (0.429 m® h™" for children
and 0.667 m* h™" for adults);***” ET is the exposure time (24 h
per day) and EF is the exposure frequency (45 days per year);*
ED is the exposure duration (61 years for adults and 12 years for
children); BW is body weight (18.9 kg for children, 80 kg for
adult males, and 65 kg for adult females);*” and AT is the
average time (ED x 365 days).

In step two, the hazard quotient (HQ) for NCR was calculated
(eqn (6)), and the cumulative NCR, or hazard index (HI), was
determined by summing HQs (eqn (7)):*’

ADD;
HQ[ - RfD, (6)
i=10
HI = Z HQ, +HQ, + ............ +HQy (7)
i=1

Table 3 Determination of upper and lower breaking points for truncated pollutant values (2nd step)®

O3 (ppm) CO (ppm) SO, (ppb) NO, (ppb) PM, ;5 (ug m™) PM;, (ug m™?) AQI Concern level with colour code
0.000-0.054 0.0-4.4 0-35 0-53 0.0-12.0 0-54 0-50 Good

0.055-0.070 4.5-9.4 36-75 54-100 12.1-35.4 55-154 51-100 Moderate

0.071-0.085 9.5-12.4 76-185 101-360 35.5-55.4 155-254 101-150 Unhealthy for sensitive groups
0.086-0.105 12.5-15.4 186-304 361-649 55.5-150.4 255-354 151-200 Unhealthy

0.106-0.200 15.5-30.4 305-604 650-1249 150.5-250.4 355-424 201-300 Very unhealthy

>0.200 >30.5 >605 >1250 >250.5 >425 >301 Hazardous

% Source: USEPA.’
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Table 4 Descriptive statistics of air pollutants in the community near the tobacco curing house (CH) and inside the tobacco storage house (SH)*

Pollutants AT RH CO, (60} O; NO, SO, H,S HCHO TVOCs PM,; PM;o
Average time 24h  24h 24h 8h 8h 24 h 24 h 24 h 24 h 24 h 24h  24h
Unit °C % mgm® mgm® pgm? pgm? pgm? mgm? mgm? mgm? pgm? pgm?
Mean CH 39.38 45.51 958.09 5.21 137.24 354.22 234.08 0.29 2.47 12.53 97.87  282.29
SH 36.81 51.14 935.86 4.42 187.14  474.99 178.21 0.12 4.17 21.37 156.21 312.56
Median CH 39 45 973.61 4.62 143.20 352.40 240.15 0.30 2.59 12.71 90.66 283.62
SH 36 51 928.90 3.64 182.01  468.68 166.02 0.11 3.77 19.14 168.54  322.95
Standard CH 2.22 2.28 256.50 3.01 39.62 104.83 73.60 0.12 1.11 5.61 32.25 103.69
deviation (SD) SH 1.95 3.84 103.10 2.84 76.04 215.63 71.71 0.06 2.21 11.26 39.11 87.28
Standard CH 0.26 0.27 30.23 0.35 4.67 12.35 8.67 0.01 0.13 0.66 3.80 12.22
error (SE) SH 0.33 0.64 17.18 0.47 12.67 35.94 11.95 0.01 0.37 1.88 6.52 14.55
Kurtosis CH —-1.35 —0.68 —0.84 0.26 —0.61 —0.30 —0.46 —0.48 —0.18 —0.05 —-0.13 —0.36
SH —-0.91 —0.28 2.00 0.17 —0.85 —0.96 —0.20 —0.48 —0.86 —0.93 0.10 0.63
Skewness CH —0.08 0.21 —0.10 0.69 —0.44 —0.15 —0.14 —0.21 —0.03 0.09 0.35 0.18
SH 0.63 —0.37 0.43 1.01 0.30 0.29 0.76 0.51 0.33 0.28 —0.72 —0.78
Minimum CH 36 41 452.30 0.40 41.72 99.14 86.00 0.03 0.15 0.86 38.50 86.32
SH 34 42 717.74 0.78 70.38 155.48 80.99 0.03 0.58 2.75 57.50 83.74
Maximum CH 43 51 1466.51 12.73 203.58 565.53 391.04 0.54 4.98 25.81 184.01 539.55
SH 41 58 1251.40 11.26 335.37 896.05 341.86 0.25 8.74 44.36 225.01 467.16
95% confidence CH (L) 38.85 44.98 897.81 4.50 127.93  329.59 216.79 0.26 2.21 11.21 90.29  257.92
interval CH (U) 39.90 46.05 1018.36 5.92 146.55 378.86 251.38 0.32 2.73 13.84 105.45 306.65
SH (L) 36.14 49.84 900.97 3.46 161.41  402.03 153.94 0.10 3.42 17.56 142.98 283.03
SH (U) 37.47 52.44 970.74 5.38 212.87  547.95 202.47 0.14 4.91 25.18 169.44  342.09
MPL, BAPCR®® NYS NYS NYS 5 100 80 80 0.278 0.615 NYS 65 150
MPL, WHO®* NYS NYS NYS 4 100 25 40 0.15 0.1 0.3 15 45
MPL, USEPA®! NYS NYS 1800 10 147 188 (1 h) 196 (1h) 0.14 NYS NYS 35 150
MPL, NESREA®® 20-25.5 40-70 1440 1.89 NYS NYS NYS NYS 0.03 0.2 15 20

% Note: CH is near the tobacco curing house, SH is the tobacco storage house, AT is ambient temperature, RH is relative humidity, TVOCs are total
volatile organic compounds, PM is particulate matter, L and U are lower and upper limits, BAPCR is Bangladesh Air Pollution Control Rules, MPL is
the maximum permissible limit, and NESREA is the National Environmental Standards and Regulations Enforcement Agency, Nigeria.

RfD; represents the reference dose (ug per kg-day) obtained
from WHO-recommended values, with CO, sourced from
USEPA guidelines (Table 4).>* HQ or HI values are categorized as
follows: no NCR hazard (<0.1), low NCR hazard (0.1-1.0),
moderate NCR risk (1.1-10), and high NCR risk (>10).**

Incremental cancer risk (CR) represents the likelihood of
developing cancer from lifetime exposure to a carcinogenic
agent.”> Both CR and lifetime cancer risk (LCR) were deter-
mined using eqn (8) and (9):**°

3
C,-><IR><<w) x ET x EF x ED

70
CR,‘ — BW x ATC X CSF, (8)
3
LCR = (CRpy,, + CRpy;,, + CR1vocs) )

i=1

. BW\3 .
The correction factor (%) adjusts the Integrated Risk

Information System (IRIS) risk measure, while AT, represents
the average exposure time for CR determination, set at 70 years
(25550 days).**”® The cancer slope factor (CSF;) represents the
risk per unit exposure (ug per kg-day) for parameter 7, with

818 | Environ. Sci: Atmos., 2025, 5, 814-830

values as follows: PM, s = 8 x 107°% PM,, = 10 °,>* and
TVOCs = 2.2 x 10~°.%%52 The acceptable CR threshold is 107*.4
For regulatory assessment, this study classifies tolerable CR or
LCR into five risk levels: very low (<107°), low (107° to 107°),
medium (107> to 10™*), high (107" to 107°), and very high
(>1073).71

3 Results and discussion

3.1 Comprehensive descriptive analysis of key air quality
parameters in tobacco processing and storage environments

Air pollution in tobacco processing and storage environments
significantly impacts the health of communities, particularly
tobacco-growing families, due to emissions from biomass
combustion and the slow decomposition of dried tobacco
leaves. The mean and median give insights into the average and
typical values, while standard deviation (SD) and standard error
(SE) measure spread and precision. Skewness, kurtosis, and
range indicate the distribution and sharpness, and the 95%
confidence interval (CI) estimates the reliability of the mean.
These statistics offer a comprehensive understanding of central
tendency, variability, distribution, and reliability.

3.1.1 Meteorological parameters (AT and RH). Unfavorable
meteorological conditions led to heavy pollution weather.*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 demonstrates that the mean AT was slightly higher in
the CH at 39.38 °C (CI: 38.85-39.90 °C) compared to the SH at
36.81 °C (CL: 36.14-37.47 °C), indicating elevated AT due to
biomass combustion. Median values (CH: 39 °C and SH: 36 °C)
were close to the mean, suggesting a stable distribution. AT
variability was moderate (CH: SD = 2.22 and SH: SD = 1.95) with
low SE, ensuring reliable estimates, and slightly greater in CHs.
The AT range was 36-43 °C (CH) and 34-41 °C (SH), reflecting
significant fluctuations. Both CHs and SHs had negative
kurtosis, indicating flat AT distributions, with mild right
skewness in SHs. According to the National Environmental
Standards and Regulations Enforcement Agency (NESREA),
Nigeria,* the recommended AT range is 20-25.5 °C, suggesting
excessive heat exposure in both locations, likely due to the hot
summer season and continuous fuel-wood burning during
curing. Prolonged heat exposure can cause heat stress, dehy-
dration, cardiovascular diseases, respiratory diseases, and
mortality risks, particularly for vulnerable groups.” Relative
humidity (RH) showed an inverse relationship with AT,
consistent with Saha et al."> RH was higher in SHs (51.14%, CI:
49.84-52.44%) than in CHs (45.51%, CI: 44.98-46.05%), likely
due to moisture retention and lower AT in SHs. It fluctuated
more in SHs (SD: 3.84) compared to CHs (2.28), suggesting
indoor humidity instability. Both locations had negative
kurtosis, with CHs displaying a skewness of 0.21, suggesting
data clustering on the left with a slight right tail. All RH values
fell within the NESREA® recommended range of 40-70%. Nar-
ayanan et al.®® noted that the safe RH limit is 45.71-56.59% to
ensure comfortable living conditions. This study suggests that
tobacco curing and storage have little effect on relative
humidity. In contrast, raising air temperature level that may
degrade ambient air quality and pose health risks.

3.1.2 Toxic gaseous pollutants (CO,, CO, SO,, H,S, NO,, O3,
HCHO, and TVOCs). Table 4 shows that mean CO, concentra-
tions were higher in the CH at 958.09 ppm than in the SH at
935.86 ppm, with median values of 973.61 ppm and
928.90 ppm, respectively. It remained well below the USEPA®*
limit of 1800 ppm. Minimum CO, levels were 452.30 ppm (CH)
and 717.74 ppm (SH), while maximum values reached
1466.51 ppm (CH) and 1251.40 ppm (SH). CO levels followed
a similar trend, with the CH (5.21 ppm) exceeding the WHO®*
MPL of 4 ppm, while the SH (4.42 ppm) was slightly above the
limit. Greater CO, variability in the CH (SD: 256.50) than in the
SH (SD: 103.10) suggests higher fluctuations, possibly due to
wind, while CO levels exhibited moderate variability in both
houses. Both CO, and CO exhibited negative kurtosis and near-
zero skewness, indicating normal distributions with few
extreme outliers. Biomass combustion releases CO, through
complete oxidation and CO from incomplete combustion due to
limited oxygen.*® While dry tobacco leaves alone emit minimal
CO, or CO, continuous heating or smoldering can generate
small amounts.*® As a result, pollutant levels were higher in CHs
than in SHs. Gautam et al.*® reported CO levels ranging from
4.18 to 6.10 ppm in households using biomass for cooking,
aligning with the findings of this study. More prior studies
support these findings: Neumann et al'® recorded CO, at
859.41 ppm, Ababio et al.®> found CO levels between 0.37 and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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34.29 ppm in biomass-fueled kitchens, and Saha et al.** re-
ported CO, (424-814 ppm) and CO (0.91-3.10 ppm) in brick
kilns. This suggests that CHs and SHs increased CO, and CO
levels, though only CHs exceeded the WHO's CO limit, slightly
impacting AQI and health risks. SO, levels were higher in CHs
(mean: 234.08 pg m™® and CL: 216.79-251.38) than in SHs
(mean: 178.21 ug m > and CI: 153.94-202.47) (Table 4) due to
biomass combustion near the curing house,® with additional
contributions from slow smoldering and tobacco leaf heating.**
The close alignment of mean and median suggests stable
distribution, though high SD values (CH: 104.83 and SH: 71.71)
indicate emission inconsistencies. H,S levels were also lower in
SHs, following the same trend. Mild SO, skewness suggests
occasional emission spikes, while H,S followed a near-normal
distribution. Ababio et al® found SO, levels of 190-610 ng
m™? in biomass-fueled kitchens, and Saha et al.** recorded H,S
levels of 0.02-0.25 mg m > in brick kilns, aligning with these
findings. SO, exceeded WHO® (40 pg m ) and Bangladesh Air
Pollution Control Rules (BAPCR)*® (80 pg m>) limits in both
CHs and SHs, while H,S (mg m %) surpassed WHO® (0.15) and
BAPCR® (0.278) limits only in CHs. These four gases (CO,, CO,
H,S, and SO,) are primarily produced during biomass
combustion in the curing process, with some dispersing into
the storage house, resulting in lower concentrations of SHs
compared to CHs. CO, levels remain well below the risk
threshold, while H,S exceeds safe limits only in CHs. In
contrast, CO is slightly elevated, and SO, significantly exceeds
the WHO® limit in both environments. Since the CH is located
in an open area, the slightly elevated levels of CO and H,S may
pose minimal health risks. However, higher concentrations of
SO, and CO in the SH can significantly degrade air quality and
pose serious health risks. This section highlights CO in the SH
and SO, in both environments as the primary contaminants
linked to tobacco curing and storage operations.

The mean concentrations of NO, (474.99 ug m~?), O, (187.14
ug m %), HCHO (3.77 mg m?), and TVOCs (3.77 mg m ™ °) were
higher in SHs compared to CHs (354.22, 137.24, 2.47, and 2.47,
respectively) (Table 4). This trend was consistent across median,
range, and CI values, indicating elevated emissions in SHs.
Variability was higher in SHs for NO, (SD: 215.63 and SE: 35.94)
than in CHs (SD: 104.83 and SE: 12.35), suggesting greater
fluctuations. O; showed moderate variability (SH: SD 215.63
and SE 4.67; CH: SD 104.83 and SE 12.67), while lower SD and
SE for HCHO and TVOCs indicate more stable emissions for
both environments. In SHs, NO, accumulates indoors, with
occasional outdoor airflow causing deposition and fluctuations,
whereas CH, being open, allows more even dispersion. HCHO
and TVOCs exhibit stability due to consistent sources and
slower degradation rates, minimizing fluctuations in both
environments. As O; forms through photochemical reactions
involving NO, and TVOCs,**® its fluctuations reflect their
variability, with high values for NO, and low for TVOCs,
resulting in moderate O; fluctuations. NO, in SHs (0.51) is
mildly right-skewed, while in CHs (—0.44), it is slightly left-
skewed. O; has a near-normal distribution in SHs (0.29) but is
left-skewed in CHs (—0.69). NO, and O; exhibit near-normal
distributions, HCHO and TVOCs

whereas show flatter
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distributions, indicating fewer extreme values. Ababio et al®
reported NO, levels of 70-360 pug m ™, while Ayeni et al.*® found
TVOCs ranging from 0.32 to 10.00 mg m ™ in a printing room,
both consistent with the research findings. The mean concen-
trations of O3, NO,, HCHO, and TVOCs in both SHs and CHs
exceed national® and international® MPLs. These pollutants
mainly originate from biomass combustion and heated tobacco
leaves during curing and storage, sharing similar sources and
behavior. Consequently, they can severely degrade ambient air
quality and pose critical health risks to local communities and
tobacco households.

3.1.3 Particulate matter (PM,; and PM,,). PM,; (fine
particulate matter) consists of particles =<2.5 pm, while PM;,
(coarse particulate matter) includes particles =10 pm.*”
Ambient PM, 5 and PM;, are the main air pollutants.”® The 24 h
average concentrations were alarmingly high, especially in SHs
(PM,5: 156.21 pg m > and PM,,: 312.56 ug m °), exceeding
national®® and international®»*>* limits (Table 4). Khandker
et al.* reported PM, 5 and PM, levels of 85.6 ug m~> and 146.9
pg m~? in a normal Bangladeshi environment, while Ababio
et al.® found higher kitchen ranges (PM,5: 180-1250 pg m >
and PM,: 270-1760 ug m ™), aligning with this study. Median,
range, and CI values confirm elevated emissions in enclosed
tobacco-exposed environments. PM, 5 (SH: 12.22 and CH: 3.88)
and PM,, (SH: 14.55 and CH: 5.06) showed moderate variability,
with higher SE in SHs. They exhibited slight positive skewness,
suggesting occasional pollution spikes, and low kurtosis, indi-
cating stable concentration levels. The significantly elevated
PM, s and PM,, levels, especially in SHs, highlight hazardous
air pollution and severe health risks. Nautiyal et al.® identified
six key sources of PM in India: dust, vehicle emissions, biomass
burning, fuel combustion, industrial activities, and bromine-
rich emissions. Thus, biomass burning, dry tobacco leaf frag-
ments, and wind-blown dust emerged as the primary sources in
both CHs and SHs. The CH, being an open area, experiences
higher wind speeds than the SH. In contrast, the SH accumu-
lates particulate matter from both indoor emissions and limited
outdoor dispersion, leading to higher PM concentrations.
Meanwhile, due to lower airborne persistence, PM;, infiltrates
airtight indoors less effectively than PM, s, leading to a limited
increase in its concentration in SHs.

This analysis highlights severe air pollution in tobacco pro-
cessing and storage areas, with elevated levels of PM, 5, PM;,,
03, NO,, SO,, HCHO, CO, and TVOCs, especially in SHs,
degrading ambient air quality and posing significant health
risks to local communities. Immediate intervention is essential
to improve air quality and safeguard the health of tobacco-
growing families.

3.2 Comparison of key air pollutants in tobacco processing
and storage environments using a paired samples test

The indoor-outdoor (I/O) ratio helps assess pollutant variations
and identify indoor sources.** A paired ¢test is commonly
employed to evaluate differences in pollutant concentrations
between indoor and outdoor environments.** This test provides
insights into significant variations in environmental
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parameters between the community near the tobacco curing
house (CH or O) and the tobacco storage house (SH or I).
However, the I/O ratio varies by site due to factors such as
meteorological conditions (AT, RH, and wind speed/direction),
indoor sources, ventilation patterns, household activities,
penetration factors, particle deposition rates, and outdoor
pollutant levels.*>

The mean differences (MDs) for AT, CO,, CO, SO,, and H,S
were 2.57, 22.22, 0.79, 55.87, and 0.17, respectively (Table 5).
Statistical analysis showed no significant differences (p > 0.05)
in these air quality parameters between indoor and outdoor
environments at t s, 35. The observed t-values (7.540, 0.666,
1.552, 4.559, and 10.434) exceeded the critical #-values (0, 0.507,
0.125, 0, and 0), confirming no statistically significant variation
(Table 5). Data collection occurred in the summer (March) when
biomass burning generated intense heat, significantly impact-
ing the CH community but dissipating the SH. The summer AT
range (22-35 °C) reported by Kaewrat et al.** aligns with this
study's findings. Biomass combustion during curing is the
primary source of CO,, CO, SO,, and H,S,” with additional
emissions from the decomposition of the organic material of
tobacco leaves due to heat exposure.'®* This results in elevated
outdoor pollution. Outdoor contaminants can infiltrate indoor
spaces, either diluting or accumulating. Poor ventilation in SHs
leads to indoor pollutant accumulation, supplemented by
emissions from stored dry tobacco leaves, bringing concentra-
tions close to but still lower than outdoor levels. RH was
significantly higher in SHs but remained within the comfortable
70% range,** likely due to lower AT in SHs compared to CHs.
Table 5 shows statistically significant MD values for NO,
(120.76), O (49.90), HCHO (1.69), and TVOCs (8.84) at to.os, 35-
The observed t¢-values were lower than the critical t-values,
indicating significant variation between indoor and outdoor
environments. NO, primarily forms during combustion,
including tobacco curing. Indoors, it accumulates due to
limited ventilation, with additional emissions from the slow
fermentation of nitrogen-rich dry tobacco leaves (56-64% N),*
leading to higher NO, levels in SHs compared to CHs. TVOCs
are released from various sources, including heating from
indoor dry tobacco leaves and small amounts from heating
fuels.®* HCHO, a component of TVOCs, is a known byproduct of
biomass combustion and tobacco smoke.*** O; forms through
NOx and VOC reactions in sunlight.*' In storage environments
with limited ventilation, it can accumulate due to outdoor
infiltration and indoor precursor emissions. These four pollut-
ants are present indoors and outdoors, but open outdoor spaces
lead to lower concentrations. In contrast, SH's enclosed envi-
ronment traps pollutants from both indoor emissions and
outdoor infiltration, significantly raising concentrations
compared to CHs. PM, 5 levels are significantly higher in SHs
due to accumulation from outdoor combustion sources’™ and
emissions from dry tobacco leaves in airtight spaces. Coarse
PM,, linked to fly ash, tobacco leaf fragments, and dust from
tobacco handling and firewood combustion, remains airborne
briefly,* with most particles settling before entering indoor
spaces. Nevertheless, PM,, levels are slightly higher in SHs,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Paired samples t-test comparing indoor and outdoor air quality for the same parameters®

Paired sample test

Paired differences

Paired parameters Standard Standard Indoor/outdoor Calculated Significance at the
(CH vs. SH) Mean deviation error (I/O) ratio t-value df 5% level (2-tailed)
Pair 1 AT-AT 2.57 2.89 0.34 0.92 7.540 35 0.000
Pair 2 RH-RH —5.63 4.83 0.57 1.11 —9.880 35 0.000
Pair 3 CO,-CO, 22.22 282.94 33.35 0.97 0.666 35 0.507
Pair 4 CO-CO 0.79 4.33 0.51 0.85 1.552 35 0.125
Pair 5 0;-03 —49.90 87.96 10.37 1.36 —4.814 35 0.000
Pair 6 NO,-NO, —120.76 245.66 28.95 1.34 —4.171 35 0.000
Pair 7 SO,-S0, 55.87 103.99 12.26 0.76 4.559 35 0.000
Pair 8 H,S-H,S 0.17 0.14 0.02 0.42 10.434 35 0.000
Pair 9 HCHO-HCHO —1.69 2.44 0.29 1.68 —5.891 35 0.000
Pair 10 TVOCs-TVOCs —8.84 12.27 1.45 1.70 —6.112 35 0.000
Pair 11 PM, 5-PM, 5 —58.35 51.25 6.04 1.58 —9.660 35 0.000
Pair 12 PM,,-PM4, —30.32 139.56 16.45 1.10 —~1.843 35 0.069

“ Note: CH is the community near the tobacco curing house, SH indicates inside the tobacco storage house, AT is ambient temperature, RH is
relative humidity, TVOCs are total volatile organic compounds, and PM is particulate matter.

mainly due to indoor emissions, with lower contributions from
outdoor sources.

The 1/O ratio ranged from 0.42 to 1.70, with TVOCs (1.70)
having the highest value, followed by HCHO (1.68), PM, 5 (1.58),
03 (1.36), and NO, (1.34). These pollutants primarily originate
in SHs due to the slow decomposition of organic matter under
heat and moisture. The lowest I/O ratio was for H,S (0.42), fol-
lowed by SO,, while AT, RH, CO,, CO, and PM;, had similar
indoor and outdoor levels. Kaewrat et al.** reported a typical I/O
ratio range of 0.1 to 1.8, aligning with this study. Low SD and SE
values for AT and RH indicate stable levels and precise mean
estimation. A similar trend is observed for H,S, CO, HCHO, and
TVOCs, as their lower concentrations and single-source emis-
sions (either indoor or outdoor) lead to more stable MD fluc-
tuations and reliable mean differences. In contrast, high SD
values for CO,, O3, SO,, NO,, PM, 5, and PM,, indicate greater
uncertainty in MD values, likely due to varying indoor and
outdoor emission sources, environmental factors (AT, RH, and
wind speed/direction), and their higher concentrations.
Elevated SO, and H,S levels in CHs suggest combustion-related
emissions, while SH's enclosed conditions lead to the accu-
mulation of NO,, O3, HCHO, TVOCs, and PM, raising air quality
concerns and potential health risks in the storage environment.

3.3 Pearson's correlation coefficient for assessing potential
correlations among the air quality parameters in tobacco
processing and storage environments

Pearson's correlation coefficient helps analyze relationships
between air pollutants and their effects, offering insights for air
quality control, health risk mitigation, and worker safety in
tobacco processing and storage environments. Table 6 shows
that AT was positively correlated with all air pollutants. In CHs,
it strongly correlated with CO, (0.854), while in SHs, it was
highly correlated with CO,, CO, ground-O;, NO,, HCHO, and
TVOCs. Outdoors, CO, and CO increased with increasing AT,

© 2025 The Author(s). Published by the Royal Society of Chemistry

while higher AT accelerated organic matter decomposition from
dry tobacco leaves indoors, increasing ground-O;, NO,, HCHO,
and TVOCs. SH's airtight conditions led to strong correlations
with low fluctuation, whereas CHs, being open, showed only
moderate correlations between AT and other pollutants. RH, in
contrast, was negatively correlated with all pollutants, with
particularly strong negative correlations with AT and CO, in
both environments. A strong AT-RH inverse correlation, also
reported by Majumder et al.”® and Saha et al.,** aligns with this
study's findings. Table 6 also highlights a strong CO,-CO
correlation in both houses, originating from biomass combus-
tion. During curing, biomass fuel combustion releases CO,
from complete oxidation and CO from incomplete combustion
due to limited oxygen supply.* Similarly, SO, and H,S showed
a high correlation in both houses, as both originate from
biomass combustion during tobacco curing. PM, s and PM;,
followed the same pattern, driven by common sources such as
fuel combustion, fine tobacco leaf fragments, dust, and wind
dispersion.** NO, primarily originates from biomass combus-
tion or the heating of organic compounds, showing a strong
correlation with AT. HCHO, a component of TVOCs, also
showed a positive correlation with AT. O3 is not directly emitted
but forms when sunlight, especially UV light, interacts with
TVOCs and NO,.** As a result, NO,, TVOCs, HCHO, and O; were
strongly correlated with each other in both environments. The
correlation matrix reveals that high AT and low RH drive
maximum pollutant emissions. CO,-CO and SO,-H,S correla-
tions suggest a common biomass combustion source, while
NO,, TVOCs, HCHO, O3, and PM, 5s-PM,, share similar origins,
either biomass burning or tobacco leaf heating, or both.
Understanding these relationships can guide targeted air
quality control, improved ventilation strategies, and emission
reduction efforts. Policymakers can use these insights to
establish stricter air quality regulations in tobacco processing
and storage areas, ensuring better worker safety.
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Table 6 Pearson bivariate correlation among the air parameters in the community near the tobacco curing house (CH) and inside the tobacco

storage house (SH)*

Pearson bivariate correlation
Factor AT RH CO, co Gr_‘g“d NO, SO, H,S | HCHO | TVOCs | PMys | PMy
AT 1 -0.815 | 0.866 0.845 0.867 | 0.855 | 0.729 | 0.698 | 0.893 0.882 | 0449 | 0.509
RH -0.932 1 —0.773 | —0.643 | —0.701 | —0.692 | —0.681 | —0.674 | —0.715 | —0.700 | —0.430 | -0.519
CO, 0.854 | —0.824 1 0.757 078 | 0772 | 0.644 | 0.635 | 0.818 0.806 | 0403 | 0455
co 0700 | —0.660 | 0.776 1 0721 | 0703 | 0855 | 0821 | 0.732 0.731 0.534 | 0571
Gr‘g“d' 0520 | —0524 | 0490 0372 1 0985 | 0713 | 0736 | 0.949 0.941 0512 | 0533
N(;2 0497 | —0489 | 0481 0305 0.923 1 0.687 | 0701 | 0.955 0.948 | 0501 | 0522
SO, 0442 | —0485 | 0544 | 0403 0.616 | 0.565 1 0.976 | 0.642 0632 | 0592 | 0.629
H,S 0429 | —0420 | 0482 0.331 0576 | 0532 | 0.881 1 0.646 0.639 | 0.649 | 0.659
HCHO | 0543 | —0522 | 0437 0302 0.816 | 0.863 | 0412 | 0445 1 0.995 | 0464 | 0497
TVOCs | 0528 | —0.505 | 0.423 0.306 0795 | 0.842 | 0384 | 0431 | 0.983 1 0462 | 0.486
PM, s 0548 | —0558 | 0.416 0.269 0347 | 0410 | 0341 | 0359 | 0410 | 0392 1 0.958
PMio 0541 | —0558 | 0441 0.281 0352 | 0419 | 0353 | 0367 | 0410 | 0395 | 0.979 1

¢ Black and violet digits indicate the correlation of parameters in the community near the tobacco curing house and inside the tobacco storage
house, respectively; bold digits (>0.750) represent highly correlated values.

3.4 Principal component analysis (PCA) of air quality
parameters near the CH and inside the SH

Table 7 presents the Principal Component Analysis (PCA)
results for air quality parameters in both CHs (open space) and
SHs (airtight chamber), using the Varimax rotation method with
Kaiser normalization.”® The analysis identifies key pollutant
groups and their sources, explaining their contributions to air
quality variation in both environments. Each column represents
a Principal Component (PC), with PCs selected based on
eigenvalues =1.0, accounting for at least 5% of the total vari-
ance.”®”® Eigenvalues reflect the variance captured by each PC,
while variance percentages show individual contributions.

In CHs, four PCs were identified due to greater concentration
fluctuations caused by wind. The PCs explained 29.88%,
27.07%, 17.98%, and 16.83% of the variance. In contrast, SHs
had two PCs, which explained 55.23% and 29.75% of the vari-
ance, reflecting a more stable airflow in the airtight chamber.
The factor loadings in the table indicate the correlation between
pollutants and PCs. Higher absolute values suggest stronger
correlations, indicating shared pollutant common sources.” In
total, the PCs captured 91.77% of the variance in CHs and
84.98% in SHs, effectively summarizing the air quality variation
in both environments. In CHs, PC; correlated with NO,, HCHO,
TVOCs, and Os, linking them to green tobacco fermentation,
photochemical reactions, and minimal fuel burning. PC,,
associated with AT, CO,, and CO, pointed to fuel combustion.
However, RH had a significant negative impact on AT, CO,, and
CO in CHs. PC;, dominated by PM, 5 and PM,,, was linked to
particulate emissions from fuel burning, wind dust, and
tobacco leaf heating, while PC,, correlated with SO, and H.,S,

822 | Environ. Sci.: Atmos., 2025, 5, 814-830

indicated biomass combustion during tobacco processing. In
SHs, PC; showed strong correlations with Oz, NO,, HCHO,
TVOCs, and AT, indicating pollutant accumulation from the
storage of dry tobacco leaves in an airtight chamber. PC,,
dominated by PM, 5 and PM,,, suggested indoor buildup from
outdoor fuel combustion. Wind fluctuations significantly

Table 7 Principal Component Analysis (PCA) of air parameters near
the CH and inside the SH*

Principal component analysis

Tobacco curing Tobacco storage

house (CH) house (SH)

Factor PC, PC, PC; PC, PCy PC,
Eigenvalues 3.586 3.249 2.158 2.020 6.627 3.570
% of variance  29.88 27.07 17.98 16.83 55.23 29.75
Cumulative%  29.88 56.96 74.94 91.77 55.23 84.98
AT 0.312 0.834 0.327 0.116 0.900 0.318
RH —-0.294 -0.805 —0.353 -—0.145 -0.736 —0.367
CO, 0.211 0.864 0.171 0.272 0.854 0.261
CcO 0.099 0.877 0.007 0.162 0.695 0.531
O3 0.821 0.242 0.082 0.383 0.892 0.336
NO, 0.866 0.182 0.169 0.315 0.894 0.311
SO, 0.247 0.273 0.125 0.893 0.580 0.676
H,S 0.269 0.193 0.165 0.885 0.562 0.711
HCHO 0.928 0.213 0.187 0.109 0.932 0.252
TVOCs 0.925 0.210 0.173 0.086 0.927 0.246
PM,; 5 0.190 0.218 0.939 0.132 0.183 0.922
PM;, 0.190 0.222 0.934 0.146 0.234 0.915

“ Note: rotated component matrix, rotation method: Varimax with
Kaiser normalization.
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impacted the pollutants, generating four PCs in CHs (open
space) and only two PCs in SHs (airtight enclosed space). NO,,
03, HCHO, and TVOCs exhibited strong correlations (>0.75) in
both environments. However, in SHs, they were significantly
influenced by AT and CO,. Meanwhile, AT notably impacted
CO, and CO emissions, with RH playing a negative role. This
section highlights that CO,, CO, SO,, and H,S are primarily
generated outdoors, with significant dispersion indoors. PM
originates in both environments, while NO,, O;, HCHO, and
TVOCs are mainly sourced from airtight indoor storage, with
minimal outdoor accumulation. These PCA results offer key
insights into air pollutant sources and correlations in CHs and
SHs, aiding stakeholders in focused air quality management
and safety enhancements in tobacco curing and storage
operations.

3.5 Cluster analysis of air quality parameters using the
hierarchical dendrogram method in tobacco processing and
storage environments

Fig. 1 presents hierarchical dendrograms comparing air quality
parameters in CHs (Fig. 1a) and SHs (Fig. 1b). The dendro-
grams, generated using the Ward linkage method, display
pollutant clustering patterns, with the vertical axis representing
pollutants and the horizontal axis showing rescaled distances
where clusters merge.”” Pollutants with smaller distances
cluster together, indicating similar behavior and origins.

In both environments, all pollutants except RH formed
a large cluster composed of several sub-clusters. RH remained
separate, indicating that its origin and nature differ from those
of the other pollutants. In Fig. 1a, three distinct sub-clusters
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were observed with the smallest distances: HCHO-TVOCs, O;—
NO,, and PM, s-PM,,, indicating strong relationships within
each cluster. HCHO is part of TVOCs,* O; is photo-chemically
linked to NO,,** and PM, s/PM;, originates primarily from
fuel burning.” SO, and H,S, both sulfur-based, formed
a second sub-cluster, indicating similar sources of origin.
Environmental parameters such as AT were highly correlated
with CO, and CO, forming another sub-cluster, as increased AT
enhances CO, production and CO emissions from incomplete
combustion.® The first two sub-clusters (HCHO-TVOCs and
03;-NO,) formed a new sub-cluster, as their sources are similar,
primarily from dry tobacco heating and occasional wood
burning during curing. On the other hand, despite having
a relatively larger distance, the (AT-CO,-CO) and (SO,-H,S)
sub-clusters formed a new sub-cluster, as their main source is
biomass combustion, and all are positively influenced by AT.
They further merged with the (PM, s-PM,,) sub-cluster, as in
CHs. PM is primarily derived from biomass combustion, with
smaller contributions from tobacco heating, dust, and natural
particles.** As shown in Fig. 1b, pollutants were grouped into
two sub-clusters with the smallest distances in SHs: HCHO-
TVOCs-03-NO, and PM, s—PM,,, indicating strong correlations
due to similar sources, mainly dry tobacco leaf heating and
secondary accumulation from outdoors in an airtight chamber
with poor ventilation. AT and CO, formed a sub-cluster, with
CO, SO,, and H,S forming a separate one, as these pollutants
mainly accumulate from outdoor sources. Furthermore, at an
even greater distance, the two sub-clusters (AT-CO,) and
(HCHO-TVOCs-03-NO,) merged to form a new sub-cluster, as
HCHO, TVOCs, O3, and NO, are primarily indoor pollutants,
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Fig.1 Hierarchical dendrogram showing the cluster analysis of air pollutant parameters in the community near the tobacco curing house (a) and

inside the tobacco storage house (b).
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with AT playing a positive role in their emission increase. The
dendrograms illustrate distinct environmental influences. The
curing house clusters are more combustion-related, driven by
biomass burning and tobacco leaf heating, with pollutant
dispersion potentially influenced by wind speed and direction.
In contrast, the storage house clusters reflect indoor pollutant
accumulation, driven primarily by indoor sources and second-
arily by outdoor infiltration, with AT playing a key role in
emission dynamics. These hierarchical structures provide
valuable insights into pollutant relationships, sources, and AQ
in tobacco processing and storage environments. This dendro-
gram analysis provides valuable insights into pollutant sources
in CHs and SHs, guiding policymakers in targeted air quality
strategies and safety improvements for tobacco curing and
storage operations.

3.6 Air quality of criteria air pollutants using USEPA-AQI and
AAQI techniques in tobacco processing and storage
environments

Air quality (AQ) monitoring is crucial for managing regional air
pollution, guiding emission control efforts, and assessing
suppression effectiveness.>>** Reliable data, regular moni-
toring, and occupant education are key to mitigating health
risks.*® Fig. 2 presents a bar chart comparing Ambient Air
Quality Index (AQI) values for key pollutants in two locations
CHs (1st column for each cluster) and SHs (2nd column for each
cluster). The measured parameters include six criteria pollut-
ants (O3, CO, SO,, NO,, PM, 5, and PM,,), along with the USEPA-
AQI and the aggregated Air Quality Index (AAQI).>

Fig. 2 illustrates that CO levels remained low in both loca-
tions, classified as “Good” (Q,) in SHs and “Moderate” (Q,) in
CHs. Meanwhile, O; reached an “Unhealthy” (Q,) level in CHs

First Column: Community near tobacco curing house Air Quality Classification

Q5! Second Column: Inside tobacco storage house Qi: Good (Green)
) Qy: Moderate  (Yellow)
I e 2 Q;: USG
Q:: Unhealthy ~ (5¥)
Qs: Very L'nhealth
250 Qs: Hazardous  (WE1(elely))

Ambiant Air Quality Index (AQI) Value

03 Co 502 NO2

PM2.5 PMI0  USEPAAQI  AAQI

Fig. 2 Air Quality Index (AQI) value of criteria air pollutants in the
community near the tobacco curing house (CH) and inside the
tobacco storage house (SH). Note: USG represents unhealthy for
sensitive groups, the USEPA AQI indicates the United Nations Envi-
ronmental Protection Agency air quality index, and the AAQI shows the
aggregated air quality index.
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but was slightly lower in SHs, falling under “Unhealthy for
sensitive groups” (Qs). SO, was categorized as “USG” (Q;) in CHs
and “Moderate” (Q,) in SHs, while NO, remained relatively high
in both locations, peaking at “USG” (Qs). Particulate matter
(PM, s and PM;,) showed the most severe pollution levels,
ranging from “Unhealthy” (Q,) to “Very unhealthy” (Qs), with
PM, s in SHs reaching the highest pollution level (Qs). The
overall USEPA-AQI reflected these trends, reaching “Unhealthy”
(Q4) in CHs and “Very unhealthy” (Qs) in SHs. The AAQI fol-
lowed a similar pattern, with SHs exhibiting higher pollution
levels, though both remained within the “USG” (Q;) category.
The pollution intensity ranked as follows: PM, 5 > PM,, > NO, >
03 > SO, > CO for CHs and PM, 5 > O; > PM;, > NO, > SO, > CO
for SHs. Ababio et al.® and Jung et al.*® reported significant air
pollution in traditional biomass kitchens and industrial areas,
respectively, aligning with this study's findings. However, air
pollution is influenced by meteorological factors and is nega-
tively correlated with RH, maximum wind speed, and precipi-
tation.>* These findings highlight significant air quality
concerns, particularly in enclosed spaces such as SHs, where
poor ventilation exacerbates pollutant accumulation. High
concentrations of PM, NO,, and O; pose serious respiratory
risks, especially for sensitive groups such as children, the
elderly, and individuals with chronic conditions.*"** To mitigate
these risks, effective air quality control measures are essential.
These include improving ventilation, installing advanced filters,
and reducing emissions through better firing techniques such
as LPG or electric ovens.*+¢ Additionally, CHs should be located
away from residential areas with improved exhaust systems to
minimize pollution. This section suggests that tobacco curing
and storage operations notably deteriorate air quality in both
environments, with SHs being more severely affected. Special
attention is needed for PM, Os, and NO, in general for both
houses, with SO, being a concern only in CHs.

3.7 Evaluation of ecological and human health risks in
tobacco processing and storage environments

Assessing ecological and health risks in tobacco processing and
storage environments is crucial for understanding the impact of
pollution. These processes emit harmful pollutants, endan-
gering air quality, workers, and nearby residents. Effective
evaluation informs policies and mitigation strategies to reduce
tobacco-related pollution.

3.7.1 Evaluation of ecological risks using the toxicity
potential tool. The Ecological Toxicity Potential (ETP) tool
evaluates the harmful effects of pollutants, providing insights
into their impact on ecosystem components, particularly plant
health.*® Fig. 3 displays ETP values for key air pollutants in two
environments: the CH (3.1a) and SH (3.1b). A red line marks the
safety threshold at 1.>* CO, remained well below the threshold
in both environments, posing no risk. However, O; in CHs and
H,S in SHs occasionally exceeded the limit, indicating limited
risk to the plant. Meanwhile, CO, SO,, H,S, PM, 5, and PM,, in
CHs, along with CO, SO,, O3, PM, 5, and PM;, in SHs, exhibited
moderate risks, with fluctuating ETP values above the toxicity
line. The most concerning pollutants were NO,, HCHO, and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Box plot showing the Ecological Toxicity Potential (TP) status of air pollutants in the community near the tobacco curing house (3.3a) and

inside the tobacco storage house (3.3b).

TVOCs, which significantly exceeded the threshold in both
environments, posing the highest ecological and health risks to
plants. The pollutants ranked in the following order for CHs:
TVOCs > HCHO > NO, > SO, > PM;, > CO > H,S > PM, ; > O; >
CO,, and for SH: TVOCs > HCHO > NO, > PM;, > PM, 5 > SO, >
CO > O; > H,S > CO,. These findings align with previous
research, where PM, 5 ETP values in kitchens ranged from 0.82
to 8.3 (ref. 23) and 1.40 to 10.3.* Elevated ETP values pose
serious risks to plant health, affecting growth, photosynthesis,
respiration, and yield. Plants near emission sources are partic-
ularly vulnerable, with leaves being the most sensitive and
certain species showing heightened sensitivity in spring and
summer than in winter.

The elevated levels of SO,, NO,, CO, and PM may damage
chloroplasts and stomata, reducing photosynthesis and accel-
erating carbohydrate depletion, ultimately limiting plant
growth and yield.*® High CO, levels can alleviate stress by
lowering stomatal conductance, whereas low CO, levels
promote root growth and stress resistance.”” Excess CO disrupts
photosynthesis, causing leaf discoloration, wilting, and poten-
tially plant death.*® The elevated SO, level degrades chlorophyll,
impairs photosynthesis, denatures proteins, and increases
water loss by forcing stomata to open.” High NO, levels inhibit
nitrogen assimilation, damage leaves, and alter the chloroplast
structure, also contributing to acid rain.”” Oz exposure disrupts
stomata signaling, and high levels cause chlorosis, pigmenta-
tion changes, premature senescence, and leaf damage, reduce
photosynthesis, impair reproduction, and limit carbon trans-
port to roots.** Low levels of H,S enhance stress resistance,
while high levels hinder growth, disrupt root development,

© 2025 The Author(s). Published by the Royal Society of Chemistry

damage photosynthesis, and induce oxidative stress, causing
visible symptoms such as leaf discoloration and wilting.” The
impact of HCHO and VOCs on plants depends on the concen-
tration, duration, and species. High levels cause oxidative
stress, disrupting photosynthesis, and root growth, leading to
stunted growth, discoloration, and wilting. Some plants close
their stomata, impairing gas exchange and water uptake, while
VOCs such as ethylene affect flower and fruit development,
altering seed production.® PM blocks stomata, reduces photo-
synthesis, and introduces toxins, weakening plant health and
productivity. Over time, particle accumulation increases
susceptibility to pests and pathogens, altering growth and yield
without direct physical damage.*® He et al.? reported earlier that
ambient air pollution threatens ecosystems, hampers plant
growth, accelerates climate change, disrupts food production,
and undermines sustainable development. The ETP tool high-
lights the severe ecological risks posed by pollutants such as
NO,, HCHO, TVOCs, and PM, which induce oxidative stress,
impair photosynthesis, and weaken plant defenses. These
impacts ultimately reduce crop yields and disrupt ecosystems,
emphasizing the need for pollution control in tobacco pro-
cessing environments.

3.7.2 Evaluation of non-carcinogenic and carcinogenic
health risks in tobacco processing and storage environments.
Tobacco processing and storage expose workers and nearby
communities to chemical and biological hazards, increasing
both carcinogenic risks (CRs) and non-carcinogenic risks
(NCRs). These hazards can affect multiple organ systems,
including respiratory, cardiovascular, dermatologic, neuropsy-
chiatric, hematologic, immunologic, and reproductive
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functions.®" Air pollution plays a major role in respiratory and
cardiovascular diseases by transporting pathogenic microor-
ganisms and weakening immune defenses.>* Assessing these
risks is crucial for implementing effective safety measures to
protect them from long-term health effects.

Fig. 4 presents a column diagram illustrating the NCR across
children, adult males, and adult females in two environments:
near a tobacco curing house (CH) and inside a tobacco storage
house (SH). The x-axis categorizes exposure groups, while the y-
axis shows the hazard quotient (HQ) and hazard index (HI)
values for ten air pollutants, with marked risk zones. HI values
(green bars) ranged from moderate to high risk, with children
experiencing the highest NCR, followed by adult females and
adult males in both environments. This heightened risk for
children is linked to their lower body weight."> NCR was notably
higher in the SH than in the CH, with children exceeding the
high-risk zone (HI > 10), indicating a serious health concern,
especially in sleeping areas. HQ values showed that TVOCs,
HCHO, and NO, were the main contributors to children's NCR
risks in both environments, each posing moderate hazards. In
the CH, TVOCs dominated NCR levels, while in the SH, both
TVOCs and HCHO contributed significantly to adult males' and
females' NCR, though all remained in the medium-risk zone.
The pollutant risk ranking was as follows: TVOCs > HCHO >
NO, > PM, 5 > PM;, > SO, for the CH and TVOCs > HCHO > NO,
> PM, s for the SH. Other pollutants contributed negligibly
(<5%) to NCR. These elevated HQ and HI values underscore
a significant threat to human health risks by increasing NCR.
Ababio et al.® identified significant NCR in traditional biomass
kitchens, supporting this study's findings. Elevated CO, levels
increase airborne disease risks, with dry cough symptoms
increasing notably above 1000 ppm.>* CO is highly hazardous
due to its odorless, colorless, and lethal properties. It binds to
hemoglobin 250 times more effectively than O,, impairs O,

14 ECO2 HWCO MWGround-03 EWNO2 ESO2
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transport, and leads to headache, dizziness, nausea, loss of
consciousness, hypoxia, and even death.***' SO, irritates the
eyes, nose, and throat in the short term and exacerbates lung
disease, asthma, and heart diseases with prolonged exposure,
posing greater risks to children and the elderly.®* H,S, a toxic
gas with a rotten-egg odor, causes eye, nose, and throat irrita-
tion, headaches, and nausea, with high concentrations leading
to respiratory distress, unconsciousness, or death.*> NO, expo-
sure triggers respiratory issues, including throat swelling,
breathing difficulties, conjunctivitis, itchy rashes, and asthma,
while long-term exposure impairs lung function and O, trans-
port.*>*> While stratospheric O; is harmless, ground-level O;
damages lung tissue, worsens asthma, causes heart disease,
irritates eyes, causes wet cough, and causes nocturnal attacks of
breathlessness.** Acute HCHO exposure causes eye, nose, skin,
and throat irritation, lacrimation, sneezing, coughing, nausea,
and respiratory discomfort, with polyurethane emissions
further contributing to asthma risks in children'** TVOCs
irritate the eyes, skin, and respiratory system, causing throat
dryness, allergies, and sensory irritation. Prolonged exposure
can lead to neurotoxic, hepatotoxic, and genotoxic effects.*>
High VOC levels contribute to respiratory issues and a 1.3-fold
increase in asthma risk for every 10 pg m > rise.*® Elevated levels
of PM, s and PM;, pose severe health risks, contributing to
respiratory and cardiovascular diseases, asthma, and lung
infections, with children, the elderly, and individuals with
preexisting conditions being most vulnerable.**%*

Fig. 5 demonstrates a column diagram illustrating cancer
risks (CRs) from TVOCs (green bars), PM, 5 (red bars), and PM;,
(purple bars), along with lifetime cancer risks (LCRs, orange
bars) across different community groups: children, adult
females, and adult males in two environments, the CH and SH.
Across all groups, LCR values were higher in SHs than in CHs.
Among the groups, children exhibited the highest LCR in both

MH2S WHCHO WTVOCs WPM25 HWPM10 WHI
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Fig. 4 Column diagram showing non-carcinogenic hazard risks (NCRs) across community groups near the CH and inside the SH.
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environments, followed by adult females and then adult males.
This pattern is attributed to lower body weight, as noted by
Neumann et al.'® When categorizing LCR levels, all groups fell
into the “Very high CR zone” (>107), except for adult females
and males in CHs, who remained in the “High CR zone” (10>
10~ *). TVOCs were the dominant contributor to CR in both
environments, with values ranging from the “High to very high
CR zone” (107*-107°). In contrast, PM, 5 and PM;, played
a minor role, with CR values fluctuating within the “Low to
medium CR zone” (107 °-10"*). Neumann et al'® reported
significant CR in TVOCs, while Mbazima* and Ayman et al.*’
observed similar trends in PM, s and PM,,, respectively, rein-
forcing this study's findings. TVOCs contain various harmful
chemicals, with polycyclic aromatic hydrocarbons (PAHs),
benzene, and HCHO being particularly carcinogenic.>”> Pro-
longed exposure increases the risk of respiratory diseases,
upper respiratory tract cancer, leukemia, and malignant brain
tumors.**® Lung cancer, the leading cause of cancer-related
deaths worldwide, accounted for 1.8 million deaths in 2018,
with PM pollution ranked just behind tobacco smoking as
a major contributor.'*5>¢¢

Tobacco processing and storage expose workers and nearby
residents to harmful air pollutants, raising cancer and non-
carcinogenic risks. Children, especially those sleeping in
storage houses, face the highest vulnerability. TVOCs, HCHO,
NO,, and PM contribute most to NCR, while TVOCs drive cancer
risk. To mitigate these risks, effective air quality controls are
crucial. This includes reducing emissions through improved
firing techniques, such as LPG or electric ovens.'*** CHs should
be located away from residential areas, with enhanced exhaust
systems. Storage houses require better ventilation, and sleeping
in these environments should be prohibited to safeguard public
health.

© 2025 The Author(s). Published by the Royal Society of Chemistry

4 Conclusions

The investigation confirms critically high air pollutant levels
in tobacco processing and storage environments, with SHs
exhibiting higher concentrations than CHs. Pollutant
dynamics are strongly influenced by AT and RH, with higher
temperatures driving increased emissions and low humidity
amplifying these effects. Statistical analyses show that
pollutants such as PM, 5, PM;,, TVOCs, HCHO, NO,, O3, CO,
and SO, exceed national and international standards, with
CO,, NO,, and PM;, showing high instability. Most pollutants
follow normal distributions with occasional outliers and
emission spikes, with clustering patterns mostly differing
between SHs (skewed right) and CHs (skewed left). I/O analysis
shows that outdoor conditions are mainly influenced by
biomass combustion, while indoor pollutant levels result from
both outdoor diffusion (CO,, CO, SO,, H,S, and PM) and
indoor emissions (TVOCs, HCHO, NO,, Oz, and PM). Pear-
son's correlation analysis reveals strong positive correlations
among TVOCs, HCHO, NO,, and O3, while CO, correlates with
CO, SO, with H,S, and PM, s with PM,,, indicating shared
sources and similar behaviours for each pair, with AT shaping
emissions. PCA indicates greater pollutant variability in CHs,
influenced by wind, with PC; strongly correlating with TVOCs,
HCHO, NO,, and Os; PC, with AT, CO,, and CO; PC; with PM, 5
and PM,,; and PC, with SO, and H,S. In contrast, SH's airtight
structure results in more stable conditions, with PC, grouping
AT, CO,, O3, NO,, TVOCs, and HCHO and PC, dominated by
PM, s and PM,,. The hierarchical dendrogram reinforces the
trends observed in the PCA and correlation matrix. Air quality
indices (AQIs) display severe air quality degradation, with SHs
reaching very unhealthy (Qs) and CHs unhealthy (Q,) levels.
Pollution intensity ranks as PM, 5 > PM;, > NO, > O3 > SO, >
CO in CHs and PM, 5 > O; > PM,, > NO, > SO, > CO in SHs.
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These pollutants pose significant threats to human health,
ecology, plant health, and crop yields, with TVOCs, HCHO,
and NO, particularly endangering plant health. Tobacco pro-
cessing and storage expose workers and nearby residents to
harmful pollutants, increasing CR and NCR, especially for
children sleeping in storage houses. TVOCs, HCHO, NO,, and
PM are the primary contributors to NCR, with TVOCs driving
the CR, signaling urgent public health concerns. The study
recommends targeted mitigation measures, including
improving ventilation, using cleaner firing techniques such as
LPG, positioning curing houses away from residential areas,
and prohibiting sleeping in storage houses. These interven-
tions are critical for mitigating immediate health risks and
ensuring long-term human health and sustainable agricul-
tural practices, advancing progress toward SDGs. This
research offers key insights into the characterization and
behavior of air pollutants from tobacco processing and
storage, emphasizing their effects on air quality and health
risks. These findings will support policymakers and stake-
holders in decision-making, policy development, and
promoting sustainable production practices. Moreover, this
study utilizes a relatively small sample size, which may limit
the applicability of the findings. To draw more precise
conclusions and make well-informed decisions, future studies
with larger sample sizes are recommended to enhance the
accuracy and reliability of the results.
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