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Preface

Currently, one of the most evident and dangerous contaminants aspects for the health of all
living beings is air pollution. To understand the severity of this environmental problem, in
this book the authors make an in-depth review of different environmental aspects on moni‐
toring, quantification and elimination of emissions to the atmosphere, generated by the di‐
verse anthropogenic activities in large cities. Contributors of this book have made an effort
to put their ideas in simple terms without forgoing quality. The principal objective of this
book is to present the most recent technical literature to all interested readers, particularly
those who don’t have access to expensive books and journals. Students, researchers and fac‐
ulty members can employ this book for teaching purposes as well as for solving technical
and industrial needs.

For a clearer representation about air pollution in big cities, in the beginning of every chap‐
ter there is a simple and convenient introduction to the basic principles and concepts han‐
dled in the area of emissions to the atmosphere from industrial and urban sources. In some
chapters, the data obtained in the quantification and monitoring of gases and particles were
employed in a mathematical simulation of the process.

Information about different topics in the field of air pollution is presented in this book. More
specifically, the different methods to monitor of pollution in the atmosphere were analyzed;
air quality modeling in indoor systems; inventory on emissions to air and new approaches
to manage air quality and your effect on climatic change. This book covers the most recent
concepts in the science of air pollutants and provides information on all the relevant compo‐
nents related to the problems of air pollution in urban areas and industrial zones.

I consider this book convenient for self-study by engineers and scientists in any discipline
related to air pollution and also for all users who have some technical background. On the
other hand, this book is meaningful to industrial and technical persons with some knowl‐
edge in the area of atmospheric pollutants. The chapters were elaborated to offer to the read‐
ers a quick practical overview of air pollution without entering into deep mathematical or
theoretical considerations. I hope that this book will be useful to researchers working in the
monitoring, control and depuration of air pollution.

Jorge del Real-Olvera, PhD
Environmental Technology, Centre of Research and

Assistance in Technology and Design of the State of Jalisco (CIATEJ)
México
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Abstract

Emission inventory (EI) is a comprehensive listing of pollutants from all sources in a geo-
graphical area during a period of time. The development of EI database is very important 
to air quality management and helps us to find out main sources. In general, to develop 
a reliable EI for one specific area, the following steps are involved: (i) list the types of 
sources, (ii) determine the types of air pollutant emission from each of the listed sources, 
(iii) find out the emission factor (EF) for each of the concerned pollutants, (iv) determine 
the number and size of specific sources in the area, and (v) multiply the appropriate 
numbers from step (iii) and (iv) to obtain the total emissions and then sum up the similar 
emissions to obtain the total for the area. With emission inventory, we can define the 
main sources in the study area and have the best solution for clean air action. Besides, the 
result from EIs can be used to study in other sectors related to human health, economic 
loss from air pollution, etc. This chapter will describe the method for development of an 
air emission inventory for developing and developed countries.

Keywords: air emission inventory, Can Tho City, point sources, line sources,  
area sources, air quality management

1. Introduction

In general, air pollutants are defined as substances in the atmosphere, resulting from the 
activity of humans or from natural processes, causing harm to humans, plants, or animal 
lives, or damage to man-made materials and structures, or changes in the weather and 
climate, or interfering with the comfortable enjoyment of life or other human activities 
(Elsom, 1987).

There are six common air pollutants (criteria pollutants) which are commonly found in air 
anywhere. These main pollutants should be included in the emission inventory (EI): TSP 

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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(PM10 and PM2.5), NOx (the sum of NO and NO2), SO2, and CO. Other pollutants as VOC and 
CO2 will be considered based on the characteristic of the study area and the aim of EI.

2. Design of an emission inventory

2.1. Defined sources

Normally, air emission sources are divided into three main categories: area source, point 
source, and line source. Each source includes many subcategories based on its distributed 
characteristic, which was shown in detail in Figure 1.

2.1.1. Point sources

Point sources are stationary sources that are typically large manufacturing or production 
plants that include confined, chimney or stack emission points. Within a given point source, 
there may be several units of combustion, such as several boilers. The point sources can be 
hospital incinerators, hospital boilers, hotel boilers, crematorium, and industries.

2.1.2. Area sources

Area sources are defined as sources that are too small and/or too numerous to be considered 
as point sources (US EPA, 1996). In aggregate, these sources may contribute a significant pro-
portion of the total airshed emissions. Area sources include a wide range of sources, such as 
residential cooking facilities, rice straw/biomass burning, gas stations, construction activities, 
printing facilities, auto repair facilities, paint spraying facilities, and so on. They are presented 
as an area on the map.

Figure 1. Air emission sources.
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2.1.3. Line sources (mobile sources)

Line sources, also considered as mobile sources, are vehicles, engines, and equipment that 
generate air pollution and that move or can be moved from place to place. Mobile sources are 
classified under two smaller sources: on-road and non-road sources. On-road sources include 
vehicles used on roads for transportation of passengers or freight, such as passenger cars, 
trucks, and motorcycles that may be fueled with gasoline, diesel fuel, or alternative fuels, such 
as alcohol or natural gas. Non-road sources include gasoline and diesel powered vehicles, 
engines, and equipment used for construction, agriculture, transportation, recreation, and 
many other purposes. For example, non-road sources include marine vessels, aircrafts, rail-
ways, tractors, etc. They are presented as line shape on the map.

2.2. Emission inventory methods

2.2.1. Point sources

The aim of point source emission inventory is to give a comprehensive table sheet of sources, 
their characteristics, and annual emissions. A source which is large enough and contributes 
a huge amount of emissions can be considered as a point source, such as the hospital boilers, 
crematoriums, factory’s chimneys, hotel boilers, etc. So the first step is to identify all sources 
in the study area and classify them into categories based on product characterization and 
combustion process. The list of these sources and emission data can be provided from local 
Province Officer and Department of Industry. For estimating emission, further process infor-
mation from each source type needs to be provided directly from questionnaire or inspection. 
These data are specific for each category and also used for defining activity data, air emission 
process, and for input of dispersion model. The data normally require: factory type, size, 
geographical position (coordinates), number of employees, type of industrial activity: what is 
produced, combustion activities characterized by firing configuration, operating conditions, 
fuel specification, fuel consumption, raw material used in industrial/manufacturing process, 
storage of raw material, equipment age, height of stacks (and if available: inner diameter, vol-
ume flow in m3/operating hour), hours of operation per year/season, air pollution abatement 
equipment, and continuous emission monitoring.

Example questionnaire for point source is shown in Appendix A

The emissions for each source category are calculated using Eq. (1) and emission factors. Due 
to the lack of data monitoring from factories, emission factors are adopted. They can be taken 
from these following sources, appropriate for production type and process:

• EMEP/EEA Emission Inventory Guidebook (CORINAIR): this technical guidance is for 
preparation of national emission inventories. The joint European Monitoring and Evaluation 
Programme/European Environment Agency (EMEP/EEA) air pollutant emission inventory 
guidebook supports the reporting of emission data under the United Nations Economic 
Commission for Europe (UNECE) Convention on Long-range trans boundary Air Pollution 
(CLRTAP) and the European Union National Emission Ceilings Directive. It provides 
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expert guidance on how to compile an atmospheric emission inventory. The guidebook is 
published by the EEA with the CLRTAP Task Force on Emission Inventories and Projections 
responsible for the technical content of the chapters. This guidebook was most recently 
revised in December 2013, providing a completed emission inventory process. It also 
contains emission factors for many pollutants, as well as information on emissions from 
natural and organic sources. It can be accessed at http://www.eea.europa.eu//publications/
emep-eea-guidebook-2013.

• United States Environmental Protection Agency—Compilation of Air Pollutant Emission 
Factors (US EPA—AP 42): originally serving the medical public in the United States (US) 
in 1968, this includes many basic emission factors. The most recent edition was released in 
January 1995 and has been supplemented since then. Since December 2005, US EPA has 
given users the opportunity to search and use the latest emission factors on the internet, 
supporting incorporation of almost any source into EIs. This allows the user to search for 
the latest and best emission factors for most point and area source categories, including a 
rating on the quality of the particular emission factor. It can be accessed at http://cfpub.epa.
gov/oarweb/index.cfm?action=fire.main.

• Intergovernmental Panel on Climate Change (IPCC) 2006—Greenhouse Gases Emission 
Inventory Guidebook: This guides people to estimate greenhouse gas (GHG) emissions 
as CO2 equivalent. IPCC can be used to take emission factors from other combustion 
activities [2]. The information can be accessed online. The emission factor, which is 
taken from this guide, should be explained and clearly stated in the report.

2.2.2. Area sources

Area sources are similar to point sources, including small sources with insignificant emis-
sions, evenly distributed in a wide range area. The aggregation of all these sources contrib-
utes a considerable emission to air quality. For distributing on the map, emissions from these 
sources are estimated by each grid cell.

In the beginning, a list of all sources and their information are collected from related local 
Province Office or other related Departments, as well as the data of inhabitants, the number of 
households, and the density rate in each ward. These data are used for calculating emission from 
common sources distributed evenly, such as household cooking, using a top-down approach by 
which the total emissions for the whole region are calculated, and then they are distributed 
by each grid cell according to the number of households and the density rate. Sources with 
the same characteristic are classified under a category, and an appropriate emission estimation 
method is chosen depending on the source characteristic and the data available. The total emis-
sions of one grid include the emission from household activities and from other sources.

Source categories are different depending on the feature of the study area, and some com-
mon categories for cities in developing countries are: biomass (straw) burning, solid waste 
open burning, household cooking, smoke for meat and fish curing, gas stations, construction, 
concrete mixing, garages, commercial/consumer solvent used, and graphic arts.

Air Pollution - Monitoring, Quantification and Removal of Gases and Particles4

Normally, within one source category (k), combustion technology and fuel type used are 
similar so that generalized emission factor and fuel consumption rate (or number of source 
category k) can be used for estimating emission as in Eq. (1). So the main data collected from 
survey is fuel consumptions, fuel type, and source type that are included in questionnaires 
for area sources shown in Appendix A. Though several source categories such as photocopies 
and gas station emissions are not from combustion but from evaporative VOCs, they are also 
calculated by using this equation with appropriated emission factors.

   E  k,i   =  A  k   ×  EF  k,i    (1)

where

Ek.i = total emission from pollutant i in source category k in selected grid cell,

Ak = activity rate: that is, the amount of fuel burnt of source category k in the selected grid cell 
or surrogate data, and

EFk,i = appropriate average emission factor for pollutant i for source category k.

Emission factors for these sources are taken from USEPA, EMEP/EEA Emission Inventory 
Guidebook or from studies in the local university.

2.2.3. Line sources (mobile sources)

Line (mobile) sources include on-road sources and non-road sources. On-road sources are the 
emission from traffic which is distributed all around the area, directly affect human health. It 
is also the main contributor for this source type due to the huge number of vehicles. Non-road 
sources are emission from harbors, airports, and railways.

The emission from mobile sources can be estimated based on the fuel consumption in the 
study area and the average emission factor, with Eq. (2). Vehicle categories to be considered 
are motorcycles, passenger cars, light duty vehicles, heavy duty vehicles, and busses/coaches 
in which fuel includes gasoline, diesel, liquid petroleum gas (LPG), and natural gas if avail-
able. This method is a top-down approach which is suitable for estimating emission in a huge 
area. However, top-down approach is high level of uncertainty.

  E =  ∑ 
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n
    (F  C  i   × EF)   (2)

where

E: total emissions (include emission from each pollutant from each vehicle category and fuel 
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FCi: fuel consumption (for each vehicle category and each fuel type), and

EF: fuel consumption—specific emission factor (for each pollutant and vehicle category and fuel).
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For a more detailed approach, subdivided emission into hot emission, cold-start emission, 
and extra emission as in Eq. (3) can be applied. Generally, the total emissions are the sum 
of hot emissions (the emissions when a vehicle is running, with the engine thermally stabi-
lized), cold emissions (the emissions when a vehicle is running, during engine warm-up), and 
evaporative emissions (the emissions from fuel due to the difference between the temperature 
of engine and ambient temperature). The equation for total emissions is shown below:

   E  total   =  E  hot   +  E  cold   +  E  extra    (3)

where

Etotal: total emissions of pollutant i,

Ehot: hot emissions,

Ecold: cold emissions, and

Eextra: evaporation emissions, tyre, and brake wear.

Hot emissions of pollutant i are calculated by the equation below:

   E   (hot,i,k,T)    =  N  k   ×  L   (a,T)    ×  e   (h,i,k,T)     (4)

where

E(hot,i,k,T): hot exhausted emissions of pollutant i, produced in the relevant period by vehicles of 
technology k driven according to traffic situation T (g),

Nk: number of vehicles (veh) of technology k in operation in the period concerned,

L(a,T): length of street section a (in km) with traffic situation T (km), and

e(hot,i,k,T): emission factor in (g/km) for pollutant i, relevant to the vehicle technology k, operated 
in traffic situation T.

Cold-start emissions are calculated as extra emissions and usually have a small amount com-
pared with hot emissions. Especially in tropical countries with high temperature all year, 
cold-start emissions are negligible. Eq. (5) is used to calculate cold-start emissions.

   E   (cold,i,i)    =  β  i,k   ×  N  k   ×  M  k   ×  e  hot;i,k   ×  (   e   cold  /  e   hot |   i,k   − 1)   (5)

where

E(cold,i,i): cold-start emissions of pollutant i, produced by vehicles category j and technology k,

βi, k: fraction of mileage driven with a cold engine or the catalyst operated below the light-
off temperature for pollutant i and vehicle technology k. β depends upon the ambient 
temperature,

Nk: number of vehicles of technology k in circulation,

Mk: total mileage per vehicle in vehicle technology k, and
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ecold/ehot|i,k: cold/hot emission quotient for pollutant i and vehicle technology k.

Evaporation emissions generated by gasoline vehicle are the result of the increase in ambient 
temperature during the daylight hours and the expansion of the fuel and vapor in the tank. 
Evaporation emissions are estimated as in Eq. (6).

   E  VOC   =  ∑  j    N  j   ×  EF  VOC,j   × 365  (6)

where

EVOC: emission of VOC (g/year),

Nj: number of vehicles in category j,

EFVOC,j: emission factor of VOC for vehicle in category j (g/veh/day),

j: vehicle category, and

365: number of days per year.

Emissions from tyre and brake wear also considered estimating since they contribute a sig-
nificant amount of particulate matter (PM), especially those from motorcycles. These are 
considered as extra emissions and causes from friction between the tyre and the road surface 
when the vehicle is running. There are many calculation methods for this estimation since it is 
not complicated and requires simply data, for example, the estimation using Tier 1 emission 
factors from CORINAIR requires the data of the kilometers the vehicle which has annually 
traveled in the study area, as in Eq. (7).

  TE =  ∑ 
j=1

  
n
    ( N  j   × M × EF)   (7)

where

TE: total emissions of PM for the defined time period and spatial boundary (g),

N: number of vehicle in category j within the define time period,

M: average mileage driven per vehicle in category j during the defined time period (km), and

EF: mass emission factor for pollutant i and vehicle category j (g/km).

Emission factors can be found in emission factor handbooks and research papers such as 
CORINAIR, EMEP, AP-42, etc. EFs of pollutants depend not only on the generation processes 
but also on pollution control systems that have been applied. Most of the traffic emission 
models are intergraded emission factor database with clear reference, and it can also be modi-
fied by the user in accordance with the study area.

In general, for urban traffic emission estimation, an emission model is adopted since it can 
handle a lot of complicated data and consider different fleet compositions and driving condi-
tions in different streets and integrated emission factor database. The advantages of emission 
models are the time saved, the availability of many estimating options, and the reduction 
of the calculating uncertainty. There are several emission models available, like COPERT, 
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MOBILE-5, MOVES, IVE, MOBILEV, EMISENS, etc., but not all emission models are appro-
priate for calculating traffic emission in single street levels with different traffic situations. 
Most models were developed for calculations on national or regional level and use, therefore, 
more aggregated emission factors. An emission model used for an emission inventory on an 
urban scale with high spatial resolution should fulfill at least the following criteria: highly 
differentiated emission factor database, a broad selection of street types and traffic situa-
tions, an internal module to calculate cold start emissions, a representative and appropriate 
fleet composition by subsegments for each vehicle category, appropriate default fuel quality 
parameters, a module to calculate fuel consumption caused by air condition, access to default 
values in case adoptions are necessary, a user-friendly interface, a user-friendly data input 
tool, and a comprehensive description of the model.

Input data for emission models usually require the following information which is collected 
from surveys, previous researches, analysis and observation from the study area: defining main 
street network/defining road categories, length and width of road, number of lanes, speed 
limit for each road type/category, define vehicle type/category, average daily traffic, vehicle 
fleet/composition, vehicle registration database, and vehicle engine type, capacity, emission 
stage, fuel use, weight, and vehicle traffic curve.

2.2.4. Non-road sources

Non-road sources include gasoline and diesel powered vehicles, engines, and equipment 
used for construction, agriculture, transportation, recreation, and many other purposes. For 
example, non-road sources include marine vessels, aircrafts, railways, tractors, etc.

2.2.5. Emission from seaport

There are many different approaches to develop an emission inventory for ports. They vary 
significantly according to the availability of time, money, and effort. For example, a detailed 
inventory approach requires detailed data on vessels and land-based equipment characteris-
tics and activities, as well as detailed information on port geography and ship paths within 
the port. This is the best practice for all ports; however, its applications are limited with avail-
able resources. Meanwhile, the streamlined inventory approach requires less input data. The 
methodology can be tailored to the amount of data available. In some cases, the emission 
inventory can be developed using extrapolation data.

To calculate air emissions in the port, a streamlined air emission inventory approach was used 
following US EPA guidelines [3].

2.2.5.1. Ocean going vessels (OGVs)

The available data for some ports in developing countries are not sufficient to develop 
a detailed inventory by calculating emissions from each vessel. The US EPA guidance 
[3] proposes a mid-tier approach for calculating air emissions in ports and allows us to 
calculate emissions from each category using a single representative vessel specification 
and operating pattern, rather than calculating emissions from every different vessel call. 
In this case, a detailed or mid-tier approach was selected based on the available data.
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Emissions were then calculated using Eq. (8):

  E = P × LF × A × EF  (8)

where

E = emissions (g),

P = maximum continuous power rating (kW),

LF = load factor (%),

A = activity (hours), and

EF = emission factor (g/kWh). Emission factors were taken from US EPA [3].

Main engine load factors were calculated using Eq. (9):

  LF =   (AS / MS)    3   (9)

where

LF = load factor (%),

AS = actual speed (knots), and

MS = maximum speed (knots).

2.2.5.2. Cargo-handling equipment (CHE)

Emissions were calculated for each category using Eq. (10):

  E = N × P × LF × A × EF  (10)

where

E = emissions (g),

N = number of items,

P = maximum continuous power rating (kW),

LF = load factor (%),

A = activity (hours), and

EF = emission factor (g/kWh).

2.2.6. Emission from airport

Emissions from this type of sources are often overlooked since it is not a typical source. For 
estimating emission, the following data are required:

• Fuel consumption for each flight phases (landing and taking-off (LTO), cruise phase…)

• Emission factor for each flight phases and aircraft type
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• Type of aircraft available

• Number of landing and taking off for domestic aviation and international aviation per 
aircraft type

Basically, emissions are calculated from aircraft type, fuel type used, and emission factor related. 
Based on the data available, a simple or detail approach can be applied. Typically, Tier 2 approach 
from EMEP/EEA emission inventory guidebook 2013 is applied as in Eq. (11) since there are no 
sufficient data for higher tier. Related emission factors are also taken from this document.

   E  pollutant   =  ∑  aircraft types    ( AR  fuel consumption,aircraft type   ×  EF  pollutant,aircraft type  )   (11)

where

Epollutant: annual emission of pollutant for each of the LTO and cruise phases of domestic and 
international flights,

ARfuel consumption, aircraft type: activity rate by fuel consumption for each of the flight phases and trip 
types, for each aircraft type, and

EFpollutant, aircraft type: emission factor of pollutant for the respective flight phase and trip type, for 
each aircraft type.

Calculation steps for this approach are as the following:

• Obtain the total amount of fuel sold for all aviation (in ktonnes).

• Obtain the total amount of fuel used for domestic aviation (in ktonnes).

• Calculate the amount of fuel used for international aviation by subtracting the domestic 
aviation (step 2) from the total fuel sold (step 1) (in ktonnes).

• Obtain the total number of landing and taking off carried out per aircraft type for domestic 
aviation.

• Calculate the fuel use for landing and taking off activities per aircraft type for domestic 
aviation.

• Calculate the total fuel use for domestic cruise by subtracting the total amount of fuel for 
LTO activities found in step 6 from the total in step 2.

• Estimate the emissions from domestic LTO activities per aircraft type. The number of land-
ing and taking off for each aircraft type is multiplied by the emission factor related to the 
particular aircraft type and pollutant.

• Estimate the emission from domestic cruise activities. Use the domestic cruise fuel use and 
the corresponding emission factor for the most common aircraft type used for domestic 
cruise activities.

• Calculate the total emission for landing and taking off activities for domestic aviation.
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• Calculate the total emission for cruise activities for domestic aviation.

• Do the same for calculating for international aviation.

Data on the aircraft types and the number of flights were collected directly from the airport 
and from the Department of Transportation (DOT).

2.2.7. Emission from railway

Emissions from railway are mainly from locomotives which generally are one of the three 
types: diesel, electric, or steam. Like other sources, emissions are the product of fuel combus-
tion with CO, NOx, SO2, PM, hydrocarbons, and other heavy metals. According to EMEP/
EEA, the locomotives fall into three categories: shunting locomotives—used for shunting 
wagons whose power output is typically in the range of 200–2000 kW, railcars—used for 
short distance rail traction with power output about 150–1000 kW, and line haul locomo-
tives—used for long distance rail traction both for freight and passengers with power output 
around 400–4000 kW.

The methodology to estimate the emission for railway is from the total fuel type used and 
related emission factors as in Eq. (12) as follows:

   E  i   =  ∑  m    ∑  j    ( FC  j.m   ×  EF  i.j.m  )   (12)

where

Ei: emission of pollutant i for the period concerned in the inventory (kg or g),

FC j. m: fuel consumption of fuel type m used by category j for the period and area considered 
(tonnes),

EFi. j. m: emission factor of pollutant i for each unit of fuel type m used by category j (kg/tonnes),

m: fuel type (diesel and gas oil), and

j: locomotive category (shunting, rail-car, and line haul).

2.3. Case study

2.3.1. Can Tho City

2.3.1.1. Overview

In this section, the process to apply the above theory for conducting an air emission inventory 
Can Tho City (CTC) is described. The emission inventory includes basic information about 
the dispersion of air pollutants, such as location, sources, and emission rates. The emission 
inventory assessment is necessary because it helps businesses implement effective policies to 
control their emissions, while it also helps the administration assess the current emissions and 
construct air quality management strategies in the future.
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types, for each aircraft type, and

EFpollutant, aircraft type: emission factor of pollutant for the respective flight phase and trip type, for 
each aircraft type.

Calculation steps for this approach are as the following:

• Obtain the total amount of fuel sold for all aviation (in ktonnes).

• Obtain the total amount of fuel used for domestic aviation (in ktonnes).

• Calculate the amount of fuel used for international aviation by subtracting the domestic 
aviation (step 2) from the total fuel sold (step 1) (in ktonnes).

• Obtain the total number of landing and taking off carried out per aircraft type for domestic 
aviation.

• Calculate the fuel use for landing and taking off activities per aircraft type for domestic 
aviation.

• Calculate the total fuel use for domestic cruise by subtracting the total amount of fuel for 
LTO activities found in step 6 from the total in step 2.

• Estimate the emissions from domestic LTO activities per aircraft type. The number of land-
ing and taking off for each aircraft type is multiplied by the emission factor related to the 
particular aircraft type and pollutant.

• Estimate the emission from domestic cruise activities. Use the domestic cruise fuel use and 
the corresponding emission factor for the most common aircraft type used for domestic 
cruise activities.

• Calculate the total emission for landing and taking off activities for domestic aviation.
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• Calculate the total emission for cruise activities for domestic aviation.

• Do the same for calculating for international aviation.

Data on the aircraft types and the number of flights were collected directly from the airport 
and from the Department of Transportation (DOT).

2.2.7. Emission from railway

Emissions from railway are mainly from locomotives which generally are one of the three 
types: diesel, electric, or steam. Like other sources, emissions are the product of fuel combus-
tion with CO, NOx, SO2, PM, hydrocarbons, and other heavy metals. According to EMEP/
EEA, the locomotives fall into three categories: shunting locomotives—used for shunting 
wagons whose power output is typically in the range of 200–2000 kW, railcars—used for 
short distance rail traction with power output about 150–1000 kW, and line haul locomo-
tives—used for long distance rail traction both for freight and passengers with power output 
around 400–4000 kW.

The methodology to estimate the emission for railway is from the total fuel type used and 
related emission factors as in Eq. (12) as follows:

   E  i   =  ∑  m    ∑  j    ( FC  j.m   ×  EF  i.j.m  )   (12)

where

Ei: emission of pollutant i for the period concerned in the inventory (kg or g),

FC j. m: fuel consumption of fuel type m used by category j for the period and area considered 
(tonnes),

EFi. j. m: emission factor of pollutant i for each unit of fuel type m used by category j (kg/tonnes),

m: fuel type (diesel and gas oil), and

j: locomotive category (shunting, rail-car, and line haul).

2.3. Case study

2.3.1. Can Tho City

2.3.1.1. Overview

In this section, the process to apply the above theory for conducting an air emission inventory 
Can Tho City (CTC) is described. The emission inventory includes basic information about 
the dispersion of air pollutants, such as location, sources, and emission rates. The emission 
inventory assessment is necessary because it helps businesses implement effective policies to 
control their emissions, while it also helps the administration assess the current emissions and 
construct air quality management strategies in the future.
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Can Tho is the fourth largest city in Vietnam and the largest city in the Mekong Delta. It is 
noted for its floating market, rice paper-making village, and picturesque rural canals. In 2013, 
in an area of 140,894.9 ha, the city had 1,232,260 inhabitants. Can Tho city is located on the 
south bank of the Hau River, a branch of the Mekong River. The city is located at N 9055′08″–
10,019′38″; E 105013′38″–105,050′35″. It consists of five urban districts (Thot Not, O Mon, Binh 
Thuy, Ninh Kieu, and Cai Rang) and four suburban districts (Vinh Thanh, Thoi Lai, Co Do, 
and Phong Dien). Can Tho City was administratively formed on 1st January, 2004, when the old 
province of Can Tho was divided into Hau Giang province and Can Tho City; Can Tho City 
then directly belongs to the Central Committee (City Profile, 2013).

In general, there are four main types of emission sources: point, area, and on-road, and non-
road mobile sources. Figure 2 shows the locations of emission sources in the study domain. 
Different symbols represent various kinds of point and area sources including gas stations, 
garages, construction sites, industrial factories, hospitals, hotels, etc.

2.3.1.2. Collecting data and calculating

EI was conducted for two districts: Ninh Kieu and Binh Thuy (NKBT) (Table 1).

2.3.1.2.1. Total emission from area sources

The highest area emission source type for all pollutants in NKBT is burning fuel activities 
from households/residential activities (Table 2).

Figure 2. The locations of point, mobile, and some area emission sources that have been visited/interviewed by the data 
collection team.
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2.3.1.2.2. Point source

Point sources in CTC also include emissions from industries, hospital incinerators, and hotel 
boilers. The total emission for this source is presented in Table 3.

Air pollution emissions that are NOX, SO2, CO, CO2, and VOC (NMVOC) from industrial 
activities are the largest among the three categories of point source emitters.

2.3.1.2.3. Mobile source

2.3.1.2.3.1. On-road mobile source

EI for mobile sources in CTC was implemented using Mobilev model, as in the case of Bac 
Ninh City. It shows that the main pollutant from this source is CO with the main contributor, 
motorcycle. The emission from side street generated from small street in residential (include 
alleyways and passageways) also contributes a significant amount of emissions.

Type of source Pollutants (tonne/year)

NOX CO SO2 VOC CO2 PM10

Construction sites 0.08 0.02 0.00 0.01 — 6.93

Photocopy stores — — — 0.84 — —

Construction material vendors — — — — — 8.73

Gas stations — — — 0.11 — —

Restaurants—Cooking 0.62 23.98 3.65 2.92 695.61 2.33

Burning rice straw 8.39 342.39 0.66 25.77 4333.26 33.50

Households 77.28 2678.05 161.50 429.82 88,162.37 328.77

Car garages — — — 1.41 — —

Total 86.37 3044.44 165.81 460.88 93,191.24 380.26

Table 1. Total emissions from area sources in NKBT.

Activity Emission rate (tonne/year)

NOX CO SO2 VOC CO2 PM10

Hotels 47.35 9.71 3.21 5.90 16,560 1.46

Hospital 3.41 0.44 0.31 0.17 492.52 0.13

Industry 1006 2620 30.67 795.25 643,070 8.56

Total 1057 2630 34.19 801.32 660,123 10.15

Table 2. Total emissions for point source in CTC.
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2.3.1.2.3.2. Non-road mobile source

2.3.1.2.3.2.1. Emissions from Hoang Dieu Port

We conducted a survey with an emission declaration table. For ocean going vessels: in gen-
eral, anchorage areas for OGVs meet the standard, and the activity data are used in calcula-
tion including: name of OGVs, arrived day, leaving day, good categories (container, roll-on/
roll-off, package, etc.), gross register tonnage (GRT), dead weight tonnage (DWT), power, etc. 
Some information included: time and speed in reduced speed zone (RSZ) (transit) mode, in 
maneuver mode, etc.

For CHE, there are details about the number, type, capacity, and equipment life, allowing the 
preparation of a basic inventory.

Emissions from Hoang Dieu Port in 2014 are from 22 OGVs and 11 CHE (including cranes and 
forklift trucks) shown in Table 4.

As you can see, the total emissions are mainly generated from CHE, except for SO2 from 
OGVs. This is the result of using fuel with a high content of sulfur. 73.3% of PM10, 74.4% of 
PM2.5, and 77.3% of CO2 come from CHE.

2.3.1.2.3.2.2. Emissions from Can Tho airport

Can Tho International Airport (CTIA) is located in Binh Thuy district, and emissions from 
this source can affect people living in CTC. The numbers of flights from CTIA are shown in 
Table 5.

Emission factors for air plane are referred in the documents:

**EMEP/EEA Emission Inventory Guidebook 2009, Section 2, Tables 3–5, page 8.

Source type CO CO2 HC NOx PM SO2

Motor 5843.931 47,371.67 495.577 132.99 75.835a 15.936

Car 146.33 7481.723 26.531 25.827 7.011 2.619

Bus 10.168 3572.496 3.715 42.449 1.547 1.262

LDV 63.97 1926.505 7.945 8.623 1.621 0.677

HDV 22.112 6782.04 8.23 82.085 3.33 2.396

Bus terminal 0.72 300.85 0.17b 2.56 0.11 0.05

Side streets 6964.53 75,908 923.82 421.91 97.49 23.66

Tyre and brake wear — — — 80.671 —

Diurnal evaporation — — 1035.46c — — —

Total 13,051.76 143,343.28 2501.45 716.44 267.62 46.60

Note: a is emissions of PM10; b is emissions of NMVOC; c is VOC; and HC is hydrocarbon.

Table 3. Total emissions from on-road sources (tonne/year).
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*S. Caserini. M. Monguzzi. A. Fraccaroli. M. Moretti. E. Angelino, Emission inventory in Lombardy 
Airport (Italy): Methodology and result, Table 4, page 8.

Emissions from airports can be generated through airplanes taking off and landing. Air emis-
sions from this source are estimated by using the number of flights per year and emission 
factors related (kg/flight) for each type of airplane. Table 6, which contains the emission from 
airport, shows that the emission rates of NOx, SO2, CO, CO2, VOC, and PM10 are 14.41, 1.02, 
23.79, 3048, 2.31, and 0.22 tonne/year, respectively.

2.3.1.2.3.3. Total non-road mobile emissions

Emissions of CO, VOC, and CO2 from the airport are much higher than the marine port within 
the non-road mobile emission source category (Table 6).

2.3.1.2.3.4. Total emissions in CTC

Air emissions in NKBT, Can Tho City, are dominated by emissions from on-road mobile 
sources (mainly from motorcycles) for CO and VOC, by area sources (mainly from house-
hold energy consumption) for SO2 and PM10, and dominated by point sources (mainly from 

Source NOX PM10 PM2.5 VOC CO SO2 CO2

OGV 0.97 0.12 0.11 0.04 0.09 0.96 182.01

CHE 9.82 0.33 0.32 0.80 3.16 0.13 618.28

Total 10.79 0.45 0.43 0.84 3.25 1.09 800.29

Table 4. Total emissions from OGVs and CHE in 2014 (tonne/year).

Type of plane Number of flights Total flight (flight/year)

Domestic (flight/year) International (flight/year)

A321 1460 10 1470

A320 450 0 450

AT72 730 0 730

Total 2650

Table 5. Number of flights in CTIA (2014).

Pollutant NOX CO SO2 VOC CO2 PM10

Airport 14.41 23.788 1.021 2.308 3048.369 0.224

Marine port 10.790 3.243 1.088 0.838 800.284 0.452

Total 25.200 27.031 2.109 3.146 3848.653 0.676

Table 6. Total emissions from non-road mobile sources in NKBT (tonne/year).
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industrial activities) for NOx and CO2. It was found that on-road traffic emitted a significant 
amount of pollutants into the atmosphere. Also, household activities, which were classified as 
area sources, played an important role [1].

Point sources are the biggest emitters of NOx and CO2; area sources are the main emitters of 
SO2 and PM10; and on-road mobile sources are the main emitters of CO and VOC (Table 7).

3. Conclusions

Emission inventory is a basic step of air quality management. There are several approaches of EI 
as described above, and based on each study area, considered using EI approaches consistent with 
the available data. High accuracy in EI is proportional to time consuming and costly and inversely. 
In general, less time and low cost are proportional with inaccuracy. And in general, an EI should 
be done annually or at least every 5 years to update the air emission status and to observe the 
trend of major air pollution sources and evaluate the effectiveness of air quality control.

A. Restaurants/households/street cookings

1. General Information:

Restaurant/Households-Residential/Street cooking name: .............................................................

Address: ...................................................................................................................................................

Phone: ......................................................................................................................................................

Fax: ...........................................................................................................................................................

Coordination:…………………………………………N………………………………………………………E

2. Fuel use:

2.1  LPG

Source Emission parameters (tonne/year)

NOX CO SO2 VOC CO2 PM10
*

On-road mobile sources 716.45 12,173.02 45.78 2178.91 134,268.86 183.52

Non-road mobile sources 27.76 27.75 2.16 3.32 4149.50 0.79

Point sources 1057.47 2630.90 34.19 801.32 660,124.38 10.14

Area sources 86.38 3044.44 165.82 460.88 93,191.24 380.26

Total 1888.06 17,876.11 247.95 3444.43 891,733.98 574.71

Note: * Only emission from on-road mobile source is for PM, and in Table 7 considers it as PM10.

Table 7. Total emissions from all sources in NKBT in 2014 (ton/year).
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Size. Capacity………………………………………………………………………………………………kg

Amount of use ……………………………………………………………………………………day/tank.

Operating period……………………………………………………………………………………hour/day.

Period of time: ……………………………………………………………………………………hour/day.

2.2.   Charcoal:

Types:

Amount of use…………………………………………………………………………kg (day/month/year)

Operating period……………………………………………………………………………………hour/day.

Period of time……………………………………………………………………………………hour/day.

2.3.   Elictric stove/ Microwave

Electric power………………………………………………………………………………………………W

Amount of use………………………………………………………………………………………………day.

2.4.   Other types

Day……month….year…
Informant Interviewer

Author details

Ho Quoc Bang* and Vu Hoang Ngoc Khue

*Address all correspondence to: bangquoc@yahoo.com

Air Pollution and Climate Change Department, Institute of Environment and Resources 
(IER), Viet Nam National University Ho Chi Minh City (VNUHCM), Vietnam
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Abstract

This chapter intends to contribute to the understanding of the multiple aspects related to 
particulate matter (PM) in an air urban environment, in particular, regarding its impact 
on human health. A general overview of variables and key factors is presented to iden-
tify, relate, and understand the diverse and multidisciplinary variables that contribute to 
PM concentration in urban environments associated with health impacts. This relation is 
difficult to quantify, given the numerous variables that are interlinked due to the multi-
disciplinary aspects involved. Our aim is to identify the main multidisciplinary aspects, 
namely, meteorology, urban geometry, buildings, roads and footpaths, road traffic, 
industries, air concentration measurements, and health. The main strategic aspects for 
decision making related to airborne PM impact on health are also discussed.
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1. Introduction

According to the World Health Organisation (WHO), air pollution is defined as ‘The presence 
of one or more contaminants in the atmosphere, such as dust, fumes, gases, gas, ‘fog’, odour or 
vapour in quantities or with characteristics, and of a duration that may be detrimental to human, 
animal or plant life, to property or that interferes unfavourably in the comfortable enjoyment of 
life or property’ [1]. Thus, it is said that an atmospheric condition, where there are substances 
at higher concentrations than ambient levels, is polluting if there are effects that can be mea-
sured on humans, animals, flora or materials. Within air pollutants, particulate matter (PM) is 
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undoubtedly one of the most important in terms of impact on health. Indeed, all over the years, a 
growing number of scientific studies have attempted to correlate the outcome of possible adverse 
health effects with exposure to levels of particle concentration in atmospheric air. In order to 
try to understand and analyse this correlation, it is necessary to understand what particles are 
in the atmospheric air, their constitution, their origin, and the mechanisms that govern them. 
Generally, a very large group of pollutants in the air are grouped together under the designa-
tion of particles and may originate from such sources as cars, steelworks, thermal power plants, 
heating systems, cement plants, volcanoes, deserts, and oceans. Generally speaking, the NIST [2] 
definition for a particle is ‘any condensed-phase three-dimensional discontinuity in a dispersed 
system may be considered a particle’. However, in terms of atmospheric pollution, a particle can 
be defined as a solid, liquid or solid and liquid dispersed matter, whose individual aggregates 
are larger than small molecules in diameter greater than 0.0002 μm but less than 500 μm.

2. Atmospheric pollutants

Atmospheric pollutants can be classified according to their origin and can be classified as: pri-
mary, if they are emitted directly by identifiable sources (fixed, mobile, and natural sources), 
for example: NOX, SOX, CO, particulates, hydrocarbons, and metals; secondary, if they are 
generated in the atmosphere by the reaction between two or more primary pollutants, or by 
the reaction between the current air constituents, and by photoactivation, hydrolysis or oxida-
tion, for example: O3, other photochemical oxidants such as peroxyacetyl nitrate and oxidised 
hydrocarbons (HC). They may also be classified by their chemical composition, being divided 
by: organic, which include hydrocarbons (HC), alcohols, and esters; inorganic, which include 
NOX, SOX, CO and CO2, and metals. They can also be classified according to their physical 
state, which can be: gases (for example: NOX, SOX, CO, and CO2), O3; particles (solid or liquid), 
which are usually identified as dispersed material, for example: metal particles, asbestos, car-
bon (C), resin, nitrate, sulphate, bacteria, dioxins, and furans. There are certain contaminants 
that normally exist in all urban areas, which are referred to as reference pollutants (CO, NOX, 
O3, SO2, and PM10). Their concentrations vary and depend on the level of industrial activity 
and the traffic. In addition to these, hundreds of other compounds specific to each type of 
industry exist, for example: acrylonitrile, benzene, dichloromethane, formaldehyde, polycy-
clic aromatic hydrocarbons (PAHs), vinyl chloride, carbon disulfide, 1,2-dichloromethane, 
styrene, tetrachlorethylene, toluene, trichlorethylene, arsenic, asbestos, and heavy metals.

3. Relation between meteorology and atmospheric pollution

Atmospheric conditions vary from day to day in all locations. The state of the weather at 
a given location and at a given time is characterised by the cloud cover and its type, the 
intensity and direction of the wind, the temperature, air humidity, the atmospheric pres-
sure, visibility, and precipitation. This change in local weather is generally associated with 
the movement and evolution of systems of a certain size, such as depressions and anticy-
clones, fronts and hurricanes. Meteorological parameters are collected daily in meteorological 
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conditions. This observation of the fact that the atmospheric composition and other character-
istics of the planet’s surface have been progressively disturbed by human activity has caused 
worries about the future of global climate, constituting one of the biggest problems today. 
Concentrations of pollutants in ambient air depend on the emissions of pollutants, which are 
also influenced by atmospheric phenomena, which play an important role in the processes of 
transport, transformation, and dispersion of pollutants into the atmosphere. These processes 
are affected by local topography and by meteorological factors such as atmospheric pressure, 
temperature, solar radiation, precipitation, and wind. Practically, all the energy intervening 
in the atmospheric processes comes from the sun and is transferred in the form of electro-
magnetic waves. A strong solar radiation, associated with high temperatures, contributes to 
the formation of photochemical pollutants such as ozone (O3) [3]. Temperature intervenes in 
the chemical component of pollutants and plays an important role in the vertical dispersion 
in the atmosphere. During summer, high temperatures promote O3 formation, and in winter, 
temperature differences between day and night can cause thermal inversions and pollution 
peaks [4]. The atmospheric stability determines the local convective processes being charac-
terised by the vertical temperature gradient that limits the vertical mixture of pollutants in 
case of a thermal inversion. The air temperature tends to decrease in altitude; however, under 
certain conditions, a thermal inversion may occur, that is, an increase in temperature, creating 
a layer of hot air that prevents polluted air near the ground from rising and disperse [5]. The 
general air flow over the planet is induced by large-scale atmospheric pressure variations 
(macrometeorology). These pressure variations essentially result from the differential heating 
of the atmosphere. The intensity of these pressure systems, their normal location or their 
trajectories determine the distribution of winds in a given area. The wind is a meteorological 
factor with direct and determinant effects on the dispersion conditions of the pollutants. The 
wind velocity determines the mechanical turbulence production, which is responsible for the 
local dispersion. The lack of wind favours the concentration of pollutants, and moderate wind 
conditions favour its dispersion; however, the strong wind can cause the appearance of pol-
lution located in the direction of the prevailing winds. The low-pressure situations generally 
correspond to a strong turbulence in the atmosphere which favours the dispersion of the pol-
lutants. In high pressure conditions (anticyclone), characterised by low wind, air stability does 
not allow the dispersion of pollutants, causing pollution to be concentrated near the ground. 
One way both gases and particles are removed is by dry deposition. This process involves two 
steps: (1) the downward movement of the molecules or particles of the pollutants until their 
collision with the elements of the surface; (2) its absorption or adsorption on these elements. 
In order for dry deposition to occur, there is a need for a downward mass flow of the pol-
lutant to be deposited, the intensity of which depends on its atmospheric concentrations. On 
the other hand, the efficiency of the vertical transfer process depends on the intensity of the 
atmospheric turbulence in the layer under consideration, and the efficiency of the adsorption/
adsorption depends on the deposited compound and the nature of the surface on which it is 
located made. Although both the gases and the particles undergo dry deposition, qualitative 
differences between their deposition processes are expected. In the case of particles of less 
than 1 μm, it is found that they behave essentially as gases in relation to the diffusion process. 
In the case of larger particles, its motion is independent of the motion of the air molecules, 
with each particle reaching a terminal velocity, which increases greatly with its size.
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4. Particulate matter

4.1. General characteristics

Particles may be characterised as being a complex set of substances, minerals or organic sub-
stances, which are suspended in the atmosphere in liquid or solid form. Its size can range from 
a few tens of nanometres to a hundred micrometres. Particles are emitted into the atmosphere 
from a wide range of anthropogenic sources, the most important being the burning of fos-
sil fuels, road traffic, and certain industrial processes. PM may also be emitted from natural 
sources such as volcanoes, forest fires or are the result of wind erosion on the soil and water 
surfaces. In urban areas, road transport is considered to be the largest source of PM, with 
the highest concentration along roadways. These substances are not only the result of direct 
emissions from vehicle exhaust, but also from tire wear and braking and dust resuspension. In 
general, diesel vehicles emit a larger amount of fine particles per vehicle than petrol vehicles 
[5]. The composition of airborne particles is very variable, reflecting the wide variety of emit-
ting sources and the fact that they are continuously altering as a result of their interaction with 
other constituents of the atmosphere. The coarse fraction contains abundant elements of the 
earth’s crust and marine salts, such as alum, calcium, iron, potassium, and silica, while the fine 
fraction is mainly composed of sulphates, nitrates or ammonia, carbon, organic compounds, 
and metals, mainly from the burning of fossil fuels and numerous industrial processes [6]. It is 
known that the smaller the particles, the greater the likelihood of penetrating deeply into the 
respiratory tract and the greater the risk of inducing negative effects. The finer particles being 
smaller than 2.5 μm (PM2.5) reach the pulmonary alveoli and interfere with gas exchange. 
Chronic exposure to particles contributes to the risk of development of respiratory and cardio-
vascular diseases, as well as lung cancer. Suspended particulates are also an effective transport 
vehicle for other atmospheric pollutants that attach to their surface, especially hydrocarbons 
and heavy metals. These substances are often transported to the lungs where they can then be 
absorbed into the blood and tissues. The effects of soiling on buildings and monuments are the 
most obvious effects of particulate matter on the environment [5]. Atmospheric particles are 
associated with various health problems ranging from pulmonary to cardiovascular problems 
and may even lead to death. One of the effects of prolonged exposures to high particle levels 
is a significant reduction in the expected life expectancy. The most serious effects are usually 
among the most vulnerable groups, such as children, the elderly, and asthmatics [3]. The term 
particle generally refers to a diverse and complex set of organic and inorganic substances. 
Particles are a considerably large group of airborne pollutants, which may be in the liquid 
or solid state and originate from distinct sources such as automobiles, steelworks, thermal 
systems, heating systems, cement plants, volcanoes, deserts, and oceans. In general terms, the 
term particle may be taken to be any three-dimensional discontinuity in the liquid or gaseous 
phase in a dispersed system. However, in terms of air pollution, a particle can be defined as a 
solid, liquid or solid liquid dispersed matter, and the individual aggregates having a diameter 
between 0.0002 and 500 μm [7]. Thin particles are considered if their aerodynamic diameter is 
less than 1.0 μm and are mainly emitted from sources of anthropogenic origin as combustion 
processes, including exhaust emissions of vehicles. The particle classification can be made 
based on two criteria: the shape mechanism or the physical dimension. In the case of clas-
sification according to the mechanism of forming the particulars can be classified as primary 
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particles, which are emitted directly, and secondary particles or particles that are those formed 
from precursor gases existing in the atmosphere, through a mechanism of form-particle. 
Both the so-called primary and secondary particles are subject to growth and transformation 
mechanisms, since secondary material may also be formed on the core of the existing particle. 
In the case of classification according to the physical dimension, which is the most used clas-
sification, it ranges from a few nanometers (nm) to tens of micrometers (μm) in diameter. 
Dimension is a very important feature and has implications for form, physical and chemical 
properties, transformation, transport, and particle removal, from the atmosphere. Knowing 
that the particles in suspension in the atmosphere vary considerably in size, composition, and 
origin, it is important to classify the particles for their aerodynamic properties, since these 
properties, besides being responsible for the transport and removal of particles from the air, 
also generate their deposition in the respiratory system, being also associated to the chemical 
composition and origin of the particles [8]. Thus, particle size is usually characterised by its 
aerodynamic diameter, which refers to the diameter of a sphere of uniform density and with 
the same settling velocity of the particle in question [9].

4.2. Classification of the particles

In urban environments, mass and particle composition tend to be confined to two major 
groups: coarse particles (larger particles) and fine particles (smaller particles). The boundary 
between these two classes of particles is generally between 10 and 1 μm. However, this limit 
between coarse and fine particles is generally fixed, by convention, to 2.5 μm of aerodynamic 
diameter. The standard PMX (USEPA terminology) refers to particles with a diameter less than 
x μm, whereby PM2.5 refers to particles with a diameter of up to 2.5 μm. Smaller particles (fine 
particles) include secondary aerosols, formed from gases in the atmosphere through the gas-
particle formation mechanism (gas-particle conversion), and also contain particles that result 
from combustion processes and organic recondensed vapours and metallic. Due to their small 
size, they are easily inhaled, depositing in the lower respiratory tract and causing numerous, 
essentially respiratory, health problems. The term ‘Total Suspended Particles’ (TSP) refers to a 
mass concentration of particles of less than 50 μm in diameter, and the term ‘ultrafine particles’ 
refers to particles of diameter less than 100 nm (0.1 μm). Larger particles (coarse particles) 
usually contain materials from the earth’s crust and dust from roads and industry. In urban 
environments, the largest number of particles is found in very small sizes, less than 100 nm. 
However, these ultrafine particles (UFP) often contribute a small percentage to the total mass of 
the sample, contributing more than 90% of the number of particles. Particles with a diameter of 
less than 1 μm (PM1) have a size that allows them to penetrate deeply into the respiratory and 
circulatory system carrying toxic elements and compounds [3]. Other thermal usually used 
in black carbon (BC) with a primary aerosol emitted directly at the source from incomplete 
combustion processes (fossil fuel and biomass burning) and so a several part of atmospheric 
BC is of anthropogenic origin. Chemically, BC consists of pure carbon in several linked forms.

4.3. Mechanisms of particle formation

Particles with a diameter greater than 2.5 μm (coarse particles) are produced mechanically by 
the breaking of larger solid particles, which may include dust originating from agricultural pro-
cesses, glues carried by the wind from the exposed soil, dirt roads, or dust from other processes 
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the sample, contributing more than 90% of the number of particles. Particles with a diameter of 
less than 1 μm (PM1) have a size that allows them to penetrate deeply into the respiratory and 
circulatory system carrying toxic elements and compounds [3]. Other thermal usually used 
in black carbon (BC) with a primary aerosol emitted directly at the source from incomplete 
combustion processes (fossil fuel and biomass burning) and so a several part of atmospheric 
BC is of anthropogenic origin. Chemically, BC consists of pure carbon in several linked forms.

4.3. Mechanisms of particle formation

Particles with a diameter greater than 2.5 μm (coarse particles) are produced mechanically by 
the breaking of larger solid particles, which may include dust originating from agricultural pro-
cesses, glues carried by the wind from the exposed soil, dirt roads, or dust from other processes 
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such as mining or quarrying. In turn, also the road traffic produces dust and turbulence that 
causes rise and can shake the road dust. Also at coast-to-coast locations, evaporation of the sea 
water can produce particles of this size. Also, pollen grains, mould and plant spores, and insect 
parts are included in this larger size range. The amount of energy needed to break down the 
elements referred to in smaller particles increases as the size decreases. This results in a lower 
limit for the production of these coarse particles of approximately 1 μm. Minor particles (fine 
particles) are formed, for the most part, from gases, through two distinct processes according 
to its size, nucleation and condensation. In nucleation, the smallest particles, less than 0.1 μm, 
are formed by the condensation of substances formed by vaporisation at high temperature or 
by chemical reactions in the atmosphere. Particles in this range grow by coagulation, that is, 
the combination of two or more particles to form a larger particle, or by condensation, that is, 
condensation of gas or vapour of molecules on the surface of existing particles. Coagulation 
is more efficient for large particle numbers, and the condensation is more efficient for large 
surface areas. Therefore, the efficiency of both coagulation and condensation mechanisms 
decreases with increasing particle size, which effectively produces an upper limit such that the 
particles do not grow by these processes to more than about 1 μm. Thus, this type of particles 
tends to ‘accumulate’ between 0.1 and 1 μm. In condensation, particles below 1 μm can be 
formed by condensation of metals or organic compounds, which are evaporated in combus-
tion processes, or can also be produced by gas condensation arising from atmospheric areas. 
For example, sulphur dioxide is oxidised into the atmosphere to form sulphuric acid (H2SO4), 
which can be neutralised by ammonia (NH3) to form ammonium sulphate. Nitrogen dioxide 
(NO2) is oxidised to nitric acid (HNO3) which in turn can react with NH3 to form ammonium 
nitrate (NH4NO3). The particles produced by these gases in the atmosphere are called sec-
ondary particles. Sulphates and nitrate particles are usually the predominant component of 
these fine particles [10]. Suspended particles in the environment typically have a modal type 
distribution with respect to size (diameter), which means that the total mass of the particles 
tends to be concentrated around one or more distinct points. The modal distribution char-
acter in the particle size results from the equilibrium of the particle formation processes on 
the one hand and on the other side of the particle removal processes from the atmosphere. 
Thus, this modal distribution of the diameter of the particles around one or two characteristic 
points varies depending on the age of the aerosol and the proximity of emission sources of 
particles of different types. Other important aspects in the definition of particle concentrations 
in the atmosphere are meteorological variables such as wind speed and direction, atmospheric 
temperature, precipitation, and height of the atmospheric boundary layer. Higher particle 
concentrations are often recorded during atmospheric weather conditions, especially in ther-
mal inversion situations with low wind speed, and also because the physical and chemical 
processes of particle formation are governed largely by meteorological variables [11].

4.4. Point sources and area sources

There are several types of source emission related to PM. Particulate sources designated 
by point sources include various types of facilities such as power plants, industrial plants, 
municipal waste incineration plants, paper mills, various fossil fuel combustion plants, and 
domestic heating installations. These sources are often considered as point sources (ther-
mal and industrial plant chimneys), but may also be considered as an area source, such as 
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residential combustion plants. The physical and chemical characteristics of the particles emit-
ted from these source categories depend on the combustion process itself and on the type of 
fuel burned, presenting quite different physical, chemical, and dimensional characteristics 
depending on the process combustion. For noncombustion emissions, the main industrial 
processes that may contribute to the emission of particulate matter to the atmosphere include 
metal processing and chemical processing plants, processing and handling of building materi-
als or for industry. Particulate emissions originating from this type of source are often derived 
from fugitive emissions, which are not controlled but are instead released in an inhomoge-
neous form. The type of particles and their physical and chemical properties also depend 
on the processes by which they are emitted, and it is not at all possible to generalise their 
characteristics. The knowledge of the relation of the various dimensions of the particles in a 
certain sample of atmospheric air is important to try to characterise the origin of the emission 
sources of these same particles. Some recent studies [12] have devoted themselves to studying 
this relationship, based on samples collected from 31 locations in Europe, concluding that the 
diameters relationships showed similarities for all locations [13].

4.5. Remote sources

Particles in the form of dust of natural origin carried by the wind can contribute to the exis-
tence of high concentrations of larger particles (coarse particles) and fine particles. In some 
cases, the particles are found in locations hundreds or thousands of kilometres from their 
origin. It has been proven the strong contribution of the wind in transporting dust from the 
desert to remote sites of its origin. For example, in Southern Mediterranean countries, such as 
Portugal, there are frequent 2–4-day transient episodes of transporting dust from the Sahara 
desert every year, resulting in levels exceeding 25 μg/m3 expected daily concentrations of 
PM10 and PM2.5 [14].

Resuspension of particles is the term given to the re-entry, in atmospheric air, of particles 
previously deposited and their re-entrainment into the atmosphere. It is a complex process 
that can be triggered by mechanical disturbances, such as wind, traffic-induced turbulence, 
tire stress, and construction activities. The so-called ‘road dust’ is an agglomeration of par-
ticles originating from various anthropogenic and biogenic sources. On the roads, this dust 
of diverse origins accumulates on the roadsides, near the sidewalk and along the central 
divisions. Resuspension, deposition, entrainment on and off the road, and emission of new 
particulates are a dynamic particle emission ‘source’ and ‘well’ mechanism that characterises 
road traffic. Roads are one of the largest source emitting particles in urban environments. 
Several studies have also shown that resuspension of this element is the predominant source 
of larger particles (coarse particles) in locations of intense road traffic causing the impact of 
resuspension on the concentration of particles in the atmospheric air is of great importance. 
Road dust may also act as a repository for the various elements of anthropogenic particulate 
sources, and resuspension may function in certain locations as a re-emission, thereby contrib-
uting to the increase in the atmospheric concentration of these elements. The plausibility of 
this theory is supported by studies where it has been shown that larger particles are more eas-
ily resuspended by wind and road traffic, and that deposited materials are more susceptible 
to resuspend, if associated with larger host particles. Fine particles can remain in suspension 

Airborne PM Impact on Health, Overview of Variables, and Key Factors to Decision Making in Air Quality
http://dx.doi.org/10.5772/intechopen.79695

25



such as mining or quarrying. In turn, also the road traffic produces dust and turbulence that 
causes rise and can shake the road dust. Also at coast-to-coast locations, evaporation of the sea 
water can produce particles of this size. Also, pollen grains, mould and plant spores, and insect 
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is more efficient for large particle numbers, and the condensation is more efficient for large 
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decreases with increasing particle size, which effectively produces an upper limit such that the 
particles do not grow by these processes to more than about 1 μm. Thus, this type of particles 
tends to ‘accumulate’ between 0.1 and 1 μm. In condensation, particles below 1 μm can be 
formed by condensation of metals or organic compounds, which are evaporated in combus-
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For example, sulphur dioxide is oxidised into the atmosphere to form sulphuric acid (H2SO4), 
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(NO2) is oxidised to nitric acid (HNO3) which in turn can react with NH3 to form ammonium 
nitrate (NH4NO3). The particles produced by these gases in the atmosphere are called sec-
ondary particles. Sulphates and nitrate particles are usually the predominant component of 
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distribution with respect to size (diameter), which means that the total mass of the particles 
tends to be concentrated around one or more distinct points. The modal distribution char-
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Thus, this modal distribution of the diameter of the particles around one or two characteristic 
points varies depending on the age of the aerosol and the proximity of emission sources of 
particles of different types. Other important aspects in the definition of particle concentrations 
in the atmosphere are meteorological variables such as wind speed and direction, atmospheric 
temperature, precipitation, and height of the atmospheric boundary layer. Higher particle 
concentrations are often recorded during atmospheric weather conditions, especially in ther-
mal inversion situations with low wind speed, and also because the physical and chemical 
processes of particle formation are governed largely by meteorological variables [11].

4.4. Point sources and area sources

There are several types of source emission related to PM. Particulate sources designated 
by point sources include various types of facilities such as power plants, industrial plants, 
municipal waste incineration plants, paper mills, various fossil fuel combustion plants, and 
domestic heating installations. These sources are often considered as point sources (ther-
mal and industrial plant chimneys), but may also be considered as an area source, such as 
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residential combustion plants. The physical and chemical characteristics of the particles emit-
ted from these source categories depend on the combustion process itself and on the type of 
fuel burned, presenting quite different physical, chemical, and dimensional characteristics 
depending on the process combustion. For noncombustion emissions, the main industrial 
processes that may contribute to the emission of particulate matter to the atmosphere include 
metal processing and chemical processing plants, processing and handling of building materi-
als or for industry. Particulate emissions originating from this type of source are often derived 
from fugitive emissions, which are not controlled but are instead released in an inhomoge-
neous form. The type of particles and their physical and chemical properties also depend 
on the processes by which they are emitted, and it is not at all possible to generalise their 
characteristics. The knowledge of the relation of the various dimensions of the particles in a 
certain sample of atmospheric air is important to try to characterise the origin of the emission 
sources of these same particles. Some recent studies [12] have devoted themselves to studying 
this relationship, based on samples collected from 31 locations in Europe, concluding that the 
diameters relationships showed similarities for all locations [13].

4.5. Remote sources

Particles in the form of dust of natural origin carried by the wind can contribute to the exis-
tence of high concentrations of larger particles (coarse particles) and fine particles. In some 
cases, the particles are found in locations hundreds or thousands of kilometres from their 
origin. It has been proven the strong contribution of the wind in transporting dust from the 
desert to remote sites of its origin. For example, in Southern Mediterranean countries, such as 
Portugal, there are frequent 2–4-day transient episodes of transporting dust from the Sahara 
desert every year, resulting in levels exceeding 25 μg/m3 expected daily concentrations of 
PM10 and PM2.5 [14].

Resuspension of particles is the term given to the re-entry, in atmospheric air, of particles 
previously deposited and their re-entrainment into the atmosphere. It is a complex process 
that can be triggered by mechanical disturbances, such as wind, traffic-induced turbulence, 
tire stress, and construction activities. The so-called ‘road dust’ is an agglomeration of par-
ticles originating from various anthropogenic and biogenic sources. On the roads, this dust 
of diverse origins accumulates on the roadsides, near the sidewalk and along the central 
divisions. Resuspension, deposition, entrainment on and off the road, and emission of new 
particulates are a dynamic particle emission ‘source’ and ‘well’ mechanism that characterises 
road traffic. Roads are one of the largest source emitting particles in urban environments. 
Several studies have also shown that resuspension of this element is the predominant source 
of larger particles (coarse particles) in locations of intense road traffic causing the impact of 
resuspension on the concentration of particles in the atmospheric air is of great importance. 
Road dust may also act as a repository for the various elements of anthropogenic particulate 
sources, and resuspension may function in certain locations as a re-emission, thereby contrib-
uting to the increase in the atmospheric concentration of these elements. The plausibility of 
this theory is supported by studies where it has been shown that larger particles are more eas-
ily resuspended by wind and road traffic, and that deposited materials are more susceptible 
to resuspend, if associated with larger host particles. Fine particles can remain in suspension 
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for much longer than coarse particles and this may result in a greater spatial impact on atmo-
spheric concentrations of particles, and secondly the fine fraction of resuspended particles is 
more likely to contain constituents of anthropogenic origin, potentially more toxic, than the 
fine particles of natural origin [15].

4.6. Contribution of road traffic to PM

In urban environments, 90% of the concentration of atmospheric particles emitted by road 
traffic corresponds to the fraction of particles smaller than 1 mm (0.001 μm). This fact can 
affect human health, so it is important to study PM1 in high traffic areas [16]. Particulate 
emissions from road traffic are the result of a large number of processes, such as the combus-
tion products of gasoline, diesel, and gas engines, products originating from vehicle oil, tire 
rubbers, braking system, bearings, car body, road material, and dust release from road and 
ground [17]. Traffic is in fact an important source of both smaller (fine particles) and larger 
(coarse particles) particles, but is also a source of condensable organic gas emissions and an 
important source of nitrogen (NOX), which subsequently form nitrate (secondary) aerosols. 
Particles of condensed carbonaceous material are emitted mainly by diesel vehicles, but also 
by gasoline vehicles with run-down performance [13]. Particulates originating from diesel 
engines are mainly carbonaceous agglomerates less than 100 nm in diameter, while the par-
ticles emitted by gasoline vehicles are mainly smaller carbonaceous agglomerates, ranging 
from 10 to 80 nm [18]. Although it is not possible to generalise conclusions about the associa-
tion of the various elements present in atmospheric particles, with their origin in road traffic, 
some elements have been frequently associated with them. These elements include copper 
(Cu), zinc (Zn), lead (Pb), bromine (Br), iron (Fe), calcium (Ca), and barium (Ba) [18–20]. 
However, the emissions of many of the metal elements originating from road traffic are not 
due to the exhaust emissions but to other sources of the vehicle such as tires, brakes, and other 
parts of the vehicle [17, 21, 22]. Studies have concluded that PM2.5 containing sulphur in their 
composition is mainly from the combustion of coal and exhaust emissions from vehicles [22]. 
Polycyclic aromatic hydrocarbons (PAHs) are organic compounds, formed by at least two 
fused aromatic rings, entirely made up of carbon and hydrogen [23]. They can be found in 
many urban air components and are a health concern, mainly because of their carcinogenic 
and mutagenic properties. A negative correlation of PM1 with the wind speed was obtained 
due to the wind dispersing the particulate matter from the atmosphere. Regarding relative 
humidity, it was found to have a positive correlation with PM1, which can be attributed to 
the influence of free and clean masses of troposphere air. For the ambient temperature and 
solar radiation, a negative correlation was calculated, perhaps associated with stagnation and 
cold fronts. A positive correlation of PAHs with relative humidity and a negative correlation 
with solar radiation, ambient temperature, O3 and NO shows that PAHs degrade through 
photolysis and chemical reactions with these pollutants. Analyses of the composition of PM1 
with PAHs indicated that these had their origin especially in diesel and gasoline emissions, as 
well as the combustion of wood, lubricating oils, and fossil fuels [16].

4.7. Consequences of PM in atmosphere

Particulate matter (PM) is one of the most relevant air pollutants globally. In humans, adverse 
effects associated with many cases of exposure to high concentrations of aerosols (mortality, 
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morbidity, respiratory, and cardiovascular problems) are well established. However, the 
mechanisms involved are still not well known [24]. In recent years, several scientific studies 
have attempted to correlate the outcome of possible adverse health effects due to the exposure 
to PM levels in atmospheric air [25]. Numerous epidemiological and toxicological studies have 
recently been developed to try to understand what kind of particles and which dimensions 
lead to the most detrimental effects on human health. In chemical terms, some studies indicate 
that the toxicity of the particles is mainly due to the organic compounds around the particle, 
and other studies point to the coal core of the particle as the main factor of toxicity. In terms 
of size, a considerable number of authors correlate the health effects with the mass concentra-
tion of particles, and other authors point out the importance of the concentration of ultrafine 
particles in atmospheric air in the negative consequences for health. Several epidemiological 
studies have shown the strong correlation between morbidity (or morbidity) and mortality 
with the concentration of fine particles in urban environment. These refer to particles as the 
air pollutant with the most detrimental consequences to health, followed by ozone (O3). Some 
studies indicate that even concentrations below the current recommended air quality levels 
may pose a health risk. It is believed that the effects of fine particles on health are caused after 
their inhalation and penetration into the lungs. Several studies indicate that both chemical 
and physical interactions with lung tissues can cause irritation or damage to the lungs. The 
smaller the size of the particles, the more they can penetrate the lungs. Annual mortality lev-
els are associated with the concentration levels of PM2.5, which in Europe represent 40–80% of 
the mass concentration of PM10 in ambient air. However, the larger particle fraction (from 2.5 
to 10 μm) of PM10 also has negative impacts on human health and affect mortality, although 
increasing evidence points to PM2.5 having an adverse impact [11]. Continued exposure to 
atmospheric particles contributes to the risk of developing cardiovascular and respiratory 
diseases as well as lung cancer. The mortality associated with air pollution is about 15–20% 
higher in cities with high levels of pollution compared to relatively less polluted cities. From 
this air pollution, numerous studies show that the most critical pollutant is the particles. For 
example, in the European Union (EU) studies indicate that the average life expectancy is 
8.6 months lower due to exposure to PM2.5 resulting from human activities. Particle pollu-
tion (especially fine particles) contains microscopic solids or liquids, which, being too small, 
can penetrate deeply into the lungs and cause serious health problems. Numerous scientific 
studies have correlated exposure to particulate matter with a number of health problems, 
including: increased respiratory problems such as irritation of the airways, coughing or dif-
ficulty breathing; decreased pulmonary function; worsening of asthma cases; development 
of chronic bronchitis and irregular heartbeat; non-fatal heart attacks and premature death in 
people with heart or lung disease. People with heart or lung disease, children, and the elderly 
are the groups most likely to be affected by exposure to particulate pollution. As mentioned 
above, two types of studies have been developed with regard to the health consequences of 
exposure to air pollutants, so this also applies to particulate matter, epidemiological studies, 
and toxicological studies. Epidemiological studies are global studies that seek to study the 
cause-effect relationship of a given disease, most often using statistical analysis tools. In the 
case of particles, these studies seek to analyse the consequences of exposure of a given popu-
lation to a particular concentration level or to a particular type of particle. Within this type 
of studies, two degrees of incidence have been analysed: morbidity, which can be defined 
as the rate of carriers of a given disease in relation to the total population studied, and mor-
tality. Alternatively, toxicological studies are studies that attempt to analyse the harmful or 
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for much longer than coarse particles and this may result in a greater spatial impact on atmo-
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more likely to contain constituents of anthropogenic origin, potentially more toxic, than the 
fine particles of natural origin [15].

4.6. Contribution of road traffic to PM
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traffic corresponds to the fraction of particles smaller than 1 mm (0.001 μm). This fact can 
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by gasoline vehicles with run-down performance [13]. Particulates originating from diesel 
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ticles emitted by gasoline vehicles are mainly smaller carbonaceous agglomerates, ranging 
from 10 to 80 nm [18]. Although it is not possible to generalise conclusions about the associa-
tion of the various elements present in atmospheric particles, with their origin in road traffic, 
some elements have been frequently associated with them. These elements include copper 
(Cu), zinc (Zn), lead (Pb), bromine (Br), iron (Fe), calcium (Ca), and barium (Ba) [18–20]. 
However, the emissions of many of the metal elements originating from road traffic are not 
due to the exhaust emissions but to other sources of the vehicle such as tires, brakes, and other 
parts of the vehicle [17, 21, 22]. Studies have concluded that PM2.5 containing sulphur in their 
composition is mainly from the combustion of coal and exhaust emissions from vehicles [22]. 
Polycyclic aromatic hydrocarbons (PAHs) are organic compounds, formed by at least two 
fused aromatic rings, entirely made up of carbon and hydrogen [23]. They can be found in 
many urban air components and are a health concern, mainly because of their carcinogenic 
and mutagenic properties. A negative correlation of PM1 with the wind speed was obtained 
due to the wind dispersing the particulate matter from the atmosphere. Regarding relative 
humidity, it was found to have a positive correlation with PM1, which can be attributed to 
the influence of free and clean masses of troposphere air. For the ambient temperature and 
solar radiation, a negative correlation was calculated, perhaps associated with stagnation and 
cold fronts. A positive correlation of PAHs with relative humidity and a negative correlation 
with solar radiation, ambient temperature, O3 and NO shows that PAHs degrade through 
photolysis and chemical reactions with these pollutants. Analyses of the composition of PM1 
with PAHs indicated that these had their origin especially in diesel and gasoline emissions, as 
well as the combustion of wood, lubricating oils, and fossil fuels [16].

4.7. Consequences of PM in atmosphere

Particulate matter (PM) is one of the most relevant air pollutants globally. In humans, adverse 
effects associated with many cases of exposure to high concentrations of aerosols (mortality, 
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morbidity, respiratory, and cardiovascular problems) are well established. However, the 
mechanisms involved are still not well known [24]. In recent years, several scientific studies 
have attempted to correlate the outcome of possible adverse health effects due to the exposure 
to PM levels in atmospheric air [25]. Numerous epidemiological and toxicological studies have 
recently been developed to try to understand what kind of particles and which dimensions 
lead to the most detrimental effects on human health. In chemical terms, some studies indicate 
that the toxicity of the particles is mainly due to the organic compounds around the particle, 
and other studies point to the coal core of the particle as the main factor of toxicity. In terms 
of size, a considerable number of authors correlate the health effects with the mass concentra-
tion of particles, and other authors point out the importance of the concentration of ultrafine 
particles in atmospheric air in the negative consequences for health. Several epidemiological 
studies have shown the strong correlation between morbidity (or morbidity) and mortality 
with the concentration of fine particles in urban environment. These refer to particles as the 
air pollutant with the most detrimental consequences to health, followed by ozone (O3). Some 
studies indicate that even concentrations below the current recommended air quality levels 
may pose a health risk. It is believed that the effects of fine particles on health are caused after 
their inhalation and penetration into the lungs. Several studies indicate that both chemical 
and physical interactions with lung tissues can cause irritation or damage to the lungs. The 
smaller the size of the particles, the more they can penetrate the lungs. Annual mortality lev-
els are associated with the concentration levels of PM2.5, which in Europe represent 40–80% of 
the mass concentration of PM10 in ambient air. However, the larger particle fraction (from 2.5 
to 10 μm) of PM10 also has negative impacts on human health and affect mortality, although 
increasing evidence points to PM2.5 having an adverse impact [11]. Continued exposure to 
atmospheric particles contributes to the risk of developing cardiovascular and respiratory 
diseases as well as lung cancer. The mortality associated with air pollution is about 15–20% 
higher in cities with high levels of pollution compared to relatively less polluted cities. From 
this air pollution, numerous studies show that the most critical pollutant is the particles. For 
example, in the European Union (EU) studies indicate that the average life expectancy is 
8.6 months lower due to exposure to PM2.5 resulting from human activities. Particle pollu-
tion (especially fine particles) contains microscopic solids or liquids, which, being too small, 
can penetrate deeply into the lungs and cause serious health problems. Numerous scientific 
studies have correlated exposure to particulate matter with a number of health problems, 
including: increased respiratory problems such as irritation of the airways, coughing or dif-
ficulty breathing; decreased pulmonary function; worsening of asthma cases; development 
of chronic bronchitis and irregular heartbeat; non-fatal heart attacks and premature death in 
people with heart or lung disease. People with heart or lung disease, children, and the elderly 
are the groups most likely to be affected by exposure to particulate pollution. As mentioned 
above, two types of studies have been developed with regard to the health consequences of 
exposure to air pollutants, so this also applies to particulate matter, epidemiological studies, 
and toxicological studies. Epidemiological studies are global studies that seek to study the 
cause-effect relationship of a given disease, most often using statistical analysis tools. In the 
case of particles, these studies seek to analyse the consequences of exposure of a given popu-
lation to a particular concentration level or to a particular type of particle. Within this type 
of studies, two degrees of incidence have been analysed: morbidity, which can be defined 
as the rate of carriers of a given disease in relation to the total population studied, and mor-
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adverse effects that a certain toxic agent (chemical) has on the organism. There are two types 
of toxicological studies, experimental toxicology, which uses animals to try to understand the 
mechanism of action and consequences for the body, and analytical toxicology that aims to 
identify/quantify toxic elements in organs such as liver, kidneys or matrices such as blood, 
urine, or saliva [26]. Combustion of biomass by the domestic sector (burning of fuels such as 
wood and coal) and emissions from road vehicles in urban centres are the sectors that are the 
main direct sources of particulate emissions. Agriculture is a sector with high contribution 
to ammonia emissions, which is one of the pollutants that contributes most to the formation 
of secondary particles. Particles can also affect the climate, promoting heating or cooling of 
the planet, depending on its chemical composition. One such case is soot containing black 
carbon, found mainly in fine particles, resulting from the incomplete burning of fossil fuels 
and biomass, contributes to changes in the climate because it absorbs the energy of the sun 
promoting the heating of the atmosphere [27].

5. Monitoring networks

National or regional air quality authorities have in their area of jurisdiction a set of fixed 
sampling points for the continuous measurement of PM concentration. For their realisation, 
they have stations equipped with automatic analysers of measurement PM concentration. The 
main objective in the process of selecting the localization of air quality stations is to obtain 
information with the greatest possible representation of the surrounding area, since the 
location of the air quality measurement stations can directly affect the conclusions from the 
analysis of the results. Measuring stations that may be influenced by very particular charac-
teristics of the locations where they are installed may no longer be representative and require 
the analysis of complementary information from other stations or other assessment methods. 
This reason makes it necessary for information users to have systematised data on the par-
ticular conditions of installation and location of each station. The selection of monitoring sites 
should take into account the diversity of techniques and materials used in the construction 
of buildings, as they differ from country to country and in larger countries, differ within the 
same country, in order to have representative sites in each area. In urban areas, the deteriora-
tion of materials is affected by the levels of pollution observed. Three locations can be chosen 
to represent: the highest level of urban pollution (usually near the centre of the city), an aver-
age background level, and a traffic hot spot. In industrial zones, two sites may be selected to 
represent a medium level and a higher level of pollution. The air quality stations are classified 
taking into account the area where they are located (surrounding environment) and the type 
of emission source that influences the air quality levels measured in that location and may be 
in relation to the type of zone or type of environment encompassing three possible classes: 
urban, suburban, and rural and as to the type of dominant emission source containing three 
possible classes: traffic, industrial, and fund. The classification of stations in the various typol-
ogies is relevant for analysing the air quality data, as it makes the data comparable at local or 
global level [28]. Each country develops its plan for monitoring air quality and deposition in 
order to be representative of ecosystem exposure to air pollution. Since concentrations of air 
pollution and deposition also vary greatly, a monitoring program is required that includes a 
large selection of ecosystems, that is, regions and areas within each region [29].
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6. Methods of PM measurement

For the continuous monitoring of PM in the air, sophisticated and very sensitive equipment 
is essential. For the quality control of the information generated, periodic calibrations, cor-
rective and preventive maintenance, and evaluation of the representativeness and validity 
of the data obtained through the statistical analysis and monitoring of the historical trend 
of the pollutant at the location in question and of the analyser behaviour are necessary. The 
estimation of the uncertainties that must be evaluated in the calibration of the equipment 
for the monitoring of environmental data presents a level of difficulty because the concen-
tration range of pollutants found in an environment is very close to the detection limits 
of the equipment available in the market and due to the number of factors that interfere 
with the measurement of the pollutant in question. The assurance of the presented results 
is based on a good detection of errors and inconsistencies occurred in the procedures and 
analytical or sampling methods. Failure to do so may lead to misinterpretations or miscon-
ceptions [30]. The most common method of PM measurement and monitoring is done by 
a beta particle analyser by absorption of beta radiation and sampler. This method applies 
to the automatic measurement of continuous particulate matter, based on the absorption 
of the β radiation emitted by a radioactive source by the particles deposited in a filter. The 
particles are deposited on a fibreglass tape, which is traversed by constant flows of ambient 
air for pre-programmed time periods or cycles. This tape is located between the radioactive 
source and the Geiger-Muller radiation detector. The uniform distribution of the deposited 
particles on the surface of the filter allows to obtain the relation between the total mass 
deposited and the number of counts registered by the detector. Knowing the number of 
counts recorded with the filter before the aspiration of the ambient air and the number of 
counts recorded with the filter after the deposition of particles, it is possible to determine 
its mass in μg/m3.

7. Strategic aspects for decision making

Information on atmospheric pollution levels in general and external air quality (AQ) in par-
ticular is a widely discussed and developed aspect both in the scientific community and in 
the general population. However, an effort has been made by the scientific community to 
develop models that somehow predict and simulate PM concentration in the environment. 
An even more recent and ambitious step refers to the modelling of the human exposure to 
this pollutant, relating the activity of the individual and his time of permanence in this space 
with the environments in which he is in terms of PM concentration [31]. It is therefore essen-
tial that mitigation and mitigation measures should be implemented through National and 
International Plans and Programs that will lead to significant benefits for atmospheric PM 
levels to be significantly reduced with benefits to health [32]. These measures include:

• Intervening on the effectiveness of air quality and emission legislation by strengthening 
their implementation;

• Overall and global reduction of PM emissions from industrial and domestic sources;
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in relation to the type of zone or type of environment encompassing three possible classes: 
urban, suburban, and rural and as to the type of dominant emission source containing three 
possible classes: traffic, industrial, and fund. The classification of stations in the various typol-
ogies is relevant for analysing the air quality data, as it makes the data comparable at local or 
global level [28]. Each country develops its plan for monitoring air quality and deposition in 
order to be representative of ecosystem exposure to air pollution. Since concentrations of air 
pollution and deposition also vary greatly, a monitoring program is required that includes a 
large selection of ecosystems, that is, regions and areas within each region [29].
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develop models that somehow predict and simulate PM concentration in the environment. 
An even more recent and ambitious step refers to the modelling of the human exposure to 
this pollutant, relating the activity of the individual and his time of permanence in this space 
with the environments in which he is in terms of PM concentration [31]. It is therefore essen-
tial that mitigation and mitigation measures should be implemented through National and 
International Plans and Programs that will lead to significant benefits for atmospheric PM 
levels to be significantly reduced with benefits to health [32]. These measures include:

• Intervening on the effectiveness of air quality and emission legislation by strengthening 
their implementation;

• Overall and global reduction of PM emissions from industrial and domestic sources;
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• Modernization of monitoring and data transmission and control of PM;

• Creation of significant benefits in the acquisition of new vehicles that are less polluting or 
even non-polluting and more energy efficient;

• Promotion of access to shore-based electricity (preferably from renewable energy sources) 
by berthed ships;

• Selection of forest species and practices less vulnerable to storms and fires, greater penal-
ties for the fire set;

• Reduction in the use of nitrogen (N) in agriculture due to the excessive use of nitrogen 
fertilisers and nitrogen content in animal feed;

• Implement improved monetary assessment of impacts on ecosystems and analyse the costs 
and effectiveness of measures implemented to improve QA;

• Rationalise and optimise the global transport system to reduce CO2 emissions.

8. Conclusions

Improving global air quality and reducing the atmospheric concentration of PM is essential 
to achieve greater control of air pollution at source and to minimise its effects in order to pre-
serve human health, the environment, and materials. Legislative measures and other instru-
ments (including Plans and Programs) have been adopted at National and Community levels 
for several decades. For these measures and instruments to be implemented and enforced, it 
is necessary to implement the updated air quality policy, making use of the latest scientific 
knowledge and appropriate management of commitments and synergies between climate 
and environmental objectives in order to that it cannot only enhance ecological and climatic 
resilience, but also achieve important socio-economic benefits, including public health.

The control at source of emissions of air pollutants in general and PM in particular can be done 
through the installation and use of best available non-pollutant techniques and equipment. 
Also, measures to prevent air pollution include reducing emissions, as switching to cleaner 
fuels, alternative use of renewable energy sources, and more efficient and cleaner new energy 
sources (wind, water, solar, and biomass valorisation of agriculture) in response to consider-
ations of the climate or security of supply, the use of less polluting means of transport, leading 
in particular to a substantial decrease in PM10 and dangerous emissions. In this chapter, a 
general overview of variables and key factors that identify, relate, and understand the diverse 
and multidisciplinary variables that contribute to PM concentration in urban environments 
associated with health impacts were identified and described. The main multidisciplinary 
aspects, namely meteorology, urban geometry, road traffic, industries, air concentration 
measurements, and health were also presented and discussed. The main strategic aspects for 
decision making related to airborne PM impact on health were also discussed.
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• Modernization of monitoring and data transmission and control of PM;
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ties for the fire set;

• Reduction in the use of nitrogen (N) in agriculture due to the excessive use of nitrogen 
fertilisers and nitrogen content in animal feed;

• Implement improved monetary assessment of impacts on ecosystems and analyse the costs 
and effectiveness of measures implemented to improve QA;

• Rationalise and optimise the global transport system to reduce CO2 emissions.

8. Conclusions

Improving global air quality and reducing the atmospheric concentration of PM is essential 
to achieve greater control of air pollution at source and to minimise its effects in order to pre-
serve human health, the environment, and materials. Legislative measures and other instru-
ments (including Plans and Programs) have been adopted at National and Community levels 
for several decades. For these measures and instruments to be implemented and enforced, it 
is necessary to implement the updated air quality policy, making use of the latest scientific 
knowledge and appropriate management of commitments and synergies between climate 
and environmental objectives in order to that it cannot only enhance ecological and climatic 
resilience, but also achieve important socio-economic benefits, including public health.

The control at source of emissions of air pollutants in general and PM in particular can be done 
through the installation and use of best available non-pollutant techniques and equipment. 
Also, measures to prevent air pollution include reducing emissions, as switching to cleaner 
fuels, alternative use of renewable energy sources, and more efficient and cleaner new energy 
sources (wind, water, solar, and biomass valorisation of agriculture) in response to consider-
ations of the climate or security of supply, the use of less polluting means of transport, leading 
in particular to a substantial decrease in PM10 and dangerous emissions. In this chapter, a 
general overview of variables and key factors that identify, relate, and understand the diverse 
and multidisciplinary variables that contribute to PM concentration in urban environments 
associated with health impacts were identified and described. The main multidisciplinary 
aspects, namely meteorology, urban geometry, road traffic, industries, air concentration 
measurements, and health were also presented and discussed. The main strategic aspects for 
decision making related to airborne PM impact on health were also discussed.
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1. Introduction

In recent decades, Asia has experienced rapid development of industrialization and urbaniza-
tion, which has resulted in accelerated growth of many suburban cities surrounding large 
metropolitan areas. These suburbs are home to many who work in metropolitan areas, caus-
ing a tremendous number of suburban residents each day to commute to the city for work. As 
a consequence, urban areas are experiencing increasing automobile use, resulting in conges-
tion and long hours of commuting. The increasing severity and duration of traffic congestion 
greatly intensify pollutant emissions and degrade air quality.

It is of tremendous concern that commuters are exposed to high concentrations of atmospheric 
pollutants, originating from both vehicular traffic and other urban, industrial, or environ-
mental factors, during their transit. They are exposed during their daily commute while in 
vehicles, waiting for transportation and walking. Most commuters spend considerable time 
at bus stops and stations or walk on busy roads. It was reported commuters who travel by 
public transport may be exposed to up to eight time as much air pollution as those who drive 
to work [1].

1.1. Health impacts of air pollution

Most megacities in Asia are facing acute problems due to an increase in the ambient particu-
late matter (PM) and nitrogen dioxide (NO2) concentrations as a result of rapid urbanization. 
In Shanghai, New Delhi, Mumbai, Guangzhou, Chongqing, Calcutta, Beijing and Bangkok, 
the ambient PM and NO2 concentrations were reported to frequently violate World Health 
Organization (WHO) guidelines [2]. Worldwide, in most of the megacities, motorized road 
transport is categorized as one of the largest pollution sources. Motorized transport is respon-
sible for 70% of environmental pollution and 40% of greenhouse gas emissions in European 
cities [3]. In the UK, automobile pollution sources frequently violate the national ambient air 
quality standards [4]. Likewise, on the Asian subcontinent, some rapidly developed countries, 
such as Singapore, Japan, and Hong Kong, are facing equally critical street-level air pollution 
problems due to an increase in the number of motorized vehicles [4].

Road vehicle emissions are one of the most important sources of human exposure to air pollu-
tion. Air pollution concentrations on roads are relatively high, and commuters face unavoid-
able exposure during commuting as they are near the source of emission. The deleterious 
effects of traffic-related atmospheric air pollution on health have been documented in many 
studies worldwide. Emissions from road traffic result in a complex mixture of harmful air 
pollutants. In many areas, vehicle emissions have become the dominant source of air pollut-
ants, including carbon monoxide (CO), carbon dioxide (CO2), volatile organic compounds 
(VOCs), hydrocarbons (HCs), nitrogen oxides (NOx), and particulate matter of aerodynamic 
diameter 2.5 μm (PM2.5) [5]. These toxic particles easily penetrate human airways. Inhaled 
PM2.5 can reach the lung alveoli and induce local and systemic responses in the body, impact-
ing cardiovascular and respiratory function [6]. Thus, traffic-related air pollution has been 
implicated in a range of illnesses related to respiratory diseases and cardiovascular complica-
tions. From a public health perspective, the health effects of air pollution are both chronic 
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(long term) and acute (short term). Breathing in high quantities of exhaust fumes can cause 
short-term irritation to the respiratory tract within a few minutes of exposure. Short-term 
inhalation of air pollutants may exacerbate ongoing irritation such as cough, mucous buildup, 
and inflamed airways. Although the acute, short-term effect is of the least concern to the 
general public, over time, long-term exposure eventually merges with the chronic effect. Of 
concern, prolonged exposure over many years places tremendous stress on the body and can 
be detrimental to human health.

Air pollution is now the world’s largest environmental health risk [7]. In 2015, the WHO 
released a report stating that at least one in eight deaths worldwide is caused by air pollution. 
On a global scale, air pollution accounts for an estimated 9% of deaths due to lung cancer, 17% 
due to chronic obstructive pulmonary disease, more than 30% due to ischemic heart disease 
and stroke, and 9% due to respiratory infections [8]. It is estimated that approximately 80% 
of the world population lives in environments with pollution levels exceeding the air quality 
guideline (AQG) established by the WHO [9]. It is also a well-established fact that air pol-
lution shortens life expectancy. The high level of particles in air pollution is related to lung 
cancer risk, cardiovascular disease, and mortality. In many countries in Asia, concentrations 
of ambient air pollutants exceed levels associated with increased risk of acute and chronic 
health problems. In particular, studies have shown that exposure to air pollution in traffic 
has been associated with chronic health effects, particularly cardiovascular and respiratory 
diseases [10–12]. Much evidence has also been found showing the high prevalence of respira-
tory disease symptoms and asthma exacerbation among those who reside near high-traffic 
roads [13, 14].

On the Asian continent, China, as one of the fastest developing countries, is battling the 
health impact associated with air pollution. Annual average PM2.5 concentrations in Chinese 
megacities exceed the WHO’s guideline of 10 μg/m3, and the corresponding black carbon (BC) 
concentrations are approximately 5 μg/m3 [15]. The primary sources of air pollution in China 
are industrial output, coal and biomass combustion, and traffic. Nevertheless, a recent report 
noted that emissions from heavy urban traffic are the main contributors to urban air pollution 
in China [16]. The 2010 Global Burden of Disease reported that exposure to air pollutants is 
the fourth leading health risk factor for Chinese people [17]. Likewise, air pollution in China 
is also associated with elevated rates of mortality whereby an estimated 350,000 to 500,000 
premature deaths were reported to be linked to air pollution [18]. Similarly, in Jakarta, one of 
the most polluted cities in the world, air pollution was largely associated with motor vehicles, 
particularly emissions largely created by diesel vehicles [19].

1.2. Economic cost of health impacts of air pollution

Most countries globally and also those in Asia suffer enormous economic loss related to health 
effects of air pollution on the public. For instance, in China, the economic costs of the health 
impact of air pollution exceed expectations. It has been estimated that in 2005, China’s direct 
welfare loss from mortalities associated with ozone (O3) and PM exposure was US$42 billion 
[20]. In Jakarta it was reported that the health cost of air pollution in 1999 reached US$220 
million [19]. Likewise, in other countries in Asia, Singapore reported a total economic cost of 
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tion and long hours of commuting. The increasing severity and duration of traffic congestion 
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pollutants, originating from both vehicular traffic and other urban, industrial, or environ-
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vehicles, waiting for transportation and walking. Most commuters spend considerable time 
at bus stops and stations or walk on busy roads. It was reported commuters who travel by 
public transport may be exposed to up to eight time as much air pollution as those who drive 
to work [1].

1.1. Health impacts of air pollution

Most megacities in Asia are facing acute problems due to an increase in the ambient particu-
late matter (PM) and nitrogen dioxide (NO2) concentrations as a result of rapid urbanization. 
In Shanghai, New Delhi, Mumbai, Guangzhou, Chongqing, Calcutta, Beijing and Bangkok, 
the ambient PM and NO2 concentrations were reported to frequently violate World Health 
Organization (WHO) guidelines [2]. Worldwide, in most of the megacities, motorized road 
transport is categorized as one of the largest pollution sources. Motorized transport is respon-
sible for 70% of environmental pollution and 40% of greenhouse gas emissions in European 
cities [3]. In the UK, automobile pollution sources frequently violate the national ambient air 
quality standards [4]. Likewise, on the Asian subcontinent, some rapidly developed countries, 
such as Singapore, Japan, and Hong Kong, are facing equally critical street-level air pollution 
problems due to an increase in the number of motorized vehicles [4].

Road vehicle emissions are one of the most important sources of human exposure to air pollu-
tion. Air pollution concentrations on roads are relatively high, and commuters face unavoid-
able exposure during commuting as they are near the source of emission. The deleterious 
effects of traffic-related atmospheric air pollution on health have been documented in many 
studies worldwide. Emissions from road traffic result in a complex mixture of harmful air 
pollutants. In many areas, vehicle emissions have become the dominant source of air pollut-
ants, including carbon monoxide (CO), carbon dioxide (CO2), volatile organic compounds 
(VOCs), hydrocarbons (HCs), nitrogen oxides (NOx), and particulate matter of aerodynamic 
diameter 2.5 μm (PM2.5) [5]. These toxic particles easily penetrate human airways. Inhaled 
PM2.5 can reach the lung alveoli and induce local and systemic responses in the body, impact-
ing cardiovascular and respiratory function [6]. Thus, traffic-related air pollution has been 
implicated in a range of illnesses related to respiratory diseases and cardiovascular complica-
tions. From a public health perspective, the health effects of air pollution are both chronic 
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(long term) and acute (short term). Breathing in high quantities of exhaust fumes can cause 
short-term irritation to the respiratory tract within a few minutes of exposure. Short-term 
inhalation of air pollutants may exacerbate ongoing irritation such as cough, mucous buildup, 
and inflamed airways. Although the acute, short-term effect is of the least concern to the 
general public, over time, long-term exposure eventually merges with the chronic effect. Of 
concern, prolonged exposure over many years places tremendous stress on the body and can 
be detrimental to human health.

Air pollution is now the world’s largest environmental health risk [7]. In 2015, the WHO 
released a report stating that at least one in eight deaths worldwide is caused by air pollution. 
On a global scale, air pollution accounts for an estimated 9% of deaths due to lung cancer, 17% 
due to chronic obstructive pulmonary disease, more than 30% due to ischemic heart disease 
and stroke, and 9% due to respiratory infections [8]. It is estimated that approximately 80% 
of the world population lives in environments with pollution levels exceeding the air quality 
guideline (AQG) established by the WHO [9]. It is also a well-established fact that air pol-
lution shortens life expectancy. The high level of particles in air pollution is related to lung 
cancer risk, cardiovascular disease, and mortality. In many countries in Asia, concentrations 
of ambient air pollutants exceed levels associated with increased risk of acute and chronic 
health problems. In particular, studies have shown that exposure to air pollution in traffic 
has been associated with chronic health effects, particularly cardiovascular and respiratory 
diseases [10–12]. Much evidence has also been found showing the high prevalence of respira-
tory disease symptoms and asthma exacerbation among those who reside near high-traffic 
roads [13, 14].

On the Asian continent, China, as one of the fastest developing countries, is battling the 
health impact associated with air pollution. Annual average PM2.5 concentrations in Chinese 
megacities exceed the WHO’s guideline of 10 μg/m3, and the corresponding black carbon (BC) 
concentrations are approximately 5 μg/m3 [15]. The primary sources of air pollution in China 
are industrial output, coal and biomass combustion, and traffic. Nevertheless, a recent report 
noted that emissions from heavy urban traffic are the main contributors to urban air pollution 
in China [16]. The 2010 Global Burden of Disease reported that exposure to air pollutants is 
the fourth leading health risk factor for Chinese people [17]. Likewise, air pollution in China 
is also associated with elevated rates of mortality whereby an estimated 350,000 to 500,000 
premature deaths were reported to be linked to air pollution [18]. Similarly, in Jakarta, one of 
the most polluted cities in the world, air pollution was largely associated with motor vehicles, 
particularly emissions largely created by diesel vehicles [19].

1.2. Economic cost of health impacts of air pollution

Most countries globally and also those in Asia suffer enormous economic loss related to health 
effects of air pollution on the public. For instance, in China, the economic costs of the health 
impact of air pollution exceed expectations. It has been estimated that in 2005, China’s direct 
welfare loss from mortalities associated with ozone (O3) and PM exposure was US$42 billion 
[20]. In Jakarta it was reported that the health cost of air pollution in 1999 reached US$220 
million [19]. Likewise, in other countries in Asia, Singapore reported a total economic cost of 
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US$3662 million associated with the health impact of particulate air pollution [21]. In Malaysia, 
a remarkable increase in the hospital admission was noted during almost all haze episodes. In 
the recent 2013 haze, the cost of illness peaked at MYR410 million in Malaysia [22]. Of note, 
the cost of air pollution exceeds estimations. The economic impact of air pollution on human 
extends beyond health. It also has a tremendous impact on social and emotional well-being 
and daily activities of the affected community. Other important costs of the social effects of air 
pollution, such as loss of vegetation, and the resulting infertility of the surrounding land, loss 
of productivity, and decreased work efficiency have not been accounted for.

Considering the immense economic impact of air pollution, the affected communities, par-
ticularly the commuters who are regularly exposed to atmospheric air pollution, should be 
equipped with knowledge of the health impact of air pollution and preventive measures to 
reduce the health risks associated with exposure to air pollution. A concerted effort on the 
part of the public to practice mitigation measures is important in order to reduce the eco-
nomic loss caused by the effects of air pollution.

1.3. Improving environmental health literacy

While effective policies to reduce traffic emissions at their sources are clearly preferable, the 
evidence supports the benefits of individual personal actions to reduce exposure and health 
risks associated with traffic emissions. It is well established that knowledge and positive 
attitudes enhance the population’s interest in adopting healthy preventive behaviors. In the 
context of air pollution and the adverse health impact, environmental health literacy needs 
to be enhanced. Environmental health literacy is a measure of individual understanding of 
specific risks, which then leads to broader understanding, including strategies that empower 
people to reduce or eliminate environmental exposures that can harm their health [23]. 
Inadequate environmental health literacy, particularly regarding traffic-related air pollutants, 
may impair mitigation practices, thus leading to health impairment. This is because the level 
of an individual’s awareness and concern has demonstrable effects on whether individuals 
are willing to carry out self-prevention of exposure to atmospheric air pollution during the 
daily commute. There was substantial evidence reporting individual- and community-level 
behavior change in response to environmental exposure and education about exposure [23]. 
The former is particularly true in Ningbo, where, despite experiencing a relatively low level of 
exposure to ambient pollution compared with other cities, residents showed a higher aware-
ness about ambient air pollution and its adverse impact on health, which was due to previous 
episodes of heavy smog they experienced [24]. This implies the importance of experience in 
shaping health literacy and its implications for behavioral change.

Nevertheless, a review of the literature found that, in many megacities in China and India, 
as well as Malaysia, despite heightened air pollution, on the whole, there are still substantial 
important knowledge gaps among the population regarding causes, effects on health, and 
prevention practices that need considerable attention [25–27]. Efforts are needed from around 
rapidly developing cities in Asian regions affected by air pollution to set goal-bridging gaps 
and advance the population’s knowledge about air pollutants and health outcomes and, most 
importantly, on pollution prevention practices that reduce or eliminate risks.
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1.4. Community-level policy and practice in reducing traffic-related air pollution

Policy makers and urban planners at the national, city, and local levels of affected countries 
should make sustained efforts to combat traffic-related air pollution by effective implementa-
tion and enforcement of policies. Of immerse importance, targets should be placed on reducing 
the most important source of atmospheric pollution in cities, which is motor vehicle-related 
emissions. In this regard, efforts should be made to promote environmentally sustainable 
transport and transport systems. Lowering emissions is one of the major means of improving 
local air quality, in addition to being the most frequent approach to coping with vehicular 
pollution. First and foremost, measures should be taken to improve or change the manner in 
which people get around as the most cost-effective means of reducing vehicle emissions [28]. 
These include restriction policies such as emission standards, mandatory vehicle inspections, 
technology and fuel improvement (electric vehicles, biofuels, and natural gas), restrictions 
on privately owned vehicles, integrated public transportation, rapid transit, and promotion 
of active transport such as proper bike and walking lanes [29–30]. The use of plug-in hybrid 
electric vehicles was also found to achieve greater outcomes in terms of pollutant reduction as 
well as reduce greenhouse gas [31]. Currently, the USA and China are the largest markets for 
plug-in hybrid electric vehicles, which are relatively less popular in the Southeast Asia region 
due to high cost, technical limitations of electric cars, and charging inconveniences [32]. There 
is a need for transport policies to encourage electric vehicle use with price incentives together 
with investment in more readily available recharging stations [32].

Active transportation (walking and bicycling) has been mentioned in many studies as the best 
way to reduce car congestion and lower vehicle emissions while also having important health 
co-benefits, in particular through increased physical activity [33]. Previous studies have 
quantified the health benefits of replacing car trips with active transportation trips in urban 
areas [34, 35]. However, considering the risk of exposure to environmental air pollutants and 
safety while on the road, the implementation of active transport should integrate a network of 
streets with bike lanes and pedestrian priority at intersections to make active transport trips 
convenient, pleasant, and safe [35]. Secondly, along with the promotion of active transport, 
urban planners and policy makers should have a low emission zone to minimize the risk 
of exposure to atmospheric pollution among active transport users. Heavy traffic coupled 
with high levels of traffic air pollution levels along active transport routes may pose a major 
obstacle to its use.

Another important solution to reducing atmospheric air pollution is absorbing existing pol-
lution by increasing vegetation coverage. Numerous studies reported the capacity of urban 
trees and shrubs to serve as biological filters and mitigate air pollution [36]. Vegetation can 
serve as a sink for atmospheric particulate matter and is an interface that can absorb organic 
matter, chemicals, and heavy metals that adhere to particulate matter [37]. Therefore, urban 
landscape planning and management to increase vegetation and canopy areas along the sides 
of busy roads may effectively decrease traffic-related pollutants and benefit commuters.

In addition, there is a need to equip the air quality regulatory authorities with effective and 
efficient urban air quality management plans, primarily to help maintain urban air qual-
ity within the prescribed limits or standards. It has been reported that urban air quality 
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equipped with knowledge of the health impact of air pollution and preventive measures to 
reduce the health risks associated with exposure to air pollution. A concerted effort on the 
part of the public to practice mitigation measures is important in order to reduce the eco-
nomic loss caused by the effects of air pollution.
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While effective policies to reduce traffic emissions at their sources are clearly preferable, the 
evidence supports the benefits of individual personal actions to reduce exposure and health 
risks associated with traffic emissions. It is well established that knowledge and positive 
attitudes enhance the population’s interest in adopting healthy preventive behaviors. In the 
context of air pollution and the adverse health impact, environmental health literacy needs 
to be enhanced. Environmental health literacy is a measure of individual understanding of 
specific risks, which then leads to broader understanding, including strategies that empower 
people to reduce or eliminate environmental exposures that can harm their health [23]. 
Inadequate environmental health literacy, particularly regarding traffic-related air pollutants, 
may impair mitigation practices, thus leading to health impairment. This is because the level 
of an individual’s awareness and concern has demonstrable effects on whether individuals 
are willing to carry out self-prevention of exposure to atmospheric air pollution during the 
daily commute. There was substantial evidence reporting individual- and community-level 
behavior change in response to environmental exposure and education about exposure [23]. 
The former is particularly true in Ningbo, where, despite experiencing a relatively low level of 
exposure to ambient pollution compared with other cities, residents showed a higher aware-
ness about ambient air pollution and its adverse impact on health, which was due to previous 
episodes of heavy smog they experienced [24]. This implies the importance of experience in 
shaping health literacy and its implications for behavioral change.

Nevertheless, a review of the literature found that, in many megacities in China and India, 
as well as Malaysia, despite heightened air pollution, on the whole, there are still substantial 
important knowledge gaps among the population regarding causes, effects on health, and 
prevention practices that need considerable attention [25–27]. Efforts are needed from around 
rapidly developing cities in Asian regions affected by air pollution to set goal-bridging gaps 
and advance the population’s knowledge about air pollutants and health outcomes and, most 
importantly, on pollution prevention practices that reduce or eliminate risks.
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management within countries plays in important role in air quality monitoring and emission 
inventory [4]. However, this remains a challenge in many developing countries where urban 
air quality management plans are either in process of development or do not exist at all [4]. 
The ultimate role of urban air quality management planning is essentially to ensure that the 
impact of air pollution on the local population remains minimal [4]. It is therefore particu-
larly important for local governments to develop effective air quality management plans for 
managing urban air pollution in a sustainable and effective long-term manner. Policy makers 
and urban planners should reinforce stringent air pollution control policies to reduce traffic 
emission of hazardous air, promote the use of active transport, and enhance green spaces in 
the cities. More importantly, stringent monitoring and supervision are needed to improve 
enforcement of traffic emission control. There is also a need for literacy policies and inter-
ventions to increase commuter literacy in air pollution and equip them with knowledge of 
effective pollution control strategies.

1.5. Best practices to reduce personal exposure

While national policies to reduce air pollution at the source are clearly more effective, it is well 
established that individual-level exposure prevention is effective in reducing exposure and 
health risks. Using a respiratory filter mask offers the most convenient way to reduce inhala-
tion of pollutants. There is mounting evidence to suggest that the use of a respiratory filter 
mask is beneficial in minimizing the impact of atmospheric air pollution during rush hour 
traffic. A respiratory filter mask filters particulate matter out of the air and prevents it from 
entering the respiratory system. If commuting by public transport is inevitable, wearing a 
respiratory filter mask is the most effective way to reduce inhalation of particles and mitigate 
their negative health effects. A study showed that wearing even a simple inexpensive face 
mask has the potential to protect susceptible individuals and prevent cardiovascular events 
in cities with high concentrations of ambient air pollution and provides an alternative that 
may lead to reduced cardiovascular morbidity and mortality [38]. It has also been reported 
that reduction in symptoms and improvement in cardiovascular health were observed when 
patients with coronary heart disease were protected from exposure to particulate air pollu-
tion by the use of highly efficient face mask (e.g., N95 equivalent) [39]. Wearing a face mask 
was also found to be beneficial for people without cardiovascular health problems. Among 
healthy subjects, wearing a face mask appears to abrogate the adverse effects of air pollution 
on blood pressure and heart rate variability and to decrease cardiovascular risk [38].

Apart from face mask protection, a large body of evidence demonstrates that a healthy diet 
including fruits and vegetables and supplement intake may protect against the air pollution-
induced health threat. Omega-3 polyunsaturated fatty acids (PUFAs) from fish oil were found 
to prevent the negative impact of PM2.5 on heart rate variability [40] and protect against the 
deleterious cardiac and lipid effects induced by acute exposure to particulate matter [41]. In 
another study, health outcomes of PM2.5, including heart rate variability, were modified by 
dietary intake of micronutrients (folate, vitamin B6 and B12, methionine) [42]. Antioxidant 
supplementation (vitamins E and C) was found to be helpful in reducing oxidative stress in 
the body associated with airborne contamination [43]. Thus, being in a polluted air environ-
ment, it is critical that commuters should have a healthy diet with adequate intake of essential 
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micronutrients to prevent the development of chronic diseases, particularly cardiovascular 
and pulmonary diseases. Increased intake of antioxidants, as well as other anti-inflammatory 
nutrients, is also important to reduce air pollution-induced oxidative stress and inflammation, 
particularly among those with cardiovascular disease, asthma, and other chronic inflamma-
tory diseases [44]. Further, it has been suggested that, in addition to a healthy diet, drinking 
additional water can reduce throat irritation and help the kidneys flush out any absorbed 
toxins [45, 46].

As public transport commuters are exposed to pollution more than car commuters because 
they are in the open air during commuter waiting or walking along the road, carpooling as a 
way of transport may reduce the time spent outside the busy road. Of note, several barriers to 
carpooling have been reported. Inconveniences of sharing, sense of privacy, self-confidence, 
and self-gratification relating to driving “my own car” may serve as barriers to carpooling with 
privately owned vehicles [47]. To be functional, this system of transport should be promoted 
to elicit general awareness about private interests in carpooling to reduce health hazards, 
reduce traffic and pollution, and save costs. The current Uber and GrabCar concepts greatly 
reduce pollution and traffic congestion. Nevertheless, carpooling in Uber and GrabCar usu-
ally addresses the one person per vehicle problem with a two person per vehicle solution. It 
would be better if Uber and GrabCar extended to more than two persons per vehicle to fully 
maximize the concept of carpooling.

2. Physical and psychological health impacts on public transport 
commuters: evidence in Malaysia

In Malaysia, a swelling urban population and increased column of motorized traffic in cities 
have resulted in severe air pollution affecting the surrounding city environment as well as 
the health of people in the cities. The number of commuters and commute durations has 
increased substantially in recent decades. People in the city are spending long hours traveling 
to and from work. Most commuters are exposed to vehicle emission during transit (Figure 1). 
Considering that air pollution caused by traffic is the scourge of many modern cities world-
wide and likewise in Malaysia, we conducted a study to examine the health impact of com-
muting and the mitigation measures practiced by public transport commuters. Presently, the 
understanding of the impact of air pollution from congestion on roads on the health of people 
in Malaysia who are exposed during their daily commute is very limited. Such a study is 
highly warranted and will be used to inform policy making related to traffic and air quality 
management and mitigation intervention in terms of health effects.

From June to October 2016, a total of 800 public transport commuters in urban cities in the 
heart of Selangor, Malaysia, were interviewed face to face. The commuters were approached 
at the Light Rail Transit train stations along the Kelana Jaya and Ampang lines in the state 
of Selangor, Malaysia. In the interview, self-reported adverse health effects (both physical 
health, 15 items, and psychological health, 7 items) associated with exposure to atmospheric 
air pollutants during the daily commute were queried. Self-reported control measures used 
by participants to mitigate their exposure to atmospheric air pollutants were also assessed.
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deleterious cardiac and lipid effects induced by acute exposure to particulate matter [41]. In 
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dietary intake of micronutrients (folate, vitamin B6 and B12, methionine) [42]. Antioxidant 
supplementation (vitamins E and C) was found to be helpful in reducing oxidative stress in 
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way of transport may reduce the time spent outside the busy road. Of note, several barriers to 
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and self-gratification relating to driving “my own car” may serve as barriers to carpooling with 
privately owned vehicles [47]. To be functional, this system of transport should be promoted 
to elicit general awareness about private interests in carpooling to reduce health hazards, 
reduce traffic and pollution, and save costs. The current Uber and GrabCar concepts greatly 
reduce pollution and traffic congestion. Nevertheless, carpooling in Uber and GrabCar usu-
ally addresses the one person per vehicle problem with a two person per vehicle solution. It 
would be better if Uber and GrabCar extended to more than two persons per vehicle to fully 
maximize the concept of carpooling.
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In Malaysia, a swelling urban population and increased column of motorized traffic in cities 
have resulted in severe air pollution affecting the surrounding city environment as well as 
the health of people in the cities. The number of commuters and commute durations has 
increased substantially in recent decades. People in the city are spending long hours traveling 
to and from work. Most commuters are exposed to vehicle emission during transit (Figure 1). 
Considering that air pollution caused by traffic is the scourge of many modern cities world-
wide and likewise in Malaysia, we conducted a study to examine the health impact of com-
muting and the mitigation measures practiced by public transport commuters. Presently, the 
understanding of the impact of air pollution from congestion on roads on the health of people 
in Malaysia who are exposed during their daily commute is very limited. Such a study is 
highly warranted and will be used to inform policy making related to traffic and air quality 
management and mitigation intervention in terms of health effects.

From June to October 2016, a total of 800 public transport commuters in urban cities in the 
heart of Selangor, Malaysia, were interviewed face to face. The commuters were approached 
at the Light Rail Transit train stations along the Kelana Jaya and Ampang lines in the state 
of Selangor, Malaysia. In the interview, self-reported adverse health effects (both physical 
health, 15 items, and psychological health, 7 items) associated with exposure to atmospheric 
air pollutants during the daily commute were queried. Self-reported control measures used 
by participants to mitigate their exposure to atmospheric air pollutants were also assessed.
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The majority (56.5%) of respondents were aged 30 years and below (mean age, 30.8 years; 
standard deviation, 6.6; age range, 18–54 years). The ethnic and gender distribution of the 
study participants closely matched that of the general Malaysian population. A total of 41% 
of the study respondents spent more than 1 hour commuting by public transport daily. When 
the respondents were queried on adverse physical health effects they experienced from expo-
sure to air pollution during their daily commute, as shown in Figure 2, the highest percentage 
reported physical fatigue or weakness (35.5%), followed by coughing (23.6%). A considerable 
proportion reported headache (16.1%), light-headedness (14.6%), and breathing difficulties 
(14.5%). Air pollution has a wide range of effects on human health. This study evidenced the 
experience of various physical health impacts commonly associated with exposure to atmo-
spheric air pollutants by daily public transport users.

Figure 1. Commuters exposed to vehicle emission during transit.

Figure 2. Proportion of adverse physical health effects experienced (%) during the daily commute.
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The physical effects of air pollution on human health has been studied and reported more 
than the psychological health impacts. However, the impact of air pollution on psychological 
health is equally prominent. In an animal model, exposure to exhaust emissions increased 
anxiety- and depression-like behavior and led to impaired memory in rats [48]. Few studies 
reported psychological health impacts in Western countries [49, 50]; however, psychological 
health impacts of being exposed to vehicular traffic-related pollutants have rarely been evi-
dent in the Asian region. In this study, as shown in Figure 3, the most common psychological 
impact associated with exposure to air pollution during the daily commute was stress (13.0%), 
followed by insomnia (5.0%) and feeling moody and anxious (3.6%). Depression was reported 
by 1.1% of respondents. Although the proportion of psychological health effects experienced 
are lower than that of physical health effects, mental and emotional well-being is essential to 
overall health. The proportions, although low, have significant clinical implications.

In this study females and the older age group reported higher levels of overall adverse physi-
cal and psychological health impacts. However, there were no differences in adverse health 
outcomes by income and educational levels. As the study is cross-sectional and cannot be 
used to infer causality, future longitudinal studies are needed to confirm the causal relation-
ship between exposure to road traffic pollution and health impacts. Furthermore, this study 
recorded self-reported assessment of symptoms and thus was subject to self-reporting bias.

Figure 4 shows the proportion of control measures undertaken by respondents to reduce 
exposure to atmospheric pollutants during their daily commute. Despite exposure to atmo-
spheric air pollutants during their daily commute, the vast majority of the study participants 
reported never or rarely practicing control measures to alleviate the adverse impact of air 
pollution during their daily commute. Relatively higher proportions reported practicing 
healthcare measures such as drinking more water and increasing their consumption of fruits 
and vegetables rather than using respiratory protection. On a positive note, consuming a 
healthy diet and drinking water may help to improve the body’s immune system and allevi-
ate the adverse impacts of air pollution [46]. Although face mask protection is widely used 
by many commuters in many cities worldwide and regarded as the most common and effec-
tive means of reducing inhalation of atmospheric air pollutants, the majority of the study 

Figure 3. Proportion of the sample reporting adverse psychological health effects experienced during the daily commute.
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respondents (74.6%, n = 597) reported never or rarely using a face mask. Face mask protection 
is not common among commuters in Malaysia and is rarely seen among the public, even on 
smoke-engulfed busy streets. Facial mask in Malaysia is inexpensive and readily available in 
most pharmacy outlets. There is a need to know if there is a feeling of embarrassment among 
the Malaysian public at being seen wearing a facial protection masks as face mask use in the 
community is not widespread (Figure 5), or reluctance to use a face mask is due to the per-
ception of discomfort along with a feeling of difficulty breathing in hot and humid weather. 
In Japan, China, and Hong Kong, wearing a surgical mask is a social norm [51]. The use of a 
facial mask in tropical countries of Southeast Asia, such as Indonesia, India, and Malaysia, is 
relatively less common. If face mask usage becomes widespread and commonly seen, perhaps 
more people will be likely to use them. In this regard, more publicity is needed to encourage 
widespread use of face mask protection against atmospheric air pollutants in cities. Therefore, 
reluctance or barriers to the use of face masks during the daily commute or while on streets 
with polluted air are issues that need further investigation. The use of facial masks should be 
encouraged in Southeast Asian countries.

This study also found poor usage of N95 face protection. Although the use of simple surgical 
mask protection is recommended for commuters and has been found to have beneficial car-
diovascular effects of reducing exposure to particulate air pollutants [38], the use of N95 face 
protection is more effective. Particles smaller than 2.5 μm are widespread in vehicle emissions 
and absorbed into the bloodstream, initiating the pro-inflammatory cascade, which leads to 
many adverse health effects. The N95 is a US government-certified mask that blocks 95% of 
particulate matter (PM) smaller than 2.5 μm—or even smaller, at 0.3 μm. Emission of PM2.5 
from road vehicles is an important source of atmospheric air pollution in cities. Consequently, 
the levels of PM2.5 near urban roadsides are consistently high [52]; therefore, the use of N95 
will ideally offer better protection. In Malaysia, the prevalence of normal surgical mask use 
is low; therefore, enhancement of use of N95 may require extra effort. The public, especially 
daily commuters, should be made aware that wearing an N95 mask is more useful in avoid-
ing the detrimental effects of ambient air pollutants [53] and is especially recommended for 

Figure 4. Proportion of respondents reporting the use of control measures during daily commuting.
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people with chronic respiratory disease [54]. In a separate report, we compared the use of 
a facial protection mask and an N95 mask among commuters in the event of severe haze, 
and increases in the use of both facial protection masks and N95 masks were reported [55]. 
Nevertheless, the proportion of the population that uses N95 masks is still low: only 66.0% of 
respondents reported using N95 masks while commuting during severe haze [55]. The haze 
phenomenon in Malaysia is often due to illegal burning of forests and peat and forest fires 
from neighboring countries. In the event of severe haze, respiratory protection is required 
when going outdoors and especially among commuters who are already exposed to vehicle 
emissions. While a face mask may be effective at filtering large particles, a face mask, by 
design, does not filter small particles in the air such as vehicle emissions and airborne par-
ticles. In contrast, an N95 is a respiratory protective device designed to achieve a close facial 
fit and is more efficient in the filtration of small particles. Therefore, using an N95 respirator 
which provides a good fit and high filtration should be highly recommended to public trans-
port commuters.

The majority of respondents reported never or rarely trying to commute using alternative 
transportation as much as possible. These findings imply the considerable need to encourage 
as much as possible the use of alternative transit mode options while traveling around or to 
the city to work. Carpooling may help reduce contact with atmospheric air pollutions and 

Figure 5. Wearing a mask to reduce inhalation of air pollutant is not a common sight in Malaysia.
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people with chronic respiratory disease [54]. In a separate report, we compared the use of 
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Total physical and psychological health experience 
score during daily commute days

Score

0–4

(n = 684)

Score

5–22

(n = 116)

P value

Sociodemographic data

Age group (years old)

 30 and below 452 (56.5) 387 (85.6) 65 (14.4)

 31–40 265 (33.1) 230 (86.8) 35 (13.2) 0.389

 >40 83 (10.4) 67 (80.7) 16 (19.3)

Gender

 Male 424 (53.0) 370 (87.3) 54 (12.7) 0.159

 Female 376 (47.0) 314 (83.5) 62 (16.5)

Marital status

 Single 414 (51.8) 356 (86.0) 58 (14.0) 0.689

 Married 386 (48.3) 328 (85.0) 58 (15.0)

Ethnicity

 Malay 388 (48.5) 332 (85.6) 56 (14.4)

 Chinese 271 (33.9) 235 (86.7) 36 (13.3) 0.636

 Indian 138 (17.3) 115 (83.3) 23 (16.7)

 Others 3 (0.4) 2 (66.7) 1 (33.3)

Highest education level

 Secondary level and below 146 (18.2) 124 (84.9) 22 (15.1) 0.796

 Tertiary level 654 (81.8) 560 (85.6) 94 (14.4)

Occupation

 Professional and managerial 419 (52.4) 358 (85.4) 61 (14.6)

 Skilled/non-skilled worker 314 (40.6) 278 (85.5) 47 (14.5) 0.951

 Student 54 (6.8) 46 (85.2) 8 (14.8)

 Housewife 2 (0.2) 2 (100.0) 0 (0.0)

Monthly income (MYR)

 5000 and below 651 (81.4) 559 (85.9) 36 (14.1)

 >5000 149 (18.6) 125 (83.9) 56 (14.1) 0.826

Other risks

Chronic diseases

 Yes 51 (6.4) 40 (78.4) 92 (14.1) 0.521

 No 749 (93.6) 644 (86.0) 24 (16.1)
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should be encouraged. As indicated above, carpooling by Uber and GrabCar that allow more 
than two persons per vehicle would reduce the chance of exposure while being out on the 
road or waiting at stops or stations while minimizing number of private cars on the road.

As shown in Table 1, further investigation of the association between control measures and 
overall physical and psychological health impacts found that respondents with lower use of 
control measures experience a higher total health impact. It was also found that those who spend 
longer commuting were more likely to report higher overall physical and psychological health 
impacts. However, none of the associations were statistically significant; therefore, further 
studies are needed to verify these associations. Of note, the absence of significant differences 
between control measures and health impact found in this study could also imply the need to 
enhance control measures among people who experience a higher health impact. Ideally those 
who experience a higher health impact should practice greater mitigation measures than those 
with lower health impacts. Consequently, our findings may imply that commuters in the city 
of Kuala Lumpur, in particular those who experience a higher health impact, should be encour-
aged to carry out greater mitigation practices against exposure to atmospheric air pollution 
during the daily commute. We also found higher health impact score among those with longer 
commuting duration, although the association is not statistically significant. Further studies 
are needed to confirm this finding. Of note, this is a cross-sectional study; therefore, the cause 
and effect relationship between control measures and health impact cannot be established.

Total physical and psychological health experience 
score during daily commute days

Score

0–4

(n = 684)

Score

5–22

(n = 116)

P value

Smoking status

 Yes 309 (38.6) 266 (86.1) 43 (13.9) 0.758

 No 491 (61.4) 418 (85.1) 73 (14.9)

Living near a highway

 Yes 292 (36.5) 255 (87.3) 37 (12.7) 0.297

 No 508 (63.5) 429 (84.4) 79 (15.6)

Duration spent commuting by public transport (hours)

 1 hour and below 472 (59.0) 412 (87.3) 60 (12.7) 0.102

 >1 hour 328 (41.0) 272 (82.9) 56 (17.1)

Control measures

Total control measure score

 Score 0–8 440 (55.0) 371 (84.3) 69 (15.7) 0.314

 Score 9–18 360 (45.0) 313 (86.9) 47 (13.1)

Table 1. Factors associated with total physical and psychological health experience score (n = 800).
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 Chinese 271 (33.9) 235 (86.7) 36 (13.3) 0.636

 Indian 138 (17.3) 115 (83.3) 23 (16.7)

 Others 3 (0.4) 2 (66.7) 1 (33.3)

Highest education level

 Secondary level and below 146 (18.2) 124 (84.9) 22 (15.1) 0.796

 Tertiary level 654 (81.8) 560 (85.6) 94 (14.4)

Occupation

 Professional and managerial 419 (52.4) 358 (85.4) 61 (14.6)

 Skilled/non-skilled worker 314 (40.6) 278 (85.5) 47 (14.5) 0.951

 Student 54 (6.8) 46 (85.2) 8 (14.8)

 Housewife 2 (0.2) 2 (100.0) 0 (0.0)

Monthly income (MYR)

 5000 and below 651 (81.4) 559 (85.9) 36 (14.1)

 >5000 149 (18.6) 125 (83.9) 56 (14.1) 0.826

Other risks

Chronic diseases

 Yes 51 (6.4) 40 (78.4) 92 (14.1) 0.521

 No 749 (93.6) 644 (86.0) 24 (16.1)
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should be encouraged. As indicated above, carpooling by Uber and GrabCar that allow more 
than two persons per vehicle would reduce the chance of exposure while being out on the 
road or waiting at stops or stations while minimizing number of private cars on the road.

As shown in Table 1, further investigation of the association between control measures and 
overall physical and psychological health impacts found that respondents with lower use of 
control measures experience a higher total health impact. It was also found that those who spend 
longer commuting were more likely to report higher overall physical and psychological health 
impacts. However, none of the associations were statistically significant; therefore, further 
studies are needed to verify these associations. Of note, the absence of significant differences 
between control measures and health impact found in this study could also imply the need to 
enhance control measures among people who experience a higher health impact. Ideally those 
who experience a higher health impact should practice greater mitigation measures than those 
with lower health impacts. Consequently, our findings may imply that commuters in the city 
of Kuala Lumpur, in particular those who experience a higher health impact, should be encour-
aged to carry out greater mitigation practices against exposure to atmospheric air pollution 
during the daily commute. We also found higher health impact score among those with longer 
commuting duration, although the association is not statistically significant. Further studies 
are needed to confirm this finding. Of note, this is a cross-sectional study; therefore, the cause 
and effect relationship between control measures and health impact cannot be established.

Total physical and psychological health experience 
score during daily commute days

Score

0–4

(n = 684)

Score

5–22

(n = 116)

P value

Smoking status

 Yes 309 (38.6) 266 (86.1) 43 (13.9) 0.758

 No 491 (61.4) 418 (85.1) 73 (14.9)

Living near a highway

 Yes 292 (36.5) 255 (87.3) 37 (12.7) 0.297

 No 508 (63.5) 429 (84.4) 79 (15.6)

Duration spent commuting by public transport (hours)

 1 hour and below 472 (59.0) 412 (87.3) 60 (12.7) 0.102

 >1 hour 328 (41.0) 272 (82.9) 56 (17.1)

Control measures

Total control measure score

 Score 0–8 440 (55.0) 371 (84.3) 69 (15.7) 0.314

 Score 9–18 360 (45.0) 313 (86.9) 47 (13.1)

Table 1. Factors associated with total physical and psychological health experience score (n = 800).
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3. Directions for future research

It is globally recognized that battling traffic congestion, spending a long time commuting, and 
exposure to atmospheric pollutants during the daily commute result in serious adverse effects 
on the health and general well-being of commuters. There is a paucity of epidemiological 
studies regarding the adverse health impacts of atmospheric air pollution, which is worsened 
by traffic-related air pollution in rapidly developing cities. Although commuting undeniably 
has a significant impact on public health outcomes, in the Asian region in particular, little 
empirical evidence has documented the adverse health effects associated with commuting. 
More research, especially in the form of longitudinal studies, is critically needed to provide 
insights into the population health impact of traffic-related air pollution in Asia, the world’s 
most rapidly developing region.

Given the many factors such as vehicles, fuel type, topography, meteorological conditions, 
and a complex array of health determinants such as social, behavioral, and lifestyle factors 
that may influence the degree of atmospheric pollution and its subsequent impact on human 
health, emphasis is warranted across all countries on tailoring their health impact assess-
ments according to the specific needs of the affected populations within cities. Measuring 
local specific health outcomes associated with using public transport would enable specific 
tailored monitoring and evaluation of and accountability for the health of the relevant popu-
lation. Subsequently, action plans must be tailored to individual cities and countries at large.

Likewise, the assessment of mitigation practices must also be tailored to understanding barri-
ers to carry out specialized prevention in order to determine target areas for education in the 
respective cities and countries. It is also important to assess how commuters in a specific area 
respond to the adverse effects of commuting to work and exposure to traffic pollutants daily. 
It is vital to assess the level of preventive measures carried out by commuters as well as the 
types of preventive measures undertaken and the barriers to their use. Such information var-
ies among cities across Asia as well as in Western countries and may be influenced by various 
factors such as culture, religion, and climate, as well as policy and governance. Identifying 
the specific health impact of air pollution and level of mitigation measures taken provides an 
important basis for customized environmental governance by governments of the respective 
countries.

There is also a dire need to investigate ways to improve upon the measurement of ambient 
air quality, provide accurate air quality data, and effectively inform the public when ambient 
air quality is at a dangerous level. Coupled with that, publicly available air quality data can 
support communication efforts so that people can act to protect themselves against exposure. 
Furthermore, an informed public can also help to advocate for prevention initiatives such as a 
reduction in the use of private vehicles to decrease traffic volume during peak-period traffic. 
As the health effects of air pollution can be reduced via improved understanding and subse-
quent proper self-preventive measures, a study to identify knowledge gaps and barriers to 
reducing exposure to traffic-related air pollution during commuting should be carried out to 
identify intervention strategies, especially for the susceptible population of public transport 
commuters.
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Abstract

In recent years, the interest in aerosol particles has increased due to concerns about the 
effects on human health. The study of the chemical characterization (organic matter, sulfates, 
nitrates, and black carbon) has improved the knowledge about the negative contribution of 
chemicals to the environment. The identification of secondary processes (from pollutants 
such as SO2, NOx, and PAHs) and their role when combined with environmental factors 
such as humidity, solar radiation, and temperature are also of interest. With this back-
ground, this chapter seeks to highlight the most recent findings on the chemical composition 
of aerosol particles in the ambient air of one of the main cities of Mexico: the Metropolitan 
Area of Guadalajara. This megalopolis has almost 60% of the population of the Jalisco state, 
approximately 2.2 million vehicles and an extensive artisan brick production. Furthermore, 
due to its geographical position, it experiences frequent episodes of thermal inversion and 
exposition to high levels of solar radiation, mainly during the first half of the year.
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in the Guadalajara Metropolitan Area (GMA), the second most important city of Mexico due 
to its territorial extension and the size of its population. The particulate material implies the 
coexistence of hundreds and even thousands of chemical compounds with different physical, 
chemical, and biological properties; responsible in part for the numerous adverse effects on 
the environment and the health of the human population. These effects are the main reasons 
that motivate the study of particles in this and other cities of the world. Specifically, those 
particles less than or equal to 2.5 microns (PM2.5) are considered as a criterion contaminant 
since they determine the quality of the ambient air. Therefore, the information presented here 
focuses mainly on data of PM2.5 concentrations and chemical components, such as trace metals 
and toxic elements, anions and cations, black carbon, and polycyclic aromatic hydrocarbons 
(PAHs), oxy-PAHs, and quinones. However, only a few studies show results about particles 
of other sizes, such as those smaller than or equal to 10 μm (PM10), particles less than or 
equal to 1 micron (PM1) (which are not regulated in Mexico), and the chemical composition 
of organic compounds such as PAHs and derived quinones. Moreover, the study and analy-
sis of chemical species could insinuate the potential sources of emission (direct or indirect, 
natural or anthropogenic) and also indicate the existence of processes of secondary formation 
of particles in the ambient air (as in the case of nitrates, sulfates, and quinones). Studies on 
the chemical characterization of particles in the GMA have been carried out mainly in two 
sites inside of the city, Centro and Miravalle. In this context, this chapter addresses the most 
significant findings regarding the knowledge of GMA particles in the ambient air, as well as 
some aspects of its chemical composition and how the latter may suggest its origin.

2. Aerosols

2.1. Definition and properties

Aerosols are a collection of solid or liquid particles suspended in a gas (also called particu-
late material and defined by the acronym PM). The term aerosol refers to “aerosol particles” 
without considering the suspension gas [1]. The aerosols formed by particles of different sizes 
(among them TSP, PM10, PM2.5, and PM1, as well as ultrafine particles), together with other 
gases in the ambient air, in some cases are considered criteria pollutants and define the qual-
ity of the air in a city or town [2].

The aerosols come from numerous natural and anthropogenic sources, such as the burning 
of biomass, incomplete combustion of fossil fuels, volcanic eruptions, soil and mineral dust, 
sea salt and biological materials (plant fragments, microorganisms, pollen, etc.). In addition, 
aerosols can be formed in the atmosphere (secondary aerosol) by the conversion from a gas 
to particles (e.g., through mechanisms such as nucleation and condensation) and by heteroge-
neous and multiphase chemical reactions [3].

Among the properties of aerosols that negatively influence the health of the human popula-
tion are the aerodynamic diameter and the chemical composition of the particles [4]. The size 
of the PM ranges from micrometer to nanometer, and those with a diameter smaller than 
10 μm (PM10) could enter the respiratory tract reaching the lungs.
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The chemical composition of the particles is extremely complex and has a wide range of 
chemical species (inorganic acids and salts, metals, water, and a mixture of organic com-
pounds of low volatility) in variable concentrations. Given that coarse, fine, and ultrafine 
particles are generated through different processes, it is expected that each of these groups of 
PM has a unique composition of chemical species, which allows establishing inferences about 
the sources and training processes. Because the chemical composition of PMs has adverse 
environmental and human health effects, research is still underway intensively to clarify the 
molecular composition of PM chemical species [5].

As an illustrative example, typical elements found in the Earth’s crust may contribute to the 
chemical composition of coarse particles [6]. Sulfates (derived from SO2 gas) and organic 
compounds are prominent compounds present in ultrafine particles due to their formation 
by homogeneous nucleation. In addition to inorganic species such as nitrates (derived from 
NOx) and ammonium, the chemical composition of fine particles also includes sulfates and 
organic polar species, obtained from the coagulation of ultrafine particles. The formation of 
fine particles through the combustion and condensation processes of low volatility vapors 
also results in particular combustion products such as organic carbon (between 20 and 90% 
of the mass of particles in the troposphere [7]), elemental carbon, and traces of metals. In this 
way, these two properties together cause particles to serve as carriers of toxic substances into 
the body, a situation that associates them with different health problems in human popula-
tions around the world.

It should be mentioned that the physical and chemical diversity of PM particles manifests 
itself in different ways. The particle sizes vary in different orders of magnitude, which strongly 
influences the life of the particles in the atmosphere and therefore, in the spatial extent of 
their influence. The shape and morphology of the particles are also highly variable and may 
comprise spheres, crystalline, or irregular fragments, needles, agglomerates, and dendritic 
entities. The individual particles may be chemically uniform or contain chemically different 
surrounding and nuclear materials, while a set of particles may comprise similar particles or 
a diversity of geometries [8].

2.2. Human health and environmental effects

The PM has a significant adverse impact on human health. The World Health Organization 
(WHO) estimates that in 2016, 95% of the world’s population lived in places where pollution 
levels are higher than the standards of health protection over air quality, that the ambient air 
pollution in cities and rural areas caused 4.1 million deaths worldwide, and the loss of 106 
million years of human disability that same year [9]. Since PMs are a critical component of 
the air whose presence defines its quality, the International Agency for Research on Cancer 
(IARC) has classified PMs in its Group 1 (carcinogenic to humans), together with agents such 
as arsenic and asbestos [10].

Recent investigations have reported that exposure to PM2.5 may also contribute to the inci-
dence and development of diabetes mellitus, premature birth, low birth weight, and post-
neonatal infant mortality [11]; moreover, low neurodevelopment [12, 13] and the diagnosis 
of autism [14].
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About the environmental impacts, the low visibility (an optical indicator of air quality) 
is attributed mainly to the dispersion and absorption of visible light by particles in the 
atmosphere [15] with diameters mostly between 0.1 and 1.0 μm. The fine particles scatter 
visible light much more effectively per unit mass since their size is comparable to the 
wavelength of visible light [16]. Additionally, damage to ecosystems can also be men-
tioned that can result in the reduction of biodiversity and loss of environmental goods 
and services [17].

3. Studies of aerosol in the GMA

3.1. Concentration of PM

The average concentrations of PM2.5 in Centro and Miravalle exceeded the annual limits dur-
ing the periods of January–December 2007, January–June 2008, and April 2009–January 2010 
(as a whole the three periods represent 27 months of sampling, justifying its comparison with 
the annual limit of the standard of 15 μg m−3). In Miravalle, concentrations of PM2.5 were 
higher during 2007, probably due to higher industrial activity and the natural barriers in 
that area that prevent the evacuation of pollutants; in Centro and Miravalle were between 2.9 
and 3.5 times higher than the annual limit of the standard, respectively. At the Miravalle site, 
the higher levels of PM were evident in the dry seasons (warm and cold) when compared to 
the ones measured in the rainy season. In general, during the cold period, particle levels are 
increased by low temperatures, unfavorable conditions for the dispersion of pollutants, by the 
increase in the consumption of fossil fuels, and because the conversion of gases to particles 
is favored [18]. The lowest temperatures were recorded in February 2008; they occurred par-
ticularly in Miravalle, and it is likely that the processes already mentioned were related to the 
high concentrations of PM2.5.

Other studies considered PM2.5 measurements at shorter sampling periods and the values 
contrasted against the standard limit for a period of 24 h (65 μg m−3, [19]). Only sites like 
Miravalle in May–June 2009, and Centro and Tlaquepaque in March–May 2014, showed con-
centrations close to this limit, but not exceeding it. It should be mentioned that the levels of 
this same particle size in the studies carried out at the end of 2014 were compared with the 
24 h standard of 45 μg m−3 [19] without exceeding the limit in any case (Figure 1).

PM10 levels in the area of the Environmental Fragility Polygon (POFA, by the acronym in 
Spanish) exceeded 1.6 times the standard for 24 h (120 μg m−3), which suggests a risk for 
the health of the local population. Likewise, concentrations of PM10 were 4–10 times higher 
than those of PM2.5 (in their daily levels), indicating the domain of emission sources of coarse 
particles. The low correlation between fine and coarse particles suggests different emission 
sources (Table 1).

Another environmental factor, the rain, contributes to the temporal variation of the particles, 
which are grounded by direct drag or because air humidity induces their growth in size and 
precipitation. Some hygroscopic compounds favor this phenomenon in the particles, such as 
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sulfates and nitrates [33]. For the 2009–2010 period, Centro and Miravalle sites did not show 
differences in their particle concentrations; only in Miravalle were observed higher levels dur-
ing the cold dry season against the rainy season.

Other studies considered PM2.5 measurements at shorter sampling periods and the values 
contrasted against the standard limit for a period of 24 h (65 μg m−3, [34]). Only sites like 
Miravalle in May–June 2009, and Centro and Tlaquepaque in March–May 2014, showed con-
centrations close to this limit, but not exceeding it. It should be mentioned that the levels of 
this same particle size in the studies carried out at the end of 2014 were compared with the 
24 h standard of 45 μg m−3 [19] without exceeding the limit in any case.

PM10 levels in the area of the Environmental Fragility Polygon (POFA, by the acronym in 
Spanish) exceeded 1.6 times the standard for 24 h (120 μg m−3), which suggests a risk for the 
health of the local population. Likewise, concentrations of PM10 were 4–10 times higher than 
those of PM2.5 (in their daily levels), indicating the domain of emission sources of coarse parti-
cles. The low correlation between fine and coarse particles suggests different emission sources.

Regarding PM1 levels, there is no Mexican regulation. It is impossible to conclude about the 
impacts as done before. However, Centro and Tlaquepaque sites seem to have equal PM1 
concentrations, despite the characteristics of each of them concerning the types of emission 
sources, so that further studies on this particle size will be needed in other parts of the city to 
establish relationships. It is important to note that the concentrations of PM1 are recent and 
the first for this type of pollutants in the GMA.

Figure 1. Map of monitoring stations (gray circles) into GMA, the red circles indicate the sampling sites.
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About the environmental impacts, the low visibility (an optical indicator of air quality) 
is attributed mainly to the dispersion and absorption of visible light by particles in the 
atmosphere [15] with diameters mostly between 0.1 and 1.0 μm. The fine particles scatter 
visible light much more effectively per unit mass since their size is comparable to the 
wavelength of visible light [16]. Additionally, damage to ecosystems can also be men-
tioned that can result in the reduction of biodiversity and loss of environmental goods 
and services [17].

3. Studies of aerosol in the GMA

3.1. Concentration of PM

The average concentrations of PM2.5 in Centro and Miravalle exceeded the annual limits dur-
ing the periods of January–December 2007, January–June 2008, and April 2009–January 2010 
(as a whole the three periods represent 27 months of sampling, justifying its comparison with 
the annual limit of the standard of 15 μg m−3). In Miravalle, concentrations of PM2.5 were 
higher during 2007, probably due to higher industrial activity and the natural barriers in 
that area that prevent the evacuation of pollutants; in Centro and Miravalle were between 2.9 
and 3.5 times higher than the annual limit of the standard, respectively. At the Miravalle site, 
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Other studies considered PM2.5 measurements at shorter sampling periods and the values 
contrasted against the standard limit for a period of 24 h (65 μg m−3, [19]). Only sites like 
Miravalle in May–June 2009, and Centro and Tlaquepaque in March–May 2014, showed con-
centrations close to this limit, but not exceeding it. It should be mentioned that the levels of 
this same particle size in the studies carried out at the end of 2014 were compared with the 
24 h standard of 45 μg m−3 [19] without exceeding the limit in any case (Figure 1).

PM10 levels in the area of the Environmental Fragility Polygon (POFA, by the acronym in 
Spanish) exceeded 1.6 times the standard for 24 h (120 μg m−3), which suggests a risk for 
the health of the local population. Likewise, concentrations of PM10 were 4–10 times higher 
than those of PM2.5 (in their daily levels), indicating the domain of emission sources of coarse 
particles. The low correlation between fine and coarse particles suggests different emission 
sources (Table 1).
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which are grounded by direct drag or because air humidity induces their growth in size and 
precipitation. Some hygroscopic compounds favor this phenomenon in the particles, such as 
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cles. The low correlation between fine and coarse particles suggests different emission sources.

Regarding PM1 levels, there is no Mexican regulation. It is impossible to conclude about the 
impacts as done before. However, Centro and Tlaquepaque sites seem to have equal PM1 
concentrations, despite the characteristics of each of them concerning the types of emission 
sources, so that further studies on this particle size will be needed in other parts of the city to 
establish relationships. It is important to note that the concentrations of PM1 are recent and 
the first for this type of pollutants in the GMA.
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Sampling period Sites Size Average 
(μg m−3)

Chemical compounds NOM-025-SSA1 
1993 and 2014

Jan–Dec, 2007 Centro

Miravalle

PM2.5 44.10

52.80

Heavy metals and toxic elements[20]; 
anions & cations [21]; black carbon** 
[22]

NOM-025-
SSA1-1993

PM10

120 μg m−3 (24 h)

50 μg m−3 (annual)

PM2.5

65 μg m−3 (24 h)

15 μg m−3 (annual)

NOM-025-
SSA1-2014

PM10

75 μg m−3 (24 h)

40 μg m−3 (annual)

PM2.5

45 μg m−3 (24 h)

12 μg m−3 (annual)

Jan–Dec, 2008 Centro

Miravalle

PM2.5 59.09

81.36

Anions & cations [23]; heavy metals and 
toxic elements [22], black carbon*** [24]

May 25th-June 6th, 
2009

Centro

Miravallle

Centro

Miravalle

AUG

Centro

Miravalle

AUG

PM2.5

PM2.5

PM10

39.30

58.00

21.00

37.00

21.00

46.00

79.00

43.00

Heavy metals and toxic elements; 
anions & cations [25].

Heavy metals and toxic elements; 
anions & cations; black carbon [26]

Apr 2009–Jan 2010 Centro

Miravalle

PM2.5 33.001,2

45.001,2

Oxy-PAHs [27]

Apr 6th–18th, 2013 POFA* PM10

PM2.5

187.83

29.33

Anions & cations**** [28]

Mar–May, 2014

July–Sep, 2014

Centro

Tlaquepaque

Centro

Las Águilas

PM2.5 57.071,2

61.681,2

28.971,2

28.231,2

PAHs & quinones [29, 30]

Aug 24th–30th, 2014 Oblatos

Loma Dorada

Las Pintas

Las Águilas

Centro

PM2.5 22.67

15.67

30.00

17.33

17.00

Black carbon & VOCs [31]

Apr–June, 2015 Centro

Tlaquepaque

PM1 30.922

21.802

PAHs & quinones [32]

1Corresponds to the medians of the sampling periods.
2in ng m−3.
*Acronym in Spanish.
**For this study, the sampling sites were Centro and CIATEJ.
***Corresponds to the period of January–August, 2008.
****The chemical species mentioned were only determined in PM10.

Table 1. GMA aerosols research.
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3.2. Heavy metals and toxic elements

The objective of these studies was also to generate reliable information about the possible sources 
of emission into the atmosphere, essential to establish actions that could reduce current levels of 
pollution in the ambient air and to even be able to estimate the degree of exposure of the human 
population. From the study of PM2.5 (2007) and its elemental composition in Centro and Miravalle, 
emission sources were established through the estimation of the enrichment factors (EF).

The EF must be understood as a relation of the elements of interest with an abundant element 
of the soil (usually Fe and K), but also present in the particles. An EF > 5 suggests an anthropo-
genic source (different to the geological or natural origin). In Centro and Miravalle, Pb, Cd, Cr, 
Cu, Mo, Sb, Se, Tl, and Zn, as well as Ni and V in Centro had high FE, suggesting that they came 
from anthropogenic sources. On the other hand, Co, Fe, Mg, Ca, Mn, Sr, and Ti, clearly showed 
evidence from resuspension of dust either by the winds or by vehicular traffic (natural origin).

For the study of January–June 2008, the most abundant elements in both sites were Fe, Ti, Zn, 
Mg, and Pb. Fe, Ti, and Mg showed FE values that indicate a geological origin, while Zn and 
Pb probably are incorporated into the atmosphere by vehicle emissions and the use of these 
elements in non-ferrous alloys [35, 36]. The elemental composition profile of this study was 
related to the PM2.5 elementary profiles of the international USEPA SPECIATE database (ver-
sion 4.2). This database gathers scientific data from the profiles of specific particle sources. The 
profiles of Miravalle and Centro coincided with the profiles of Paved Road Dust (PRD), Diesel 
Exhaust (DE) and industrial soil (IS) (r2 = 94%, r2 = 72%, r2 = 68%, and r2 = 89%, r2 = 75%, r2 = 66%, 
respectively). Miravalle, in addition to the high industrial activity, has an intense flow of heavy 
vehicles which can be the origin of the resuspension of particles, phenomenon increased by 
large land areas without vegetation during the dry-season months. In Centro, the coincidence 
with the profiles of PRD and IS could be understood by the phenomenon of particle resuspen-
sion, or by the transport of emissions from nearby places with some industrial activity. In both 
sites, the DE profile was influenced by public transportation that works with diesel.

During 2009, some trends were consistent with those observed in 2008 regarding the abun-
dance of those elements related to PM2.5. It is highlighted that the Fe contributed 60 and 72% to 
the total elemental mass in Centro and Miravalle, respectively. In this way, it can be seen how 
different emission sources, whether natural or anthropogenic, could affect the composition 
of the PM2.5 particles, and at the same time give indications of the specific emission sources.

3.3. Anions and cations

From the study in 2009, sulfate, nitrate, and ammonium were the more abundant compounds 
in Centro and Miravalle; sulfate and calcium showed high concentrations in Miravalle. In the 
case of sulfate, this is a derivate from SO2 which comes from direct industrial emissions and 
the burning of fossil fuels with sulfur content. While nitrates and ammonium are formed from 
NOx and NH3 (ammonia), the latter gas is emitted mainly by the vehicle fleet that uses fuels 
such as gasoline and diesel in the GMA [37, 38]. These results suggest that the relatively con-
stant concentrations of sulfate and nitrate in both sites during the year are because the levels 
emitted from parent gases are similar. For sulfates during winter, for example, the precursor 
gas is at high concentrations, while during the summer, the high temperature and high solar 
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3.2. Heavy metals and toxic elements

The objective of these studies was also to generate reliable information about the possible sources 
of emission into the atmosphere, essential to establish actions that could reduce current levels of 
pollution in the ambient air and to even be able to estimate the degree of exposure of the human 
population. From the study of PM2.5 (2007) and its elemental composition in Centro and Miravalle, 
emission sources were established through the estimation of the enrichment factors (EF).

The EF must be understood as a relation of the elements of interest with an abundant element 
of the soil (usually Fe and K), but also present in the particles. An EF > 5 suggests an anthropo-
genic source (different to the geological or natural origin). In Centro and Miravalle, Pb, Cd, Cr, 
Cu, Mo, Sb, Se, Tl, and Zn, as well as Ni and V in Centro had high FE, suggesting that they came 
from anthropogenic sources. On the other hand, Co, Fe, Mg, Ca, Mn, Sr, and Ti, clearly showed 
evidence from resuspension of dust either by the winds or by vehicular traffic (natural origin).

For the study of January–June 2008, the most abundant elements in both sites were Fe, Ti, Zn, 
Mg, and Pb. Fe, Ti, and Mg showed FE values that indicate a geological origin, while Zn and 
Pb probably are incorporated into the atmosphere by vehicle emissions and the use of these 
elements in non-ferrous alloys [35, 36]. The elemental composition profile of this study was 
related to the PM2.5 elementary profiles of the international USEPA SPECIATE database (ver-
sion 4.2). This database gathers scientific data from the profiles of specific particle sources. The 
profiles of Miravalle and Centro coincided with the profiles of Paved Road Dust (PRD), Diesel 
Exhaust (DE) and industrial soil (IS) (r2 = 94%, r2 = 72%, r2 = 68%, and r2 = 89%, r2 = 75%, r2 = 66%, 
respectively). Miravalle, in addition to the high industrial activity, has an intense flow of heavy 
vehicles which can be the origin of the resuspension of particles, phenomenon increased by 
large land areas without vegetation during the dry-season months. In Centro, the coincidence 
with the profiles of PRD and IS could be understood by the phenomenon of particle resuspen-
sion, or by the transport of emissions from nearby places with some industrial activity. In both 
sites, the DE profile was influenced by public transportation that works with diesel.

During 2009, some trends were consistent with those observed in 2008 regarding the abun-
dance of those elements related to PM2.5. It is highlighted that the Fe contributed 60 and 72% to 
the total elemental mass in Centro and Miravalle, respectively. In this way, it can be seen how 
different emission sources, whether natural or anthropogenic, could affect the composition 
of the PM2.5 particles, and at the same time give indications of the specific emission sources.

3.3. Anions and cations

From the study in 2009, sulfate, nitrate, and ammonium were the more abundant compounds 
in Centro and Miravalle; sulfate and calcium showed high concentrations in Miravalle. In the 
case of sulfate, this is a derivate from SO2 which comes from direct industrial emissions and 
the burning of fossil fuels with sulfur content. While nitrates and ammonium are formed from 
NOx and NH3 (ammonia), the latter gas is emitted mainly by the vehicle fleet that uses fuels 
such as gasoline and diesel in the GMA [37, 38]. These results suggest that the relatively con-
stant concentrations of sulfate and nitrate in both sites during the year are because the levels 
emitted from parent gases are similar. For sulfates during winter, for example, the precursor 
gas is at high concentrations, while during the summer, the high temperature and high solar 
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radiation favor the oxidation of the precursor and increase the formation of sulfate [39]. This 
study was complemented by an ion balance, which established the existence of neutralization 
processes between the chemical species of the particles. For Centro, the presence of slightly 
acidic particles was determined, while in Miravalle, the particles showed an alkaline nature. 
The acid form of sulfates can influence the bioavailability of some metals, increase the toxic-
ity of the particles [40], augment the adsorption of compounds into the particles, or create 
hygroscopic environments in them, all of which favor the solubility of some gases, promoting 
that they can reach deep areas of the respiratory tract [41], increasing the deposition of toxic 
compounds in the lungs. In the case of alkalinity, the potential effects on human health from 
exposure to particles with this property are now not very clear [42].

On the other hand, during 2008, sulfate, nitrate, and ammonium compounds showed the high-
est levels, without differences between sites, suggesting sources and formation processes in 
common, particularly in the southwest of the GMA. In Centro, the ion mass represented 46% of 
the mass of the PM2.5, while in Miravalle, they did not exceed 28%. Studies like [43] indicate that 
the mass of these three ion species contributed with 40% and up to 65% to the mass of PM2.5. The 
results on the contribution of the major inorganic ions to PM2.5 can serve as a basis for establish-
ing the connection between fine particles and possible adverse impacts on human health.

The short study on ion species also in 2009 in the two sites mentioned above, coincide in 
sulfate, nitrate, and ammonium as those of higher abundance in the previous works, but also 
highlight the presence of calcium and potassium. An impressive result was to find higher 
levels of nitrates concerning sulfates and ammonium. In Miravalle, nitrate represented 68% 
of the mass of total ions, while in Centro it was 57%. The abundance of these ions shows the 
critical role that secondary sources have in the formation of fine particles.

The last study about species of ions and particles (PM10) was carried out on three different sites 
within the POFA area (on specific days of April 2013) [28]. In this area pollution problems are 
recurrent in the soil, water, and air because it has changed land use, environmental deteriora-
tion, loss of its original fauna and flora. The low air quality due to particles, ozone, and the 
presence of unpleasant odors is the most severe environmental problem in the POFA. Species 
such as sulfate, nitrate, chloride, calcium, sodium, and ammonium were the most abundant, 
without differences in their concentrations between sites (except chloride), which suggest the 
probable homogeneity of their levels in the area of study (Figure 2).

The total ions contributed with 15% of the PM10 mass (other components such as organic 
matter, elemental carbon, and mineral silica could integrate the particles). Calcium and sul-
fate showed significant correlations with PM10 (r = 0.70 and r = 0.64, respectively), evidence 
of emission sources of coarse particles in the POFA. Also, chloride could derive from local 
industry, burning biomass, and burning of agricultural waste. Finally, the PM10 collected in 
this study had an acidic nature; this is based on the ratio of total sulfate and total ammonium.

3.4. Black carbon

Black carbon (BC), or elemental carbon, comes from incomplete combustion of diesel vehicles, 
electric power plants and various industrial processes, wood burning and forest fires. BC 
plays an important role due to its porous nature and absorption, as well as in global climate 
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change by affecting the intensity of solar radiation [44]. Due to the porosity of the BC particles 
and their enormous surface area, they can adsorb significant amounts of mutagenic and carci-
nogenic organic compounds [45]. Therefore, BC is a risk to human health due to its ability to 
carry carcinogens to lungs [46].

During 2007, BC associated with PM2.5 was monitored in Centro and CIATEJ [22]. Overall, 
low temperatures and unfavorable conditions for the dispersion of pollutants resulted in high 
concentrations at both sites (November and December). During July and August, a significant 
reduction of this pollutant was observed (factor 1:0.5 or 1:0.3). The presence of humidity and 
the intensity of the winds that generate vertical movements of air masses may also favor the 
BC dispersion, altogether with the frequency and severity of rainfall.

Furthermore, BC concentrations during 24 h periods were studied. In the morning, between 8 
and 9, the highest level of concentration was observed during all months of the year (the magni-
tude of this peak is high or low, depending on the months of the dry or rainy season). This phe-
nomenon occurred in both places, but with higher levels in Centro. During evenings, both sites 
showed a second-high level of BC concentrations, and this can be seen between 20 and 21 h. With 
some exceptions, the concentrations of this last event do not exceed the levels observed during 
the morning. Figure 3 shows the trends and variations of BC concentrations throughout the day.

The abovementioned results are due to the increased population activities during the morn-
ings, mainly because of the displacement from home to job, which implies a higher use of the 
public transport and private vehicles. Around midday not only the intensity of this activity 
of the population is reduced, but also better environmental conditions for the dispersion of 

Figure 2. Average monthly concentration of different species of anions and cations associated with PM2.5 of Miravalle 
during 2007. Sulfate, nitrate, and ammonium are the species that contribute most to the concentrations of fine particles 
throughout the year.
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radiation favor the oxidation of the precursor and increase the formation of sulfate [39]. This 
study was complemented by an ion balance, which established the existence of neutralization 
processes between the chemical species of the particles. For Centro, the presence of slightly 
acidic particles was determined, while in Miravalle, the particles showed an alkaline nature. 
The acid form of sulfates can influence the bioavailability of some metals, increase the toxic-
ity of the particles [40], augment the adsorption of compounds into the particles, or create 
hygroscopic environments in them, all of which favor the solubility of some gases, promoting 
that they can reach deep areas of the respiratory tract [41], increasing the deposition of toxic 
compounds in the lungs. In the case of alkalinity, the potential effects on human health from 
exposure to particles with this property are now not very clear [42].

On the other hand, during 2008, sulfate, nitrate, and ammonium compounds showed the high-
est levels, without differences between sites, suggesting sources and formation processes in 
common, particularly in the southwest of the GMA. In Centro, the ion mass represented 46% of 
the mass of the PM2.5, while in Miravalle, they did not exceed 28%. Studies like [43] indicate that 
the mass of these three ion species contributed with 40% and up to 65% to the mass of PM2.5. The 
results on the contribution of the major inorganic ions to PM2.5 can serve as a basis for establish-
ing the connection between fine particles and possible adverse impacts on human health.

The short study on ion species also in 2009 in the two sites mentioned above, coincide in 
sulfate, nitrate, and ammonium as those of higher abundance in the previous works, but also 
highlight the presence of calcium and potassium. An impressive result was to find higher 
levels of nitrates concerning sulfates and ammonium. In Miravalle, nitrate represented 68% 
of the mass of total ions, while in Centro it was 57%. The abundance of these ions shows the 
critical role that secondary sources have in the formation of fine particles.

The last study about species of ions and particles (PM10) was carried out on three different sites 
within the POFA area (on specific days of April 2013) [28]. In this area pollution problems are 
recurrent in the soil, water, and air because it has changed land use, environmental deteriora-
tion, loss of its original fauna and flora. The low air quality due to particles, ozone, and the 
presence of unpleasant odors is the most severe environmental problem in the POFA. Species 
such as sulfate, nitrate, chloride, calcium, sodium, and ammonium were the most abundant, 
without differences in their concentrations between sites (except chloride), which suggest the 
probable homogeneity of their levels in the area of study (Figure 2).

The total ions contributed with 15% of the PM10 mass (other components such as organic 
matter, elemental carbon, and mineral silica could integrate the particles). Calcium and sul-
fate showed significant correlations with PM10 (r = 0.70 and r = 0.64, respectively), evidence 
of emission sources of coarse particles in the POFA. Also, chloride could derive from local 
industry, burning biomass, and burning of agricultural waste. Finally, the PM10 collected in 
this study had an acidic nature; this is based on the ratio of total sulfate and total ammonium.

3.4. Black carbon

Black carbon (BC), or elemental carbon, comes from incomplete combustion of diesel vehicles, 
electric power plants and various industrial processes, wood burning and forest fires. BC 
plays an important role due to its porous nature and absorption, as well as in global climate 
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change by affecting the intensity of solar radiation [44]. Due to the porosity of the BC particles 
and their enormous surface area, they can adsorb significant amounts of mutagenic and carci-
nogenic organic compounds [45]. Therefore, BC is a risk to human health due to its ability to 
carry carcinogens to lungs [46].

During 2007, BC associated with PM2.5 was monitored in Centro and CIATEJ [22]. Overall, 
low temperatures and unfavorable conditions for the dispersion of pollutants resulted in high 
concentrations at both sites (November and December). During July and August, a significant 
reduction of this pollutant was observed (factor 1:0.5 or 1:0.3). The presence of humidity and 
the intensity of the winds that generate vertical movements of air masses may also favor the 
BC dispersion, altogether with the frequency and severity of rainfall.

Furthermore, BC concentrations during 24 h periods were studied. In the morning, between 8 
and 9, the highest level of concentration was observed during all months of the year (the magni-
tude of this peak is high or low, depending on the months of the dry or rainy season). This phe-
nomenon occurred in both places, but with higher levels in Centro. During evenings, both sites 
showed a second-high level of BC concentrations, and this can be seen between 20 and 21 h. With 
some exceptions, the concentrations of this last event do not exceed the levels observed during 
the morning. Figure 3 shows the trends and variations of BC concentrations throughout the day.

The abovementioned results are due to the increased population activities during the morn-
ings, mainly because of the displacement from home to job, which implies a higher use of the 
public transport and private vehicles. Around midday not only the intensity of this activity 
of the population is reduced, but also better environmental conditions for the dispersion of 

Figure 2. Average monthly concentration of different species of anions and cations associated with PM2.5 of Miravalle 
during 2007. Sulfate, nitrate, and ammonium are the species that contribute most to the concentrations of fine particles 
throughout the year.
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Figure 3. Hourly variation of BC concentrations per season in the Centro site during 2008. DS1—corresponds from 
January to May; RS—corresponds from June to October; DS2—corresponds from November to December.

pollutants are favored, thus generating lower concentrations of BC. The increase in BC at 
night is due to vehicles circulation related to people returning home after workday.

The BC data from the Centro could be correlated with the environmental concentrations of 
criteria pollutants measured at the same site. It is highlighted that with CO, NO2, and SO2 
the correlations were high, but not in the case of ozone (a contaminant of secondary origin). 
These results support the primary origin of BC (mainly diesel vehicles). The second study on 
BC was conducted between January and August 2008, in addition to being carried out along 
with a manual sampling of PM2.5; both pollutants were monitored and sampled at Centro 
and Miravalle sites. The results confirm some of the trends described for the previous year of 
monitoring (variations throughout the day and time when the concentration increase due to 
peaks in population activities).

An interesting contribution of this last study was the estimation of the contribution that BC 
makes to the PM2.5, less than 10%. This value is similar to that estimated in other cities such as 
City of Mexico, Santiago de Chile, Helsinki, among others [47–49]. In Centro and Miravalle, 
a moderate relation was found between the concentrations of BC and CO (carbon monoxide) 
and confirms a common source of emission (burning of biomass and petroleum fuels).

Regarding BC emissions, those sources that use organic matter (burning biomass) as fuel dur-
ing simple combustion processes and that lack of technological equipment to control their 
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emissions (gases and particles), could be responsible for a large part of the pollution problems 
in urban areas of our country; this is the case of artisan brick producers. In Mexico, Jalisco 
is the second state with the largest number of artisan brick producers, 2500 for 2012, 46% of 
which are in the GMA. The artisan brick industry contributes significantly to the emission of 
particulate (PM2.5 and PM10) and gaseous pollutants such as CO, CO2, NH3, among others. It 
should be noted that a significant fraction of these particles, especially PM2.5, corresponds to 
BC [50], another relevant reason for their study. The scarce technology and standardization in 
the artisan brick production is a constant not only locally, but also in the country. Although 
there are numerous variants of kiln types designed for this productive activity (such as the 
MK2 one), the most common are the field campaign kiln and the fixed-walls kiln [51]. Few 
of these kilns (including the MK2 one) have additional emission control systems to reduce 
the gases and emitted particles. In this sense, it is possible to minimize particles dragging 
by water curtains, being one of the most straightforward and most efficient principles [52], 
although it does not act in the same way as the emission gases (the absorption of gases is 
sensitive to the increase in the temperature of the washing water). Our research group has 
observed the behavior of particles removal during the process of brick cooking when using 
recirculated washing water in an MK2 kiln, finding increasing water turbidity with time. The 
change in turbidity and its level (583 ± 16.7, FTU) is related to the number of total solids 
(827 ± 62.38, mg L−1) therein which are removed by the washing water, thus contributing to 
the efficiency of reducing emissions to the atmosphere [53]. As part of these observations, a 
significant increase in the temperature of the washing water was also measured (up to 52°C), 
as well as a decrease in pH (3.45) due to the absorption of part of the CO2 emissions (the 
most abundant gas). Both of the washing water properties change with time up to the final 
limit removal of CO2, CO, and NO not exceeding 26, 37, and 22%, respectively. The washing 
water of this process could experience a physical-chemical treatment due to the ratio BOD/
COD = 0.17 because the BOD level is low compared to other types of wastewater.

3.5. Organic components as emission indicators (polycyclic aromatic hydrocarbons 
and oxy-PAHs)

As regards the organic matter associated with the particles, only a small percentage of groups 
of compounds have been characterized, such as polycyclic aromatic hydrocarbons (PAHs), 
oxygenated polycyclic aromatic hydrocarbons (oxy-PAHs), among others [54]. The identifica-
tion and quantification of PAHs, a diverse group of complex compounds with two or more 
fused benzene rings, has been intensively investigated [55]. In the atmosphere, PAHs can be 
present in particles (adsorb/absorb on their surface) or in the gas phase. It is expected that 
high molecular weight PAHs can be found mainly in the fine particles [56] because they have 
a more upper specific surface area and therefore greater adsorption than coarse particles [57].

The United States Environmental Protection Agency (USEPA) has defined 16 PAHs as a priority 
due to the known carcinogenic and mutagenic properties of them. It is important to note that 
only the European Union considers the regulation of PAHs in ambient air expressed in benzo[a]
pyrene concentration (the carcinogen of reference by the IARC) at levels of 1 ng m−3 per year [58].

An essential aspect of PAHs is that they can be decomposed by photodegradation, chemi-
cal reactions with others pollutants in the urban environment, or gas-particle partition. 
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Figure 3. Hourly variation of BC concentrations per season in the Centro site during 2008. DS1—corresponds from 
January to May; RS—corresponds from June to October; DS2—corresponds from November to December.
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Photodegradation is the central mechanism of chemical decomposition of 4–6 ring PAHs 
associated with particles. While the processes of degradation of PAHs in the gas phase 
involve reactions with hydroxyl radicals (•OH), ozone (O3), nitrate radicals (NO3), and 
reactions of basic species with acids [59]. On the other hand, in the atmosphere, the oxida-
tion of PAHs through homogeneous and heterogeneous reactions leads to the formation of 
oxy- and nitro-PAHs [60, 61]. These last species are also emitted with PAHs during incom-
plete combustion processes [62, 63]. Oxy- and nitro-PAHs are potentially more mutagenic 
than PAHs, and some of these substances are furthermore potentially carcinogenic [64, 65].

PAHs are typical components of gasoline and diesel. They are mainly emitted into the ambi-
ent air by exhaust gases from vehicles and other sources of incomplete combustion (approxi-
mately 90% of total PAHs from these sources) [59, 66]. PAH emissions can also arise from 
tobacco smoke and biomass burning [67, 68]. Knowledge of the sources, chemistry, and fate 
of each PAHs is crucial to propose successful prevention and mitigation, thus reducing the 
exposure of the population [69].

A study developed in the GMA evaluated the environmental levels of 14 PAHs and 14 oxy-PAHs, 
associated with PM2.5 in Centro and Miravalle. Three seasons from April-2009 to January-2010 
were investigated [27]. In general, the highest concentrations occurred during the cold dry sea-
son, due to the steady trend of organic pollutants to bind to particles; this behavior is directly 
influenced by metrological phenomena such as thermal inversions (presented 78% of the days 
of the year) and the stagnation of pollutants due to the orographic characteristics of the area. 
The most abundant compounds were benzo[a]pyrene, indene[123-cd]pyrene and benzo[ghi]
perylene; the former contributing to 75% of the total carcinogenic potential and representing 
a public health risk in addition to the concentration of respirable PM2.5. Regarding sources of 
PAHs, indene[123-cd] pyrene and benzo[ghi]perylene can be considered as markers for gaso-
line [70]. About oxy-PAHs, the most abundant were perinaphtenone, 2-methylanthracenedione, 
7H-benzo[de]anthracene-7one, and 9,10-anthraquinone. The correlations between oxy-PAHs and 
criteria pollutants suggest that they come from combustion processes, specifically the burning of 
gasoline or diesel; also, there are indications of contribution by secondary transformation sources.

Barradas-Gimate et al. [29] carried out a study in 2014 at the Centro and Tlaquepaque dur-
ing the warm dry season and at Centro and Las Aguilas during the rainy season, with the 
objective of determining the atmospheric levels and sources of quinones in PM2.5. The high-
est concentration of Σ16PAHs occurred in Tlaquepaque (7.62 ± 2.03 ng m−3) in the warm dry 
season and the lowest was recorded in Las Aguilas (2.98 ± 0.55 ng m−3). During the rainy 
season, since Tlaquepaque has the characteristics of a site for the reception of pollutants con-
cerning the Centro station, it can be inferred that there is an influence of the masses of air 
coming from the emission sites that promote higher concentrations of these pollutants. In 
this study compounds such as benzo[ghi] perylene, indene [123-cd] pyrene, benzo[a]pyrene 
and benzo[b] fluoranthene, 1,2-benzanthraquinone, followed by 9,10-anthraquinone and 
5,12-naphtacenoquinone were the most abundant. It is suggested that some of the compounds 
may be associated with diesel particles and heavy vehicle activity. In general, the quinones 
indicate having a primary origin (vehicular). However, evidence of secondary formation was 
found for 9,10-phenanthrenequinone, a compound toxic for humans [71].
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Similarly, Ojeda-Castillo et al. [32] carried out a simultaneous sampling of gas phase and 
PM1 for the 16 priority PAHs and 8 quinones during the warm dry season of 2015 in the 
Centro and Tlaquepaque, being the first time that this particle size is measured in conjunc-
tion with the organic gas phase in the GMA. The levels of Σ16PAHs (sum of gas phase and 
PM1) were found in the range of 69.34–209.77 ng m−3. The most abundant compounds in 
the gas phase were naphthalene and acenaphthylene, while in PM1 was benzo[b]fluoran-
thene and chrysene. The ratios of PAHs confirmed that these compounds come from the 
combustion of diesel. It is important to note that in previous studies, this trend is followed 
regardless of the particle size, which reaffirms the need to take actions to mitigate vehicle 
emissions in the city.

Additionally, the health risk of lung cancer is calculated by exposure of PAHs to the respi-
rable aerosol at a level of 1.7 × 10−3. It is considered that population exposure to PAHs lower 
than 10−6 is acceptable [72, 73]. Therefore, this result could indicate a potential risk to health. 
More research is needed on this topic to reduce uncertainties and to specify the evaluation 
by vulnerable groups and exposure times. Regarding to other chemicals, the environmental 
levels of Σ8Quinones were found in the range of 1.36–12.23 ng m−3. The most abundant qui-
none in both phases was 1,4-phenanthrenequinone, which has been reported as a direct emis-
sion marker [74]. In the gas phase, quinones represent about 58% of the collected emissions. 
Inference results from sources with criteria pollutants and meteorological parameters indicate 
primary sources as the main contribution of quinones in PM1, and secondary formation of 
high molecular weight quinones in the gas phase and PM1.

4. Conclusions

For the GMA, the analysis of the chemical composition of particulate pollutants, especially 
PM2.5, has allowed us to have reliable information on some of the most common sources of 
emissions that affect the ambient air and probably the health of its population. The geological 
origin of some of the components of the particles, or an anthropogenic origin such as diesel 
or gasoline emissions, is one of the main sources of emission of heavy metals and toxic ele-
ments of the particles. At the same time, the most abundant species such as sulfates, nitrates, 
and ammonium allow us to understand that there are chemical compounds that are formed 
in the atmosphere and end up being incorporated into the mass of the particles. The par-
ent gases of these secondary pollutants are frequently emitted directly from the combustion 
processes, highlighting the importance of this source. In the case of BC in the particles, its 
porous absorption nature makes them a relevant component in the issue of human health, 
since it is not only its abundance greater in the smallest particles, but also particulate matter 
reaches deeper regions of the respiratory tract, bringing numerous chemical compounds into 
the body, a situation that could be the origin of multiple respiratory diseases. It is probable 
that in some areas of the GMA one of the most critical sources of BC is the artisanal bricks 
industry. Thus, particular attention and monitoring must be given to the measurement of 
their emissions, as well as to public policies for modernization of its production processes. As 
for PAHs, oxy-PAHs, and quinones, the results suggest that the predominance comes from 
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gasoline or diesel burning emissions, that is, direct emissions. It is emphasized that for the 
PM1 the quinones come from primary sources, while a secondary origin is attributed to the 
high molecular weight of quinones in the gas phase and the PM1.

Although there have been advances in the knowledge of the origin of some of the components 
of the particles of different sizes in the ambient air of the GMA, the studies have focused only on 
a few groups of chemical compounds, and in a few places; therefore, for most of the city pollu-
tion information is not really known. In this way, direct efforts of local authorities and research 
groups trying to understand the particulate pollutants processes in the GMA are still needed.
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of the particles of different sizes in the ambient air of the GMA, the studies have focused only on 
a few groups of chemical compounds, and in a few places; therefore, for most of the city pollu-
tion information is not really known. In this way, direct efforts of local authorities and research 
groups trying to understand the particulate pollutants processes in the GMA are still needed.
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sition fluxes exceeded critical load values proposed in Europe, suggesting that S deposi-
tion could be a serious threat in MAM. It was found that CO in Juárez sampling site and 
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1. Introduction

Atmospheric deposition of nitrogen and sulfur is a growing and significant problem for 
the environment in many parts of the world. However, in urban areas it has become a 
concern due to the increase in atmospheric emission of gases and particulate that entails 
consequences for the environment and for the health of population. Sulfur dioxide (SO2), 
nitrogen oxide (NOx), and ammonia (NH3) are usually produced by anthropogenic activi-
ties. Industrial activities, vehicular emissions, and the burning of biomass are just some of 
the main sources of these pollutants in the atmosphere. The deposition of S and N occurs 
as a result of removal processes, either from precipitation (wet deposition) or from the 
deposit of particulate material or gas adsorption (dry deposition), and is associated with 
the acidification of soils and surface waters. Deposition of sulfur compounds results in the 
modification of the chemistry and biology of soil and water bodies such as the decrease in 
pH. On the other hand, the deposition of nitrogen compounds causes changes through the 
direct acidification of soils and natural water, or the saturation of nitrogen in vegetation 
species, which leads to the loss of vitality of diverse ecosystems. In addition, the deposi-
tion of N and S can cause deterioration to historical monuments and diverse materials [1]. 
Despite its importance, in Mexico, the monitoring of the deposition of these compounds, as 
well as the evaluation of their spatial and temporal distribution, and the estimation of their 
effects on ecosystems have not been sufficiently studied. Although in Mexican territory 
there are many cities with significant urban and industrial development, many of which 
are close to valuable historical heritage or important ecological zones, with the exception 
of the surrounding areas to the metropolitan zone of the Valley of Mexico, there are few air 
pollution studies available [2] One of the main reasons that limits the study of wet atmo-
spheric deposition is that their study requires expensive automatic samplers that require 
compliance with certain specifications for installation and operation; while, in the case of 
dry deposition, standardized techniques are not available. In this regard, some authors [3] 
have proposed the use of passive samplers based on ion exchange resins for the monitoring 
of atmospheric deposition, this type of device allows to study several points simultaneously 
due to its low cost and simple design.

On the other hand, the state of Nuevo Leon has been characterized by its accelerated urban 
and industrial growth, which places it within the three main metropolitan areas of the coun-
try and the second with the greatest territorial extension. Additionally, the city of Monterrey 
is the second city in the country with the highest reports of air pollution and subsequent 
effects not only on public health but also on ecosystems. Previous studies in this region have 
shown significant correlations between the wind direction and temperature inversions and 
contaminant transport from regional sources. That is, the pollutants in the MAM have a sea-
sonal component as a result of the influence of these transport processes, resulting in a greater 
concentration and deposition of pollutants at certain climatic periods of the year. Likewise, 
in addition to the contribution by regional transport, there are also significant emissions from 
local industrial sources and vehicular sources that may result in background levels above the 
reference values considered as acceptable. However, since in the case of atmospheric deposi-
tion, it is not a criterion contaminant, that is, there is not a standard or reference value that 
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regulates it, it is necessary to carry out monitoring studies at a medium or long term to estab-
lish a baseline that allows to perform an environmental diagnosis of the area and infer its pos-
sible effects. Notwithstanding, in the MAM, some authors [4–7] have measured wet and dry 
atmospheric deposition; these studies have been carried out at a short term and systematic 
measurements that allow a proper diagnosis considering the seasonal and spatial compo-
nents are not available. Therefore, the present work focuses on the mapping and study of the 
seasonal and spatial variability of N and S atmospheric deposition in the metropolitan area of 
Monterrey (MAM), Nuevo Leon, during three climatic seasons (dry, rainy, and cold fronts) 
using passive samplers based on ionic exchange resin at ten points distributed throughout 
nine municipalities of MAM.

2. Study area

The metropolitan area of Monterrey (MAM) is located to the northeast of the country in 
Nuevo Leon (25°42′26.53 N, 100°17′29.36 W). In 2015, it registered a total of 4,437,643 inhab-
itants within a surface of 6357 km2, being the third most populated city in Mexico only after 
Guadalajara and Mexico City; and the second in territorial extension. Worldwide, MAM 
occupies the 17th place, while in Latin America, it ranks number 10. Also, it was considered 
by Forbes in 2010 as the fourth most intelligent city in the world, with a great capacity of 
sustainable growth. MAM is located 913 km from Mexico City. It is known as “The City of 
the Mountains” due to the orographic formations existing within and in the surroundings 
of the city and, because of this, MAM exhibits serious air pollution problems. MAM climate 

Figure 1. Sampling sites location along MAM.
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is considered extreme, and according to Köppen climatic classification, it has warm and 
semi-arid climate (BSh), with an annual precipitation from 431.1 to 1300 mm. To assess 
the spatial and temporal distribution of N and S deposition fluxes, ten sampling sites were 
selected along MAM. The location of these sampling sites corresponds to the location of 
automatic monitoring stations of SIMA (Integral System of Environmental Monitoring of 
Monterrey). The specific location of these sampling sites and the name of each automatic 
monitoring station are presented in Figure 1.

3. Methodology

3.1. Sampling

The characterization of complex spatial patterns as atmospheric deposition of N and S in a 
given area requires simple monitoring equipment, which is cheap, easy to operate, and does 
not require frequent visits to the field. Throughfall deposition consists of solute collected in 
atmospheric deposition. This method is widely used to estimate the inputs of atmospheric 
deposit to the forests ecosystems, since, they include both, dry and wet deposition; there-
fore, this kind of passive sampler constitutes a good choice to obtain a reliable estimation of 
atmospheric inputs of N and S in a given ecosystem [8]. Passive samplers type throughfall 
are based in collectors of ionic exchange resin (IER). They consist of a funnel connected to a 
column that contains a mixed bed of ionic exchange resin (Amberlite™ IRN150). Deposition 
falls on the surface of the funnel, washing toward the inside of the column. The main advan-
tage of this type of device is that it can be used during long periods of time (e.g., months) 
and the equipment has a very low cost, allowing to increase the number of sampling points 
in a given area. Therefore, with this kind of collector, it is possible to display a great number 
of them to characterize spatial patterns in deposition with a high resolution [9]. Nitrate, sul-
fate, and ammonium (NO3

−, SO4
2− y NH4

+.) can be exchanged in IER for cations and anions, 
respectively, and then be trapped by functional groups with opposite electric charges. In 
this study, a design of a mixed resin bed was chosen, since this kind of resin captures both, 
anions and cations.

Throughfall deposition was collected in MAM, Nuevo Leon, Mexico, from February 26, 2017, 
to February 26, 2018, in ten sampling sites (Figure 1) which correspond to automatic monitor-
ing stations of SIMA, by using deposition collectors based on IER operated and built accord-
ing to [3, 10]. IER devices consist of funnels covered with a mesh (to prevent the fall of solid 
material such as leaves and insects) that are attached to PVC tubes. Inside these tubes, 30 g 
of IER are placed (where ions of interest are retained). Each tube is sealed with glass fiber at 
the bottom (as a platform or support for the resin) and at the top (as a filter). The resin tube 
is placed inside an outer PVC tube (shadow tube), which protects resin from solar radiation 
and helps avoid changes in its physical and chemical properties due to solar radiation. The 
lower end of the inner tube (resin tube) is closed or open by using a PVC valve to allow the 
hydrological flux to drain or not. Finally, resin tubes were placed in open areas at each sam-
pling site within SIMA facilities. This exposition period allowed to obtain a data set for three 
seasons of 4 months each, corresponding to dry, rainy, and cold fronts or Norths seasons on 
an annual basis.
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3.2. Chemical analysis

3.2.1. IER extraction procedure

To carry out this process, an extraction system specially designed for this purpose was built. 
This system consisted of a PVC tube 5 mm (ID) and 15 cm in length, adapted to each collector 
with the resin to be extracted. Glass fiber is removed with tweezers to verify that the drain 
hole was not dirty. After this, each resin tube is labeled and it is verified that the PVC valve is 
closed. All columns are placed in vertical position, and then, the resin tubes are washed with 
100 ml of deionized water, allowing a repose of 20 minutes. Simultaneously, the threaded 
connections are revised to identify leaks. In the case of one leak identification, the joints are 
tightened, and if necessary, Teflon™ tape is added. Once, 20 minutes have elapsed, the valve 
opens so that a drip rate of 2 drops by second is obtained. A continuous drip is maintained 
during 10 minutes until drainage is completed. This rinse is discarded. Then, it is ensured that 
the PVC valve is closed, and 100 ml of 2 N KCl extraction solution is added, and allowed to 
repose for 20 minutes. Again, the PVC valve is open so that a drip rate of 2 drops by second 
is obtained. This continuous drip is maintained for 10 minutes. Finally, the valve is open to 
allow the remainder solution to leave the resin tube until the drainage is completed. Once, 
the extracts of the samples are obtained, they are stored and refrigerated at 4°C until analysis.

3.2.2. Ammonium determination

NH4
+ was determined by using blue indophenol method, whose color intensity is propor-

tional to the ammonium concentration in the sample. Determination was done by colorimetry 
at a wave length of 630 nm. Color formation is completed after 10 minutes and remains stable 
for 24 hours. Once absorbances of the samples are obtained, a quantification process was done 
to obtain ammonium concentrations by using a calibration curve [11].

3.2.3. Sulfate determination

Sulfate ion precipitates with barium chloride in an acid medium (HCl) forming crystals of bar-
ium sulfate. The spectral absorption of the barium sulfate suspension is measured at 420 nm 
by using a UV-Visible spectrophotometer. Sulfate concentration is determined comparing the 
absorbance lectures with a calibration curve, by using the turbidimetric method [12].

3.2.4. Nitrate determination

Nitrate anion present in the sample reacts with alkaloid brucine in an acid medium (H2SO4), 
oxidizing it and producing cocoteline, with an unstable red color, which changes quickly to 
yellow, being determined colorimetrically at 410 nm [13].

3.3. Meteorology analysis, criteria air pollutants and mapping

3.3.1. Meteorology

Speed and wind direction are determining factors in the composition of atmospheric deposi-
tion, since depending on the prevailing wind direction, it will have the influence of local conti-
nental or regional sources located upwind or the influence of maritime sources. In this study, 
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this study, a design of a mixed resin bed was chosen, since this kind of resin captures both, 
anions and cations.

Throughfall deposition was collected in MAM, Nuevo Leon, Mexico, from February 26, 2017, 
to February 26, 2018, in ten sampling sites (Figure 1) which correspond to automatic monitor-
ing stations of SIMA, by using deposition collectors based on IER operated and built accord-
ing to [3, 10]. IER devices consist of funnels covered with a mesh (to prevent the fall of solid 
material such as leaves and insects) that are attached to PVC tubes. Inside these tubes, 30 g 
of IER are placed (where ions of interest are retained). Each tube is sealed with glass fiber at 
the bottom (as a platform or support for the resin) and at the top (as a filter). The resin tube 
is placed inside an outer PVC tube (shadow tube), which protects resin from solar radiation 
and helps avoid changes in its physical and chemical properties due to solar radiation. The 
lower end of the inner tube (resin tube) is closed or open by using a PVC valve to allow the 
hydrological flux to drain or not. Finally, resin tubes were placed in open areas at each sam-
pling site within SIMA facilities. This exposition period allowed to obtain a data set for three 
seasons of 4 months each, corresponding to dry, rainy, and cold fronts or Norths seasons on 
an annual basis.
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3.2. Chemical analysis

3.2.1. IER extraction procedure

To carry out this process, an extraction system specially designed for this purpose was built. 
This system consisted of a PVC tube 5 mm (ID) and 15 cm in length, adapted to each collector 
with the resin to be extracted. Glass fiber is removed with tweezers to verify that the drain 
hole was not dirty. After this, each resin tube is labeled and it is verified that the PVC valve is 
closed. All columns are placed in vertical position, and then, the resin tubes are washed with 
100 ml of deionized water, allowing a repose of 20 minutes. Simultaneously, the threaded 
connections are revised to identify leaks. In the case of one leak identification, the joints are 
tightened, and if necessary, Teflon™ tape is added. Once, 20 minutes have elapsed, the valve 
opens so that a drip rate of 2 drops by second is obtained. A continuous drip is maintained 
during 10 minutes until drainage is completed. This rinse is discarded. Then, it is ensured that 
the PVC valve is closed, and 100 ml of 2 N KCl extraction solution is added, and allowed to 
repose for 20 minutes. Again, the PVC valve is open so that a drip rate of 2 drops by second 
is obtained. This continuous drip is maintained for 10 minutes. Finally, the valve is open to 
allow the remainder solution to leave the resin tube until the drainage is completed. Once, 
the extracts of the samples are obtained, they are stored and refrigerated at 4°C until analysis.

3.2.2. Ammonium determination

NH4
+ was determined by using blue indophenol method, whose color intensity is propor-

tional to the ammonium concentration in the sample. Determination was done by colorimetry 
at a wave length of 630 nm. Color formation is completed after 10 minutes and remains stable 
for 24 hours. Once absorbances of the samples are obtained, a quantification process was done 
to obtain ammonium concentrations by using a calibration curve [11].

3.2.3. Sulfate determination

Sulfate ion precipitates with barium chloride in an acid medium (HCl) forming crystals of bar-
ium sulfate. The spectral absorption of the barium sulfate suspension is measured at 420 nm 
by using a UV-Visible spectrophotometer. Sulfate concentration is determined comparing the 
absorbance lectures with a calibration curve, by using the turbidimetric method [12].

3.2.4. Nitrate determination

Nitrate anion present in the sample reacts with alkaloid brucine in an acid medium (H2SO4), 
oxidizing it and producing cocoteline, with an unstable red color, which changes quickly to 
yellow, being determined colorimetrically at 410 nm [13].

3.3. Meteorology analysis, criteria air pollutants and mapping

3.3.1. Meteorology

Speed and wind direction are determining factors in the composition of atmospheric deposi-
tion, since depending on the prevailing wind direction, it will have the influence of local conti-
nental or regional sources located upwind or the influence of maritime sources. In this study, 
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the analysis of meteorological parameters at surface level was done by using data obtained 
from SIMA during the study period to identify possible anthropogenic or natural sources 
influencing the N and S levels found in the sampling sites. Wind roses were built to identify 
the prevailing wind direction in the study area. To assess the transport mechanism control-
ling deposition process in the study area by season, back air mass trajectories were estimated 
by the Lagrangian hybrid model HYSPLIT (Hybrid Single-Particle Lagrangian Integrated 
Trajectory) from US NOAA (National Atmospheric and Oceanic Administration).

3.3.2. Criteria air pollutants concentration

Database for the entire study period for each sampling point was obtained from SIMA of 
Monterrey for: CO, NO, NOx, NO2, SO2, O3, PM10 y PM2.5. From the obtained data, concentra-
tion roses were estimated for each air pollutant and for each sampling point by climatic season 
to identify if daily concentrations exceeded reference values someday. These concentration 
roses were useful to visualize in which wind direction there were higher concentrations and, 
then, to identify the possible sources contributing to these levels.

3.3.3. Statistical analysis

A Friedman test was used to determine if atmospheric deposition fluxes were different 
among sampling sites, according to land use or between climatic seasons. Friedman test is a 
non-parametric test that can be used with block design, in which the underlying assumptions 
are not as restrictive as those of an ANOVA procedure (XLStat v.2017). On the other hand, 
principal components analysis is a technique used to reduce the dimensionality of a data 
set. The projection according to which data is better represented is least squares. It converts 
a data set of variables possibly correlated in a data set of variables without lineal correlation 
called principal components. Descriptive, multivariate, and principal components analysis 
were carried out by using XLstat-Pro v. 2017.

3.3.4. Deposition fluxes mapping

One of the main uses of geo-statistical mapping consists in predicting new values from vari-
ables from the sample in a given area, which is referred as spatial prediction or spatial inter-
polation. Spatial distribution of a variable can be modeled either using a continuous model 
or a discrete or mixed model. On the other hand, temporal variability makes geo-statistical 
mapping expensive and complex. Taking into account that the seasonal periodicity in this 
work is regular for the studied environmental parameters, in this case, spatial variability was 
analyzed for each climatic period: Dry, rainy, and cold fronts or Norths seasons. The coordi-
nates of each sampling site and the values for N and S deposition fluxes were the inputs used 
to derive the specific points in the maps showing the dispersion and the measured concentra-
tion for the different studied chemical compounds. In a second step, the concentrations at 
neighboring sampling points within the grid were averaged to attribute a value to the point. 
These points were the input for the interpolation procedure [14]. The deposition contours 
were smoothed by using the kriging method [15]. Kriging weights were estimated from a 
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variogram, which measures the correlation grade among sampling values in the area as a 
function of the distance and direction. Digital images for MAM were obtained from INEGI, 
and these maps were integrated to build a base map in which concentration isolines obtained 
from Surfer program v. 10.0 were graphed, obtaining deposition fluxes maps in each studied 
zone by pollutant and by climatic season.

4. Results and discussion

4.1. Sulfate deposition fluxes

4.1.1. By season

The mean S deposition flux (as sulfate) during the dry season was 27.30 ± 10.34 Kg ha−1 yr.−1, 
with a maximum value of 47.69 Kg ha−1 yr.−1 in the site labeled as VI (Obispado) at the center 
of MAM. The average value obtained for the rainy season was 23.65 ± 4.14 Kg ha−1 yr.−1, with 
a maximum of 28.63 Kg ha−1 yr.−1 in site I (Escobedo) located to the north of MAM. On the 
other hand, the mean value for S deposition flux during the Norths season was 24.15 ± 7.39 
Kg ha−1 yr.−1, with a maximum value of 31.48 Kg ha−1 yr.−1 in the sampling site labeled as V 
(Apodaca), located at the northeast side of MAM. From Figure 2a, it was observed that S 
deposition fluxes showed an evident seasonality, with the highest values during the dry sea-
son, and with the lowest values along the rainy season. However, from Friedman test, since 
p value is major than significance levels (α = 0.05), null hypothesis (H0) cannot be rejected; 
therefore, it can be concluded that there were no significant differences among S deposition 
fluxes by climatic season and that sulfate deposition levels have an evident influence from 
regional transport during all year.

4.1.2. By sampling site

In the analysis by sampling site, a mean value for S deposition flux of 25.03 ± 7.63 Kg ha−1 yr.−1 
was obtained. According to Figure 2b, it can be observed that S deposition fluxes were higher 
in the sampling sites labeled as VI and V, which correspond to Obispado and Apodaca at the 
center and northeast of MAM. By applying Friedman test, p value is major than significance 
level (α = 0.05), and null hypothesis cannot be rejected. Therefore, it can be concluded that 
there were not significant differences in S deposition fluxes among sampling sites, suggesting 
an evident regional influence on MAM.

4.1.3. By land use

Sampling sites were grouped depending on their land use as: Rural (sites II and VII), 
Urban (sites I, IV, VI, VIII, IX and X), and Industrial (sites III and V). From Figure 2c, it 
can be observed that S deposition fluxes were higher at sites with an industrial land use 
(sites III and V), which correspond to San Bernabé and Apodaca, located to the north-
west and northeast of MAM. A Friedman test was applied, and since p value is major than 
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A Friedman test was used to determine if atmospheric deposition fluxes were different 
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non-parametric test that can be used with block design, in which the underlying assumptions 
are not as restrictive as those of an ANOVA procedure (XLStat v.2017). On the other hand, 
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set. The projection according to which data is better represented is least squares. It converts 
a data set of variables possibly correlated in a data set of variables without lineal correlation 
called principal components. Descriptive, multivariate, and principal components analysis 
were carried out by using XLstat-Pro v. 2017.

3.3.4. Deposition fluxes mapping

One of the main uses of geo-statistical mapping consists in predicting new values from vari-
ables from the sample in a given area, which is referred as spatial prediction or spatial inter-
polation. Spatial distribution of a variable can be modeled either using a continuous model 
or a discrete or mixed model. On the other hand, temporal variability makes geo-statistical 
mapping expensive and complex. Taking into account that the seasonal periodicity in this 
work is regular for the studied environmental parameters, in this case, spatial variability was 
analyzed for each climatic period: Dry, rainy, and cold fronts or Norths seasons. The coordi-
nates of each sampling site and the values for N and S deposition fluxes were the inputs used 
to derive the specific points in the maps showing the dispersion and the measured concentra-
tion for the different studied chemical compounds. In a second step, the concentrations at 
neighboring sampling points within the grid were averaged to attribute a value to the point. 
These points were the input for the interpolation procedure [14]. The deposition contours 
were smoothed by using the kriging method [15]. Kriging weights were estimated from a 
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variogram, which measures the correlation grade among sampling values in the area as a 
function of the distance and direction. Digital images for MAM were obtained from INEGI, 
and these maps were integrated to build a base map in which concentration isolines obtained 
from Surfer program v. 10.0 were graphed, obtaining deposition fluxes maps in each studied 
zone by pollutant and by climatic season.

4. Results and discussion

4.1. Sulfate deposition fluxes

4.1.1. By season

The mean S deposition flux (as sulfate) during the dry season was 27.30 ± 10.34 Kg ha−1 yr.−1, 
with a maximum value of 47.69 Kg ha−1 yr.−1 in the site labeled as VI (Obispado) at the center 
of MAM. The average value obtained for the rainy season was 23.65 ± 4.14 Kg ha−1 yr.−1, with 
a maximum of 28.63 Kg ha−1 yr.−1 in site I (Escobedo) located to the north of MAM. On the 
other hand, the mean value for S deposition flux during the Norths season was 24.15 ± 7.39 
Kg ha−1 yr.−1, with a maximum value of 31.48 Kg ha−1 yr.−1 in the sampling site labeled as V 
(Apodaca), located at the northeast side of MAM. From Figure 2a, it was observed that S 
deposition fluxes showed an evident seasonality, with the highest values during the dry sea-
son, and with the lowest values along the rainy season. However, from Friedman test, since 
p value is major than significance levels (α = 0.05), null hypothesis (H0) cannot be rejected; 
therefore, it can be concluded that there were no significant differences among S deposition 
fluxes by climatic season and that sulfate deposition levels have an evident influence from 
regional transport during all year.

4.1.2. By sampling site

In the analysis by sampling site, a mean value for S deposition flux of 25.03 ± 7.63 Kg ha−1 yr.−1 
was obtained. According to Figure 2b, it can be observed that S deposition fluxes were higher 
in the sampling sites labeled as VI and V, which correspond to Obispado and Apodaca at the 
center and northeast of MAM. By applying Friedman test, p value is major than significance 
level (α = 0.05), and null hypothesis cannot be rejected. Therefore, it can be concluded that 
there were not significant differences in S deposition fluxes among sampling sites, suggesting 
an evident regional influence on MAM.

4.1.3. By land use

Sampling sites were grouped depending on their land use as: Rural (sites II and VII), 
Urban (sites I, IV, VI, VIII, IX and X), and Industrial (sites III and V). From Figure 2c, it 
can be observed that S deposition fluxes were higher at sites with an industrial land use 
(sites III and V), which correspond to San Bernabé and Apodaca, located to the north-
west and northeast of MAM. A Friedman test was applied, and since p value is major than 
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Figure 2. Sulfate deposition fluxes by: (a) climatic season, (b)sampling site, and (c) land use for MAM during the study 
period; Nitrate deposition fluxes by: (d) climatic season, (e) sampling site, and (f) land use for MAM during the study period; 
Ammonium deposition fluxes by: (g) climatic season, (h) sampling site, and (i) land use for MAM during the study period.
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significance level (α = 0.05), the null hypothesis cannot be rejected, and it can be concluded 
that S deposition fluxes did not show significant differences by land use. This fact sup-
ports those found in the previous sections, where the regional character of sulfate due to 
residence time of SO2 was completely evident.

4.2. Nitrate deposition fluxes

4.2.1. By season

The mean nitrate deposition flux value during the dry season was 3.30 ± 1.43 Kg ha−1 yr.−1, 
with a maximum of 4.38 Kg ha−1 yr.−1 corresponding to the sampling site VIII (San Pedro) 
located to the southwest of MAM. The average value obtained for rainy season was 
6.54 ± 0.58 Kg ha−1 yr.−1, with the highest value (7.39) at the sampling site VIII (San Pedro). 
On the other hand, during the cold fronts season, the mean value for nitrate deposition flux 
was 3.26 ± 0.21 Kg ha−1 yr.−1, with a maximum value of 3.52 Kg ha−1 yr.−1 at site X (Juárez) 
located to the southeast of MAM. From Figure 2d, it can be observed that nitrate deposition 
fluxes were higher along the rainy season. From Friedman test, it was found that p value is 
minor than significance level (α = 0.05); therefore, it can be concluded that there were sig-
nificant differences in nitrate deposition fluxes between rainy season and the rest of the year 
(dry and cold fronts seasons). It suggests that reactions in aqueous phase can be important, 
at the same time.

4.2.2. By sampling site

From the analysis of results by sampling site, from Figure 2e, it was found that nitrate deposi-
tion fluxes were higher in the sites VIII and III: San Pedro to the southwest and San Bernabé 
to the northwest of MAM. By applying a Friedman test, it was found that p value was minor 
than significance level (α = 0.05); therefore, null hypothesis must be rejected and it is con-
cluded that there were significant differences between sites. It means that the influence of 
local sources was important. It agrees with the residence time of NO2 in the atmosphere, since 
it has been reported that nitrate is a local pollutant.

4.2.3. By land use

Sampling sites were grouped according to their land use as: Rural (sites II and VII), Urban 
(sites I, IV, VI, VIII, IX and X), and Industrial (sites III and V). From Figure 2f, it can be observed 
that nitrate deposition fluxes were higher in sampling sites with an urban land use (sites VIII 
and IX: San Pedro and La Pastora, located to the southwest and southeast of MAM). However, 
considering extreme values, these were found in sites with an industrial land use (most of the 
sites: IV, VI, VII, IX, and X). From Figure 2f, a great variability was observed, suggesting that 
local urban sources were mixed and emissions presented different magnitudes. It agrees with 
the different kinds of sources (industrial and urban) coexisting in this great metropolitan area. 
In spite of this, from Friedman test, it was found that p value was major than the significance 
level (α = 0.05); thus, the null hypothesis cannot be rejected, and therefore, it can be concluded 
that there were not significant differences between sampling sites by land use.
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significance level (α = 0.05), the null hypothesis cannot be rejected, and it can be concluded 
that S deposition fluxes did not show significant differences by land use. This fact sup-
ports those found in the previous sections, where the regional character of sulfate due to 
residence time of SO2 was completely evident.

4.2. Nitrate deposition fluxes

4.2.1. By season

The mean nitrate deposition flux value during the dry season was 3.30 ± 1.43 Kg ha−1 yr.−1, 
with a maximum of 4.38 Kg ha−1 yr.−1 corresponding to the sampling site VIII (San Pedro) 
located to the southwest of MAM. The average value obtained for rainy season was 
6.54 ± 0.58 Kg ha−1 yr.−1, with the highest value (7.39) at the sampling site VIII (San Pedro). 
On the other hand, during the cold fronts season, the mean value for nitrate deposition flux 
was 3.26 ± 0.21 Kg ha−1 yr.−1, with a maximum value of 3.52 Kg ha−1 yr.−1 at site X (Juárez) 
located to the southeast of MAM. From Figure 2d, it can be observed that nitrate deposition 
fluxes were higher along the rainy season. From Friedman test, it was found that p value is 
minor than significance level (α = 0.05); therefore, it can be concluded that there were sig-
nificant differences in nitrate deposition fluxes between rainy season and the rest of the year 
(dry and cold fronts seasons). It suggests that reactions in aqueous phase can be important, 
at the same time.

4.2.2. By sampling site

From the analysis of results by sampling site, from Figure 2e, it was found that nitrate deposi-
tion fluxes were higher in the sites VIII and III: San Pedro to the southwest and San Bernabé 
to the northwest of MAM. By applying a Friedman test, it was found that p value was minor 
than significance level (α = 0.05); therefore, null hypothesis must be rejected and it is con-
cluded that there were significant differences between sites. It means that the influence of 
local sources was important. It agrees with the residence time of NO2 in the atmosphere, since 
it has been reported that nitrate is a local pollutant.

4.2.3. By land use

Sampling sites were grouped according to their land use as: Rural (sites II and VII), Urban 
(sites I, IV, VI, VIII, IX and X), and Industrial (sites III and V). From Figure 2f, it can be observed 
that nitrate deposition fluxes were higher in sampling sites with an urban land use (sites VIII 
and IX: San Pedro and La Pastora, located to the southwest and southeast of MAM). However, 
considering extreme values, these were found in sites with an industrial land use (most of the 
sites: IV, VI, VII, IX, and X). From Figure 2f, a great variability was observed, suggesting that 
local urban sources were mixed and emissions presented different magnitudes. It agrees with 
the different kinds of sources (industrial and urban) coexisting in this great metropolitan area. 
In spite of this, from Friedman test, it was found that p value was major than the significance 
level (α = 0.05); thus, the null hypothesis cannot be rejected, and therefore, it can be concluded 
that there were not significant differences between sampling sites by land use.
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4.3. Ammonium deposition fluxes

4.3.1. By season

The mean ammonium deposition flux during the dry season was 6.90 ± 3.88 Kg ha−1 yr.−1, with a 
maximum value of 13.31 Kg ha−1 yr.−1 in the sampling site labeled as VII (Santa Catarina) located 
to the southwest of MAM. During the rainy season, the average of ammonium deposition flux 
was 2.21 ± 1.49 Kg ha−1 yr.−1, with a maximum of 4.08 Kg ha−1 yr.−1 in site X (Juárez) located to 
the southeast of MAM. Finally, during the cold fronts season, ammonium deposition fluxes 
presented a mean value of 7.14 ± 3.49 Kg ha−1 yr.−1, with a peak value of 14.04 Kg ha−1 yr.−1 in the 
sampling site III (San Bernabé) at the northwest side of MAM. From Figure 2g, it is observed that, 
ammonium deposition fluxes were higher during the dry and cold fronts seasons. Ammonium 
levels were significantly lower during the rainy season, suggesting a washing effect during this 
season. From Friedman test, it was found that p value was minor than the significance level 
(α = 0.05), and the null hypothesis can be rejected; therefore, it is possible to conclude that there 
were significant differences between dry and cold fronts seasons and the rainy season. It sug-
gests that, during the rainy season, a dilution effect could influence the ammonium deposition 
fluxes, considering that during the rest of the year, rains are scarce in MAM.

4.3.2. By sampling site

From Figure 2h, analyzing ammonium deposition fluxes by sampling site, the highest value 
was found in the sites VII and IV (Santa Catarina and San Nicolás), located to the southwest 
and northeast of MAM. Applying a Friedman test, it was found that p value is major than 
significance level (α = 0.05), and therefore, the null hypothesis cannot be rejected. Then, it can 
be concluded that there were not significant differences among sampling sites.

4.3.3. By land use

Sampling sites were grouped according to their land use as: Rural (sites II and VII), Urban (sites 
I, IV, VI, VIII, IX, and X), and Industrial (sites III and V). From Figure 2i, it can be observed 
that ammonium deposition fluxes were higher in sampling sites with an industrial and urban 
land use. The emission of amines and NH3 has been reported from vehicles (with the pres-
ence of a catalytic convertor that has enough stored hydrogen), where NO is reduced to NH3, 
and deposited as NH4

+. Therefore, vehicular emissions could have an important influence on 
ammonium deposition in MAM. According to the Friedman test, p value was major than the 
significance level, thus null hypothesis cannot be rejected, and therefore, it can be concluded 
that there were not significant differences among sampling sites considering their land use.

4.4. Meteorology and criteria air pollutants

4.4.1. Site I Escobedo

O3 showed a strong seasonal variation (Figure 3a) with the highest values during the dry sea-
son, (0.074–0.095 ppm) exceeding the reference value for 8 hours (70 ppb) [16]. Both, O3 and 
PM10 showed highest values when wind direction came from the East. In the case of PM10, 
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Figure 3b shows that PM10 levels (≥75 μg m−3) exceeded the reference value for 24 hours 
(75 μg m−3) [17]. In Figure 3c, it can be observed that PM10 levels during the cold fronts season 
exceeded the reference value but winds also showed a great variability. In the case of PM2.5 
(Figure 3d), its levels (≥75 μg m−3) exceeded the reference value (45 μg m−3) [17] for 24 hours 
during the cold fronts season when winds showed a great variability. Finally, winds came 
from the East during dry and rainy seasons (Figure 3e), showing a great variability during 
the cold fronts season (Figure 3f) with maximum wind speeds >7.9 m s−1 along the year.

4.4.2. Site II Garcia

From Figure 4a and b, it can be observed that O3 levels (0.074–0.095 ppm) were higher during 
the dry and rainy seasons, exceeding the reference value for 8 hours (70 ppb) [16] when wind 
came from the East. PM10 levels (≥75 μg m−3) were high during all year, exceeding reference 
value for 24 hours (75 μg m−3) [17], mainly when winds came from Northeast (Figure 4c and d). 
Finally, winds came from the East-Northeast during dry and rainy seasons (Figure 4e), show-
ing a great variability during the cold fronts season (Figure 4f) with maximum wind speeds 
>7.9 m s−1 along the year. Both O3 and PM10 showed highest levels when winds had an East-
Northeast component.

Figure 3. Criteria air pollutants and meteorological conditions for site I (Escobedo) during the study period: (a) O3 dry 
season, (b) PM10 dry, and rainy seasons, (c) PM10 cold fronts season, (d) PM2.5 cold fronts season, (e) wind dry and rainy 
season, (f) wind cold fronts season.
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4.3. Ammonium deposition fluxes

4.3.1. By season

The mean ammonium deposition flux during the dry season was 6.90 ± 3.88 Kg ha−1 yr.−1, with a 
maximum value of 13.31 Kg ha−1 yr.−1 in the sampling site labeled as VII (Santa Catarina) located 
to the southwest of MAM. During the rainy season, the average of ammonium deposition flux 
was 2.21 ± 1.49 Kg ha−1 yr.−1, with a maximum of 4.08 Kg ha−1 yr.−1 in site X (Juárez) located to 
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presented a mean value of 7.14 ± 3.49 Kg ha−1 yr.−1, with a peak value of 14.04 Kg ha−1 yr.−1 in the 
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season. From Friedman test, it was found that p value was minor than the significance level 
(α = 0.05), and the null hypothesis can be rejected; therefore, it is possible to conclude that there 
were significant differences between dry and cold fronts seasons and the rainy season. It sug-
gests that, during the rainy season, a dilution effect could influence the ammonium deposition 
fluxes, considering that during the rest of the year, rains are scarce in MAM.
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From Figure 2h, analyzing ammonium deposition fluxes by sampling site, the highest value 
was found in the sites VII and IV (Santa Catarina and San Nicolás), located to the southwest 
and northeast of MAM. Applying a Friedman test, it was found that p value is major than 
significance level (α = 0.05), and therefore, the null hypothesis cannot be rejected. Then, it can 
be concluded that there were not significant differences among sampling sites.

4.3.3. By land use

Sampling sites were grouped according to their land use as: Rural (sites II and VII), Urban (sites 
I, IV, VI, VIII, IX, and X), and Industrial (sites III and V). From Figure 2i, it can be observed 
that ammonium deposition fluxes were higher in sampling sites with an industrial and urban 
land use. The emission of amines and NH3 has been reported from vehicles (with the pres-
ence of a catalytic convertor that has enough stored hydrogen), where NO is reduced to NH3, 
and deposited as NH4

+. Therefore, vehicular emissions could have an important influence on 
ammonium deposition in MAM. According to the Friedman test, p value was major than the 
significance level, thus null hypothesis cannot be rejected, and therefore, it can be concluded 
that there were not significant differences among sampling sites considering their land use.

4.4. Meteorology and criteria air pollutants

4.4.1. Site I Escobedo

O3 showed a strong seasonal variation (Figure 3a) with the highest values during the dry sea-
son, (0.074–0.095 ppm) exceeding the reference value for 8 hours (70 ppb) [16]. Both, O3 and 
PM10 showed highest values when wind direction came from the East. In the case of PM10, 
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Figure 3b shows that PM10 levels (≥75 μg m−3) exceeded the reference value for 24 hours 
(75 μg m−3) [17]. In Figure 3c, it can be observed that PM10 levels during the cold fronts season 
exceeded the reference value but winds also showed a great variability. In the case of PM2.5 
(Figure 3d), its levels (≥75 μg m−3) exceeded the reference value (45 μg m−3) [17] for 24 hours 
during the cold fronts season when winds showed a great variability. Finally, winds came 
from the East during dry and rainy seasons (Figure 3e), showing a great variability during 
the cold fronts season (Figure 3f) with maximum wind speeds >7.9 m s−1 along the year.

4.4.2. Site II Garcia

From Figure 4a and b, it can be observed that O3 levels (0.074–0.095 ppm) were higher during 
the dry and rainy seasons, exceeding the reference value for 8 hours (70 ppb) [16] when wind 
came from the East. PM10 levels (≥75 μg m−3) were high during all year, exceeding reference 
value for 24 hours (75 μg m−3) [17], mainly when winds came from Northeast (Figure 4c and d). 
Finally, winds came from the East-Northeast during dry and rainy seasons (Figure 4e), show-
ing a great variability during the cold fronts season (Figure 4f) with maximum wind speeds 
>7.9 m s−1 along the year. Both O3 and PM10 showed highest levels when winds had an East-
Northeast component.

Figure 3. Criteria air pollutants and meteorological conditions for site I (Escobedo) during the study period: (a) O3 dry 
season, (b) PM10 dry, and rainy seasons, (c) PM10 cold fronts season, (d) PM2.5 cold fronts season, (e) wind dry and rainy 
season, (f) wind cold fronts season.
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Figure 4. Criteria air pollutants and meteorological conditions for site II (García) during the study period: (a) O3 dry 
season, (b) O3 rainy season, (c) PM10 dry and rainy seasons, (d) PM10 cold fronts season, (e) wind dry and rainy season, 
(f) wind cold fronts season.

4.4.3. Site III San Bernabe

O3 levels (0.074–0.095 ppm) were higher during all year, exceeding the reference value for 
8 hours (70 ppb) [16] when winds came from East-Southeast (Figure 5a and b). In addition, 
PM10 levels (≥75 μg m−3) also exceeded the reference value for 24 hours (75 μg m−3) [17] during 
all year, but showing highest values and a great variability in wind direction during the cold 
fronts season (Figure 5c and d). Finally, winds came from the East-Southeast during dry and 
rainy seasons (Figure 5e), showing a great variability during the cold fronts season (Figure 5f) 
with maximum wind speeds >7.9 m s−1 along the year. Both O3 and PM10 showed highest 
levels when winds had an East-Southeast component.

4.4.4. Site IV San Nicolas

O3 levels (0.074–0.095 ppm) were high during all year, exceeding the reference value for 8 hours 
(70 ppb) [16] when winds came from North and East (Figure 6a–c). In addition, PM10 levels 
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(≥75 μg m−3) also exceeded the reference value for 24 hours (75 μg m−3) [17] during all year when 
winds came from East and North, but showing highest values and a great variability in wind 
direction during the cold fronts season (Figure 6d–f). Finally, winds came from the North dur-
ing dry season and from East during the rainy season (Figure 6g and h), showing a great vari-
ability during the cold fronts season (Figure 6i) with maximum wind speeds >7.9 m s−1 along 
the year. Both O3 and PM10 showed highest levels when winds had a North and East component.

4.4.5. Site V Apodaca

From Figure 7a, it can be observed that O3 levels (≥0.095 ppm) were higher during the dry 
season when winds came from Northeast, exceeding the reference value for 8 hours (70 ppb) 
[16]. PM10 levels (≥75 μg m−3) were high during all year, exceeding reference value for 24 hours 
(75 μg m−3) [17]; mainly when winds came from North and Northwest (Figure 7b and c). PM2.5 
levels (≥44 μg m−3) were high during rainy and cold fronts seasons when wind direction was 
from North, exceeding the reference value (45 μg m−3) [17] for 24 hours (Figure 7d). Winds 
came from the Northwest and North during dry and wet (rainy and cold fronts) seasons, 
respectively (Figure 7e and f), with maximum wind speeds >7.9 m s−1 along these seasons. 
O3, PM10, and PM2.5 showed highest levels when winds had a North-Northwest component.

Figure 5. Criteria air pollutants and meteorological conditions for site III (San Bernabé) during the study period: (a) O3 
dry and rainy season, (b) O3 cold fronts season, (c) PM10 dry and rainy seasons, (d) PM10 cold fronts season, (e) wind dry 
and rainy seasons, (f) wind cold fronts season.
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Figure 4. Criteria air pollutants and meteorological conditions for site II (García) during the study period: (a) O3 dry 
season, (b) O3 rainy season, (c) PM10 dry and rainy seasons, (d) PM10 cold fronts season, (e) wind dry and rainy season, 
(f) wind cold fronts season.
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PM10 levels (≥75 μg m−3) also exceeded the reference value for 24 hours (75 μg m−3) [17] during 
all year, but showing highest values and a great variability in wind direction during the cold 
fronts season (Figure 5c and d). Finally, winds came from the East-Southeast during dry and 
rainy seasons (Figure 5e), showing a great variability during the cold fronts season (Figure 5f) 
with maximum wind speeds >7.9 m s−1 along the year. Both O3 and PM10 showed highest 
levels when winds had an East-Southeast component.
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O3 levels (0.074–0.095 ppm) were high during all year, exceeding the reference value for 8 hours 
(70 ppb) [16] when winds came from North and East (Figure 6a–c). In addition, PM10 levels 
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(≥75 μg m−3) also exceeded the reference value for 24 hours (75 μg m−3) [17] during all year when 
winds came from East and North, but showing highest values and a great variability in wind 
direction during the cold fronts season (Figure 6d–f). Finally, winds came from the North dur-
ing dry season and from East during the rainy season (Figure 6g and h), showing a great vari-
ability during the cold fronts season (Figure 6i) with maximum wind speeds >7.9 m s−1 along 
the year. Both O3 and PM10 showed highest levels when winds had a North and East component.

4.4.5. Site V Apodaca

From Figure 7a, it can be observed that O3 levels (≥0.095 ppm) were higher during the dry 
season when winds came from Northeast, exceeding the reference value for 8 hours (70 ppb) 
[16]. PM10 levels (≥75 μg m−3) were high during all year, exceeding reference value for 24 hours 
(75 μg m−3) [17]; mainly when winds came from North and Northwest (Figure 7b and c). PM2.5 
levels (≥44 μg m−3) were high during rainy and cold fronts seasons when wind direction was 
from North, exceeding the reference value (45 μg m−3) [17] for 24 hours (Figure 7d). Winds 
came from the Northwest and North during dry and wet (rainy and cold fronts) seasons, 
respectively (Figure 7e and f), with maximum wind speeds >7.9 m s−1 along these seasons. 
O3, PM10, and PM2.5 showed highest levels when winds had a North-Northwest component.

Figure 5. Criteria air pollutants and meteorological conditions for site III (San Bernabé) during the study period: (a) O3 
dry and rainy season, (b) O3 cold fronts season, (c) PM10 dry and rainy seasons, (d) PM10 cold fronts season, (e) wind dry 
and rainy seasons, (f) wind cold fronts season.
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Figure 6. Criteria air pollutants and meteorological conditions for site IV (San Nicolás) during the study period: (a) O3 
dry season, (b) O3 rainy season, (c) O3 cold fronts season, (d) PM10 dry season, (e) PM10 rainy season, (f) PM10 cold fronts 
season, (g) wind dry season, (h) wind rainy season, (i) wind cold fronts season.

4.4.6. Site VI Obispado

From Figure 8a, it can be observed that O3 levels (≥0.095 ppm) were higher during the dry 
season when winds came from Northeast, exceeding the reference value for 8 hours (70 ppb) 
[16]. PM10 levels (≥75 μg m−3) were high during all year, exceeding reference value for 24 hours 
(75 μg m−3) [17], mainly when winds came from Northeast and Southwest (Figure 8b). PM2.5 
levels were ≥44 μg m−3 during all year when wind direction was from Northeast, exceeding 
the reference value (45 μg m−3) [17] for 24 hours (Figure 8c and d). In addition, winds came 
from the Northeast during all year, showing a great variability during cold fronts season 
(Figure 8e and f), with maximum wind speeds >7.9 m s−1 along this season. O3, PM10, and PM2.5 
showed highest levels when winds had a Northeast component.
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Figure 7. Criteria air pollutants and meteorological conditions for site V (Apodaca) during the study period: (a) O3 dry 
season, (b) PM10 dry season, (c) PM10 rainy and cold fronts seasons, (d) PM2.5 rainy and cold fronts seasons, (e) wind dry 
season, (f) wind rainy and cold fronts seasons.

Figure 8. Criteria air pollutants and meteorological conditions for site VI (Obispado) during the study period: (a) O3 dry, 
rainy and cold fronts seasons, (b) PM10 dry, rainy and cold fronts seasons, (c) PM2.5 dry and rainy seasons, (d) PM2.5 cold 
fronts season, (e) wind dry and rainy season, (f) wind cold fronts season.
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Figure 6. Criteria air pollutants and meteorological conditions for site IV (San Nicolás) during the study period: (a) O3 
dry season, (b) O3 rainy season, (c) O3 cold fronts season, (d) PM10 dry season, (e) PM10 rainy season, (f) PM10 cold fronts 
season, (g) wind dry season, (h) wind rainy season, (i) wind cold fronts season.

4.4.6. Site VI Obispado

From Figure 8a, it can be observed that O3 levels (≥0.095 ppm) were higher during the dry 
season when winds came from Northeast, exceeding the reference value for 8 hours (70 ppb) 
[16]. PM10 levels (≥75 μg m−3) were high during all year, exceeding reference value for 24 hours 
(75 μg m−3) [17], mainly when winds came from Northeast and Southwest (Figure 8b). PM2.5 
levels were ≥44 μg m−3 during all year when wind direction was from Northeast, exceeding 
the reference value (45 μg m−3) [17] for 24 hours (Figure 8c and d). In addition, winds came 
from the Northeast during all year, showing a great variability during cold fronts season 
(Figure 8e and f), with maximum wind speeds >7.9 m s−1 along this season. O3, PM10, and PM2.5 
showed highest levels when winds had a Northeast component.
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Figure 7. Criteria air pollutants and meteorological conditions for site V (Apodaca) during the study period: (a) O3 dry 
season, (b) PM10 dry season, (c) PM10 rainy and cold fronts seasons, (d) PM2.5 rainy and cold fronts seasons, (e) wind dry 
season, (f) wind rainy and cold fronts seasons.

Figure 8. Criteria air pollutants and meteorological conditions for site VI (Obispado) during the study period: (a) O3 dry, 
rainy and cold fronts seasons, (b) PM10 dry, rainy and cold fronts seasons, (c) PM2.5 dry and rainy seasons, (d) PM2.5 cold 
fronts season, (e) wind dry and rainy season, (f) wind cold fronts season.
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4.4.7. Site VII Santa Catarina

O3 levels (≥0.095 ppm) were high during all year, being higher during the dry and rainy seasons, 
exceeding the reference value for 8 hours (70 ppb) [16] when winds came from North (Figure 9a 
and b). In addition, PM10 levels (≥75 μg m−3) also exceeded the reference value for 24 hours 
(75 μg m−3) [17] during all year and mainly when winds came from North (Figure 9c). PM2.5 levels 
were ≥44 μg m−3 during dry season when wind direction was from North, exceeding the refer-
ence value (45 μg m−3) [17] for 24 hours (Figure 9d). According to Figure 9e, O3 levels decreased 
significantly during the rainy season without showing exceedances to reference value. Finally, 
winds came from the North during all year (Figure 9f), with maximum wind speeds >7.9 m s−1 
along the year. O3, PM10, and PM2.5 showed highest levels when winds had a North component.

4.4.8. Site VIII San Pedro

From Figure 10a and b, it can be observed that O3 levels (0.074–0.095 ppm) were higher dur-
ing the dry season when winds came from East-Northeast, exceeding the reference value for 
8 hours (70 ppb) [16]. PM10 levels (≥75 μg m−3) were high during all year, exceeding reference 
value for 24 hours (75 μg m−3) [17]; mainly when winds came from East-Northeast (Figure 10c 
and d). Finally, winds came from the Northeast during all year, showing a great variability 
during cold fronts season (Figure 10e and f), with maximum wind speeds >7.9 m s−1 along 
this season. Both O3 and PM10 showed highest levels when winds had a Northeast component.

Figure 9. Criteria air pollutants and meteorological conditions for Site VII (Santa Catarina) during the study period: (a) 
O3 dry and rainy seasons, (b) O3 cold fronts season, (c) PM10 dry, rainy and cold fronts seasons, (d) PM2.5 dry season, (e) 
PM2.5 rainy season, (f) wind all year.
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4.4.9. Site IX La Pastora

O3 levels (0.074–0.095 ppm) were high during dry and rainy seasons, exceeding the refer-
ence value for 8 hours (70 ppb) [16] when winds came from North-Northeast (Figure 11a). In 
addition, PM10 levels (≥75 μg m−3) were high during all year and also exceeded the reference 
value for 24 hours (75 μg m−3) [17], when winds came from North-Northeast (Figure 11b). 
PM2.5 levels were ≥44 μg m−3 during all year, being higher during cold fronts season, and 
when wind direction was from North-Northeast, exceeding the reference value (45 μg m−3) 
[17] for 24 hours (Figure 11c). Finally, winds came from the North-Northeast during all year 
(Figure 11d–f) with maximum wind speeds >7.9 m s−1 along the year, and showing a greater 
variability in wind direction during cold fronts season. O3, PM10, and PM2.5 showed highest 
levels when winds had a Northeast component.

4.4.10. Site X Juarez

Figure 12a shows that CO levels (8.5–11 ppm) were higher during cold fronts season, reach-
ing the upper limit value established in the air quality standard (11 ppm) for 8 hours [18]. 
From Figure 12b and c, it can be observed that O3 levels (≥0.095 ppm) were high during 
dry season when winds came from Southeast, exceeding in both cases, the reference value 
for 8 hours (70 ppb) [16]. PM10 levels (≥75 μg m−3) were high during all year, exceeding 

Figure 10. Criteria air pollutants and meteorological conditions for Site VIII (San Pedro) during the study period: (a) O3 
dry and rainy seasons, (b) O3 cold fronts season, (c) PM10 dry and rainy seasons, (d) PM10 cold fronts season, (e) wind dry 
and rainy seasons, (f) wind cold fronts season.
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4.4.7. Site VII Santa Catarina

O3 levels (≥0.095 ppm) were high during all year, being higher during the dry and rainy seasons, 
exceeding the reference value for 8 hours (70 ppb) [16] when winds came from North (Figure 9a 
and b). In addition, PM10 levels (≥75 μg m−3) also exceeded the reference value for 24 hours 
(75 μg m−3) [17] during all year and mainly when winds came from North (Figure 9c). PM2.5 levels 
were ≥44 μg m−3 during dry season when wind direction was from North, exceeding the refer-
ence value (45 μg m−3) [17] for 24 hours (Figure 9d). According to Figure 9e, O3 levels decreased 
significantly during the rainy season without showing exceedances to reference value. Finally, 
winds came from the North during all year (Figure 9f), with maximum wind speeds >7.9 m s−1 
along the year. O3, PM10, and PM2.5 showed highest levels when winds had a North component.

4.4.8. Site VIII San Pedro

From Figure 10a and b, it can be observed that O3 levels (0.074–0.095 ppm) were higher dur-
ing the dry season when winds came from East-Northeast, exceeding the reference value for 
8 hours (70 ppb) [16]. PM10 levels (≥75 μg m−3) were high during all year, exceeding reference 
value for 24 hours (75 μg m−3) [17]; mainly when winds came from East-Northeast (Figure 10c 
and d). Finally, winds came from the Northeast during all year, showing a great variability 
during cold fronts season (Figure 10e and f), with maximum wind speeds >7.9 m s−1 along 
this season. Both O3 and PM10 showed highest levels when winds had a Northeast component.

Figure 9. Criteria air pollutants and meteorological conditions for Site VII (Santa Catarina) during the study period: (a) 
O3 dry and rainy seasons, (b) O3 cold fronts season, (c) PM10 dry, rainy and cold fronts seasons, (d) PM2.5 dry season, (e) 
PM2.5 rainy season, (f) wind all year.
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4.4.9. Site IX La Pastora

O3 levels (0.074–0.095 ppm) were high during dry and rainy seasons, exceeding the refer-
ence value for 8 hours (70 ppb) [16] when winds came from North-Northeast (Figure 11a). In 
addition, PM10 levels (≥75 μg m−3) were high during all year and also exceeded the reference 
value for 24 hours (75 μg m−3) [17], when winds came from North-Northeast (Figure 11b). 
PM2.5 levels were ≥44 μg m−3 during all year, being higher during cold fronts season, and 
when wind direction was from North-Northeast, exceeding the reference value (45 μg m−3) 
[17] for 24 hours (Figure 11c). Finally, winds came from the North-Northeast during all year 
(Figure 11d–f) with maximum wind speeds >7.9 m s−1 along the year, and showing a greater 
variability in wind direction during cold fronts season. O3, PM10, and PM2.5 showed highest 
levels when winds had a Northeast component.

4.4.10. Site X Juarez

Figure 12a shows that CO levels (8.5–11 ppm) were higher during cold fronts season, reach-
ing the upper limit value established in the air quality standard (11 ppm) for 8 hours [18]. 
From Figure 12b and c, it can be observed that O3 levels (≥0.095 ppm) were high during 
dry season when winds came from Southeast, exceeding in both cases, the reference value 
for 8 hours (70 ppb) [16]. PM10 levels (≥75 μg m−3) were high during all year, exceeding 

Figure 10. Criteria air pollutants and meteorological conditions for Site VIII (San Pedro) during the study period: (a) O3 
dry and rainy seasons, (b) O3 cold fronts season, (c) PM10 dry and rainy seasons, (d) PM10 cold fronts season, (e) wind dry 
and rainy seasons, (f) wind cold fronts season.
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reference value for 24 hours (75 μg m−3) [17], when winds came from Southeast during 
dry and rainy season (Figure 12d) and from Northwest and Southeast during cold fronts 
season, showing a greater variability in wind direction (Figure 12e). Finally, winds came 
from the Southeast during dry and rainy seasons, and from Northwest during cold fronts 
season (Figure 12f), with maximum wind speeds >7.9 m s−1 along the year. O3 and PM10 
showed highest levels when winds had a Southeast component most part of the year and a 
Northwest component during cold fronts season, suggesting a seasonal behavior for these 
pollutants. However, in the case of CO behavior, it was completely different, with the high-
est levels (even exceeding the air quality standard) during cold fronts season with winds 
coming from Southeast and Northwest.

4.5. Mapping N and S deposition fluxes and reference values

In Mexico, reference values to compare the current deposition fluxes of N and S are not 
available. However, critical loads have been estimated for European ecosystems and some 
sites in the United States. A critical load value of 5 Kg N ha−1 yr.−1 has been proposed 
for alpine ecosystems [19], whereas for some sites in North America, values of 3–8 Kg N 
ha−1 yr.−1 for New Mexico and 4–7 Kg N ha−1 yr.−1 for California have been proposed [20]. 

Figure 11. Criteria air pollutants and meteorological conditions for site IX (La Pastora) during the study period: (a) 
O3 dry, rainy and cold fronts seasons, (b) PM10 dry, rainy, and cold fronts seasons, (c) PM2.5 dry, rainy, and cold fronts 
seasons, (d) wind dry season, (e) wind rainy season, (f) wind cold fronts season.
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In the case of S deposition, a critical value of 3 Kg S ha−1 yr.−1 has been reported for very 
sensitive areas in Europe, whereas for natural forests, a reference value of 2–5 Kg S ha−1 yr.−1 
has been proposed [21]. In this study, mean N and S throughfall deposition fluxes were 
4.88 and 25.03 Kg ha−1 yr.−1, respectively. N deposition fluxes did not exceed the reference 
value reported for alpine ecosystems; however, they are almost in the upper limit of this 
reference value and similar to those found in New Mexico and California. In addition, N 
deposition levels found in MAM (Figure 13) are almost twice those reported by Escoffie 
[22] in Carmen Island (2.15 Kg N ha−1 yr.−1), Campeche; by Sánchez [23] in Orizaba Valley, 
Veracruz (1.44 Kg N ha−1 yr.−1); and by López [24] in Mérida, Yucatán (2.7 Kg N ha−1 yr.−1) 
and are almost four times those reported by García [25] in Atasta-Xicalango, Campeche 
(1.15 Kg N ha−1 yr.−1). On the other hand, S deposition fluxes in MAM exceeded almost 
eight times the critical load proposed for sensitive areas, and five times the upper refer-
ence value for natural forests in Europe. S deposition fluxes found in MAM were almost 
six times higher than those reported by Escoffie [22] in Carmen Island, Campeche (4.7 Kg 
S ha−1 yr.−1); and by López [24] in Mérida, Yucatán (4.07 Kg S ha−1 yr.−1), and almost three 
times higher than those reported by García [25] in Atasta-Xicalango, Campeche (8.57 Kg 
S ha−1 yr.−1). In spite of S levels in MAM being half of those reported by Sánchez [23] in 
Orizaba Valley (55.16 Kg S ha−1 yr.−1), the current S deposition fluxes in MAM represent a 
risk potential of acidification and impact on ecosystems in this region.

Figure 12. Criteria air pollutants and meteorological conditions for site X (Juarez) during the study period: (a) CO cold 
fronts season, (b) O3 dry season, (c) O3 rainy and cold fronts seasons, (d) PM10 dry and rainy seasons, (e) PM10 cold fronts 
season, (f) wind all year.
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reference value for 24 hours (75 μg m−3) [17], when winds came from Southeast during 
dry and rainy season (Figure 12d) and from Northwest and Southeast during cold fronts 
season, showing a greater variability in wind direction (Figure 12e). Finally, winds came 
from the Southeast during dry and rainy seasons, and from Northwest during cold fronts 
season (Figure 12f), with maximum wind speeds >7.9 m s−1 along the year. O3 and PM10 
showed highest levels when winds had a Southeast component most part of the year and a 
Northwest component during cold fronts season, suggesting a seasonal behavior for these 
pollutants. However, in the case of CO behavior, it was completely different, with the high-
est levels (even exceeding the air quality standard) during cold fronts season with winds 
coming from Southeast and Northwest.

4.5. Mapping N and S deposition fluxes and reference values

In Mexico, reference values to compare the current deposition fluxes of N and S are not 
available. However, critical loads have been estimated for European ecosystems and some 
sites in the United States. A critical load value of 5 Kg N ha−1 yr.−1 has been proposed 
for alpine ecosystems [19], whereas for some sites in North America, values of 3–8 Kg N 
ha−1 yr.−1 for New Mexico and 4–7 Kg N ha−1 yr.−1 for California have been proposed [20]. 

Figure 11. Criteria air pollutants and meteorological conditions for site IX (La Pastora) during the study period: (a) 
O3 dry, rainy and cold fronts seasons, (b) PM10 dry, rainy, and cold fronts seasons, (c) PM2.5 dry, rainy, and cold fronts 
seasons, (d) wind dry season, (e) wind rainy season, (f) wind cold fronts season.
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In the case of S deposition, a critical value of 3 Kg S ha−1 yr.−1 has been reported for very 
sensitive areas in Europe, whereas for natural forests, a reference value of 2–5 Kg S ha−1 yr.−1 
has been proposed [21]. In this study, mean N and S throughfall deposition fluxes were 
4.88 and 25.03 Kg ha−1 yr.−1, respectively. N deposition fluxes did not exceed the reference 
value reported for alpine ecosystems; however, they are almost in the upper limit of this 
reference value and similar to those found in New Mexico and California. In addition, N 
deposition levels found in MAM (Figure 13) are almost twice those reported by Escoffie 
[22] in Carmen Island (2.15 Kg N ha−1 yr.−1), Campeche; by Sánchez [23] in Orizaba Valley, 
Veracruz (1.44 Kg N ha−1 yr.−1); and by López [24] in Mérida, Yucatán (2.7 Kg N ha−1 yr.−1) 
and are almost four times those reported by García [25] in Atasta-Xicalango, Campeche 
(1.15 Kg N ha−1 yr.−1). On the other hand, S deposition fluxes in MAM exceeded almost 
eight times the critical load proposed for sensitive areas, and five times the upper refer-
ence value for natural forests in Europe. S deposition fluxes found in MAM were almost 
six times higher than those reported by Escoffie [22] in Carmen Island, Campeche (4.7 Kg 
S ha−1 yr.−1); and by López [24] in Mérida, Yucatán (4.07 Kg S ha−1 yr.−1), and almost three 
times higher than those reported by García [25] in Atasta-Xicalango, Campeche (8.57 Kg 
S ha−1 yr.−1). In spite of S levels in MAM being half of those reported by Sánchez [23] in 
Orizaba Valley (55.16 Kg S ha−1 yr.−1), the current S deposition fluxes in MAM represent a 
risk potential of acidification and impact on ecosystems in this region.

Figure 12. Criteria air pollutants and meteorological conditions for site X (Juarez) during the study period: (a) CO cold 
fronts season, (b) O3 dry season, (c) O3 rainy and cold fronts seasons, (d) PM10 dry and rainy seasons, (e) PM10 cold fronts 
season, (f) wind all year.
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Figure 13. Spatial and temporal patterns for throughfall deposition fluxes of SO4
2− for (a) dry season, (b) rainy season, (c) 

cold fronts season; of NO3
− for (d) dry season, (e) rainy season, (f) cold fronts season; and of NH4

+ for (g) dry season, (h) 
rainy season, (i) cold fronts season in MAM during the study period.
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5. Conclusions

This chapter presents an overview of atmospheric pollution and its spatial and temporal vari-
ability in MAM, and from results, we can conclude that:

N deposition fluxes: Nitrate deposition showed a seasonal pattern with the highest levels 
during the rainy season (suggesting that atmospheric reactions in aqueous phase play an 
important role in the removal process). In the case of ammonium, its deposition also pre-
sented a seasonal variation, with higher levels during the dry and cold fronts season in Santa 
Catarina municipality. N deposition fluxes did not exceed the critical load values reported 
for Europe and USA; however, these levels were higher than those reported for the southeast 
region of Mexico.

S deposition fluxes: Sulfate deposition did not show significant differences between seasons 
and sampling points, suggesting that levels found probably correspond to background lev-
els in MAM. Sulfate levels were relatively high in Obispado, Santa Catarina, and Escobedo 
municipalities. S deposition fluxes exceeded the limit values proposed for sensitive areas and 
natural forests in Europe, and were higher than those reported at the southeast (SE) of the 
country, but lower than those found at the center of Mexico. It suggests that S deposition 
could be a potential risk for ecosystems and historical heritage in MAM.

CO: Juárez municipality was the only sampling site that showed exceedances to the reference 
value established in the current regulation, this municipality is located to the east of MAM, 
and its levels were higher when wind came from N.

O3: Ozone levels exceeded the reference value of the current regulation in all sampling sites 
during the dry season when wind had an east component (E-SE-NE).

PM10: PM10 levels exceeded the threshold value of the current regulation in all sites and during 
all year, its levels being higher when wind came from East (E-SE-NE).

PM2.5: Obispado and La Pastora municipalities (center of MAM) showed the highest levels 
during all year, whereas in Escobedo and Apodaca (at the northern side of MAM), its levels 
were higher during the cold fronts season.

In spite of the time scale in which deposition fluxes (by season) and criteria pollutants (by day) 
were different, we could identify an evident association between CO and nitrate, since both 
analysis showed that their levels were higher in Juarez municipality during cold fronts season 
(CO levels exceeded the regulation’s reference values and exhibited a different pattern regard-
ing to the remaining sampling sites in MAM). It suggests that both, CO and nitrate had their 
origin in vehicular sources in this urbane zone highly polluted. On the other hand, a similarity 
was observed between deposition patterns of S and PM10-PM2.5 levels in MAM, since sulfate 
did not present significant differences in its spatial and seasonal variability; it suggests that 
levels found in this study remained constant all year, and correspond to the background levels 
for MAM. The same finding was obtained for PM10 and PM2.5 levels, since their levels exceeded 
the reference value established in the current regulation in all sampling sites. Regarding wind 
direction, an evident association with criteria pollutants was found, PM10 and O3 showed 
their highest levels when wind had an east component (E-SE-NE), which corresponds to the 
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prevailing wind direction during all year in MAM. In addition, PM2.5 levels were higher when 
wind came from north. It suggests that sources located at north (N) and east (E) from MAM 
contributed significantly to pollution in MAM. Finally, this study suggests that, since O3 and 
PM10 levels exceeded the allowable maximum limit during all year and in all sampling sites, 
the implications that this fact may have on the population health in MAM could be serious.
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Abstract

Air pollution represents one of the greatest risks to human health, with most of the 
world’s cities exceeding World Health Organization’s recommendations for air quality. 
In developing countries, a major share of air pollution comes from traffic, consequently, 
creating air pollution hot spots inside urban street networks. While the world needs to 
switch to more active and sustainable ways of commuting in order to reduce traffic emis-
sions and help improve degrading cardiopulmonary health due to increasingly seden-
tary habits, studies point to the negative effects of physical activity near traffic emissions. 
Common approaches of urban cycling infrastructure planning rely on space availability 
and route needs, omitting the most vital aspect—air quality. This study, therefore, com-
bines the worldwide need for active commute and health benefits of the cyclists. Our 
goal was to produce urban pollution map through the geoprocessing of Google Traffic 
data, validated through the correlation of street level PM2.5 (particulate matter <2.5 μm) 
concentrations and traffic intensity in a selected district of Quito, Ecuador. The multidis-
ciplinary approach presented in this study can be used by city planners all over the world 
to help identify the cycling network based on air quality conditions and, consequently, 
promoting active travel.

Keywords: air pollution, urban planning, active travel, mapping, health

1. Introduction

Rapid urbanization, motorization, and industrialization are causing millions of annual 
deaths by deteriorating air quality—the largest single environmental health risk [1]. In devel-
oping world, traffic is one of the major sources of health concerning PM2.5 (particles with 
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Common approaches of urban cycling infrastructure planning rely on space availability 
and route needs, omitting the most vital aspect—air quality. This study, therefore, com-
bines the worldwide need for active commute and health benefits of the cyclists. Our 
goal was to produce urban pollution map through the geoprocessing of Google Traffic 
data, validated through the correlation of street level PM2.5 (particulate matter <2.5 μm) 
concentrations and traffic intensity in a selected district of Quito, Ecuador. The multidis-
ciplinary approach presented in this study can be used by city planners all over the world 
to help identify the cycling network based on air quality conditions and, consequently, 
promoting active travel.
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1. Introduction

Rapid urbanization, motorization, and industrialization are causing millions of annual 
deaths by deteriorating air quality—the largest single environmental health risk [1]. In devel-
oping world, traffic is one of the major sources of health concerning PM2.5 (particles with 
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an aerodynamic diameter less than 2.5 μm) [2]. This demonstrates the widespread need to 
moderate the rate of motorization by introducing more sustainable ways of transportation. 
In addition, motorization and technological advances result in diminished physical activity 
among the world’s population, with 23% of adults and 80% of adolescents being insufficiently 
physically active [3]. This also enhances the risks of cardiovascular diseases, cancer, and dia-
betes, summing up to one of the leading risk factors for death worldwide [4, 5]. Sadly, obesity 
levels caused by food and physical inactivity are expected to grow worldwide, and develop-
ing countries are projected to exceed the obesity levels of developed countries in the near 
future [6]. In accordance with the recommendations of World Health Organization (WHO), 
numerous countries are setting goals on reducing air pollution and insufficient physical activ-
ity [3]. It is suspected that both issues of deteriorating air quality and physical activity could 
be solved by promoting active modes of transportation. In comparison with motorized traf-
fic, cycling alternative requires very little space, and in addition, it is economic, clean, and 
promotes health [4, 7, 8].

Transport infrastructure is influenced by historical, political, cultural, structural, and eco-
nomic aspects of urban development [9]. In the era of motorization, the choice of active way 
of travel over motorized mode depends on a vast range of factors such as proximity, con-
nectivity, convenience, safety, population density, costs, environmental quality, existence of 
infrastructure and land use mix [10]. Planning urban cycling network is, therefore, a complex 
task as the existing and potential uses have to be anticipated in order to assure the efficiency 
of the infrastructure. Simplifying, urban bicycle path planning approaches are based on space 
availability and route demand by using GIS, GPS, remote sensing and even artificial intel-
ligence techniques [11, 12]. Any new infrastructure, previously unaccounted for in the city’s 
traffic model, has to be incorporated in an existing urban design [8]. In developed countries, 
efficient regulations are prioritized (traffic calmed residential neighborhoods, car-free city 
centers, special bicycle streets, etc.) in order to assure the safety of cyclists [9, 13]. At the same 
time, the route demand requires analyzing the necessity for the bicycle paths. This is done 
by computational analysis of urban infrastructure and population (census) or user surveys, 
and recently by mobile phone user applications registering the cycling activity to study the 
prioritized pathways (e.g., Strava Metro, Kappo, Chaquiñan Urbano, etc.). These applications 
analyze mobility patterns through voluntary geo-information (crowdsourcing) [14, 15] and 
interact with the user through games, implemented levels, missions, and rewards to attract 
new users (Kappo, Capos SpA).

Common approaches, however, often locate the bicycle lanes, tracks, and paths on the roads 
or in close proximity to motorized traffic. To improve travel safety and accident preven-
tion on the road, a pioneer strategy applies a clear priority rules limited to two types of 
transport (e.g., bicycle and bus, or bicycle and cars, etc.) [8]. While it helps to reduce the 
cases of transit accidents, it does little in terms of cardiopulmonary health, especially in 
developing countries. While earlier studies on cycling focused on engineering, safety, and 
promoting cycling [7, 16], a number of recent studies discuss health benefits of cycling. 
For example, research indicates that if using the roads, the personal exposure of cyclists to 
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combustion gas and particle pollution is significantly increased due to the higher concentra-
tions adjacent to traffic and respiratory intensity of cycling [4, 17–22], which is even further 
increased in high altitude urban areas [23]. In addition, there are no cardiopulmonary health 
benefits to physical activity on traffic-polluted roads [24]. This study, therefore, proposes 
a health-centered novel approach to bicycle infrastructure planning based on air quality 
and traffic intensity. While most of the related research is reported from significantly less 
traffic-polluted developed countries, this proposal is supported by a study performed in 
a rapidly growing city of the developing world. Quito is a high elevation (2850 m.a.s.l.), 
midsize (pop. 2.2 million) city with a decade long PM2.5 pollution problem, not only violat-
ing WHO recommendations for air quality but even significantly higher limits of national 
standards [25–27]. Due to older engine technologies (Euro 0–3), high sulfur content fuels 
(300–650 ppm), terrain inclination and driving style, engine combustion emissions are con-
tributing to over 62% of total PM2.5 [28].

This chapter consists of studying the fine particulate pollution at the street level in the central 
district of Quito, correlating PM2.5 concentrations with traffic counts, and comparing the PM2.5 
pollution map with typical traffic activity, in order to suggest an economic way to plan a 
healthier active transport infrastructure. Section 2 describes the used methodology. Section 
3 is a presentation and a discussion of the results. And Section 4 draws conclusions on the 
current issues in urban cycling path planning and proposals to improve it.

2. Methods

The historical Mariscal (area 1.5 km2) district of Quito, Ecuador, was chosen for this study due 
to the existing network of bicycle lanes and a low variation in traffic intensity. A motorized 
traffic count was performed to determine the influence of traffic load on the concentration of 
PM2.5. It was evaluated by manual observations [29] based on a week’s (February 20–26, 2017) 
traffic counts, performed in a number of one- and two-way streets of the district. In case of 
two-way streets, the vehicle count was performed both ways. All heavy (trucks, buses, mini-
buses ) and light (light vehicles and taxis) vehicles were counted from 7 to 8 pm.

At the same time of the experiment, PM2.5 pollution scans were performed. To account for 
different vertical pollution mixing conditions, a multiple coverage of the main streets was 
performed. Street level PM2.5 concentrations were measured using a portable real-time CEL-
712 Microdust Pro™ monitor [30] coupled with a GPS [31]. The Microdust Pro was calibrated 
before the experiment using zero-air and a known concentration filter (164 mg/m3). The 
performance of the Microdust Pro sensor based on near-forward angle light scattering tech-
nique was validated collocating it with Thermo Scientific 5014i Beta Continuous Ambient 
Particulate Monitor (R2 = 0.74). The particle sensor and the GPS were both functioning at a 
synchronized step of 10 s (particle sensor at 10 s average), held at the height of 1.5 m facing 
the particle inlet forward while walking at an approximate speed of 2 km/h on the side of the 
street or an existing bicycle path. The gathered data were then combined with the GPS data to 
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elaborate a pollution map in Qgis. All the collected points were used for the data processing, 
but atypical data were eliminated. This was done to reduce the impact of these values, which 
may be the result of some equipment failure [32]. The running average of 1 min was used to 
represent the points on the map. Geostatistical interpolation of PM2.5 concentrations for the 
district was performed in Qgis using ordinary kriging method. Ordinary kriging is used in 
pollution dispersion models to estimate an unmeasured region, assuming a constant linear 
mean over space [33].

Particulate matter PM2.5 is mainly produced by the vehicular traffic, especially by diesel 
vehicles. Thus, in order to assess the correlation between traffic and contamination, pollution 
maps are compared with traffic maps provided by Google Maps Traffic. Google Maps sets four 
levels going from fast to slow represented by colors green, orange, red, and brown, respec-
tively. For our analysis, slow traffic representing red and brown were combined together. In 
the case of PM2.5 concentrations, the maximum permissible limits of 24-h international and 
Ecuadorian regulations were used, three ranges were established: <25, 25–50, and > 50 μg/m3).  
These ranges of pollution were also assigned by the same colors: green, orange, and, red 
respectively; in this case, brown is also combined with red. Once the ranges were defined in 
the GIS software, in this case Qgis, we proceeded to establish the format of the points for the 
pixel analysis. It was defined that each spatial point has a size of 6 pixels. In addition, the pri-
mary colors of green, blue (accounting for yellow), and red were used for the different levels, 
because it improved the subsequent computation of the spatial representation of the pollu-
tion. To create the traffic layers, the PM2.5 pollution map was taken as a basis, and depending 
on the usual traffic, the color was modified point by point to add the traffic information to 
each cell. This process was done with the usual traffic of labor days at hours 09h00, 11h00, and 
13h00 to cover the hours of the sampling for every studies. A complete street sampling took 
over 6 h (8h00–14h00) per day.

The original maps produced with Qgis are processed with a program written in Java (Figure 1). 
The first step consists of formatting the maps as a grid. Thus, it is possible to compare the 
color (level of pollution/traffic) between a cell of the traffic grid and its corresponding cell in 
the pollution grid. In the second step, the coordinates and the value (1 for green, 2 for yellow, 
and 3 for red) of each colored cell are recorded in a table, in which the correlation analysis is 
performed. Two methods are used to carry out the correlation. The first method is based on 
a strict matching between the colors of the peer cells. Thus, the assessment is Boolean. If the 
color of both cells is the same, the matching is evaluated as 1, otherwise the value is 0. Then, 
the value of the correlation (r) is calculated by Eq. (1).

  r =   
 ∑ i=1  

n    ( m  i  ) 
 ______ N    (1)

where mi stands for a true matching and N is the total number of pairs of cells.

The second method is based on a weighted correlation. A weight is calculated according to 
the amplitude of the difference between the peer cells. For instance, if one cell is red (high) 
and the other is green (low), the value will be 2. But, if one cell is red and the other is yellow 
(medium), the value will be 1, only. And if there is no difference between the cells, the score 
will be 0. For this method, the calculation of the correlation (r) is provided by Eq. (2).

Air Pollution - Monitoring, Quantification and Removal of Gases and Particles102

  r =   
2N −  ∑ i=1  

n    ∣  t  i   −  p  i   ∣
  _______________ 2N    (2)

where ti stands for the color value of the traffic, pi stands for the color value of the pollution, 
and N is the total number of pairs of cells.

Figure 1. Flowchart to process traffic and pollution data from maps, and compare the values between each matching cell.
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3. Results and discussion

During the study, temperature and relative humidity averaged 20°C and 53%, respectively. 
It is known that higher wind speed helps ventilate the pollution from the street canyons 
and lower personal exposure [34]. Thus, the low winds registered during the experiment  
(< 2.5 m/s) offered optimal conditions to measure trapped urban pollution. Higher winds are 
more common during dry season months of June-August, while current conditions represent 
Quito weather the rest of the year. This suggests that the results of this study represent usual 
conditions in the city.

The sampling route (approximately 6 h of sampling and 20 km long) covered a complete 
urban street infrastructure of the district, which also included sections of four existing bicycle 
lanes (indicated by broken lines in Figure 2). PM2.5 concentrations averaged per street and 
spatial interpolation (ordinary kriging) are represented by the same scale in Figure 2. The 
PM2.5 concentrations varied from 27 to 93 μg/m3. These levels exceed the WHO recommended 
levels for 24-h exposure (25 μg/m3). Meanwhile, punctual PM2.5 concentrations (10 s averages) 
varied from 0 to 624 μg/m3. The sampling peaks nearly exclusively originated from the accel-
erating diesel buses and minibuses, often at traffic-light-controlled intersections (Figure 2). 

Figure 2. PM2.5 concentrations in the urban street network of Quito district Mariscal averaged per street and spatial 
interpolation (ordinary kriging).
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This suggests very high levels of short time exposure to traffic-related PM2.5 pollution, which 
is of a great concern to people near traffic sources.

It can be noted that the concentrations of PM2.5 are higher at the streets containing bicycle 
lanes (Figure 2). Statistical analysis of street level concentrations indicated that the average 
concentration at the streets with cycling lanes is 1.58 times higher than the rest of the streets in 
the district. This suggests that the personal cyclist exposure to traffic pollution is significantly 
higher if using existing bicycle lane infrastructure than less densely transited parallel streets, 
especially streets not permitting city buses (see Figure 2). Often, current bicycle paths are 
located in the most direct and widest streets, thus commonly used by city transport (diesel 
engines). This places cyclists in the worst air quality conditions suggesting that the users are 
exposed to the highest level of contamination, and may not be reaping the expected health 
benefits of active commuting [4, 17–22]. In a few similar studies, the route choices were evalu-
ated in terms of personal exposure to traffic pollution [35, 36], indicating that the choices of 
“greener” routes significantly reduced personal exposure to direct combustion emissions, but 
not city background pollution. However, in the case of many cities of the developing world, 
there are no “greener” options, and the traffic emission levels are significantly higher [37]. 
Previous studies conclude the importance of the selected travel route, ventilation rate, travel 
speed for the personal exposure of the person to the traffic pollution, etc. [4, 17]. We confirm 
the importance of relocating urban bike lanes to the calmer streets, especially in the cities with 
poor-quality fuels and technologies [17, 20].

For the traffic and PM2.5 pollution correlation analysis, the vehicle counts and PM2.5 con-
centration data were averaged per street during all the study period. Correlation analysis 
is summarized in Figure 3. It confirms that there is a strong positive correlation (R2 = 0.73) 
between the presence of heavy vehicles and the concentrations of PM2.5. The number of light 
personal vehicles and taxis also positively correlated (R2 = 0.67) with the PM2.5 concentrations 
(Figure 3). These findings are consistent with other studies [36].

PM2.5 concentrations at the street level were also compared with the nearest air quality 
monitoring station (1.5 km away) representing air quality conditions for central Quito. 
During the study, the street level pollution was 2.5 times higher than at the monitoring 
site (elevated at about 10 m above the street infrastructure). The average PM2.5 concentra-
tions at the monitoring site were 23.3 ± 8 μg/m3, while at the street level, the concentra-
tions highly varied at 58.5 ± 91 μg/m3.There was a positive correlation (R2 = 0.42) between 
the two measurements, suggesting some relationship between the two traffic-busy areas. 
However, the significant difference questions current estimates of population exposure 
to air pollution based on monitoring network data. This especially underestimates the 
exposure of people that spend a considerable time outside in the street canyons (couri-
ers, police, street vendors, etc.). This inconsistency was suggested by the previous study, 
where low correlation (r = 0.31 all day, r = 0.49 morning rush hours) was found between the 
PM2.5 pollution at a monitoring station (elevated above street level) and the surrounding 
traffic activity [38].

Therefore, a deeper traffic intensity and PM2.5 pollution study were performed. We compared 
the typical traffic at urban street infrastructure with street level PM2.5 levels. The results of the 
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personal vehicles and taxis also positively correlated (R2 = 0.67) with the PM2.5 concentrations 
(Figure 3). These findings are consistent with other studies [36].

PM2.5 concentrations at the street level were also compared with the nearest air quality 
monitoring station (1.5 km away) representing air quality conditions for central Quito. 
During the study, the street level pollution was 2.5 times higher than at the monitoring 
site (elevated at about 10 m above the street infrastructure). The average PM2.5 concentra-
tions at the monitoring site were 23.3 ± 8 μg/m3, while at the street level, the concentra-
tions highly varied at 58.5 ± 91 μg/m3.There was a positive correlation (R2 = 0.42) between 
the two measurements, suggesting some relationship between the two traffic-busy areas. 
However, the significant difference questions current estimates of population exposure 
to air pollution based on monitoring network data. This especially underestimates the 
exposure of people that spend a considerable time outside in the street canyons (couri-
ers, police, street vendors, etc.). This inconsistency was suggested by the previous study, 
where low correlation (r = 0.31 all day, r = 0.49 morning rush hours) was found between the 
PM2.5 pollution at a monitoring station (elevated above street level) and the surrounding 
traffic activity [38].

Therefore, a deeper traffic intensity and PM2.5 pollution study were performed. We compared 
the typical traffic at urban street infrastructure with street level PM2.5 levels. The results of the 
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comparison are presented in Table 1. The coefficients r obtained from the strict correlation 
analysis (method 1) are 0.5 and 0.43 at 9 am and 1 pm, respectively. Since the baseline is 0.33 
(three possible levels), we can conclude that the correlation is largely above the chance level 
and, consequently, a significant part of the air pollution is directly explained by the urban 
traffic. The slight decreases of the correlation in the afternoon can be explained by an aug-
mentation of the dilution of the pollutants in the atmosphere that occurs at this time of day 
[38]. These results are confirmed by the weighted correlation analysis. This second method 
provides us with coefficients of 0.73 and 0.69 at 9 am and 1 pm, respectively. Although the 
baseline of this method is higher (r = 0.5) than in the first analysis, the obtained values cannot 
be the effect of the hazard. As expected, the correlation between traffic and PM2.5 is superior 
when the concentrations are recorded at the street level than at the monitoring station level. 
Taken together with the results presented in Figure 3, these findings support the hypothesis 
of considering traffic density in the planning of urban cycling paths.

While there is a serious traffic and physical inactivity problem in the world, one of the seem-
ingly best solutions—cycling—might not be widely adopted due to multiple issues such as 
missing infrastructure, crime/safety, and environmental pollution [39]. The results of this 
study encourage city planners to locate cycling paths on less trafficked, light vehicle streets 

Figure 3. PM2.5 concentrations plotted versus the counts of heavy and light vehicles in a few selected main streets, 4/6 of 
these streets contain bicycle paths (the highest concentrations).

Time Strict correlation Weighted correlation

9 am 0.5 0.73

1 pm 0.43 0.69

Table 1. Values of the coefficients r according to the method and the time.
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rather than on major streets, especially in developing countries using high sulfur content fuels 
that cause more particulate pollution. Not many cities can afford greenways (undeveloped 
land in or near urban area) for cycling; thus for the best solution, some lighter traffic density 
parallel street options can be used to redirect bicycle traffic to reduce the exposure to high 
concentrations of primary pollutants. Following the example of Amsterdam, Netherlands, the 
bicycle paths could be located on the streets of exclusively light vehicle traffic, not only reduc-
ing the risks of safety but also air pollution. This could further encourage new conversions 
toward more active commuting.

4. Conclusions

To the best of our knowledge, this is the only study proposing to base urban cycling path plan-
ning on the benefits of cardiopulmonary health and offering an economic solution applicable 
for any country. During the study, the street level pollution in a central district of Quito was 
58.5 ± 91 μg/m3, significantly exceeding the WHO recommended levels for air quality. This 
large variation suggests an extremely high level of short time exposure to traffic-related PM2.5 
pollution, which is of a great concern to people near traffic sources. The results of this study 
show that there is a strong positive correlation between the amount of heavy diesel vehicles 
(especially city busses) on the road and the concentrations of PM2.5. We also demonstrate that 
most of the bicycle paths in the central Quito are located on the most polluted streets. This 
indicates the importance of an appropriate selection of routes with low vehicular traffic load 
to reduce cyclists’ exposure to fine particulate matter. We also conclude a high correlation 
between the motorized traffic intensity (Google Traffic Maps service) and PM2.5 pollution. 
Traffic maps offer a reliable and economic method for healthier cycling infrastructure plan-
ning in any city of the world. Therefore, this study serves as a reference for implementing 
control measures for public transport and for the planning of strategic routes, as well as the 
implementation of adequate infrastructure to support active transportation by reducing 
vehicular pollution exposure and promoting human health.
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Abstract

Dioxins and furans are classified highly contaminating toxic chemicals having serious 
effect on human health. This chapter begins with a brief summary on the formation, 
occurrence and toxicity of polychlorinated dibenzo-p-dioxins (PCDDs) and polychlori-
nated dibenzofurans (PCDFs) with their potential health effects, mitigation measures of 
these harmful compounds. Depending on position of chlorine atoms on aromatic rings, 
about 210 chemically different PCDD/PCDFs known as “congener” are present in the 
environment. The expected biological activity of PCDD/PCDFs is expressed relatively 
to the activity of 2,3,7,8-tetrachloro-dibenzo-p-dioxin (TCDD) using a common metric. 
TCDD is the most biologically potent among all the congeners. Toxic level of a mixture 
of PCDD/PCDFs is therefore expressed in TCDD toxicity equivalents or TEQs. There are 
two mechanisms for the formation of dioxins and furans, one from precursors and other 
by de novo synthesis. PCDD/PCDFs followed a mechanism which uses macromolecule 
carbon and chlorine in fly ash to form dioxins at low temperature. There are various 
sources of the formation of PCDD/PCDFs like hospital waste incinerators, industrial 
combustion and burning of domestic waste. Dioxins and furans have very harmful 
effects on the human health causing cancer, diabetes, neurotoxicity, immunotoxicity and 
chloracne. It has been experienced that hybrid method secure a sustainable future for the 
incinerators and PCDD/PCDFs removal technologies. This chapter will help the research-
ers and practitioners for better understanding and decision making for future research to 
establish a sustainable PCDD/PCDFs free life.

Keywords: dioxin, furan, contaminant, toxicity, inciration, mitigation

1. Introduction

Emerging contaminants are those which were not considered as such as in previous times, 
but exist in the environment on global level. They are common derivatives of municipal, 
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Abstract

Dioxins and furans are classified highly contaminating toxic chemicals having serious 
effect on human health. This chapter begins with a brief summary on the formation, 
occurrence and toxicity of polychlorinated dibenzo-p-dioxins (PCDDs) and polychlori-
nated dibenzofurans (PCDFs) with their potential health effects, mitigation measures of 
these harmful compounds. Depending on position of chlorine atoms on aromatic rings, 
about 210 chemically different PCDD/PCDFs known as “congener” are present in the 
environment. The expected biological activity of PCDD/PCDFs is expressed relatively 
to the activity of 2,3,7,8-tetrachloro-dibenzo-p-dioxin (TCDD) using a common metric. 
TCDD is the most biologically potent among all the congeners. Toxic level of a mixture 
of PCDD/PCDFs is therefore expressed in TCDD toxicity equivalents or TEQs. There are 
two mechanisms for the formation of dioxins and furans, one from precursors and other 
by de novo synthesis. PCDD/PCDFs followed a mechanism which uses macromolecule 
carbon and chlorine in fly ash to form dioxins at low temperature. There are various 
sources of the formation of PCDD/PCDFs like hospital waste incinerators, industrial 
combustion and burning of domestic waste. Dioxins and furans have very harmful 
effects on the human health causing cancer, diabetes, neurotoxicity, immunotoxicity and 
chloracne. It has been experienced that hybrid method secure a sustainable future for the 
incinerators and PCDD/PCDFs removal technologies. This chapter will help the research-
ers and practitioners for better understanding and decision making for future research to 
establish a sustainable PCDD/PCDFs free life.
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1. Introduction

Emerging contaminants are those which were not considered as such as in previous times, 
but exist in the environment on global level. They are common derivatives of municipal, 
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agricultural and industrial sources and pathways. A considerable rise has been observed in 
terms of emission of air pollutants in the atmosphere [1, 2]. Environmental quality may be at 
risk by developmental activities as imbalance in the composition of air. Persistent organic pol-
lutants (POPs) are regarded as very harmful compounds because they are resistant to various 
factors of biochemical and photolytic degradation. POPs are persistent to soils, sediments, 
and air for several decades [3]. Having high toxicity and long persistency in the environment 
they accumulate in the fatty tissues of humans and animals resulting into many behavioral, 
reproductive and developmental changes [4, 5]. POPs have gained global attention due to 
their transportation over long distances from the source. Various researchers proved that 
persistent organic pollutants (POPs) are dangerous compounds due to their persistent, bio 
accumulative and toxic characteristics. POPs include pesticides, polychlorinated biphenyls, 
polycyclic aromatic hydrocarbons (PAHs), polychlorinated dibenzo-p-dioxins (PCDDs), 
polychlorinated dibenzofurans (PCDFs), and groups of brominated flame retardants [6]. In 
Stockholm convention on POPs it was decided to control the concentration of the dirty dozen 
in the environment. PCDDs and PCDFs are members of dirty dozen which are classified as 
toxic and carcinogenic, found in very small amounts in the environment. The major issue of 
PCDDs/PCDFs is due to their extreme persistency in the environment causing toxicity and 
cancer to living organisms and can potentially cause cancer. Dioxin and furans are family of 
chlorinated hydrocarbon compound which are categorized into three main classes as: poly-
chlorinated dibenzo-p-dioxins (PCDDs), polychlorinated dibenzofurans (PCDFs) and dioxin-
like polychlorinated biphenyl (DL-PCBs). PCDDs and PCDFs are produced from different 
anthropogenic activities like forest fires, domestic and hospital waste incineration [7]. They 
are by products of the synthesis or combustion of chlorine based compounds that include 
some of the most toxic chemical substrates.

Polychlorinated dibenzo-p-dioxins (PCDD), polychlorinated dibenzofurans (PCDF) are pro-
duced accidentally due to inadequate combustion, as well as during the manufacturing and 
formulation of chlorinated pesticides and other substances. They are also emitted from the 
incineration of hospital, municipal and hazardous waste. There are seventy many dioxins, 
out of which seven are considered most toxic to humans, aquatic and terrestrial organisms, 
causing congenital mental retardation (endocrine disrupting) and physical disorders. Many 
industrial processes are likely to generate a huge amount of industrial waste, which is openly 
burned without any safety measure, producing huge quantity of Polychlorinated dibenzo-p-
dioxins (PCDD) and polychlorinated dibenzofurans (PCDF).

The polychlorinated dibenzo-p-dioxins (PCDDs) and dibenzofurans (PCDFs) are two groups 
of tricyclic, planar, aromatic, nonpolar, poorly water soluble, lipophilic and stable chemicals 
[8]. Out of 210 congener of these chemicals 17 are more toxic. These are toxic carcinogenic 
unintentional by-products which are found in lesser concentration in environment, reflecting 
drastic effect due to their extreme persistency. Their persistency is due to their long half-life 
of 10–20 years roughly [7].

1.1. Environmental concentration

Emission favors the formation, environmental release and distribution of these congeners of 
TCDDs and TCDFs signatures of the types of dioxin and furans associated with particular 
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environmental sources of these compounds [9]. On the contrary, the PCDD/Fs in the ambient 
air samples, characterized by the abundance 76% in some parts of the world and it is domi-
nated by 1,2,3,4,6,7,8-HpCDF (40%) followed by OCDD (10%), OCDF (6%), and 1,2,3,4,6,7,8-
HpCDD (11%). Reported values not similar to any of the profiles reported by Cleverly; 
however, it reveals the simultaneous occurrence of two potential emission sources of TCDDs 
and TCDFs [9].

1.2. Dioxins

Dioxins chemically consist of two benzene rings, connected by a pair of oxygen atoms. Each 
of the eight carbon atoms on the rings that are not bonded to oxygen can bind with hydrogen 
atoms or atoms of other elements. The more toxic dioxin is one having chlorine atoms at the 2, 
3, 7, and 8 positions. This isomer 2,3,7,8-TCDD is chemically most stable and toxic compound. 
Being Water insoluble dioxin is not diluted with rain water and remain in the soil thus pen-
etrate and accumulate in fatty tissues. The molecular structure of dioxins can be determined 
by single crystal X-ray diffraction crystallography. The structure of TCDD in crystal which is 
also observed in molecular crystal of poly aromatic hydrocarbon (PAHs) [10].

1.3. Furans

Furans are also toxic organic compounds which are colorless, highly flammable and very 
low boiling point almost equal to room temperature. Furans are heterocyclic compound con-
taining one oxygen atom, four carbon atoms and a 5-membered ring (Figure 1). The global 
environmental impact of volatile compounds depends on many factors such as air pressure, 
temperature and also the weather and terrain features which affect the deposition. It is inter-
esting to know what derivatives are formed from reactions with furan, and also how fastly 
these potential products are removed from the environment. One of the 5 largest sinks of 
furan derivatives will probably be reaction with the hydroxyl radical (OH), which mostly 
initiates reactions with VOCs through hydrogen abstraction from a C-H bond.

2. History of dioxins and furans

The environmental distribution of dioxins and furans is a function of transport and source. 
The sources of dioxins and furans are combustion, soil deposition, volatilized and transported 
particulates which were sequestered and rereleased into the environment. It is evident that 

Figure 1. General structures of dioxin and PCDDs (left) and furan and PCDFs (right).
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environmental dispersal and accumulation of these compounds is not necessarily depending 
upon a nearby source. Polychlorinated dibenzo-p-dioxins (PCDDs) and their cousins, the poly-
chlorinated dibenzofurans (PCDFs), are notorious environmental contaminants. Depending on 
the position of chlorine atoms attached on ring, two hundred and ten chemically different toxic 
compounds of dioxins and furans are produced each of which is known as “congener” [11]. 
Collectively these congers or compounds are often known as “dioxins and furans”. These com-
pounds have received considerable public and scientific attention because of their acute toxic-
ity. Out of all these congeners, 2,3,7,8-TCDD has lowest known LD50 values. It takes only 0.6 μg/
kg of body weight to kill male guinea pigs [12]. In 1957, a strange disease killed millions of 
young chickens in the eastern and mid-western U.S. and symptoms of this disease were excess 
of fluid in the heart sac and abdominal cavity, chased to the fatty acids that had been added 
to the chicken’s feed. Efforts of several years lead to the isolation of one of the identified toxic 
chemical [13] by X-ray crystallography; it was 1,2,3,7,8,9-hexachlorodibenzo-p-dioxin. In the 
1960s and early 1970s, the Northeastern Pharmaceutical and Chemical Company (NEPACCO) 
established a plant in Veron for manufacturing of hexachlorophene from 2,4,5-trichlorophenol 
and formaldehyde. Unfortunately, 2,3,7,8-TCDD was an impurity in the 2,4,5-trichlorophenol 
starting material used in this process; thus, the hexachlorophene product needed to be purified 
before sale. Because of its neurotoxicity, the U.S. Food and Drug Administration restricted the 
use of hexachlorophene in 1971. In 1977 Olie et al. investigated dioxins which existed in fly ash 
from an industrial heating facility [14]. In 2000, Bumb et al. in a famous paper “Trace chemistries 
of fire: A source of chlorinated dioxins”, exposed that dioxins were exist in particles from the 
combustion of organic material, involving the combustion of municipal and chemical waste. 
This was marvelous discovery, suggested that “dioxins have been with us since the advent of 
fire” [15, 16]. In mid of 1970, a Swiss company established a chemical plant for manufacturing of 
2,4,5-trichlorophenol by the reaction of 1,2,4,5-tetrachlorobenzene with NaOH. Unfortunately, 
accident occurred and chemicals from vessels were released and transported by wind. This 
caused a lot of disaster to plants, animals and human. Later on it was confirmed that the 
reason of this disaster was a notorious chemical 2,3,7,8-TCDD [17]. During war in Vietnam, 
US military showered Agent Orange from 1965 to 1971 as defoliant to kill food crops. Agent 
Orange was a mixture of n-butyl esters of 24-D and 245-T, the latter of which was formed from 
2,4,5-trichlorophenol. Agent Orange was contaminated with small amounts of 2,3,7,8-TCDD 
[18]. Dioxins and furans including dioxin-like polychlorinated biphenyls collectively as known 
as DLCs. These organic compounds are highly toxic and accumulate, through the food chain, 
into the lipid component of animal foods. In another study it has been observed that levels of 
these compounds in the environment are declining since 1970s [19]. Highly exposed groups of 
dioxins and furans are found in breastfeeding infants, fishers and workers of cement industries. 
Although Dioxins and furans have been extensively studied as a contaminant, but still a great 
deal of research is needed regarding their potential toxicity.

3. Toxicity of dioxins and furans

The toxicity and exposure preferably depends on the composition and particle size of the 
mixtures containing toxic compounds. Biological activity of mixtures of dioxins and furans 
is desirable to express the common effect. Literature review reports the biological activities 
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of the various dioxin and furans congeners comparing with of 2,3,7,8-tetrachloro-dibenzo-p-
dioxin (TCDD). Information has been gathered for this dioxin and furan congener, and it is 
found that TCDD is the most biologically toxic among the mixtures of dioxins and furans and 
highly potent. The toxicity of TCDD/TCDFFs is therefore expressed in toxicity equivalents 
(TEQs) of highly potent component as TCCD (Table 1). As an example, exposure to a matter 
a potency of 2.0 ng TEQ/kg means that matter has the potency equal to 2.0 ng TCDD/kg. 
Toxicity equivalents values for various materials are calculated by multiplying the mass or 
concentration of each component by a TEF and adding all present components. The biological 
activities of TCDD/TCDFs vary depending on the human’s exposure. Even so, public con-
cern persists regarding food supply and adverse outcomes to TCDD/Fs exposure, especially 
in highly exposed populations. Sensitive population includes fetuses and new born infants. 
These populations may be at increased risk due to exposure through foods. However, many 
foods which are sources of dioxins and furans are also sources of important nutrients, such as 
calcium (Ca) and vitamins (A E C), protein, iron and fish.

4. Chemical formation and sources of dioxins and furans

PCDDs and PCDFs are not produced intentionally but as by product of various processes like 
chlorinated phenols, PCBs, phenoxy herbicides, chlorinated benzene, chlorinated aliphatic 
compounds, chlorinated catalysts and halogenated biphenyl ethers Table 2 [20, 21]. There are 

CAS number Hazardous substance Mammalian TEF Avian TEF

Dioxins

1746-01-6 2,3,7,8-Tetrachloro dibenzo-p-dioxin 1 1

40321-76-4 1,2,37,8-Pentachloro dibenzo-p-dioxin 1 1

39227-28-6 1,2,3,4,7,8-Hexachloro dibenzo-p-dioxin 0.1 0.05

57653-85-7 1,2,3,6,7,8-Hexachloro dibenzo-p-dioxin 0.1 0.01

19408-74-3 1,2,3,7,8,9-Hexachloro dibenzo-p-dioxin 0.1 0.1

35822-46-9 1,2,3,4,6,7,8-Heptachloro dibenzo-p-dioxin 0.01 <0.001

3268-87-9 1,2,3,4,6,7,8,9-Octachloro dibenzo-p-dioxin 0.0003 0.0001

Furans

51207-31-9 2,3,7,8-Tetra chloro dibenzofuran 0.1 1

57117-41-6 1,2,3,7,8-Pentachloro dibenzofuran 0.03 0.1

57117-31-4 2,3,4,7,8-Pentachloro dibenzofuran 0.3 0.1

70648-26-9 1,2,3,4,7,8-Hexachloro dibenzofuran 0.1 0.1

57117-44-9 1,2,3,7,8-Hexachloro dibenzofuran 0.1 0.1

72918-21-9 1,2,3,7,8,9-Hexachloro dibenzofuran 0.1 0.1

60851-34-5 1,2,3,4,6,7,8-Heptachloro dibenzofuran 0.01 0.01

Table 1. TEQ values for mammalians and Avians (EPA, 2000).
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two mechanisms for the formation of PCDD/PCDFs from solid waste incinerator: formation 
from precursors and formation by de novo synthesis. PCDD/PCDFs followed a mechanism 
which uses macromolecule carbon and chlorine in fly ash to form dioxins at low temperature 
by involving the oxidative breakdown and conversion of macromolecular carbon structure to 
aromatic compound [22]. PCDD/PCDFs formed by this process have solid phase at one end 
and other part will desorb to gas phase and be carried by off-gas flow. Dioxin can be formed 
by variety of precursors like chlorobenzene and chlorophenol. Such precursors are produced 
by partial combustion or heterogeneous catalytic reaction on surface of fly ash [23, 24]. The 
examination of human tissue of earlier time showed little concentration of dioxins than today 
[25]. Analysis of sediment near industrial area showed that dioxin concentration is minor till 
1920 [8]. However its concentration continued to increase from 1920 to 1970 [26].

4.1. Incineration sources

The most effective means of dealing with the problem is to reduce the amount of wastes 
generated by hospitals. Incineration is one of the key methods to reduce the amount of 
generated waste. But one serious drawbacks of this process is the emission of dioxins and 
furans in flue gas. Dioxins and furans are contaminants that are released into the environ-
ment from combustion processes. The combustion of plant material from forest, brush, and 
range fires contributed to preindustrial deposition of dioxins into soil, sediment, and clay. 
Postindustrial sources are varied and include industrial burning (e.g., steel, coke, ceramic, 

Equation no. Reaction steps Rate constants

R1 P=P. +H 1015.5 exp[−86,500/(RT)]

R2 P + OH = P. + H2O 109 exp [−86,500/(RT)]

R3 P. = Pr 1013.6 exp[−57,654/(RT)]

R4 P + P. = PD + Cl 109 exp[−26,000/(RT)]

R5 PD = D + HCl 1014 exp[−45,000/(RT)]

R6 PD + OH = D + H2O 109

R7 P. + R = P + R. 108 exp[−26,000/(RT)]

R8 P. + OH = Pr 109

R9 D = Pr 1015.5 exp[−80,000/(RT)]

R10 D + OH = Pr 108

R11 P. + O2 = Pr 108

R12 R + OH = R. + H2O 109

R13 R = Pr 1018 exp[−90,000/(RT)]

P = polychlorinated phenols, P. = polychlorinated phenoxy radicals, Pr = unspecified products, PD = polychlorinated 
2-phenoxy phenols, D = PCDD, R = fuel molecules.

Table 2. Mechanism of PCDD/PCDFs formation according to Shaub and Tsang.
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and foundry), landfill fires, structural fires, utility pole and transformer storage yards, crema-
tories, and backyard barrel burning of trash and woody and other plant material. Municipal 
solid waste incinerator produced massive amount of dioxins by following the precursors 
and de novo synthesis mechanism [27]. Past few decades demonstrated that formation of 
dioxin and dioxin like compound from municipal solid waste incinerator is about 50 ng 
1-TEQ/kg [28]. Hospital wastes are also treated by incineration without using high quality 
technologies. Thus incineration of chlorine containing product produced a lot of dioxins to 
atmosphere [28, 29]. Hazardous waste (explosive, oxidizing, highly inflammable, infectious, 
mutagenic) incinerations are responsible for the production of dioxin [30]. Solid residues 
produced from waste water treatment containing toxic organic pollutants are called sewage 
sludge. Limitation to Landfill disposal process it is also treated by incineration. Thus it also 
a big source of dioxins [31].

4.2. Industrial sources

Use of harmful material as fuel leads to major contribution toward dioxin and furans in clin-
ker goes to air [32]. A number of studies of emission confirmed that wood burning is a major 
source of TCCD/PCDFs emission in air [33]. One of review that give appealing information 
is that dioxin emission from wood burning is 945 g I-TEQ per year [34]. Different researchers 
from Norway and Sweden have studied dioxin emission from vehicles engines combustion of 
fuels [35]. Waste products released from paper and pulp mills have large no of chlorinated and 
phenolic compounds as in wood pulps leads to emission of dioxin in water, land and paper 
product [36]. One report from china suggested that paper industry producing 300 pg/11-TEQ 
[37]. Metallurgical industries involving a no. of process like smelting operation and scrap 
metal recovery are major sources of dioxin and similar congeners [38]. Sintering of iron ore is 
also a source of these toxic congeners [39]. Annual production of dioxin in world is estimated 
to be 500–400 g I-TEQ.

4.3. Reservoir sources

PCDDs and PCDFs are persistent and water insoluble compounds having high tendency to 
accumulate in soil and sediment; vegetation, waste and in organic matter. These compounds 
have the ability to be recycled and redistributed in environment. Biological processes are also a 
source of dioxin and furans. When microorganisms catalyze chlorinated phenolic compounds 
then there occurs the emission of toxic compounds of dioxins and furans [40]. There are no 
miscellaneous sources e.g. power generation, thermal oxygen cutting metal at demolition 
sites, Kraft Liquor boiler, laboratory waste tire combustion, carbon activation services [41].

5. Effects of dioxins and furans

Comprehensive study has been carried out on toxicity of TCDD/PCDFs and its related com-
pound [42]. Rodents when exposed to TCDD/Fs it lessened the reproductive capability of 
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source of TCCD/PCDFs emission in air [33]. One of review that give appealing information 
is that dioxin emission from wood burning is 945 g I-TEQ per year [34]. Different researchers 
from Norway and Sweden have studied dioxin emission from vehicles engines combustion of 
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then there occurs the emission of toxic compounds of dioxins and furans [40]. There are no 
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female and disrupt the sperm production in male progeny. Many diseases like hypospadias, 
ectopic testes, vaginal pouches, agenesis of the ventral prostate, and nipple retention were 
notice [43]. Exposure to TCDD leads to prevalence and complication endometriosis [44]. 
Dioxin and furans are well declared endocrine disrupters thus lessened the production of 
thyroid hormones [45–47]. Exposure of wildlife to dioxins cause many reproductive varia-
tions such as cryptorchidism in the Florida panther, small baculum in young male otters, 
small penises in alligators, sex reversal in fish, and altered social behavior in bird [45].

TCDD/PCDFs are recommended highly damaging to immune system and thus decreasing 
host resistance to infectious diseases and lowered immune responses. Dioxins also disturb 
production of inflammatory cytokines such as interleukin and necrosis factor [48]. TCDD/
PCDFs significantly affect the neuron populations of vertebrate brain; however their damage 
to brain function is still not clear and need more research to reveal the truth. It is noticed that 
TCDD/PCDFs affect the gonadal and thyroid hormones and slow down the neural transmis-
sion network [49].

Chloracne is a skin damaging condition with both hyper keratotic and hyper proliferative 
responses of the epidermis is caused by the exposure of TCDD/Fs. Many animals such as 
cows, horses and rabbits also revealed this disease notice [50]. In addition to these, loss of 
sebaceous gland and atrophy of hair follicle also noticed due the severe exposure of TCCD/
PCDFs [51]. With the exposure to TCDD/PCDFs excessive keratinization may also occur in 
dermal epithelium [52].

Some biochemical changes also seen with exposure to congeners of TCDD/Fs [53]. It was 
noticed that insulin level goes down after TCDD/PCDFs massive accumulation. It is also 
observed TCCD/PCDFs exposure effect the body growth, deplete the energy stores and 
thus organism has to lower insulin level to sustain blood glucose levels. On the other side 
tryptophan concentrations of brain increase, due to increase free fatty acids in blood circula-
tion. These changes allow tryptophan to compete with binding site of albumin and help its 
transport to central nervous system [54]. Similarly, oxidative processes have been considered 
necessary for metabolic (e.g., porphyria) and morphological damage of the liver [55].

Another study reports that TCCD/PCDFs have effects on female Rhesus monkeys when 
exposed to 0, 5, or 25 ng/L in their diet for 4 years and then protected for 10 additional years. 
It was noticed that these monkeys caught with severity of endometriosis [56]. On the other 
hand, endometriosis cyst growth in both rats and mice has also been enhanced by exposure to 
TCDD/PCDFs at very low doses where no ovarian toxicity occurred [57]. However, a dose of 
10 mg TCDD/kg for a 16 week period resulted in ovarian atrophy in mice [58] .

6. Mitigation and control of dioxins and furans

Various techniques are available for the controlled emission of dioxins and furans depending 
upon the type of feed stocks. Some popular and effective methods are: using sulfur com-
pounds namely (NH4)2SO4, pyrite (FeS2), changing the operating conditions of incinerations. 
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Present chapter discuss methods to minimize effect of dioxins and benzofurans and their 
formation in different types of incineration systems. Municipal solid waste incineration sys-
tem, hazardous solid waste incineration system and bio medical waste incineration system. 
Formation mechanism and the various sources including the precursors of PCDD/Fs forma-
tion need to be controlled during the combustion. It is also evident through literature that risk 
management strategies to reduce polychlorinated dibenzo-dioxins (PCDDs) and dibenzo-
furans (PCDFs) exposure, consideration may be given to the potential impact of changes to 
food and nutrition policies, particularly those related to public health and food.

There are number of technologies practiced around the globe to control combustion practice 
coupled with end of pipe treatment. Most preferably these are selective catalytic reduction, 
addition of suitable inhibitors for dioxins and furans eradication in the flue gas of waste 
incinerators. A brief background with pictorial images of the present technologies has been 
presented in this chapter (Figure 2) three different technologies used for the control of diox-
ins and furans have been discussed. Selective catalytic oxidation or reduction (SCR) using 
NH3-SCR catalysts (commercial V2O5-WO3/TiO2) could effectively promote the decomposi-
tion of PCDD/PCDFs without hampering the normal operating conditions of the incineration 
studied by [60]. Vermeulen et al. added urea for the purpose of decomposition of dioxins 
reducing it upto 90% under the same operating conditions as of ammonia [59]. In the process 
of adding compounds of sulfur to control the formation different congeners of PCDD/PCDFs 
(Figure 3) the feedstock is firstly prepared, homogenized with crushing and adding into the 
rotary kiln. The emission of dioxin compounds were controlled by a series of operations that 
includes quenching tower, acid neutralizing tower, wet scrubber, bag filter and activated 

Figure 2. Inhibition of PCDD/PCDFs by the aid of V2O5-WO3/TiO2 catalysts [59].
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Figure 4. Flow diagram of the waste incinerator that uses thiourea (1: feeder; 2: furnace; 3: cyclone separator; 4: SNCR; 
5: secondary combustion chamber; 6: boiler; 7: semi-dry spray neutralizer; 8: AC injector; 9: bag house filter; 10: stack; 
11: dissolving tank) [60].

carbon dosing [61]. One important criterion to optimize the minimization of PCDD/PCDFs is 
the proper selection of sulfur compounds. In third technology, compounds of nitrogen such as 
ethanolamine, mono-ethanolamine (MEA), urea, ammonia, tri-ethanolamine, di-methylamine 
were added to control the formation of dioxins and furans. It was studied that thiourea is a 
suitable dioxin inhibitor with high S and N-content Figure 4 [61].

7. Conclusions

The concentration of PCDD/PCDFs in environment has been increased up to the range of tox-
icity so these compounds may affect the biological systems. There are various means of pro-
duction of PCDD/PCDFs which has significant impact on rise of levels of these compounds in 

Figure 3. Flow diagram of sulfur dioxide circulation system [61].
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ambient air. The concentrations of PCDD/PCDFs in the environment are not well controlled 
due to many reasons like temperature variations and seasonal pattern. Although a large no 
of research studies have been conducted to investigate and control PCDD/PCDFs but even 
then information is limited to get about these compounds therefore it is difficult to get rid of 
them. Further investigations should be conducted to establish a comprehensive approach to 
investigate the recent profiles of PCDD/PCDFs found in various parts of the world especially 
in developing countries. This chapter will help the stake holders in decision making process 
to establish a sustainable waste management system in future. New and better innovative 
research plans are necessary for addressing the problems related to pollution.
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Abstract

Coal-fired power plants are a major source of emissions for a number of air pollutants 
including SO2, NOx, particulate matter (PM), HCl, HF, Hg, and so on. Hazardous air pol-
lutants such as As, Be, Cd, Cr, Pb, Mn, Ni, Se, and other metals are integral components of 
fine PM that are also emitted directly from coal-fired power plants. The potential problem 
of coal-fired power plants associated to the emissions of air pollutants can be treated by 
flue gas desulphurisation (FGDs), as the sulphur (S) will be retained in the FGD-gypsum 
(CaSO4.2H2O), and eventually be disposed. Further, FGD chemistry (alkaline sorbent) 
allows the capture of many pollutants other than sulphur, such as F, As, B, Cl, Se or 
Hg, in a gaseous form and/or as PM. In this chapter, the current position of coal power 
generation and the generation of inorganic trace pollutants derived from it are presented 
and discussed. The partitioning, speciation, and fate of inorganic trace pollutants during 
pulverised coal combustion (PCC)-FGD are also reviewed.

Keywords: particulate matter, hazardous air pollutants, flue gas desulphurisation 
systems (FGD), partitioning, speciation

1. Introduction

Coal plays an essential role in our global energy scheme for power generation as most of the 
world’s coal production is consumed mainly to generate electricity. However, coal is cur-
rently a target especially for Europe, where political and social opposition to coal is mounting 
as efforts intensify to limit CO2 emissions. In the United States, coal industry also declined 
in 2017, and its trend toward long-term structural decline is all but sure to persist in 2018 
[1] while in China concerns about their air quality and related health issues caused demand 
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for coal to fall from 2014 to 2016 [2]. As coal consumption declines in most of developed 
countries, including those in Europe and the US, the future of coal is increasingly dependent 
on developing countries.

Most European power generation producers have ruled out the construction of new coal 
plants, and utilisation at existing coal-fired power plants in Europe is decreasing as renew-
able energy sources expand [2]. The demand for coal in China, on the other hand, the primary 
driver of coal since the 2000s, has just about peaked and is probably to begin declining in the 
early 2020s [2]. Instead, Chinese government is promoting a shift from coal to less polluting 
sources, including renewables, in order to address the country’s air quality. However, under 
this entire scenario, coal demand will either continue to grow modestly or remain stable as coal 
is the world’s most abundant energy resource. There are 1,139,331 million tonnes of proven 
coal reserves worldwide, sufficient to meet 153 years of global production. In comparison, 
proven oil and natural gas reserves are equivalent to around 50 and 53 years, respectively, at 
2016 production levels [3]. Therefore, despite the decline in coal production and consump-
tion, coal is and will be a reliable source for power generation.

Coal-fired power plants are a major source of emissions for a number of air pollutants includ-
ing SO2, NOx, particulate matter (PM), HCl, HF, and Hg among and solid residues, mostly 
ashes [4]. The potential problem of coal-fired power plants associated to the emissions of air 
pollutants can be treated by flue gas desulphurisation (FGDs), as the S will be retained in the 
CaSO4.2H2O, and eventually be disposed. Further, FGD chemistry (alkaline sorbent) allows 
the capture of many pollutants other than sulphur, such as F, As, B, Cl, Se or Hg [4–6], in a 
gaseous form and/or as PM [4].

Commercial power generation wet FGD system uses calcite (CaCO3) from limestone, slaked 
lime (Ca(OH)2), or a mixture of Ca(OH)2 and alkaline FA sorbents, which react with SO2 to 
form a Ca-S compound [7]. Although the wet limestone based process is by far the most 
widely FGD employed because of its high desulphurisation performance, reliability, and 
efficiency [7], the use of slaked lime has also been proposed since lime shows over limestone 
higher pH values and better reactivity defined as capacity to provide alkalinity.

In this chapter, we explore the current position of coal power generation as a source of inor-
ganic trace pollutants emissions. Firstly, the current situation of coal combustion for energy 
production and the generation of inorganic trace pollutants are presented and discussed. 
Secondly, the classification of trace elements according to their affinities in coal and their par-
titioning and behaviour during combustion is evaluated. Thirdly, the partitioning, speciation, 
and fate of inorganic during PCC-FGD are reviewed.

2. Power generation from coal

2.1. Coal

Coal is defined by the American Society for Testing and Materials [8] as ‘brown to black 
combustible sedimentary rock composed principally of consolidated and chemically altered 
plant’. Over 90% of the coal consumed in Europe, the US, and other countries is used to 
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generate electricity. Coal power is also used as a basic industry source for making steel, 
cement and paper, among other industries.

Coal-fired power plants currently fuel 40% of global electricity, and, in some countries, coal 
fuels a higher percentage of electricity [9]. Owing to the Paris climate agreement, in Europe, 
the use of coal for power generation retreated for the fifth successive year in 2017. The 
European Power Sector 2017 reported that coal’s share of Europe’s total power generation fell 
to 20% last year, while the share from renewables increased to 30%. Nevertheless, Europe’s 
progress in reducing the use of carbon-intensive power is gradual and uneven.

In 2017, coal production in the US was higher than in 2016, which was attributed in part to 
the bankruptcy-caused restructuring of several major coal producers, which resulted in lower 
production costs [10]. China produced 3.45 billion tonnes of raw coal in 2017, a year-on-year 
rise of 3.2%, showed data released by the National Bureau of Statistics on January 18 [11].

However, the role of coal in power generation is set to continue. Coal currently fuels 40% 
of the world’s electricity and is forecast to continue to supply a strategic share over the next 
three decades [12]. There are 1,139,331 million tonnes of proven coal reserves worldwide, 
sufficient to meet 153 years of global production (Table 1). Total proven coal reserves are 
shown for anthracite and bituminous (including brown coal) and sub-bituminous and lignite. 
In comparison, proven oil and natural gas reserves are equivalent to around 50 and 53 years, 
respectively, at end 2016 production levels [3].

2.2. Coal combustion

Pulverised coal combustion (PCC) is the most widely technology to produce energy from coal. 
In this process, coal is pulverised by coal mills in order to be ground to fineness (such that 
70–80%). The oxidant, an air stream, is injected into the coal mills to form an air-coal mixture, 
which is carried by conveyors to feed individually each burner in the boiler. The secondary/
extra air necessary for the combustion process is injected into the burners via secondary and 
tertiary air nozzles to initiate combustion, depending on the coal rank, at temperatures from 
1300 to 1700°C [13]. The generated heat from the combustion process is handed to water tubes 
placed in the boiler walls, so as the water in it turns into a steam (34–44 bars and 540°C). This 

Million tonnes Anthracite and 
bituminous

Sub-bituminous and 
lignite

Total Share of 
total

R/P ratio

Total North America 226,906 32,469 259,375 23% 356

Total S. & Cent. America 8943 5073 14,016 1.2% 138

Total Europe & Eurasia 153,283 168,841 322,124 28% 284

Total Middle East & 
Africa

14,354 66 14,420 1.3% 54

Total Asia Pacific 412,728 116,668 529,396 46% 102

Total World 816,214 323,117 1,139,331 100% 153

Table 1. Proven coal reserves worldwide.
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steam powers a high vapour pressure turbine (38–51 bars and 3000 rpm) and later is recircu-
lated and expanded to power medium and low vapour pressure turbines. After the recircula-
tion, the steam is delivered in a condenser where it is cooled and sent to the boiler to heat it 
again. Finally, the combustion gases are used to overheat the water from the economiser and 
the air used in combustion (Figure 1).

Coal combustion by-products (CCBs) are the materials produced from the combustion of coal 
for the production of electricity. CCBs primarily include: bottom ash (BA) and/or boiler slag 
(BS), fly ash (FA), and flue gas desulphurisation (FGD)-gypsum. The coarse fraction of ashes, 
BA or BS, is generally removed from the bottom of the boiler while the smallest fraction of 
these, FAs, can either be captured, depending on the depuration train technology, in an elec-
trostatic precipitator (ESP) or fabric filter (FF) [5, 6]. ESPs and FFs operate with a very high 
efficiency (>99%); however, a small fraction of FAs may escape from the control and reach 
the FGD system (4) where S will be retained in the CaSO4.2H2O, and eventually be disposed. 
Further, FGD chemistry (alkaline sorbent) allows the capture of many pollutants other than S, 
such as F, As, B, Cl, Se or Hg [4–6], in a gaseous form and/or as PM (Figure 1).

There are alternatives other than PCC for coal power generation. Fluidised bed combustion 
(FBC) is a technology in which, coal or any solid fuel is suspended on jets of air during the com-
bustion process, which allows for a more efficient mixing of gas and solids and results in more 
efficient heat transfer. One primary advantage of FBC technology is that the combustion reac-
tion can take place at lower temperatures, which reduces the formation of toxic nitrous oxide 
(N2O). In addition, SO2 can be more cheaply and easily removed during combustion than using 
FGD technology. Lastly, FBC can support the addition of other solid fuels such as biomass into 
the reaction mixture along with coal [14]. Currently, three different types of FBC are available, 
the circulating FBC (CFBC), the bubbling FBC (BFBC), and pressurised FBC [7] (Table 2).

Figure 1. Configuration of a PCC plant equipped with an FGD system.
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2.3. Co-combustion

Co-combustion means simultaneous combustion of two or more fuels in the same plant for 
energy production. The current and future energy policy aims at increasing the share of 
renewable energy in worlds energy supply. One possibility to enhance energy production by 
renewable sources within a short term is co-combustion [15].

Co-combustion can be carried out in different ways according to the operating conditions 
of the existing power plant. Accordingly, co-combustion can be carried out by using (1) a 
small amount (a few percent of total fuel power) of co-combustion matter fired together with 
coal in a boiler, originally designed for coal; (2) a small amount of fuel with a high heating 
value fired together with a fuel having a low heating value such as sewage sludge that needs 
thermal support to attain a desired combustion temperature; and by (3) spontaneous use of 
co-combustion with fuels in any ratio, depending on price, availability and local supply con-
ditions [16].

The most common co-combustion matters fired together with coal can be petroleum coke, sew-
age sludge, and biomass. Petroleum coke is a carbon-rich solid that emerges as a by-product 
of crude oil refining and other ‘cracking’ processes, in which complex organic molecules such 
as heavy hydrocarbons are broken down into simpler and more valuable lighter petroleum 
products. Depending on the process of production, there are three types of petroleum coke: 
delayed coking (93% of world production), fluid coke (6% of pet-coke production), and flexi-
coking (1% of pet-coke production) [17]. These three types of pet-coke have higher calorific 
values than coal and contain less volatile matter and ash (less than 1–2%); qualities that make 
petroleum coke an attractive alternative for power producers.

Sewage sludge, a type of bio-solid, is a by-product of wastewater treatment. In the context 
of new energy policies and legislation, the use of sewage sludge for power generation is 
promoted, not only by environmental considerations (sewage sludge is burned with zero net 
CO2 emissions), but also by economic considerations due to the gain of reducing disposal 
charges [18].

Biomass represents a lot of various materials, either waste materials or special energetic 
plants. Fuels based on wood biomass (sawdust, shavings, chips, tree-bark) can also be used 
for the production of high-quality biofuels, such as wooden briquettes and pellets, or can be 
co-combusted with coal [19]. Although biomass co-firing is one of the most effective means of 

Principle Fluidisation SO2 retention NOx emissions

Circulating 
FBC

Addition of limestone during 
combustion to react with SO2

3–9 m/s 98% 120 mg/Nm3

Bubbling FBC Addition of limestone during 
combustion to react with SO2

1–3 m/s 200–300 mg/Nm3

Pressurised 
FBC

Air is pressurised using a gas 
turbine compressor

SOx level of approximately 
5 ppm through in-bed 
desulphurisation

NOx level of 
approximately 
100 ppm

FBC: fluidised bed combustion.

Table 2. FBC technologies.
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these, FAs, can either be captured, depending on the depuration train technology, in an elec-
trostatic precipitator (ESP) or fabric filter (FF) [5, 6]. ESPs and FFs operate with a very high 
efficiency (>99%); however, a small fraction of FAs may escape from the control and reach 
the FGD system (4) where S will be retained in the CaSO4.2H2O, and eventually be disposed. 
Further, FGD chemistry (alkaline sorbent) allows the capture of many pollutants other than S, 
such as F, As, B, Cl, Se or Hg [4–6], in a gaseous form and/or as PM (Figure 1).

There are alternatives other than PCC for coal power generation. Fluidised bed combustion 
(FBC) is a technology in which, coal or any solid fuel is suspended on jets of air during the com-
bustion process, which allows for a more efficient mixing of gas and solids and results in more 
efficient heat transfer. One primary advantage of FBC technology is that the combustion reac-
tion can take place at lower temperatures, which reduces the formation of toxic nitrous oxide 
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reducing Green House Gas (GHG) emissions in PCC power plants [16], the chemical proper-
ties of biomass have implications for combustion quality and/or impacts on equipment when 
it is fed as co-matter [20].

2.4. Oxy-combustion

Oxyfuel combustion is one of the leading technologies considered for capturing CO2 from 
power plants with carbon capture and storage (CCS) [21]. This involves the process of burn-
ing the fuel with nearly pure oxygen instead of air, which results in higher flame tempera-
tures. For this reason, the mixture is diluted with a portion of the resulting flue gas composed 
primarily of CO2.

The oxygen for oxy-fuel combustion is provided by two oxidiser streams: primary and sec-
ondary stream (Figure 2). The primary oxidiser stream supplies part of the oxygen neces-
sary for combustion by carrying the pulverised coal into the wall firing burners placed in 
the oxy-boiler while the secondary oxidiser streams consists of oxygen that comes from the 
air separation unit (ASU) mixed with a portion of the recycled flue gas (FGR) to moderate 
flame temperatures and obtain a boiler heat transfer profile similar to that of air-firing in the 
case of retrofit. Depending on oxy-fuel combustion configuration, the secondary stream will 
constitute the equivalent to the secondary, tertiary, and overfire (if necessary) air flows (OFA) 
when oxygen has been added. Several options exist for the position where the secondary 
recycle stream is taken. As an example, at the largest oxy-PCC demonstration plant [22], the 
CO2-rich FGR is divided into three oxidant streams: CB1, CB2, and CB3 (Figure 2), and it can 
also operate with an OFA system as part of an overall NOx reduction strategy by staging the 
combustion process. The OFA system normally reduces the oxygen availability early in the 
oxy-combustion process by reintroducing it later through ports located above the combustion 
zone (Figure 2).

Figure 2. Configuration of the largest oxy-fuel demonstration plant [13].
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2.5. Gasification of coal

While the goal of coal combustion is to produce the maximum amount of heat possible by 
oxidising all the combustible material, coal gasification is a thermochemical process in which 
coal is converted into CO, H2 and CH4 synthesis gas (syngas) by means of the partial combus-
tion with air or water vapour and low levels of O2 [23]. Different technologies of coal gasifica-
tion that are currently available are shown in Table 3 [23]:

Figure 3. Configuration of a integrated gasification combined cycle (IGCC) power plant [3].

Principle Temperature (°C) Pressure (bar)

Fixed bed gasifier Coal moves in counter current to the gas flow 400–1100 10–100

Fluidised bed gasifier Gaseous agents are blown through a flow of solid 
particles to keep these in a state of suspension

800–1050 10–25

Entrained bed gasifier Coal and gasifier agents flow in the same direction 
with velocities higher than the rest of gasifier

1200–1600 25–40

Integrated gasification in 
combined cycle (IGCC)

Use of the CO-and H2-rich gaseous in a gaseous 
turbine and the use of the leftover heat in a vapour 
turbine

~1500 25

Table 3. Coal gasification technologies.
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Among the current technologies of coal gasification, integrated gasification combined cycle 
(IGCC) is the most common (Figure 3). The IGCC is characterised by the use of the CO-and 
H2-rich gaseous stream resulting from the gasification, usually of coal and/or petroleum 
coke, in a gaseous turbine and the use of the leftover heat in a vapour turbine (Figure 3). 
The IGCC entails an initial fractionation of air (1) in the ASU. In this unit, cryogenic distilla-
tion separates O2 from air by liquefying air at very low temperatures (−300°F). Ambient air 
is compressed in multiple stages with inter-stage cooling then further cooled with chilled 
water. Residual water vapour, carbon dioxide and atmospheric contaminants are removed 
in molecular sieve adsorbers. In the gasifier, (2) coal reacts with the O2 and H2O stream to 
generate a syngas at high temperature (~1500°C, 25 bar) [24]. Heat in the gasifier liquefies 
the coal ashes and subsequently the molten ash is quenched and crushed at the bottom 
of the gasifiers before being dewatered for disposal. The syngas stream passes to the flue 
gas depuration train (3) in which SO2 and other gaseous pollutants are removed from the 
gaseous stream. The cleaned gas is then burned in a combined cycle power generation unit 
(4). In this unit, the gaseous stream is expanded in a gaseous turbine, whereas the leftover 
heat is expanded in the vapour turbine both connected to generators of electric energy (5). 
The water vapour condensates as a consequence of the heat exchange with water from the 
refrigeration tower (6).

The formation of NOx in the combustion chamber of the gas turbine is suppressed by satura-
tion of the fuel gas with steam prior to combustion and by dilution with N2 from the air 
separation unit.

3. Behaviour of trace elements during coal combustion

Trace elements are introduced in PCC from coal or co-combustion material. According to 
their different contents, these elements can be divided into (1) major elements (C, H, O, N, S) 
whose content is >1000 ppm; (2) minor elements which include coal mineral matters (Si, Al, 
Ca, Mg, K, Na, Fe, Mn, Ti) and halogens (F, Cl, Br, I), with concentrations between 100 and 
1000 ppm; and (3) trace elements with concentration < 100 ppm. It is generally accepted that 
trace elements combination and contents differ from one coal to another due to the different 
coalification processes [25–27]. The correlation between the organic content or the different 
mineral phases in coal with the content of major, minor, and trace elements allows the estab-
lishment of trace elements affinities in coal as follows [28]:

1. Elements with inorganic affinity:

• Clays and feldspars (Al, K, Mg, Na, P, Ti, Li, Cr, Ni, Cu, Ga, Rb, V, Sr., Y, Sn, Cs, Ba, Ta, 
Pb, Bi, Th, U, Zr, and REEs).

• Sulphide minerals (S, Fe, Ni, Co, Cu, Zn, As, Se, Mo, Cd, Sb, Hg, W, Pb, and Tl).

• Carbonate minerals (C, Ca, Mn, and Co).

• Sulphate species (S, Ca, Fe, Ba).
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• Heavy minerals (B, Ti, Th, and Zr).

• Several mineral phases (Co and W) in carbonates and sulphides; Ni, Cu, and Pb (clays 
and sulphides).

2. Elements with total or partial organic affinity (C, N, S, Be, B, Ge, V, and W).

Studies on the fate of trace elements during combustion have shown that their volatility 
depends on their affinities and on the physical changes and chemical reactions of these ele-
ments with S or other volatile elements during combustion [29–31]. Figure 4 shows the behav-
iour and fate of elements in accordance with their volatile behaviour at the boiler and at the 
ESP, respectively, during combustion according to Córdoba et al. [32, 33]. This classification 
of the volatile behaviour of trace elements during combustion is in agreement with most of 
the literature [34–36], except for some specific elements, where elements are classified into 
three groups (Figure 4).

Figure 4. Behaviour of trace elements during coal combustion.
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Among the current technologies of coal gasification, integrated gasification combined cycle 
(IGCC) is the most common (Figure 3). The IGCC is characterised by the use of the CO-and 
H2-rich gaseous stream resulting from the gasification, usually of coal and/or petroleum 
coke, in a gaseous turbine and the use of the leftover heat in a vapour turbine (Figure 3). 
The IGCC entails an initial fractionation of air (1) in the ASU. In this unit, cryogenic distilla-
tion separates O2 from air by liquefying air at very low temperatures (−300°F). Ambient air 
is compressed in multiple stages with inter-stage cooling then further cooled with chilled 
water. Residual water vapour, carbon dioxide and atmospheric contaminants are removed 
in molecular sieve adsorbers. In the gasifier, (2) coal reacts with the O2 and H2O stream to 
generate a syngas at high temperature (~1500°C, 25 bar) [24]. Heat in the gasifier liquefies 
the coal ashes and subsequently the molten ash is quenched and crushed at the bottom 
of the gasifiers before being dewatered for disposal. The syngas stream passes to the flue 
gas depuration train (3) in which SO2 and other gaseous pollutants are removed from the 
gaseous stream. The cleaned gas is then burned in a combined cycle power generation unit 
(4). In this unit, the gaseous stream is expanded in a gaseous turbine, whereas the leftover 
heat is expanded in the vapour turbine both connected to generators of electric energy (5). 
The water vapour condensates as a consequence of the heat exchange with water from the 
refrigeration tower (6).

The formation of NOx in the combustion chamber of the gas turbine is suppressed by satura-
tion of the fuel gas with steam prior to combustion and by dilution with N2 from the air 
separation unit.

3. Behaviour of trace elements during coal combustion

Trace elements are introduced in PCC from coal or co-combustion material. According to 
their different contents, these elements can be divided into (1) major elements (C, H, O, N, S) 
whose content is >1000 ppm; (2) minor elements which include coal mineral matters (Si, Al, 
Ca, Mg, K, Na, Fe, Mn, Ti) and halogens (F, Cl, Br, I), with concentrations between 100 and 
1000 ppm; and (3) trace elements with concentration < 100 ppm. It is generally accepted that 
trace elements combination and contents differ from one coal to another due to the different 
coalification processes [25–27]. The correlation between the organic content or the different 
mineral phases in coal with the content of major, minor, and trace elements allows the estab-
lishment of trace elements affinities in coal as follows [28]:

1. Elements with inorganic affinity:

• Clays and feldspars (Al, K, Mg, Na, P, Ti, Li, Cr, Ni, Cu, Ga, Rb, V, Sr., Y, Sn, Cs, Ba, Ta, 
Pb, Bi, Th, U, Zr, and REEs).

• Sulphide minerals (S, Fe, Ni, Co, Cu, Zn, As, Se, Mo, Cd, Sb, Hg, W, Pb, and Tl).

• Carbonate minerals (C, Ca, Mn, and Co).

• Sulphate species (S, Ca, Fe, Ba).
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• Heavy minerals (B, Ti, Th, and Zr).

• Several mineral phases (Co and W) in carbonates and sulphides; Ni, Cu, and Pb (clays 
and sulphides).

2. Elements with total or partial organic affinity (C, N, S, Be, B, Ge, V, and W).

Studies on the fate of trace elements during combustion have shown that their volatility 
depends on their affinities and on the physical changes and chemical reactions of these ele-
ments with S or other volatile elements during combustion [29–31]. Figure 4 shows the behav-
iour and fate of elements in accordance with their volatile behaviour at the boiler and at the 
ESP, respectively, during combustion according to Córdoba et al. [32, 33]. This classification 
of the volatile behaviour of trace elements during combustion is in agreement with most of 
the literature [34–36], except for some specific elements, where elements are classified into 
three groups (Figure 4).
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Elements classified as non-volatile and moderately volatile with condensation potential, 
respectively, from Córdoba et al. [32, 33] are in line with Group 1 and 2 elements from the 
abovementioned literature. However, elements such as As, Se and especially B can also be 
classified as highly volatile, which would correspond to Group 3.

The partitioning and fate of trace elements during combustion, discussed above, may be 
different by the use of secondary fuels. As discussed in Section 2.2, the use of co-matters such 
as petroleum coke, sewage sludge and/or biomass may have implications for combustion 
quality and/or modify the chemical environment of gaseous pollutants. Co-firing petroleum 
coke, for instance, may modify the chemical environment of Cl and S because of the resultant 
high concentrations of HCl and SOx, respectively, in the flue gas. An increase in the HCl 
concentration favours the formation of gaseous species, whereas increasing concentration 
of SO2 in the gas composition enhances the formation of sulphate condensed species [37]. 
In addition, the heavy metals contents of the ash are generally high with Vanadium (V) and 
Nickel (Ni) contents ranging from 500 to 3000 ppm, although pet-cokes with >10,000 ppm V 
can also be found [38]. Molybdenum (Mo) can also be present in relatively high concentra-
tions in petroleum cokes. The organic affinity of Mo, V and Ni in petroleum coke favours 
their volatility during pulverised coal combustion (PCC) and later condensation on the finest 
particles of FAs.

The main drawback of the sewage sludge combustion, on the other hand, is mostly related to 
high NOx emissions. The level of some toxic heavy metals and Cl in the raw material may also 
increase the emissions of hazardous pollutants (metals and dioxins).

3.1. Elements concentrated in coal combustion solid residues

There are some elements that either tend to get concentrated on the coarse residues BS or BA, 
partition equally between BS or BA and FA particulates, or to get enriched on the fine-grained 
particles, PM, which may escape particulate control systems.

BA is a granular material removed from the bottom of dry boilers, which is much coarser than 
FA though also formed during the combustion of coal. BS, on the other hand, is a vitreous 
grained material deriving from coal combustion in boilers at temperatures of 1500–1700°C, 
followed by wet ash removal of wet bottom furnaces [39].

FA is a fine powder made up of spherical high vitreous particles with Fe-oxides and Al-Si 
species, and irregular unburned coal and ash particles. The contents of principal oxides are 
usually in a descending order: SiO2 > Al2O3 > Fe2O3 > CaO > MgO > K2O. Fly ash also contains 
many trace elements, some of which are of environmental concern. Commonly, elements such 
as Cr, Pb, Ni, Ba, Sr., V and Zn are present in significant quantities. Coal aluminous-silicate 
impurities, mainly clays, with much lower proportion of feldspars, melt during combustion 
and rapidly shape themselves into spherical droplets [40]. The chemical composition of FAs 
may differ depending on the technology of combustion but especially on the characteristics 
of the feed coal. While coal combustion FA is constituted by an aluminous-silicate glass, with 
Ca, Fe, Na, K, Ti, and Mn impurities, and variable amounts of quartz, mullite, lime, haematite, 
magnetite, gypsum and feldspars, IGCC FA is characterised by a predominant Al-Si glass 
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matrix and variety of fine crystalline reduced species (mostly metal sulphides) as a conse-
quence of the low pO2 at which fuel is burned [41].

3.2. Elements emitted in the flue gas

As aforementioned, most of the trace metals (As, Cd, Cr, Cu, Hg, Ni, Pb, Se, Sb, Tl, V, and 
Zn) may be released during combustion, emitted with a different form of occurrence (e.g. 
from sulphide in coal to oxides and chlorides in flue gas), and/or condense onto the surface 
of smaller particles in flue-gas streams. Therefore, most of trace metals are retained in par-
ticulate control devices and only specific high volatile metals may escape from ESP and reach 
FGD systems in a gaseous mode of occurrence. In this regard, FGD chemistry also allows the 
capture of many pollutants other than S, such as F, As, B, Cl, Se or Hg [41–46] both in a gas-
eous form and/or as PM. Thus, importantly, FGD systems can also be considered as a measure 
for the PM abatement emissions.

The abatement of NOx (NO, NO2, and N2O) emissions is based on the De-nitrification 
(DeNOx) process that aims at reducing NOx into N2 and H2O. The emission control systems 
that are in use to carry out the DeNOx process are: selective catalytic reduction (SCR) and 
selective non-catalytic reduction (SNCR).

4. Chemistry, partitioning and fate of inorganic trace pollutants 
during PCC-FGD

According to the foregoing discussion, trace elements during combustion may get concen-
trated on the coarse residues BS or BA, partition equally between BS or BA and FA particulates, 
emitted with a different form of occurrence (e.g. from sulphide in coal to oxides and chlorides 
in flue gas), and/or condense onto the surface of smaller particles in flue-gas streams. Either 
way, most of trace metals are retained in particulate control devices and only specific high 
volatile metals may escape from ESP and reach FGD systems in a gaseous mode of occurrence.

In the FGD systems, under operational conditions of water re-circulation, inorganic trace pol-
lutants in FGD waters may reach equilibrium and a subsequent saturation in the water stream 
after a number of water re-circulations in the scrubber. The gradual increase in the concentra-
tion of inorganic trace pollutants from the sub-saturation to equilibrium and/or saturation 
because of continuous water re-circulation in the scrubber, accounts for enriched inorganic 
trace pollutants in the re-circulated water. Other elements retained in high proportions by 
gypsum sludge and/or FGD-gypsum do not pose this problem because they are extracted 
from the system by the gypsum by-product that is used for different applications or for land-
filling [4]. The general trends of the inorganic trace pollutants in through the PCC to FGD are 
reported below.

Arsenic is present as As-sulphides species in raw coals and it is mostly released as As2O3 (g) 
[47] during PCC. In the boiler, gaseous As2O3 can be chemisorbed on the FA surface and/
or remain in the gas phase. The chemisorption of As2O3 on FAs, which will depend on the 
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Elements classified as non-volatile and moderately volatile with condensation potential, 
respectively, from Córdoba et al. [32, 33] are in line with Group 1 and 2 elements from the 
abovementioned literature. However, elements such as As, Se and especially B can also be 
classified as highly volatile, which would correspond to Group 3.

The partitioning and fate of trace elements during combustion, discussed above, may be 
different by the use of secondary fuels. As discussed in Section 2.2, the use of co-matters such 
as petroleum coke, sewage sludge and/or biomass may have implications for combustion 
quality and/or modify the chemical environment of gaseous pollutants. Co-firing petroleum 
coke, for instance, may modify the chemical environment of Cl and S because of the resultant 
high concentrations of HCl and SOx, respectively, in the flue gas. An increase in the HCl 
concentration favours the formation of gaseous species, whereas increasing concentration 
of SO2 in the gas composition enhances the formation of sulphate condensed species [37]. 
In addition, the heavy metals contents of the ash are generally high with Vanadium (V) and 
Nickel (Ni) contents ranging from 500 to 3000 ppm, although pet-cokes with >10,000 ppm V 
can also be found [38]. Molybdenum (Mo) can also be present in relatively high concentra-
tions in petroleum cokes. The organic affinity of Mo, V and Ni in petroleum coke favours 
their volatility during pulverised coal combustion (PCC) and later condensation on the finest 
particles of FAs.

The main drawback of the sewage sludge combustion, on the other hand, is mostly related to 
high NOx emissions. The level of some toxic heavy metals and Cl in the raw material may also 
increase the emissions of hazardous pollutants (metals and dioxins).

3.1. Elements concentrated in coal combustion solid residues

There are some elements that either tend to get concentrated on the coarse residues BS or BA, 
partition equally between BS or BA and FA particulates, or to get enriched on the fine-grained 
particles, PM, which may escape particulate control systems.

BA is a granular material removed from the bottom of dry boilers, which is much coarser than 
FA though also formed during the combustion of coal. BS, on the other hand, is a vitreous 
grained material deriving from coal combustion in boilers at temperatures of 1500–1700°C, 
followed by wet ash removal of wet bottom furnaces [39].

FA is a fine powder made up of spherical high vitreous particles with Fe-oxides and Al-Si 
species, and irregular unburned coal and ash particles. The contents of principal oxides are 
usually in a descending order: SiO2 > Al2O3 > Fe2O3 > CaO > MgO > K2O. Fly ash also contains 
many trace elements, some of which are of environmental concern. Commonly, elements such 
as Cr, Pb, Ni, Ba, Sr., V and Zn are present in significant quantities. Coal aluminous-silicate 
impurities, mainly clays, with much lower proportion of feldspars, melt during combustion 
and rapidly shape themselves into spherical droplets [40]. The chemical composition of FAs 
may differ depending on the technology of combustion but especially on the characteristics 
of the feed coal. While coal combustion FA is constituted by an aluminous-silicate glass, with 
Ca, Fe, Na, K, Ti, and Mn impurities, and variable amounts of quartz, mullite, lime, haematite, 
magnetite, gypsum and feldspars, IGCC FA is characterised by a predominant Al-Si glass 
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matrix and variety of fine crystalline reduced species (mostly metal sulphides) as a conse-
quence of the low pO2 at which fuel is burned [41].

3.2. Elements emitted in the flue gas

As aforementioned, most of the trace metals (As, Cd, Cr, Cu, Hg, Ni, Pb, Se, Sb, Tl, V, and 
Zn) may be released during combustion, emitted with a different form of occurrence (e.g. 
from sulphide in coal to oxides and chlorides in flue gas), and/or condense onto the surface 
of smaller particles in flue-gas streams. Therefore, most of trace metals are retained in par-
ticulate control devices and only specific high volatile metals may escape from ESP and reach 
FGD systems in a gaseous mode of occurrence. In this regard, FGD chemistry also allows the 
capture of many pollutants other than S, such as F, As, B, Cl, Se or Hg [41–46] both in a gas-
eous form and/or as PM. Thus, importantly, FGD systems can also be considered as a measure 
for the PM abatement emissions.

The abatement of NOx (NO, NO2, and N2O) emissions is based on the De-nitrification 
(DeNOx) process that aims at reducing NOx into N2 and H2O. The emission control systems 
that are in use to carry out the DeNOx process are: selective catalytic reduction (SCR) and 
selective non-catalytic reduction (SNCR).

4. Chemistry, partitioning and fate of inorganic trace pollutants 
during PCC-FGD

According to the foregoing discussion, trace elements during combustion may get concen-
trated on the coarse residues BS or BA, partition equally between BS or BA and FA particulates, 
emitted with a different form of occurrence (e.g. from sulphide in coal to oxides and chlorides 
in flue gas), and/or condense onto the surface of smaller particles in flue-gas streams. Either 
way, most of trace metals are retained in particulate control devices and only specific high 
volatile metals may escape from ESP and reach FGD systems in a gaseous mode of occurrence.

In the FGD systems, under operational conditions of water re-circulation, inorganic trace pol-
lutants in FGD waters may reach equilibrium and a subsequent saturation in the water stream 
after a number of water re-circulations in the scrubber. The gradual increase in the concentra-
tion of inorganic trace pollutants from the sub-saturation to equilibrium and/or saturation 
because of continuous water re-circulation in the scrubber, accounts for enriched inorganic 
trace pollutants in the re-circulated water. Other elements retained in high proportions by 
gypsum sludge and/or FGD-gypsum do not pose this problem because they are extracted 
from the system by the gypsum by-product that is used for different applications or for land-
filling [4]. The general trends of the inorganic trace pollutants in through the PCC to FGD are 
reported below.

Arsenic is present as As-sulphides species in raw coals and it is mostly released as As2O3 (g) 
[47] during PCC. In the boiler, gaseous As2O3 can be chemisorbed on the FA surface and/
or remain in the gas phase. The chemisorption of As2O3 on FAs, which will depend on the 
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temperature and gas composition, may occur via reaction with CaO to form Ca3AsO4. The 
small fraction of FAs in the flue gas that escapes from the control would be the main route 
by which Ca3AsO4-FA would enter the FGD. Accordingly, Ca3AsO4-FA would pass through 
the sprayers and dissolve to AsO4

3− in the aqueous phase of the sorbent slurry. If As2O3 
remains in the gas phase during the post-combustion atmosphere, a proportion of gaseous 
As2O3 could enter the FGD either by reacting with moisture in the flue gas to form H3AsO4 
and condense in the scrubber as the flue gas undergoes a rapid quench (50–60°C), or by 
diffusing through the gas to the aqueous phase of the sorbent slurry where As2O3 would get 
hydrated to H3AsO4. Depending on the operating FGD conditions, As partitioning and fate 
may differ. Generally, As is mostly partitioned in the FGD-gypsum with values comprised 
in the range 90–99%.

Boron is largely organically associated in coals although a fraction can also be associated to 
aluminium silicates. Boron is generally released as H3BO3 and HBO2 [48] during PCC. Since 
the chemisorption mechanism of H3BO3 and HBO2 on FAs has not been documented, the 
main route by which H3BO3 can reach the FGD is with the incoming FGD flue gas. In the 
FGD gas-to-liquid contact zone, H3BO3 may diffuse through the gas to the aqueous phase of 
the sorbent slurry when flue gas passes through the sprayers and remain in the FGD reaction 
tank. Depending on the operating FGD conditions, B partitioning and fate may differ but in 
general, B is removed in the aqueous effluent (filtered water) and only a fraction of B may 
remain in the flue gases. However, since B concentration in FAs is relatively high and largely 
leachable, we can assume that FA containing B species such as CaHBO3 can also contribute to 
increase B content in the in the FGD-gypsum [49].

Selenium casually present as selenide in coal is volatilised as elemental Se0 and SeO2. In the 
boiler, gaseous SeO2 can be chemisorbed on the FA surface to form the stable CaSeO3. The 
main route by which Se would reach the FGD is the small fraction of FAs escapes from 
the control and reaches the FGD. In such a case, Se chemisorbed in FAs could dissolve in 
the aqueous phase of the lime slurry to form an array of aqueous Se-complexes such as 
selenosulphate (SeSO3

2−), selenotrithionate (Se(SO3)2
2−) and selenopentathionate (Se(S2O3)2

2−) 
by reaction with polyoxysulphur donors [50]. Selenium can either be removed in the aque-
ous effluent (filtered water) or partitioned in the FGD-gypsum. However, a small fraction 
of Se can remain in the flue gases and be emitted into the atmosphere.

Mercury occurs in coals in mineral sulphide impurities, although other forms of occurrence, 
such as Hg-Se species, have been described [51]. During combustion, Hg is released as 
elemental Hg (Hg0). During post-combustion, and with decreasing temperature, Hg0

(g) may 
remain as a monatomic species or may oxidise to Hg2

2+ and Hg2+ compounds. The reaction 
of Hg0

(g) with HCl(g) or Cl2(g) to form HgCl2(g) is generally considered to be the dominant Hg 
transformation mechanism in coal combustion flue gas [51]. The main route by which gaseous 
Hg can reach the FGD is with the incoming FGD flue gas. Gaseous compounds of Hg2+ are 
generally water-soluble and can dissolve in the aqueous phase of the sorbent slurry of wet 
FGD systems [52]. However, gaseous Hg0 is insoluble in water and therefore does not dis-
solve. It is speculated that some of the absorbed Hg (HgCl2) can be converted back to Hg0 and 
re-emitted, S (IV) being the main precursor of Hg0 re-emission [53–55].
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Coal chlorine is released primarily as HCl during combustion in the high temperature zone of a 
boiler [56]; as the combustion gases cool (430–475°C), a proportion of HCl can partially be oxi-
dised to Cl2. The main route by which HCl can reach the FGD is with the incoming FGD flue gas. 
In the FGD gas-to-liquid contact zone, HCl may diffuse through the gas to the aqueous phase 
of the sorbent slurry when flue gas passes through the sprayers and react with cations such as 
Ca2+, Na+, Mg2+, etc. to form highly soluble salts. Generally, Cl in FGD systems is removed in the 
aqueous effluent (filtered water) and only a fraction may remain in the flue gases.

Fluorine is released as HF during combustion. The main route by which gaseous HF can reach 
the FGD is with the incoming FGD flue gas. Depending on the operating FGD conditions, F 
partitioning and fate may differ. HF contained in the flue gas may be dissolved in the aqueous 
phase of the sprayed droplets of limestone slurry, if a limestone-based FGD, giving rise to the 
formation of CaF2. However, in the presence of aluminium compounds, HF may also react 
with limestone to form Al-F compounds, typically represented by CaAlF3(OH)2-CaF2 [57]. 
These compounds can coat the surfaces of the limestone particles and consequently cause 
a decrease the reactivity of limestone [58, 59]. In addition, if F is partitioned in the FGD-
gypsum, it can play a crucial role in the leaching potential of the FGD gypsum end-product 
as a consequence of the precipitation of F solid species on FGD-gypsum surface. In order to 
avoid this, the use of additives has been proposed as measure for the optimisation of the SO2 
removal efficiency and for reducing the precipitation of F solid species, respectively.

Heavy metals such Zn, Cu, Cr, Ni, Mn and U tend to form highly soluble aqueous complexes 
with SO4

2−. Depending on the operating FGD conditions, their partitioning and fate may dif-
fer. Acidic conditions, for example, contribute to the stabilisation of metals in solution, there-
fore, in the aqueous effluent. As a result, very low amounts of heavy metals are found in the 
leachates of the FGD-gypsum. Alkaline conditions, however, contribute to the precipitation of 
these elements in the FGD-gypsum.

5. Conclusions

Coal is currently a target to accomplish with the Paris climate agreement for both countries 
and companies. As a consequence, in 2016, world coal production fell by 6.2%, the largest 
decline on record. However, coal is the world’s most abundant energy resource, meaning 
that despite the decline in coal production and consumption, coal is and will be a reliable 
source for power generation. The most negative consequence of coal combustion is the emis-
sions of a number of air pollutants including SO2, NOx, PM, HCl, HF, Hg and As, Be, Cd, Cr, 
Pb, Mn, Ni, and Se, integral components of fine PM. A number of studies have shown that 
FGD chemistry allows also the capture of many pollutants other than S, such as F, As, B, Cl, 
Se or Hg both in a gaseous form and/or as PM. Most of specialised literature reports that most 
of trace elements in FGD systems are removed in the aqueous effluent (filtered water) and 
only a fraction of a few remain in the flue gases (such as B, Hg, and Se). According to these 
studies, it can be concluded that wet limestone FGD systems reach high retention efficiencies 
for trace elements (>90%). However, it is also important to note that the retention efficiency 
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temperature and gas composition, may occur via reaction with CaO to form Ca3AsO4. The 
small fraction of FAs in the flue gas that escapes from the control would be the main route 
by which Ca3AsO4-FA would enter the FGD. Accordingly, Ca3AsO4-FA would pass through 
the sprayers and dissolve to AsO4

3− in the aqueous phase of the sorbent slurry. If As2O3 
remains in the gas phase during the post-combustion atmosphere, a proportion of gaseous 
As2O3 could enter the FGD either by reacting with moisture in the flue gas to form H3AsO4 
and condense in the scrubber as the flue gas undergoes a rapid quench (50–60°C), or by 
diffusing through the gas to the aqueous phase of the sorbent slurry where As2O3 would get 
hydrated to H3AsO4. Depending on the operating FGD conditions, As partitioning and fate 
may differ. Generally, As is mostly partitioned in the FGD-gypsum with values comprised 
in the range 90–99%.

Boron is largely organically associated in coals although a fraction can also be associated to 
aluminium silicates. Boron is generally released as H3BO3 and HBO2 [48] during PCC. Since 
the chemisorption mechanism of H3BO3 and HBO2 on FAs has not been documented, the 
main route by which H3BO3 can reach the FGD is with the incoming FGD flue gas. In the 
FGD gas-to-liquid contact zone, H3BO3 may diffuse through the gas to the aqueous phase of 
the sorbent slurry when flue gas passes through the sprayers and remain in the FGD reaction 
tank. Depending on the operating FGD conditions, B partitioning and fate may differ but in 
general, B is removed in the aqueous effluent (filtered water) and only a fraction of B may 
remain in the flue gases. However, since B concentration in FAs is relatively high and largely 
leachable, we can assume that FA containing B species such as CaHBO3 can also contribute to 
increase B content in the in the FGD-gypsum [49].

Selenium casually present as selenide in coal is volatilised as elemental Se0 and SeO2. In the 
boiler, gaseous SeO2 can be chemisorbed on the FA surface to form the stable CaSeO3. The 
main route by which Se would reach the FGD is the small fraction of FAs escapes from 
the control and reaches the FGD. In such a case, Se chemisorbed in FAs could dissolve in 
the aqueous phase of the lime slurry to form an array of aqueous Se-complexes such as 
selenosulphate (SeSO3

2−), selenotrithionate (Se(SO3)2
2−) and selenopentathionate (Se(S2O3)2

2−) 
by reaction with polyoxysulphur donors [50]. Selenium can either be removed in the aque-
ous effluent (filtered water) or partitioned in the FGD-gypsum. However, a small fraction 
of Se can remain in the flue gases and be emitted into the atmosphere.

Mercury occurs in coals in mineral sulphide impurities, although other forms of occurrence, 
such as Hg-Se species, have been described [51]. During combustion, Hg is released as 
elemental Hg (Hg0). During post-combustion, and with decreasing temperature, Hg0

(g) may 
remain as a monatomic species or may oxidise to Hg2

2+ and Hg2+ compounds. The reaction 
of Hg0

(g) with HCl(g) or Cl2(g) to form HgCl2(g) is generally considered to be the dominant Hg 
transformation mechanism in coal combustion flue gas [51]. The main route by which gaseous 
Hg can reach the FGD is with the incoming FGD flue gas. Gaseous compounds of Hg2+ are 
generally water-soluble and can dissolve in the aqueous phase of the sorbent slurry of wet 
FGD systems [52]. However, gaseous Hg0 is insoluble in water and therefore does not dis-
solve. It is speculated that some of the absorbed Hg (HgCl2) can be converted back to Hg0 and 
re-emitted, S (IV) being the main precursor of Hg0 re-emission [53–55].
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Coal chlorine is released primarily as HCl during combustion in the high temperature zone of a 
boiler [56]; as the combustion gases cool (430–475°C), a proportion of HCl can partially be oxi-
dised to Cl2. The main route by which HCl can reach the FGD is with the incoming FGD flue gas. 
In the FGD gas-to-liquid contact zone, HCl may diffuse through the gas to the aqueous phase 
of the sorbent slurry when flue gas passes through the sprayers and react with cations such as 
Ca2+, Na+, Mg2+, etc. to form highly soluble salts. Generally, Cl in FGD systems is removed in the 
aqueous effluent (filtered water) and only a fraction may remain in the flue gases.

Fluorine is released as HF during combustion. The main route by which gaseous HF can reach 
the FGD is with the incoming FGD flue gas. Depending on the operating FGD conditions, F 
partitioning and fate may differ. HF contained in the flue gas may be dissolved in the aqueous 
phase of the sprayed droplets of limestone slurry, if a limestone-based FGD, giving rise to the 
formation of CaF2. However, in the presence of aluminium compounds, HF may also react 
with limestone to form Al-F compounds, typically represented by CaAlF3(OH)2-CaF2 [57]. 
These compounds can coat the surfaces of the limestone particles and consequently cause 
a decrease the reactivity of limestone [58, 59]. In addition, if F is partitioned in the FGD-
gypsum, it can play a crucial role in the leaching potential of the FGD gypsum end-product 
as a consequence of the precipitation of F solid species on FGD-gypsum surface. In order to 
avoid this, the use of additives has been proposed as measure for the optimisation of the SO2 
removal efficiency and for reducing the precipitation of F solid species, respectively.

Heavy metals such Zn, Cu, Cr, Ni, Mn and U tend to form highly soluble aqueous complexes 
with SO4

2−. Depending on the operating FGD conditions, their partitioning and fate may dif-
fer. Acidic conditions, for example, contribute to the stabilisation of metals in solution, there-
fore, in the aqueous effluent. As a result, very low amounts of heavy metals are found in the 
leachates of the FGD-gypsum. Alkaline conditions, however, contribute to the precipitation of 
these elements in the FGD-gypsum.

5. Conclusions

Coal is currently a target to accomplish with the Paris climate agreement for both countries 
and companies. As a consequence, in 2016, world coal production fell by 6.2%, the largest 
decline on record. However, coal is the world’s most abundant energy resource, meaning 
that despite the decline in coal production and consumption, coal is and will be a reliable 
source for power generation. The most negative consequence of coal combustion is the emis-
sions of a number of air pollutants including SO2, NOx, PM, HCl, HF, Hg and As, Be, Cd, Cr, 
Pb, Mn, Ni, and Se, integral components of fine PM. A number of studies have shown that 
FGD chemistry allows also the capture of many pollutants other than S, such as F, As, B, Cl, 
Se or Hg both in a gaseous form and/or as PM. Most of specialised literature reports that most 
of trace elements in FGD systems are removed in the aqueous effluent (filtered water) and 
only a fraction of a few remain in the flue gases (such as B, Hg, and Se). According to these 
studies, it can be concluded that wet limestone FGD systems reach high retention efficiencies 
for trace elements (>90%). However, it is also important to note that the retention efficiency 
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of FGD system for trace elements may be reduced because of the emission of fly dust in 
evaporate droplets saturated with gypsum. In view of the discussion exposed in the review, 
we can conclude that the emissions of inorganic trace pollutants from coal power generation 
depend on each facility including the flue gas depuration train as well as the operating condi-
tions associated to it.
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Abstract

Ambient air contaminants have different adverse effects on human health, environ-
ment, and structures. Some pollutions are more toxic and have unfavorable effects on 
workers’ and public health, for example, cyanide/isocyanide vapor produced in some 
processes or in burning of polyurethane compounds, which is a toxic gas that can 
kill or cause harms impossible to reverse. It is so necessary that air pollutants will be 
controlled and treatment will be provided for the workers and public who are exposed 
or exhausted to the environment. Industrial ventilation (general ventilation, dilution 
ventilation, and local exhaust ventilation) is an appropriate system to control indoor 
air pollutions. Local exhaust ventilation (LEV) has different segments such as hoods, 
fittings, collectors (air cleaners), stacks, and fans that could collect and treat indoor 
and outdoor air contaminants. Each well-designed segment of a local exhaust ventila-
tion is a vital subject that can cause an appropriate or inappropriate performance of 
systems. A well-designed LEV can lead to obtain a high efficiency level of pollution 
removal and minimum exposure (workers, public, and environment) to pollutants 
and save costs and energy.

Keywords: air pollution, air pollution control, design, industrial ventilation, collectors

1. Introduction

The importance of clean air in the industrial work environment is well known. A progressive 
industry with its sophisticated operations utilizes an increasing number of chemical com-
pounds of which many are highly toxic. It is possible that using such materials results in 
vapors, gases, particulates, and/or mists in the air of workplaces in concentrations that exceed 
safe levels. For example, heat stress can result in an unsafe work environment.
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pounds of which many are highly toxic. It is possible that using such materials results in 
vapors, gases, particulates, and/or mists in the air of workplaces in concentrations that exceed 
safe levels. For example, heat stress can result in an unsafe work environment.

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Effective and properly designed ventilation offers a solution to the problem of protecting 
workers. Ventilation can also serve to control moisture, odor, and other undesirable environ-
mental materials.

The health hazard potential of an airborne substance is characterized by the threshold limit 
value (TLV). TLV refers to the airborne concentration of a substance. It represents the condi-
tions that under which it is believed that nearly all workers may be exposed day after day 
without adverse health effects.

The ventilation systems used in industrial plants are of two kinds. The “supply” system 
is used to supply air to a work space. The “exhaust” system is used to remove the con-
taminants which are generated by an operation to maintain a healthful work environment. 
When a dilution ventilation system is used to control or isolate contaminants in a special 
area of the overall plant, this may be desirable. Often, this condition occurs simply because 
of installing local exhaust systems and not considering the corresponding replacement air 
systems.

A well-designed supply system will consist of an air inlet section, heating and/or cooling 
equipment, filters, a fan, and register/grilles and ducts for distributing the air within the 
work space. Exhaust ventilation systems are classified into three groups: (1) the “local” 
exhaust system. The general exhaust system can be used for controlling heat and/or 
removing nontoxic contaminants generated in a space by flushing out a given space with 
large quantities of air and (2) the “general” exhaust system. The air may be tempered and 
recycled when used for heat control. And when used for controlling contaminant (the dilu-
tion system), enough outdoor air must be mixed with the contaminant, so that the average 
concentration is reduced to a safe level. Then, the contaminated air is typically discharged 
to the atmosphere. A supply system is usually used in conjunction with a general exhaust 
system to replace the air exhausted. Local exhaust ventilation systems operate on the prin-
ciple of capturing toxic contaminants at or near its source. It is the preferred method of con-
trol because it is more effective and compared to high flow rate general or dilution exhaust 
requirements, the smaller exhaust flow rate results in lower heating or cooling load costs. 
Dilution ventilation systems are normally used for controlling toxic contaminants when 
local exhaust is impractical or is not economic, as the large quantities of tempered replace-
ment air required to offset the exhausted air can lead to high operating costs. The present 
emphasis on industrial air pollution control highlights the need for efficient air cleaning 
devices on industrial ventilation systems, and the smaller flow rates of the local exhaust 
systems result in lower costs for air cleaning devices and better efficiency. Local exhaust 
systems consist of four basic elements: The hood(s), the duct system, the air cleaning 
device, and the fan. The purpose of the hood is collecting the contaminant generated in an 
air stream directed toward the hood. Then, a duct system must transport the contaminated 
air to the air cleaning device (collectors) or to the fan. In the air cleaner, before the con-
taminant is exhausted to environment, it is removed from the air stream. While producing 
the intended flow rate, the fan must overcome all the losses due to friction of hood entry, 
ducts, and fittings in the system. Most of the time, the duct on the fan outlet discharges 
the air to the atmosphere in such a way that it will not be re-entrained by the replacement  
systems.

Air Pollution - Monitoring, Quantification and Removal of Gases and Particles146

2. Local ventilation

Designing local exhaust systems aims to capture and remove process emissions prior to their 
escape into the workplace environment. The local exhaust hood is the point of entry into the 
exhaust system. Regardless of their physical configuration, it is defined herein to include all 
suction openings. The hood primarily is to create an air flow field which effectively captures 
the contaminant and transports it into the hood. In addition, local ventilation system contains 
four parts that its characteristics are calculated as following:

3. Hood flow rate

Hoods may be of different shapes and dimension configurations but can be categorized into 
two general groups, i.e., enclosing and exterior. The type of the hood to be used depends on the 
physical characteristics of the process equipment, the operator/equipment interface, and the con-
taminant generation mechanism. Enclosing hoods are those which partially or completely enclose 
the process or contaminant generation point. A complete enclosure may be a laboratory glove 
box. Wherever the process configuration and operation permit, enclosing hoods are preferred. 
Exterior hoods are those which are located adjacent to an emission source without enclosing it. 
Equation (1) indicates the calculation of flow rate of exterior hood by a general equation.

  Calculation of flow rate of exterior hood: Q =  K  Q    (10X2 + A)  V  (1)

where KQ is the air correction factor, X is the pollution center to hood face (ft), A is the hood 
face area (ft2), V is the capture velocity (fpm), and Q is the hood suction (cfm).

Calculation flow rate of standard VS of ACGIH for example. Figure 1 shows calculation of 
flow rate of standard VS of ACGIH.
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4. Ducts

Ducts are connected from hoods to fan and transfer air pollutions; therefore, the most velocity 
of air is in the duct. Then, the most losses are in the duct, and ducts show the static pressure 
of ventilation system. This process is more involved than merely connecting pieces of duct. 
Contaminant control may not be achieved if the system is not carefully designed in a manner 
which inherently ensures that the design flow rates will be realized. The results of the follow-
ing design procedure will determine the material thickness, duct sizes, and the fan operating 
point required by the system.

All exhaust systems contain hoods, duct segments, and special fittings leading to an exhaust 
fan. A complex system is an arrangement of some simple exhaust systems which are con-
nected to a common duct. There are two general types of duct system designs: tapered sys-
tems and plenum systems. The duct in a tapered system gradually gets larger since additional 
flows are merged together, thus keeping duct velocities nearly constant. The tapered system 
will maintain the minimum velocity required to prevent settling if the system transports par-
ticulate. The duct in a plenum system is generally larger than that in a tapered system, and 
the velocity in it is usually low. Any particulate in the air stream can settle out in the large 
ducts. Select or design each exhaust hood on the basis of the process, toxicity, and physical 

Figure 1. Calculation of flow rate of standard VS of ACGIH.
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and chemical characteristics of the material and the ergonomics of the process, and then deter-
mine its minimum duct velocity, design flow rate, and entry losses. Note that minimum duct 
velocity is only important for systems transporting particulate, condensing vapors, or mist 
and for preventing explosive concentrations building up in the duct.

4.1. Duct segment calculation

The velocity pressure method is based on the fact that all frictional and dynamic (fitting) losses 
in ducts are functions of the velocity pressure and can be calculated by a loss factor multiplied by 
the velocity pressure. Loss factors are for straight ducts, elbows, and branch. Note that  velocity 
pressure is always positive. Also, total pressure is always greater than static pressure when 
static and total pressures are negative at suction zoon and positive at air drift to atmosphere. 
Determine the hood static pressure. By the loss coefficient from the tabulated data, multiply the 
design duct length. Using galvanized sheet metal duct was assumed throughout this article. 
Determine the number and type of fittings in the duct segment. Add the results of and multiply 
by the duct VP. This is the actual loss in inches of water for the duct segment. Finally add the 
result to the hood suction. Add them in also if there are any additional losses (expressed in inches 
of water), such as for an air cleaning device. This establishes the cumulative energy required, 
expressed as static pressure, to move the design flow rate through the duct segment. It should be 
noted that the final value is negative. Equation (2) indicates the total pressure equation.

  Total pressure equation : SP  (TP = SP + VP)   (2)

where SP is the static pressure (“wg), VP is the velocity pressure (“wg), and TP is the total 
pressure (“wg).

The process of calculation of ventilation systems is as follows:

By the following formula, determine flow correction for air psychrometric and sea level 
elevation. By dividing the actual flow rate by the area of the commercial duct size chosen, 
determine the minimum duct design velocity, and then calculate actual velocity. Equation (3) 
shows the calculation of velocity pressure by the following formula:

  Velocity pressure equation : VP =  K  P     (  V ____ 4005  )    
2
   (3)

where KP is the pressure correction factor, VP is the velocity pressure (fpm), and V is the duct 
velocity (“wg).

4.2. Duct losses

Air movement has friction to the inside wall of the duct, so it creates loss that is calculated as 
follows:

4.2.1. Loeffler formula

Equation (4) shows the calculation of Loeffler, shown in Table 1, choices a, b, and c:
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in ducts are functions of the velocity pressure and can be calculated by a loss factor multiplied by 
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pressure is always positive. Also, total pressure is always greater than static pressure when 
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Determine the hood static pressure. By the loss coefficient from the tabulated data, multiply the 
design duct length. Using galvanized sheet metal duct was assumed throughout this article. 
Determine the number and type of fittings in the duct segment. Add the results of and multiply 
by the duct VP. This is the actual loss in inches of water for the duct segment. Finally add the 
result to the hood suction. Add them in also if there are any additional losses (expressed in inches 
of water), such as for an air cleaning device. This establishes the cumulative energy required, 
expressed as static pressure, to move the design flow rate through the duct segment. It should be 
noted that the final value is negative. Equation (2) indicates the total pressure equation.

  Total pressure equation : SP  (TP = SP + VP)   (2)

where SP is the static pressure (“wg), VP is the velocity pressure (“wg), and TP is the total 
pressure (“wg).

The process of calculation of ventilation systems is as follows:

By the following formula, determine flow correction for air psychrometric and sea level 
elevation. By dividing the actual flow rate by the area of the commercial duct size chosen, 
determine the minimum duct design velocity, and then calculate actual velocity. Equation (3) 
shows the calculation of velocity pressure by the following formula:

  Velocity pressure equation : VP =  K  P     (  V ____ 4005  )    
2
   (3)

where KP is the pressure correction factor, VP is the velocity pressure (fpm), and V is the duct 
velocity (“wg).

4.2. Duct losses

Air movement has friction to the inside wall of the duct, so it creates loss that is calculated as 
follows:

4.2.1. Loeffler formula

Equation (4) shows the calculation of Loeffler, shown in Table 1, choices a, b, and c:
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  Loeffler equation :  H  f   = a    V   b  ___  Q   c     (4)

where Hf is the Loeffler coefficient; Q is the air flow rate (cfm); V is the duct velocity (fpm); l 
is the straight duct length (ft); VP is the duct velocity pressure (“wg); and a, b, and c are the 
coefficients of duct material.

5. Fittings

The fittings are the pieces that are mounted on the duct to redirect the path and branch. The 
standard fitting in industrial ventilation include:

5.1. Elbow

Elbows are used to redirect the air stream. In industrial ventilation, the standard elbows include 
90°, 60° and 45°. It is practically impossible to curl the sheets, given that the elbow is made of 
metal sheets (black iron, galvanized, stainless steel, etc.); therefore, elbows must be made of 
pieces. Minimum segments in elbows 90° must be five segments, in elbows 60° must be four 
segments, and in elbows 45° must be three segments. Figure 2 shows the standard elbows.

5.2. Radius of elbow

Distance center of elbow arc with longitudinal axis line in standard elbows in industrial ven-
tilation has three types of circle radius. The elbow is as follows in the radius of rotation and its 
diameter: R = 1.5 d or R = 2.0 d or R = 2.5 d. The elbow R = 2.0 d is optimized for low-pressure 
drop and low turn radius, but R = 1.5 d is economical according to our experiences.

5.3. Elbow losses

The pressure drop in the elbows is calculated in Eq. (5), and Table 2 indicates the elbow fric-
tion factor.

  Calculation of the pressure drop in the elbows :   h  f   = K ∙ VP  (5)

Duct materials a b c

Galvanized-PVC-PE 0.0307 0.533 0.612

Iron-steel-aluminum 0.0425 0.465 0.602

Flexible duct wires covered 0.0311 0.604 0.639

Flexible duct wires exposed 0.0428 0.649 0.683

Table 1. Correlation equation constants
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where hf is the loss of elbow (“WG), K is the elbow friction factor (“WG), and VP is the velocity 
pressure (“WG).

5.4. Entrance

This is the branch of the flow of air flow from one duct to another duct distribution (see Figure 3)  
of air flow. Equation (6) shows the pressure drop in the entrance, and Table 3 shows the entrance 
friction factor [1–3].

Figure 2. Standard elbows.

R/d Friction factor

1.5 0.24

2.0 0.19

2.5 0.17

Table 2. Elbow friction factor

Figure 3. Entrance.
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segments, and in elbows 45° must be three segments. Figure 2 shows the standard elbows.

5.2. Radius of elbow

Distance center of elbow arc with longitudinal axis line in standard elbows in industrial ven-
tilation has three types of circle radius. The elbow is as follows in the radius of rotation and its 
diameter: R = 1.5 d or R = 2.0 d or R = 2.5 d. The elbow R = 2.0 d is optimized for low-pressure 
drop and low turn radius, but R = 1.5 d is economical according to our experiences.

5.3. Elbow losses

The pressure drop in the elbows is calculated in Eq. (5), and Table 2 indicates the elbow fric-
tion factor.

  Calculation of the pressure drop in the elbows :   h  f   = K ∙ VP  (5)

Duct materials a b c

Galvanized-PVC-PE 0.0307 0.533 0.612

Iron-steel-aluminum 0.0425 0.465 0.602

Flexible duct wires covered 0.0311 0.604 0.639

Flexible duct wires exposed 0.0428 0.649 0.683

Table 1. Correlation equation constants
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where hf is the loss of elbow (“WG), K is the elbow friction factor (“WG), and VP is the velocity 
pressure (“WG).

5.4. Entrance

This is the branch of the flow of air flow from one duct to another duct distribution (see Figure 3)  
of air flow. Equation (6) shows the pressure drop in the entrance, and Table 3 shows the entrance 
friction factor [1–3].

Figure 2. Standard elbows.

R/d Friction factor

1.5 0.24

2.0 0.19

2.5 0.17

Table 2. Elbow friction factor

Figure 3. Entrance.
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  Pressure drop in the entrance equation :  h  f   = K ∙ VP  (6)

where hf is the loss of entrance (“WG), K is the entrance friction factor (“WG), and VP is the 
velocity pressure (“WG).

6. Air cleaning devices

Dusts, toxic or corrosive gases, and fumes should not be discharged to the atmosphere. 
Each exhaust system handling such materials should be provided with an adequate air 
cleaner. Air cleaning devices remove contaminants from an air or gas stream after ven-
tilated from indoor spaces and before exhausted to the atmosphere. They are available 
in a wide range of designs to meet variations in air cleaning requirements. Quantity and 
characteristics of the contaminant to be removed, conditions of the air or gas stream, and 
degree of removal required will all have a bearing on the device selected for any given 
application. In addition, fire safety and explosion control must be considered in all selec-
tions. For particulate contaminants, air cleaning devices are divided into two groups: dust 
filters and air cleaners.

Air filters are designed to remove low dust concentrations of the magnitude found in 
atmospheric air. This kind of air cleaning device is typically used in air-conditioning, 
ventilation, and heating systems where dust concentrations seldom exceed 1.0 grains per 
thousand cubic feet of air and are usually well below 0.1 grains per thousand cubic feet of 
air. Where the air or gas to be cleaned originates in local exhaust systems or process stack 
gas effluents, usually duct collectors are designed for the much heavier loads from indus-
trial processes. For each cubic foot of air or gas, contaminant concentrations will vary from 
less than 0.1 to 100 grains or more. Therefore, dust collectors are, and must be, capable 
of handling concentrations 100–20,000 times greater than those for which air filters are 
designed. Small, inexpensive versions of all categories of air cleaning devices are available. 
The principles of selection, application, and operation are the same as for larger equip-
ment. However, much of the available equipment is of light duty design and construction 
due to the structure of the market that focuses on small, quickly available, and inexpensive 
equipment. One of the major economies of unit collectors implies recirculation, for which 
such equipment may or may not be suitable. Application engineering is just as essential for 
unit collectors as it is for major systems for adequate prevention of health hazards, fires, 
and explosions.

 𝜣𝜣  degrees Friction factor

30 0.18

45 0.28

Table 3. Entrance friction factor
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6.1. Selection of dust collection equipment

Contaminants in exhaust systems cover a wide range in concentration and particle size. 
Concentrations can range from less than 0.1 to much more than 100,000 grains of dust per 
cubic foot of air. The dust ranges from 0.5 to 100 or more microns in size in low-pressure 
conveying systems. Deviation from mean size (the range over and under the mean) will also 
vary with the material. Figure 4 indicates the pattern of selecting dust cleaners on the basis of 
range of particle size, concentration, and collector performance.

7. Required efficiency

The required degree of collection can depend on plant location, nature of contaminant, and 
the regulations of governmental agencies when the cleaned air is to be discharged outdoors. 

Figure 4. Selection of dust cleaners on the basis of range of particle size, concentration, and collector performance.
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Damage to farms or contribution to air pollution problems of distant cities can affect the need 
for and importance of effective collection equipment in remote locations. Many industries, 
originally located away from residential areas, have failed to anticipate the residential build-
ing construction which frequently develops around a plant. Such lack of foresight has required 
installation of air cleaning equipment at greater expense. Nowadays, the remotely located 
plant must comply with the same regulations as the plant located in an urban area in most 
cases. Management can continue to expect criticism for excessive emissions of air contami-
nants whether located in a heavy industry section of a city or in an area closer to residential 
zones with the present emphasis on public nuisance, public health, and preservation and 
improvement of community air quality. Also, the mass rate of emission will affect selection of 
equipment. For a given concentration, the larger the exhaust volumetric flow rate, the greater 
the need for better equipment. While a smaller industrial pulverized fuel boiler might be able 
to use slightly less efficient collectors, large central steam-generating stations might select high 
efficiency electrostatic precipitators or fabric collectors for their pulverized coal boiler stacks.

A safe recommendation in selecting equipment is to select the collector that will allow the least 
possible amount of contaminant to escape and also while meeting all prevailing air pollution 
regulations is reasonable in first cost and maintenance. It must be remembered that visibility 
of an effluent will be a function of the light reflecting surface area of the escaping material. 
Surface area per pound increases inversely as the square of particle size. In other words, the 
removal of 80% or more of the dust on a weight basis may remove only the coarse particles 
without altering the stack appearance.

The contaminant characteristics will also affect equipment selection. Emitted chemicals 
may attack collector elements or corrode wet type collectors. Sticky materials can adhere 
to collector elements, plugging collector passages. Linty materials adhere to certain types 
of collector surfaces or elements. Abrasive materials in moderate to heavy concentrations 
will cause rapid wear on dry metal surfaces. Particle size, density, and shape will rule out 
certain designs. The combustible nature of many finely divided materials requires spe-
cific collector designs to assure safe operation. The characteristics of the carrier gas stream 
can have a marked bearing on selecting equipment. It is possible that temperature of the 
gas stream limit the material choices in fabric collectors. Condensation of water vapor 
will cause packing and plugging of air or dust passages in dry collectors. We can reach 
optimum and high removal efficiency with optimization and more study about design 
parameters in each type of collectors.

8. Dust collector types

There are four major types of dust collectors for particulate contaminants: electrostatic pre-
cipitators, fabric collectors, wet collectors, and dry centrifugal collectors.

8.1. Fabric collectors

The “fabric” may be constructed of any fibrous material, either man-made or natural, 
and regardless of construction may be spun into a yarn and woven or felted by needling, 
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impacting, or bonding. The fabric represents a porous mass through which the gas is passed 
in directional such that dust particles are retained on the dirty side and the cleaned gas 
passes on through. The ability of the fabric to pass air is called “permeability.” It is defined 
as the cubic feet of air passed through one square foot of fabric each minute at a pressure 
drop of 0.5 “wg. Usual permeability amounts for commonly used fabrics range from 25 to 
40 cfm. A highly efficient fabric that cannot be cleaned represents an excessive resistance to 
air flow and is not an economical engineering solution. Final fabric selection is generally a 
compromise between efficiency and permeability. The efficiency of the fabric as a filter is 
meaningful when new fabric is first put into service. Even after cleaning, a residual and/or 
redeposited dust cake provides higher collection efficiency and additional filtration surface 
than obtainable with new fabric. Fabric collectors are not 100% efficient. But well-designed, 
adequately sized, and properly operated fabric collectors can be expected to operate at effi-
ciencies in excess of 99% and often as high as 99.9% or more on a mass basis. The fabric col-
lector should be leak tested for mechanical leaks where extremely high collection efficiency 
is essential. The combination of fabric and collected dust becomes increasingly efficient as 
the dust cake accumulates on the fabric surface. Fabric collectors are suitable for service on 
relatively heavy dust concentrations. The amount of dust collected on a well-designed and 
single square yard of fabric may exceed 5 pounds per hour. Commercially available fabric 
collectors employ fabric configured as bags or tubes, envelopes (flat bags), rigid elements, 
or pleated cartridges. Most of the available fabrics are employed in either bag or envelope 
configuration. The variable design features of the many available fabric collectors are as 
follows:

1. Housing configuration (single compartment and multiple compartment)

2. Type of reconditioning (shaker, reverse air, pulse-jet)

3. Fabric configuration (bags or tubes, cartridges, envelopes)

4. Type of fabric (woven or non-woven)

5. Intermittent or continuous service

Due to many variables and their range of variation, fabric collector sizing is judged based 
on experience. Also, a combination of shaking and reverse air flow has been utilized. It is 
possible that reverse-jet, continuous-duty fabric collectors use envelopes or tubes of non-
woven fabric, pleated cartridges of non-woven mat (paper-like) in cylindrical or panel 
configuration, or rigid elements such as sintered polyethylene. Based on our experience, 
when tubes have 6–11 inches diameter and can be as long as 10 feet, permeability 10–25, 
reverse-jet 6–8 atmosphere (in high load of pollution each 1 minute, 1 second pulse jet; 
and in low load of pollution each 2–3 minute, 1 second pulse jet), and air velocity inside 
the chamber selected 300 fpm, the bag filter becomes optimal and economic in removal 
efficiency. Solenoid valves which control the pulses of compressed air may be open for a 
tenth of a second or less. An EPA-sponsored research has shown that superior performance 
results from downward flow of the dirty air stream. This downward air flow reduces rede-
position since it aids gravity in moving dust particles toward the hopper. Figure 5 shows 
the fabric collector [1, 2].
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impacting, or bonding. The fabric represents a porous mass through which the gas is passed 
in directional such that dust particles are retained on the dirty side and the cleaned gas 
passes on through. The ability of the fabric to pass air is called “permeability.” It is defined 
as the cubic feet of air passed through one square foot of fabric each minute at a pressure 
drop of 0.5 “wg. Usual permeability amounts for commonly used fabrics range from 25 to 
40 cfm. A highly efficient fabric that cannot be cleaned represents an excessive resistance to 
air flow and is not an economical engineering solution. Final fabric selection is generally a 
compromise between efficiency and permeability. The efficiency of the fabric as a filter is 
meaningful when new fabric is first put into service. Even after cleaning, a residual and/or 
redeposited dust cake provides higher collection efficiency and additional filtration surface 
than obtainable with new fabric. Fabric collectors are not 100% efficient. But well-designed, 
adequately sized, and properly operated fabric collectors can be expected to operate at effi-
ciencies in excess of 99% and often as high as 99.9% or more on a mass basis. The fabric col-
lector should be leak tested for mechanical leaks where extremely high collection efficiency 
is essential. The combination of fabric and collected dust becomes increasingly efficient as 
the dust cake accumulates on the fabric surface. Fabric collectors are suitable for service on 
relatively heavy dust concentrations. The amount of dust collected on a well-designed and 
single square yard of fabric may exceed 5 pounds per hour. Commercially available fabric 
collectors employ fabric configured as bags or tubes, envelopes (flat bags), rigid elements, 
or pleated cartridges. Most of the available fabrics are employed in either bag or envelope 
configuration. The variable design features of the many available fabric collectors are as 
follows:

1. Housing configuration (single compartment and multiple compartment)

2. Type of reconditioning (shaker, reverse air, pulse-jet)

3. Fabric configuration (bags or tubes, cartridges, envelopes)

4. Type of fabric (woven or non-woven)

5. Intermittent or continuous service

Due to many variables and their range of variation, fabric collector sizing is judged based 
on experience. Also, a combination of shaking and reverse air flow has been utilized. It is 
possible that reverse-jet, continuous-duty fabric collectors use envelopes or tubes of non-
woven fabric, pleated cartridges of non-woven mat (paper-like) in cylindrical or panel 
configuration, or rigid elements such as sintered polyethylene. Based on our experience, 
when tubes have 6–11 inches diameter and can be as long as 10 feet, permeability 10–25, 
reverse-jet 6–8 atmosphere (in high load of pollution each 1 minute, 1 second pulse jet; 
and in low load of pollution each 2–3 minute, 1 second pulse jet), and air velocity inside 
the chamber selected 300 fpm, the bag filter becomes optimal and economic in removal 
efficiency. Solenoid valves which control the pulses of compressed air may be open for a 
tenth of a second or less. An EPA-sponsored research has shown that superior performance 
results from downward flow of the dirty air stream. This downward air flow reduces rede-
position since it aids gravity in moving dust particles toward the hopper. Figure 5 shows 
the fabric collector [1, 2].
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8.2. Wet collectors

Wet collectors or scrubbers are commercially available in different designs, with pressure 
drops from 1.5 times of exit duct velocity pressure. There is a corresponding variation in 
 collector performance. It is generally accepted that efficiency depends on the energy utilized 
in air to water contact and is independent of operating principle for well-designed equip-
ment. Whether the energy is supplied to the air or to the water, efficiency is a function of total 
energy input per cfm. In other words, if equivalent power is utilized, well-designed collec-
tors by different manufacturers provide similar efficiency. Wet collectors have the ability to 
handle high-temperature and moisture-laden gases. The collection of dust in a wetted form 
minimizes a secondary dust problem in disposal of collected material. Some dusts represent 
explosion or fire hazards when it is dry. Wet collection minimizes the hazard; however, the 

Figure 5. Fabric collector.
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use of water may introduce corrosive conditions within the collector, and if collectors are 
located outdoors in cold climates, freeze protection may be necessary. Wet collectors are 
frequently the solution to air pollution problems. It should be recognized that disposal of 
collected material in water without clarification or treatment may create water pollution prob-
lems. Wet collectors have one characteristic not found in other collectors, the inherent ability 
to humidify. Humidification, the process of adding water vapor to the air stream through 
evaporation, may be either advantageous or disadvantageous depending on the situation. All 
wet collectors humidify; the amount of humidification varies for different designs. According 
to our experiences, although wet collectors have different types, the spray tower and packed 
towers, which are more practical and economic, are simple to make and assemble and have 
appropriated removal efficiency in air pollution control.

8.2.1. Spray tower

Spray tower collectors consist of a rectangular or round chamber into which water is intro-
duced by spray nozzles. There are many variations of design, but the principal mechanism 
is impaction of dust particles on the liquid droplets created by the nozzles. These droplets 
are separated from the air stream by pump force. The pressure drop is relatively low (on the 
order of 0.5–1.5 “wg), but water pressures range from 10 to 400 psig. The high-pressure devices 
are the exception rather than the rule. This type of collector generally utilizes low-pressure 
 supply water and operates in the lower efficiency range for wet collectors. Collection efficiency 
can reach the upper range of wet collector performance where water is supplied under high 
pressure. For conventional equipment, water requirements are reasonable with a maximum of 
about 5 gpm per thousand cfm of particle, and fogging types using high water pressure may 
require as much as 10 gpm per thousand cfm of gas. Figure 6 shows this collector. Air flow 
inside all of the scrubbers has adiabatic revolution with 90% efficiency; in other words, air flow 
in scrubber will be cool and increase humidity to 90% relative humidity. Figure 7 shows this 
change.

Based on our experiences, design velocity in spray towers takes 250 feet per minute (fpm), 
and the performance of spray tower will be optimum since no droplet in fan housing or stack 
was detected. Design parameters of spray towers can influence the removal efficiency of air 
pollutants. Design parameters included type (solid cone or hollow cone), array and position 
and number of spray nozzles, size, liquid pressure, diffraction angle of spray nozzle, L/G 
(liquid to gas ratio), etc. The operating pressure of scrubbing liquid not only is an important 
parameter but also directly influences the liquid distribution, droplet size, and liquid flow 
rate. According to our experience, operating pressure, nozzle size 80–800 micron (the nozzle 
size directly depends on Henry’s law constant of each gas), and multistage spray nozzle could 
increase mass transfer and removal efficiency, decrease and save operational costs, and opti-
mize the “mechanical” performance of spray towers. The area and pressure drop of spray 
towers were calculated Eq. (7) [2, 4–6]:

  The area and pressure drop of spray towers :    
 d  s   = 2  √ 

___

   Q __ 14    
    b = 2.5  d  s       

 h  lS   = 1.5 × VP

   (7)
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where Q is the flow rate at scrubber outlet (cfm), bS is the inlet duct to nozzle height (ft), hlS 
is the scrubber pressure drop (“WG),   d  

s
    is the scrubber diameter (ft), and VP is the velocity 

pressure at the outlet duct (“WG).

Figure 6. Spray tower.

Figure 7. Adiabatic revolution.
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8.3. Packed towers

Packed towers are essentially contact beds through which liquid and gases pass concurrently, 
counter-currently, or in cross-flow. They are used primarily for applications involving vapor, 
gas, and mist removal. These collectors can capture solid particulate matter, but they are not 
used for that purpose since dust plugs the packing and requires unreasonable maintenance. 

Figure 8. Low-efficiency cyclone.
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Water rates of 5–10 gpm per thousand cfm are typical for packed towers. Water is distributed 
over V-notched ceramic or plastic weirs. High-temperature deterioration is avoided by using 
brick linings, allowing gas temperatures as high as 1600 F to be handled directly from furnace 
flues. Based on shapes, the packing is divided into the following types:

Maspac, Intalox Saddle, Pall Ring, Tellerette, Raschig ring, and Berl Saddle. On the basis of 
our experience, the Raschig ring is appropriate for packing (popular, simple to make and 
maintenance, low-cost, etc.), and the optimum design velocity was 250 fpm for packed tower.

8.4. Cyclone collector

The cyclone collector is commonly used for the removal of coarse dust from an air stream as 
a precleaner to more efficient dust collectors and/or as a product separator in air conveying 
systems. Principal advantages are low-cost, low maintenance, simple making, and relatively 
low-pressure drops. It is not suitable for the collection of fine particles.

8.4.1. Low-efficiency cyclone

In this collector, air velocity is 3200–4000 fpm with pressure drops 0.75–1.5 “wg. This cyclone 
can absorb with efficiency more than 900/0 the particle size more than 55 microns (see Figure 8).

Figure 9. High-efficiency cyclone.
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8.4.2. High-efficiency cyclone

In this collector, air velocity is 4000–4800 fpm with pressure drops 3–6”wg. This cyclone (see 
Figure 9) can absorb with efficiency more than 900/0 the particle size more than 13 micron. The 
dia meter of this collector can be calculated based on Eq. (8):

  The diameter of high efficiency cyclone : d =   (  0.083 _____ hl  )    
0.25
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where Q is the cyclone flow rate (cfm), hl is the cyclone pressure drop (“WG), and d is the 
cyclone diameter (in).

8.4.3. Multiple cyclone

These collectors (see Figure 10) consist of a chamber that some number of high-efficiency 
cyclone put on this chamber. Not only the inlets of cyclones are connected together but also 
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the outlets are connected together. This collector at list consist of four cyclones, and can more 
number cyclone put in this chamber and cyclones must have square array. The pressure drop 
in multi-cyclone is equivalent to each cyclone. The flow rate in each cyclone can be calculated 
based on Eq. (9) [1, 2]:

  Flow rate in each cyclone :   Q  i   =   Q __ N    
N =  n   2 

     (9)

where Q is the quota air for each cyclone,  Q  is the inlet or outlet air in cyclone (cfm),  N  is the 
number of cyclone in multi-cyclone, and n is the inlet eger number.

9. Conclusions

Local exhaust ventilation is the best option for removing and mitigating all industrial air pol-
lutants, which reduces the cost of energy and the occupational and environmental exposure 
of individuals with a variety of environmental pollutants. Industrial ventilation is strongly 
recommended for environmentally polluting industries and workplaces.
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