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Simbolo Término Unidad SI  Definicion
0o Cunningham slip factor to specific diameter m? Equation0-1
Q geometrical midpoint of each ELPI* stage
0 geometrical midpoint of mobility diameter
equivalent
#lcm® Particles number per cubic centimeter
D50%  Cut diameter
Di Diameter gometric mean
Q diameter nm Tabla 31
e 1.602 x 16°C C
I Currents measured by electrometers in ELP "®-
nm nanometers
Q Charge of electron
P Product of penetration
{feYyo®dfAdl K INBS]T fSgSNH
Simbolo Término Unidad SI  Definicion
L e®C
- X o
[ c8tp
T pwm )
" Particle density "Tw a
" unit density "Foda  1g/emd
shape factor Section 1.2.1

m micro
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Abbreviation

Definition

APS
BAM
DMA
ELPI*
PMjy
PM1o
PMas
PNC
PNSD
RMS
SMPS
WS 6s

Aerodynamic Particle Sizers

Beta Attenuation Monitors

Differential Mobility Analyzers

Electrical Low-Pressure Impactor

Particulate Matter with aerodynamic diameter less than x nm
Particulate Matter with aerodynamic diameter less than 10 mm
Particulate Matter with aerodynamic diameter less than 2.5 nm
Particle number concentration

Particles Number Size Distribution

Root-Mean-Square

Scanning Mobility Particle Sizers

Water Soluble Inorganic ions
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This study aims to understand the Particle Size Distribution (PSD) of aerosols in urban areas
in Colombian, linking the local and regional sources of air pollutants and the local weather
patterns. The PSD of airborne aerosols was studied in two locations in Colombia: one was
Bogota City, an urban area mainly influenced by traffic emissions, where were chosen three
zones; the first corresponded to an urban background station in west of the city, the second
was a traffic station, located in the center of the city and third was located at the west of the
city, heavily influenced by traffic emissions of cars and trucks as well as industrial emissions.
The second location is in the municipality of Palmira, in the Cauca River Valley Department,
an agro-industrial area with a significant number of activities related to the harvest and
industrial processing of sugar cane, including the production of alcohol, sugar, and electricity
through cogeneration from sugarcane bagasse. In Palmira, there is also a significant amount
of road transportation associated with agro-industrial activities, serving as a vital vehicle

crossing point between the country west and other rural areas.

In the urban background and the central traffic station in Bogota was studied the Particle
Number Concentration (PNC), Number Particle Size Distribution (PNSD), and Lung Deposited
Surface Area (LDSA). On other hand, in the place located in the western of Bogota and the
site located in Palmira was understood the Mass Particle Size distribution (MPSD) and their
chemical composition using two approaches: one was to recognize the main chemical
components, such as water-soluble ions ( WS |, drganic carbon (OC) and elemental carbon
(EC), size segregated in nine stages in the range from 30 to 0.1 mm. The second method
involved analyzing the chemical speciation of bulk PM;s samples, which also included WSI's,
OC, and EC species as well as organic species such carbohydrates, PAHs, and n-alkanes.
These findings were analyzed to determine the number of particles, mass concentration, and
chemical composition of airborne aerosol that can reach and deposit in the human respiratory

system.

Hence, the aim of this research was measurement, analyze and compare the size distribution
and chemical composition of airborne aerosols in various urban environments throughout
Colombia, in order to determine the potential of the PM to accumulate in the respiratory

systems of those exposed to each urban site.

Consequently, the following are the study's specific goals:

- To evaluate the temporal and spatial variability of the particle number concentration

and particle number size distribution at two urban areas with different characteristics.
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- To determinate the chemical composition of inhaling particles based on their size
distribution.

- To assess the potential of airborne particle matter deposition into the various parts of
the human respiratory system.

- To evaluate the chemical compositions of fine particulate matter from integrated bulk
PM.s samples.

- To infer the air pollutants sources from the particles size distribution and chemical

composition of ambient inhaling particulate matter.

This dissertation has four chapters that present the study findings. The first chapter shows the
results of the instrumental intercomparison of the Electric Low-Pressure Impactor ELPI™ with a
reference instrument to measure number particle concentrations and size distribution, created
at the World Center Calibration for Aerosols Physics (WCCAP) in the Institute for Tropospheric
Research i TROPOS's. The aim of this chapter is provided accuracy of the data set collected
from the ELPI*, which was used to measure Particle Number Concentrations and Particle Size
Distribution in the two urban areas of Bogota. This chapter displays the sequence to convert
the raw current signal recorded by the E L P leléctrometers into number of airborne particles

in size range of 17 nm to 10 mm.

The second chapter shows the spatial and temporal variability of the particles number
concentration and the number and volume size distribution in two stations of air quality network
of Bogotéa located in the east and center of the city. The number particle size distribution was
linked to the model of the particle deposition in the respiratory system published by the
Commission on Radiological Protection (IRCP) (ICRP, 1994) to assess the Lung Deposition
Surface Area LDSA in both stations.

The third chapter is focused on the mass size distribution of particles and their size segregated
chemical composition. This chapter reveals the mass size distribution in one location in Bogota
with high traffic vehicular impact and surrounds of small and medium industrial activities.
Additionally, was studied a location in Palmira, Cauca River Valley Department, where there
is combination of the typical urban sources, such as, vehicular traffic emissions, with agro
industrial emissions, specially derived from a sugarcane harvest. The mass size distribution is
segregated into nine stages, allowing simulate the human respiratory tract and recognize the
characteristics of particles that could penetrate the upper respiratory airways parts, bronchi

and alveoli of people exposed to these.



Introduction

The results of an extensive, sammiesl obharmaedern
are detailed in the research article published &
a study article. The sanaplRinvge rp lvaaclel,e yl orceagtieodn ,i ni

the harvest of sugarcane and the agroindustry pr

the concentratoillaml|l ef i waser tr ace met al s, and or
Additionall y,rgameé ci rs@leacld ee&gn aesi,kepon ycycl e aromat
(HAPs) , and carbohydrates. This chapter contrib
abundance of each chemical specitoxiandyr ¢eeeall s bt

HAP and tmmeatcael concentrations.

The outcomes of this study will comrtterrinb uetxep otsou ruen
to aerosols on human health at both | ocations, [
emi ssions, and establ i sshsienng tehfef ei cmpiavcet noent hpoodpsu |tao

wSTSNBYyOSa

Hernandez, CarActe20k@ax.i -n de | a Contaminaci -n ¢
Bogot8 medi ante Fotometr?2 &ofdlaani n@Gaxi ant roir z Mat
Particulado en Bogot§8 mediante Fotometr2a Sol ¢

Hopke, P. K. (2016) . Review of receptodomodal ing
of the Air & Waste Mé&HBJeiMBBLY Association
https:// doi . ord4g7.1200. 1160.8101/4100699632 2

I CRP. (1994) . Human Respiratory TrAdAonaMsesdelf & br
| CRPVol . 57). https:// d®i8.90rf0@1P2 1097/ 00004032

Kul karni , P., Baron, A®ros &l WMehbakeme fiti (i JR@EBN C i
and Appl(iR.atKuonksar ni |, P. Bar on, & K. Willleke

Kumar , R. , Peuch, V., Crawford, J., &-qRiradddeur,

f or ecNasttudrbel 27 .

LI te Val buebkwal AadeiMlma (28li7abilidad espaciote
undidad -ptica de aerosoles en |l a zona car
rvaci one¢€sUnsi avteerlsiitdaalde sNaci onal de Col ombi a]

n
f
e
p:// www. bdigital.unal.edu.co/ 62133/ 1/ Tesi s
2
p
7

254, 11 (2017).
c// www. mi nambi ente. gov. co/ i nraegse s2 2n504r ndaet i v a
. pdf

Mi ni sterio de Ambiente y IDrefsamrmeldeol Seosttadd bde .|
aire en Colombia 2017
http://documentacion.ideam.gov.co/ openbibliolltk
2017. pdf

Pachon, J . E. , Sar mi ente mpHor,al& &aHond hs Keot,i arl. V 2r0il
par tbhiocuned polycyclic aromati c hyydnmrol®Qatmawo,ns in B
At mosphere ,d@n4dd) .Hehatlttphs: / / d0i-0.16@8r2g5691 0. 1007/ s1186

Ram2rez, o. , A. M, S. de | a C. , Amat o, F. , Cataco
(201C)e.mi cal composition and source apportionm



Introduction

backgroeunidn sai thi gh e altitud233dd¥®Rdb. Ameri can m
https://doi.org/10.12016/j.envpol . 2017.10.045

Rodriguez, L., Roj as, N. , Bl anco,Shlof¥er HeEfT e @at s V
of Air Pollution on Resptiyaitmr@olanadIiCa rZzwA at or
Mu FCiit y -SeTi me Amaleysniast.i onal Jour nal of Enviro
Public,1lbeall6tlh0. https://doi.org/ 10.3390/ijerph

Seinfeld, J. H., &tPaorsgpiheri . FN.o @ AGag )e.o(lGhamnigen
nd) .

Universidad de | os Andes El Almealtdisatee nBepst ol an2
descontaminaci -htdpep: Bbgahbh8. ambi entebogesta. gov.

i nvesti gaci ebnuessy ureedsau/l etl acdnoethepisstire ¢ e-ch e |
descont andienag egp@a-lt e

Vargas, F. A., Rojas, N. Y., PPaMlhOo nc,hadr.acE.er ié& aRui
source apportionment at tvid moegpihckentci @£loldmue a0
Resead(clh 18072 httmpg/ 10d95094/ APR. 2012. 006

Vu, T. Vs abolrgado J. M. , & RHeavirdvweo:n,Parr.t iMc | g 2r0ulrdb
di stributions from seven major sources and i mg
studi2zs 1132.

Worl d Health Orgamiuadaiitgngu(2@05bnesAifror particl e
di oxide and sAlfuQudibkfld€sudel) nes
https://doi.org/10.1016/j.atmosenv. 2

Worl d Heal th Or gAinr zmdhitownp. s ./ omewiw). . who. i nt/ airpol |



19

S

MOt SOOI NWNMONE & adzelE L YL QOSSN 2 NI f @
FaaSaavyYSyioao

1.1. Introduction

The atmospheric particle size is a crucial fact
respiratory health hazards, visibility reduct
transport process modeling of and i mpact on re
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The instruments that use the inertial classification of particles principle are based upon
the fact that particles move in a gas streamline and are captured by a surface when
the inertial of the particles is smaller than the gas where they are flowing. Typically,
the instruments that use impactors cascade could classify the particles up to downsize
of 0.05 mm, and to cover small sizes are used techniques known as low pressure
impactors or micro-orifice impactors. However, when particles are subjected to low
pressures, such as 0.03 atm (30 mbar), they undergo size reduction due to the
evaporation process. This is more likely to happen if the particles' components are
volatile, such as VOCs, are volatile. Consequently, a cascade impactor that operates
at low pressures can be employed instead of a large size range, from 50 nm to 5 nm

(Kulkarni et al., 2004). The main drawbacks of inertial impactors include interstage
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losses, overloading of collect particles deposited on the impaction plates, and particle

bounce from the collection surface.

Aerodynamic Parti Olidedf &nertrisal ( ARGSHI, | abhyg Anal yz

Scanning Mobility P@aHalichle?2 Sigteral (SMP&21; She
These insuseumeotdi fferent sizing principles to
mobility and aerodynamic mobility.

1.1.1 The Electrical Low-Pressure Impactor (ELPI*)

The Electrical Low-Pressure Impactor (ELPI*) determines an aerosol size distribution
in real-time, by combining of 13 cascade impactor stages in the range of 17 nm - 10
nmm, and a filter stage. Each impactor stage is connected to an electrometer that detect
the currents induced by charged particles. The ELPI* operates in a wide range of size
particles and number particle concentrations, as shown in .

Table 1-1, which indicates the diameters geometric mean of each channel (Di), the
cut-off diameters (D50%) correspond to the size of particles collected with a 50%
efficiency in each stage, and the minimum and maximum number of particles detected
according to currents limit detection in each stage by the electrometers.

¢l ovmB 51 GF aKSSG 2F OF2NRSOK YAl ISR Ay 9

Stage  Di(mm) D 50% [mm] Number min [1/cm®] Number max [1/cm?]

14 8.25 6.8 0.1 2.4 x 104
13 5.47 4.4 0.1 2.4 x 104
12 3.32 2.5 0.15 5.4 x 104
11 2.00 1.6 0.3 1.1x10°
10 1.26 1 0.5 1.9x10°
9 0.80 0.64 1 3.5 x10°
8 0.51 0.4 2 6.4 x 10°
7 0.32 0.26 3 1.2 x 108
6 0.21 0.17 5 2.1 x 108
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Stage  Di (mm) D 50% [mm] Number min [1/cm3] Number max [1/cm?]

5 0.14 0.108 10 3.7 x 10°
4 0.08 0.06 20 7.3 x 10°
3 0.042 0.03 50 1.7 x 107
2 0.022 0.017 100 3.5 x 107
1 0.010 0.006 250 8.3 x 107

The ELPI* consists of three parts: a unipolar diffusion chamber, 13-stage cascade
impactor and the filter stage, and a set of electrometers connected to each impaction
stage, as show in Figure 1-1a. The unipolar diffusion chamber has a corona charger
(a needle) that produces a positive high voltage (3.5 kV), constant discharge of 1 nA
towards the aerosol particles flowing through it. The released flow of ions produces
particles with a known positive charge that is stable under different operation
conditions and is high enough to ensure detection by electrometers. The aerosol then
flows through a voltage trap, formed by two concentric cones with a potential difference
of 20 V ° 2V, which produces a static direct current (DC) field, removing the charged
particles that have a smaller size than the measuring range of the instrument before
they enter the impactor (Marjama et al., 2000). It is essential to highlight that the
unipolar charging of ELPI* is related to the active surface area for smaller particles,
thus the primary signal of electrometers corresponding to the size distribution of the
particl e6s (Pagels dt @.c2807)aFigerel-1b displays a photo of the ELPI*
instrument utilized in this study, which was shot during the intercomparison conducted
at Leibniz Institute for Tropospheric Research. The operational parameter that
guarantees the proper operation of ELPI* is summarized in Table 1-4, showing the

respective reference values.

The cascade impactor of ELPI* is used to classify and collect the particles according
to the aerodynamic diameter in the 6 nm - 10 nm range. Thus, stage 15 has a cut-off
diameter of 10 mm and subsequent stages have smaller cut diameters, down to stage
2, with a cut-off diameter of 17 nm, as shown in .

Table 1-1. Stage 1 or filter stage, consists of multiple layers of fine mesh that traps

particles smaller than 17 nm, for a cut-off diameter of 6 nm.
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Figurel-1. a). Schematic of the components and operating principle of the Eledtosal
Pressure Impactor (ELPI Source: (DEKATI, 2016)b) Photo of ELPIduring the
intercomparison with SMPS in Leibniz Institute for tropospheric research.

The electrical current that the particles release as they collide with the impactor
surfaces is measured by electrometers. Each electrometer can measure current
signals with a resolution of fA between 0 and 500 pA (DEKATI, 2012). Through
correlations between the currents detected, particle properties, such as shape (on
under assumption of spherical particles), the bulk density (* ), and operational
conditions, such as flow rate, these currents are converted to particle surface area,

number, volume, and mass size distributions.

The accuracy of ELPI*& measuring is determined by the charger efficiency function,

the bulk density, the interstage losses and the particles bounced.

U Regarding to the charger efficiency function, it depends on the operational
conditions, such as the air flow rate and the pressure under the first stage, in

addition to the sizes of the nozzles that affect the cut-off diameter values.

0 The p asrchaigeih ELBI" is based on the mobility diameter and then are

separated, by inertia, according to the aerodynamic diameter. When the
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electrically charged patrticles is deposited on the impaction stage in the ELPI*,
an electrical current is generated, and the particles are accounted for.
Therefore, the particle number concentration detected in each stage uses the
two particle diameters concepts, and the conversion between these requires

the knowledge of density to convert on into the other, as shown in Q

Q .— — Equation 1-2 (Charvet et al., 2015). Thus, the

aerodynamic diameter is proportional to the particle density and for this reason,

also depends on particle chemical composition.

U The diffusion in the impactor causes that are smaller particles than the cut-off
diameter of an impaction surface to be collected to some extent. This
phenomenon has little impact on the outcome in gravimetric impactors since
the smaller particles’ mass is frequently tiny in comparison to the coarser
particles. However, the effect can be large when the particles are detected by
electrical charge because the electrometers are more sensitive to it (DEKATI,
2012).

U At cascade impactors a fraction of particles could bounce over the impactor
collection plate and cause an overestimation of electrical charge measured, and
therefore of the number of particles. To reduce the particle's bounce, the
collection substrate of each impactor needs to be greased to the particle's stuck
once is impacted and sensed. Nevertheless, the filter stage of the cascade
impactor in ELPI* does not have a substrate to be greased, therefore it can
cause particle bounce and overestimation of the particles in the range of 17 to

6 nm.

tKS 02ttt SOeaz2y SY Syo0eé OdaNBS&a NB dzaSR (G2 20484
RSGSN¥YAYS OORRYGESA®O RKE YBEE8NI 2F SHAQKLIARIF IS =
Fdzy Oe2yd ¢KAA | ff2¢ S FT2NJ GKS 268
SIFOK &aidl3Se ¢KS O2¢ By6® DtzPSaHhNBOF
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1.1.2 The scanning mobility particle sizer

Figure 1-2 shows the two main components of a SMPS, which consists of an
electrostatic size classification (Differential Mobility Analyzer or DMA), typically
followed by a condensation nuclei counter (CNC), or condensation particle counter
(CPC). Entering particles are charged by a Krypton 85 radioactive device before
entering the region between two coaxial cylinders held at different electric potential.
Charged particles migrate toward one cylinder. Depending on the voltage, particles of
a certain size enter a gap in the cylinder and directed into a CPC, where they grow by
the humidification with butanol and then are counted optically. By varying the voltage,
particles of different sizes will pass through the gap and be counted (Wallace, 2009).
a) b)
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Figurel-2. Schematic of the of the components and operating principle of the S&)PS.
corresponding to schema of DMA, b) CPC taken #aang(2016)and c) is a photo of
SMPS used during the intercomparison with ELPI

1.1.3 Comparisons of ELPI* with other instruments

Due to the air quality current legislation in most countries requiring mass concentration
of PMj, and PM.s size fraction and not particle number concentration and size
distribution, the instruments with emphasis on the measurement of an ambient number
of particles does not have calibration standards available to ensure the accuracy of the
measurement in the submicrometric size range. Therefore, the common method to
calibrate the instruments such as ELPI*, has been the intercomparison with electrical
mobility analyzers (Charvet et al., 2015; Held et al., 2008; Jarvinen et al., 2014a; Yli-
ojanper, 2012).

In the first version of ELPI, the instrument measured particles in range from 30 nm to
10 mm, and then was extended the electrically measured size range down to 7 nm by
adding a new impactor stage and a filter stage, in the flow direction of the device. The
new version of the instrument is recognized as ELPI* (Marjama et al., 2000). Thus, the
measurements of nanoparticles in range of 10 i 20 nm improves in the ELPI*, showing

a collection efficiency of 97% for particles of these size range and better response of
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the inversion algorithms to estimate the nanoparticles concentrations (Jarvinen et al.,
2014b; Yli-ojanpera et al., 2010).

Several air quality monitoring studies (Charvet et al., 2015; Gouriou et al., 2004; Held
et al., 2008; Li et al., 2018; Lingard et al., 2006) compare measurement performed by
instruments with different measurement principles. Thus, it is important to know the
uncertainty and precision of measurements in different size ranges to compere results
obtained from different instruments. For instance, Price, et al. (Price et al., 2014)
compared Aerodynamic Particle Sizers (APS), Fast Mobility Particle Sizers (FMPS),
SMPS and ELPI, using particles generated with different size, morphology and
chemical composition. They found good agreement among all instruments in the 50 T
300 nm range, independently if the instrument sensed aerodynamic diameter (APS,
ELPI) or electrical mobility diameter (FMPS and SMPS). Particularly, ELPI showed
better agreement with SMPS and FMPS for particles of soot in range of 7 to 28 nm
and overestimation of particles of TiO2, NaCl and fumed silica in the same size range.
This discrepancy has been attributed to a high impaction velocity on lower ranking
range of the ELPI, which caused partd.i
electrometers signal produced by the corresponding size bin (Kulmala et al., 2010;
Leskinen et al., 2012). Otherwise, for particles larger than 1 nm, the ELPI can just be
compared with the APS, and higher concentrations were measured with the ELPI. In
summary, ELPI generally measures higher particle numbers than other instruments in
the upper and lower size limits (stages 15 and 1, respectively). The intercomparison
carried out with ambient particles by Held, et al. (Held et al., 2008) shows a good
agreement with other instruments, such as SMPS (rank correlation coefficient of r =
0.7 7 0.95).

To compare particle number concentrations (PNC) measured by an instrument based
on impaction with those measured by an instrument based on electrical mobility, the
bulk particle density must be taken into consideration. Charvet et al., (2015)
demonstrated that assuming a standard density of 1 g/cm? in the conversion could
overestimate the PCN by a factor of 1.5. Therefore, choosing density appropriately is

relevant.
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Tablel-2. Comparison of sampling instruments used in this study

Instrument Particle Advantages Disadvantages References of the
size use to air quality
range studies.
7nmi | Wide size range PSD at low (Held et al.,
10 nm resolution 2008)(Klejnowski
Good time resolution et al.,
(ca. 1 second) Inability to 2013)(Lingard et
ELPI* measure very al., 2006)
Measures PNC, small particles
PNSD, PM1, PM_ s,
PMao
Long time operation
14 nm | PSD at high Low time (Zhang et al.,
T 800 resolution resolution 2005)
nm (minutes)
SMPS Ability to measure
very small particles
Long time operation
PMy, Wide size range Limited Size (Duc et al.,
PMz2s, Range 2020)(Instituto
BAM PMso Long time operation de Salud Carlos
Unsuitable for Il et al., 2013)
submicrometric
particles

This chapter shows the results of the performance assessment of the ELPI* by
intercomparing it to other instruments that measure particle number concentration,
particle size distribution, and mass concentration of ambient aerosols. The Particle
Number Concentration (PNC) and Particle Number and Volume Size Distributions
(PNSD and PVSD) measured with ELPI* were compared with an SMPS, whereas
ELPI* mass concentrations (PMio and PMs) were compared with those performed by
a Beta Attenuation Monitor (BAM).
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1.2 Methodology

1.2.1 Particle number concentration and size distribution
assessment
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Figurel-3. Diagram of the experimental setup to compare Particle Number Concentration
(PNC) and Particle Number Size Distribution (PNSD).
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Figure 1-4. Equivalence between aerodynamdiameters by stage of ELRIhd mobility
diameters assuming = 1.6 g/cnt and spherical ambient particles.
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The procedure to compare PNC obtained with SMPS and ELPI* required converting
ELPI* raw data, corresponding to electrical currents measured for each stage, into
particle number concentrations. This procedure was carried out in four steps. First, raw
current values and ELPI* operating parameters were examined to assure that the
instrument had operated correctly. Table 1-4 shows the parameters that describe
appropriate operation. Second, the aerodynamic diameter was converted to electric
mobility diameter for each stage. Third, the ELPI* charge function was evaluated to
convert currents in each stage to particle number. Fourth, particles number
concentrations and number and volume particle size distribution were compared with
those from the SMPS.

7
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Tablel-3. @nversion vectors ugkto calculatecurrent, number, diameter, area, volume, and
massfrom the charge sensed bhe electrometer at each stagef ELP1 Source(DEKATI,
2012)
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Table 1-4. Operating parameters of ELPI* during its intercomparison with SMPS

Parameter Reference Average * Relative sd
value sd (%)
Charger U (kV) 35°05 3.512+£0.036 1.1%
Charger | (nA) 1 1+0 0.4
Trap U (V) 20° 2 200 0.0
Pressure at first stage 40° 5 38.3 £0.25 0.7
(mbar)
Air flow (Liters per minute) 10 9.85
Ambient Pressure (mbar) 1226.61 0.5
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Figurel-6. Averagecurrents measured by electrometers in ELdd a function of
aerodynamic diameter
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1.3.2 Particle number concentrations
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Figurel-7. Comparison of PNC obtained with Eladd SMPS (10 min averages) in Leigzig
Germany (N=615 pairs of variables considered). A) Time series of PNC measured Wwith ELPI
including stage 1 in red, excluding stage 1 in purple, with SMPS between 8.7 nm and 835 nm
in blue. B) Linear fit between PX@asured in SMPS and ELPI+ including stage 1 in red crosses
and excluding stage 1 in purple circles. C) Time series of the percentage of PNC determined in
stages of ELPID) Time variation plot comparing the hourly variation of ERRIC including

stage 1 in red, and excluding stage 1 in purple, with SMPS (8¢7886) in blue.
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1.3.3 Particle number size distribution
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1.3.4 Volume particle size distribution
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1.3.5 PMjo and PM2s mass concentration
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As a result, when consi dertiimg tthlkee rfamuwret eoefn 6s tnan
mm was counted on moeragygbabOBn#tbm SMPS. The be
measured with ELPI+ was obtained by neglecting
the stages two up to ten of this instrument. Th
withTELRPthis study wans ulpge,t waesdsnunli ng an underest
of 29% #Tbm PNC overestimation obtained on the

the bounce of particle.

PNSD was assessed limimm gihze Of&shpjrewed a uni modal
di stributionrodynaeamed dnameter size of 21 nm,
instrument had a bi modal di stri butfidaomd, noognt er e
show the second mode detected by the reference
was INa1B0 #/Mhcmvemagé2Bma/xcm 453 #romnd the same
mode diameter. An advantage of this intercompa
hi ghest mode of NPSWag epiomitlear btyo EtLHPat report e
the drawback was that theéecmasi mumtmhembkemtefr p:
ELPwas a factor 2 of the observed by the SMPS.

PVSD of an ambient ae®¢@%adld mehees ured e rveintche timest r
similar distributBilommmadegd: th®l SMRS94md 260 nm
Thenodal geometric standard deviation was ar ol
However, the maximum particle vol umees ctowicceent r at

as high as that measured by SMPS.

The results of this intercompaessiom@ph gal i ght
perfor mance-valnidd actrionsg? [&talt ah ft bmmse obtained fr
i nstrutmedtday OSNIFAyde 2PARFGKABOAL AZRBROZMNR R 8Bt
GKS dzas 2F FYOoASY(d | ANE gHBER Wi KLIRNE GINSY (A W 21
YR OFNRAFOoES OKSYAOIE O2YLRaAa2ys sKAOK SOG4
F3a20AFGSR gAGK SIOK AyadaNHzySyadQa YSIFadNBYSyid |
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As part of future work, it iparticomenedars ty Wi
simultaneous measurements of PVSD and particle
assessing the impact of ambient parti dlheedbs mor

equivalence of aerodynamic and fmchainlti tcyo ndira nbeutt e
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Table 3. Time periods during the intercomparisontiveen ELPland SMPS.

PERIODS OF INTERCOMPARISON

# ltem Start date End date No rows ELPI No rows SMPS Diameter
1 07/03/2019 21:00 07/03/2019 23:00 148 36 Aerodynamic
2 08/03/2019 0:01 08/03/2019 8:00 536 108 Aerodynamic
3 11/03/2019 16:00 11/03/2019 23:00 472 96 Stockes
4 12/03/2019 0:01 12/03/2019 8:00 535 108 Stockes
5 12/03/2019 11:00 12/03/2019 21:00 654 131 Stockes
6 13/03/2019 0:01 13/03/2019 8:00 535 108 Stockes
7 13/03/2019 10:00 13/03/2019 23:00 833 168 Stockes
8 14/03/2019 0:01 14/03/2019 8:00 535 108 Stockes
9 14/03/2019 10:00 14/03/2019 23:00 833 168 Aerodynamic
10 15/03/2019 0:01 14/03/2019 14:00 860 179 Aerodynamic
Parameters ELPI Operation
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Figure2-1. Multimodal distribution of aerosols in ambient areighted by number, surface area and
particle massize distribution. Sourcg.efol et al., 2015)
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2.2. Methodology

2.1.1 Monitoring sites
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Figure2-2. Measurement locatiorof atmospheric number particles and size distribution in Bogota
Colombia. A) Map of Bogota Air Quality Network in 2(8&cretaria Distrital de Ambiente, 2018)
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Pictures of Las Ferias station (B1) and San Cristobal (B2)ePicif representative areas that
surrounded Las Ferias station (C1) and San Cristobal (C2).

2.2.1. Particles number concentration and size distribution
measurement.
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Table2-1. Operating prameters ofELPIrecorded during the sampling period time in Las Ferias and
San Cristobal site in Bogota.

Las Ferias San Cristobal

Parameter Reference value \ Average + sd Relative sd (%) Average + sd Relative sd (%)
Charger U (KV) 35°05 3320 £ 127 3.8 3242+ 30.93 0.95
Charger | (mR) 1 1.041+ 0.004 0.43 1.054+ 0.004 0.45
Trap U (V) 20° 2 19.204£0.003 0.001 19.99+0.005 0.02
Pressure at first stage 40° 5 39.11+0.269 0.67 38.73+12.7 32.7
(mbar)
Air flow (Liters per minute) 10 10 10
Ambient Pressure (mbar) 74245.11 0.17 737.615.22 0.71
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2.2.2. Lung Deposition Surface Area.
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Equation2-1. LDSA = (surface area) x (alveolar deposition efficiency)
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2.3.Results
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2.3.1.Meteorological conditions at the study sites.
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Las Ferias San Cristobal

Variable
Relative Humidity (%) 59.5+9.36 64.1+10.9
Wind speed (m$ 1.9+0.8 1.7+ 0.9
Daylight Solar radiation (W 373
Pressure (mm Hg) 565+ 0.7
PMo (Mg ) 22.6+18.6 24.4+17.2
PM s (ng n) 10.7£9.1 10.3+8.0
NGO (ppb) 28.26+ 20.1
CO (ppm) 0.41+£0.2
O:s (ppb) 13.5+ 3.3 17.3+7.6
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Figure2-4. PMvsand PMo concentrations registered in Las Ferias and San Cristobal site during the
measurement campaign.

2.3.2.Particle Number Concentration
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Figure2-5. Box plot othourly particlenumberconcentration estimatedn the sites Las Ferigd\=295)
and San Cristob8N=631)n Bogota The aerodynamic diameter range of particles counted were
counted inthe range of 10 nm to 16m.

2.3.3. Hourly variation of Particles Number Concentration
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Figure2-6. Seasonal variation of partisl@umber concentration in ambient air of two sites in
Bogota. a) daily variation, b) weekly profile had a differences

2.3.4.Number Particle Size Distribution
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Figure2-7. Particle numbr size distribution in Las Ferias (June 23y 5, 2017) and San Cristobal
(August 30;September 11 and September 20ctober 11, 2017).
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Figure2-8. 1-hour average Number Particle Size Distribution in a) Las Ferias and b) San Cristobal sites.

2.3.5.Lung Deposited Area Surface
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Figure2-9. The average LDSAncentrations in the Las Ferias and San Cristobal sites and during
different times of the day.
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Figure2-10. The average LDSA concentrations in the Las Ferias and San Cristobal sites and during
different times of the day.
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Figure2-11. Average LDSA size distribution in Las Ferias and San Cristobal sites during the different

times of the day.

2.3.6. Relationship between meteorological conditions and PNC
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2.6. Supplementary information
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Figure S 2. Time series of the operational ELparameters recorded during measurements at Las
Ferias and San Cristobal (minute average)
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Figure S 3. Meteorological conditions registered by the RMCAB in Las Ferias and San Cristobal sites,
during the period of the number particles measurements in each site.
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Figure S 2. Weekly and monthly variation of LDSA observed in Las Ferias and San Cristobal sites.
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Figure3-1. Deposition potential for particles of varying sissparts of the human respiratory
system in accordance with stages of the Andersen Cascade Impd&ource:
https://andersencascading.com/abow@ndersencascadémpactor/)
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3.2. Experimental

3.2.1.Sampling sites
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Figure3-2. Locatidn of the sampling sites in Bogota D.C. and in Palmira, Colombia.

3.2.2.Meteorology
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3.2.3.Sampling
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3.2.4.Mass size distribution
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3.2.5.Chemical Analysis
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3.3. Results and discussion

3.3.1.Meteorology and transport patterns
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Figure3-3. Meteorological conditions registered in El Dorado Airport station (ID: 21205791). a)
Time series of daily average ahbient temperature, solar radiation and relative humidity, b)
daily precipitation accumulated represented in blue lines and period time of sampling of each
set of samples collected in Andersen Impactor cascade and c) wind rose observed month to
month between March to November in 2018.
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Figure 3-4. Meteorological conditions registered in Palmira with an own weather station
colocalized in the sampling. a) Time series of daily average of ambraperature, solar
radiation and relative humidity, b) wind rose observed during August and September 2018.
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3.3.2.Coarse and fine mass concentrations: PMg, PM2.1, PM11 and
PMo.a3
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1 This station was installed in October 2018, therefore this concentration corresponding to annual mean concentration
to 2019.
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The mass concentration of each size fractioBagotafluctuated throughout timePM, PM 1,
PM:.1and PM.szhad the highest concentration in March, followed by the lowest concentrations
in April and MayFigure3-5a shows that the samples taken in October and November were
more consistent, withvalues similar tahe mean campaign concentrations. Palmirg all PM
concentrations remained steady around mean val@smparedo other particle sizes, smaller
particles, PM.s showedmore time variability See

Figure 8-3), however, it does not seem associated with the rain pattern (p valui).
Concerning the variability of RMPM.1 and PM.1in Bogota, larger particles display a high
vulnerability to the rain levels, evidenced by the ANOVA test between rain levePihd
concentrations showing p values @02, 0.02 and 0.009, respectively. On the other hand, no
noticeablemeteorologicalchanges were recorded in Palmutaring thesampling period, and

the PM concentration variance was not higher than in Bogota.
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Figure3-5. PMy, PMs.1, PML1 and PM .43 concentrations irBogota (urban area) and Palmira
(suburban area):)arime seriesf accumulated concentrations ar Boxplot of mass
fractions.
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Figure3-6. Boxplot of PMls3, PM.1and PM ;1 fractions contained in PMn Bogota and Palmira.
Precipitation events were registered during sample collection in Bogota. Therefore, fractions
were categorized by rainy and dry season. Samples collected during the dry season (n= 6), the
rainy season (n = 11), and in Palmira (n = 5) were collected.
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2 Daily mean between October 2018 i December 2021
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3.3.3. Mass size distribution
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Figure3-7. Massbased particle size distribution and boxplots of mass fractions observed in
Bogota (Urban area) and Palmira (Suburban area).

3.3.4.Chemical composition in fine and coarse particles
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in Bogota and Palmira. A) OC and EC; B) Total carbon (TC); and C) OC/EC ratio.
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Figure3-9. Boxplot of sizesegregated concentrations of WatSoluble longWSIs) in Piks,
PM.1, PM.1, and PMin Bogota and Palmira.

3.3.5.lon balance

There are two commonly proxy methods to estimate aerosol pH, namely the cation/anion
equivalent ratio (AE/CE)or molar ratio¢ and the charge balance, based upon preciple of
solution electroneutrality concept. In both approaches, the amount'a$ldssumed to balance
the exceedance of anions, and theTldoncentrations estimated is assumed to scale inversely
with the level of the cations relative to aniofiBye et al., 2020)AE/CE ratios higher than 1
suggest that aerosols are acidic. In this study, average vafubs AE/CE ratio were found to

be higher than 1 for all sizes categories, in both sites. Thus, AE/CE r&MssnPM..1, PM.1
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andPMywere1.1+0.4, 1.1+0.1, 1.2+0.1 and 1.2+0.1, respectively, which suggest an abundance
of anion equivalents, consided to be neutralized by the protons fHshowing the acidic
characteristic of the particles. In Bogota, PIVPM 1 andPMexhibited AE/CE ratios of 1.2+0.6,
1.1+0.6, 1.1+0.4, respectively, whikMp 43 showed an AE/CE ratio below 1 (0.9+£0.6). These

results reveal a nature alkaline for eMand acidic foPM.; and PM.1.
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Figure3-10. Scatterplot of particulate anion and cation equivalents (AE vs CE) in Bogota and
Palmira. Different coloursepresent different PM fractions

3.3.6.Size distributions of chemical components
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Secondary inorganic ions SO4? and nitrate NOz™ showed a bimodal distribution. SO4*
exhibited a stronger fine mode (0.43 7 0.65 € myin Palmira than in Bogota. In contrast,
NOs" displayed a stronger fine mode in Bogota (0.65 7 1.1 € m. NH4" is formed from its
gaseous precursor, NHs, through gas phase and aqueous phase reactions with acidic
species, such as H,SO04, HNOz and HCI (Li et al., 2013a). In this research, NH,* displays

an outstanding unimodal distribution in Palmira, biased towards the fine mode (0.43 i
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0.65 mm), while there was a minor coarse mode peak (4.7 7 5.8 nm) in Bogota. The size

distribution of NH4" agrees with that observed in other sites (Li et al., 2013a).
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Figure3-11. Size distribution of OC, EC, main WSIs, and PM mass in Bogota and Palmira.

3.3.7.Correlation matrix of size-segregated chemical species
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Figure3-12. Correlation matrix of the carbonaceous fraction (OC and EC) and-sadtdrie ions
(WSIs) concentrations in different size range8ogota and Palmira. Values inside the matrix
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3.3.8.Characteristics of PM on the human respiratory system.
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Figure3-13. Boxplot of the chemical species concentrations in Bogota and Palmira, for
different parts of the human respiratory tract.

Table3-1. Average and standard deviation of OC, EG V&S| concentrationsr/m?3)
classified by patrticle size, according to their deposition along the human respiratory tract
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3.3.9. Chemical composition of breathily particles.

Based on the chemical composition size-segregated was estimated the chemical
composition of the particles breathable in Bogota and Palmira, establishing the average
concentrations and percentage of organic carbon, elemental carbon and the major
water-soluble ions contained in the particles that can reach into the nasal cilia,
tracheobronchial tree, bronchioles, and alveoli, respectively. The average
concentrations and percentages of each chemical species present in the particles that
can enter the various parts of the human respiratory system are shown in Figure 3-14.
According to the findings of this study, the carbonaceous fraction of OC and EC and the
WSI's can explain about 70% of the average particle mass concentration that reaches
alveoli, 44% of particles that enter bronchioles, 42% of particles that reach the
tracheobronchial area, and 30% of mass. 40.6% and 29.2% of particle mass
concentrations that reach alveoli corresponds to OC in Palmira and Bogota,
respectively, while EC represent 7,7% and 23.6% for each site. Despite the percentage
of OC was notably higher in Palmira, the average concentration of OC that reach to
Alveoli was not much different between both places, 5.6 ng/m? and 6.1 ng/m?® in Bogota
and Palmira, respectively. Whereas the concentration of EC in alveoli was significantly

higher in Bogota (4.9 ng/m?3) than Palmira (1.1 ng/m?®) as shown in Table 3-1.
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Figure3-14. Chemical composition of aerosol particles based on their size and their
penetration into the human respiratory tract.

The composition of ammonium sulphate ((NH4).SO4), ammonium nitrate (NH4sNO3),
Organic material (OM), Elemental Carbon (EC) and Particle-bound water (PBW) were
calculated, according to the size fraction that can penetrate in the different parts of the
human respiratory system, as simulated by the Andersen impactor. Figure 3-14 shows
pie plots of the chemical composition of particles that can penetrate the alveoli, bronchi,
trachea, pharynx and inhalable particles for rainy and dry periods. There was no
perceptible influence of seasonal variations in the chemical composition of particles.
The best mass closure was obtained for smaller particles that can penetrate the alveoli
(Dp < 1.1 mm), which contained 22% elemental carbon, 12% inorganic salts (Ammonium
nitrate and Ammonium sulfate), 50% organic material, and 3% of particle-bound water
(PBW). OM was nearly 50% of PM mass in the size fractions that penetrate bronchi,
trachea, and pharynx; and decreased for inhalable particles. EC gradually decreases,
being 11% of PM mass concentration that reach the terminal bronchi, 5% in secondary
bronchi, 4% in trachea & primary bronchi and 3% in pharynx. Besides, inorganic salts
decrease its proportion in the largest particles. Considering that PBW was estimated

from concentrations of hygroscopic ions (SOs%, NHs and NOs3), its percentage also
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decreased in larger particles, staying in the range of 1 to 3% of PM mass concentration.
Conversely, the unreconstructed fraction was higher in larger particles, which can be
attributed to the fraction associated with traces of elemental oxides and crustal material.
The unreconstructed fraction of particles that can reach the alveoli was 13%. Previous
studies about PM; and their chemical composition conducted in urban areas, with
similar mass concentrations of PM;, obtained comparable percentages of OM, EC, and
slightly higher percentages of sulphate and nitrate (Aiken et al., 2009). In those studies,
components derived from elemental analysis, such as, soil, and trace metals explained
5% and 3% of mass, respectively, which is in the same range of unreconstructed fraction

in PM11in this study.
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Figure3-15. Chemical composition of aerosol particles based on their size and their
penetration into the human respiratory tract.
3.4. Conclusions
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3.6.

Supplementary material
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weather station (ID: 21205791). a) Hourly average ambient temperature, b) Monthly average
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of daylight solar radiation income and c) Monthly acclaed precipitation between March

to November of 2018 in Bogota.
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Figure 3-2. Meteorological conditions registered in Palmira weather station. a) Hourly
average ambient temperature, b) Monthly average of daylight solar radiation income
between July to September 2018.
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Normalised concentration relative to PM mean
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Figure 8-3. Normalised meaning concentrationskifh, PM.1, PM.1 and PM 4zand the
fractions PMo.ad PMy), PML/ PMy), PM:./ PMg) and PMs/ PMg) in Bogota and Palmira.
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Variability of mass fraction by total mass collected in Andersen Impactor in Palmira
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Figure 3-4. Boxplot of mass fraction collected in each stage of Andersen Impactor in
observations carried out in a urban and suburban area in Colombia.
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Figure 3-5. Percentage of each chemical specie over the total mass concentratitiviopf

PM..1, PM.1and PM.sfor samples collected in Bogota. The green boxplots correspond to the
samples collected on days when rained and the orange boxplots correspond to sample
collected on days with no rain events.
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Figure 8-6. The plot of the mass fraction accumulated contained in the smaller particles than
the aerodynamic diametemngn). The red dotted line divides the fine (R\2.1mm) from the
coarse (PM > 2.4m) modes. the right side of the red dashed line corresponds to coarse
mode, and the left side to fine mode. Black points show the mass fraction mass accumulated
relative to each chemical species that were examined in each sample collected in the
Andersen Cascade Impactor.
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Table $8-1. Median concentrations of chemical specieg/(n®) size segregated in aerosol
particles inBogota D.C.
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4.2, Methods

4.2.1.Description of the sampling site
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Figure3-16. Map of the Cauca River Valley (CRV). The inset shows the location of CRV in
Colombia and in Northern South America. The map shows the main cities in CRV, including
Palmira (312 thousand inhabitants), our measurement €, the largest city in the

southwest of Colombia, Yumbo, an industrial hub, and the main highways. Sugar mills, which
produce sugar, bi@thanol, and electric power are also shown. The dadimetidefined area

Ad /wxQa Tt 0dSailwhed nehadized, intprsive sugatcang agvidulturg R =
takes place. Significant diesel combustion emissions occur along the Buenaventura highway
because it is one of the busiest ports in Colombia.
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