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Abstract: Emission control regulations have been essential in reducing vehicular exhaust emissions.
However, the contribution of exhaust and non-exhaust emissions to ambient particulate matter (PM)
has not yet been accurately quantified due to the lack of standardized sampling and measurement
methods to set regulations. The identified sources and the source profiles generated have not been
comparable as none of the emission data collection techniques and the receptor models applied
in the literature have produced a standard or reference method to simultaneously identify and
quantify the non-exhaust emission sources. This study utilized and thoroughly characterized PM
samples including 32 major and trace elements from a mixed fleet in a mountain highway tunnel
atmosphere in Bolu, Tiirkiye. This work proposed a two-stage, simple, and robust method based
on road dust enrichment factor (EF) and elemental carbon (EC) tracer methods (EFECT) for the
identification and prediction of the exhaust (exh), and non-exhaust (1-exh) emissions in PM. The
indicated method revealed that road dust resuspension emissions are the most significant contributor
to the concentrations of crustal elements. This method was used successfully to determine the
real-world elemental contributions of road dust resuspension (rdrs), emissions (em), exhaust (exh),
and non-exhaust (n-exh) emission sources to the elemental concentrations in PM samples. This study
provided significant insights into generating actual source profiles, source-specific emission factors,
and the source apportionment results for vehicular emission sources worldwide. Considering this,
PM data of any particle size fraction (PMg, PM1g.2 5, and PM; 5, for example) can be used as input
for the EFECT, provided that the data include the analytical results of elemental carbon in both the
atmospheric PM and road dust samples having similar PM sizes.

Keywords: road dust resuspension; non-exhaust emission; exhaust emission; source apportionment;
source profile; EFECT

1. Introduction

Worldwide and national emission control regulations have played an essential role
in reducing vehicular exhaust emissions. In contrast, it is not easy to regulate road dust
resuspension and other non-exhaust emissions such as brake, transmissions, hydraulic,
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and gear systems of the vehicles, road cover material abrasion, tire wear, and the secondary
particles formed in the tunnel atmosphere [1,2]. The existence of a large number of sources
emitting particulates with similar compositions to the exhaust emissions hampers the
search for useful tracers [3]. The emissions from road dust resuspension and wear processes
(brakes, tires, and other moving/rotating parts of the vehicles) are known as non-exhaust
sources [4], and it has been stated that even with electric vehicles (EVs), the non-exhaust
emissions will still be an essential source of particulate matter (PM) [5,6].

There have been two main types of traffic emission data collection techniques: (1)
under controlled conditions and (2) under real-world conditions. As an example of the
controlled conditions method, data collection using chassis and engine dynamometer mea-
surements can be considered. However, these tests are not real-world and cannot represent
the whole vehicle in a fleet [7]. There are several real-world data collection techniques such
as remote sensing, plume chase measurements, portable emissions measurement systems
(PEMS), and road tunnel measurements [8-14]. Road tunnel studies involve parallel or
concurrent measurements of pollutants at the inlet and the outlet of a bore, or emissions
are measured at the mid-point of the bore and the outside of the tunnel for background
correction [15,16]. Several receptor models have been used in the literature for source
apportionment or source profile generation. Quantitative methods such as the chemical
mass balance (CMB) model and multivariate statistical models have been extensively used
techniques [8,12,17-20]. However, the CMB model requires well-defined source profiles as
inputs. At the same time, positive matrix factorization (PMF) and factor analysis (FA) type
techniques may not resolve source contributions effectively when the samples are collected
at the source or the vicinity of the emission sources due to the smearing of sources, causing
collinearities [21]. For example, Schauer et al. [19] showed that the profiles for gasoline
tailpipe and tire wear emissions were collinear, making source separation impossible. Fur-
thermore, multivariate statistical models require a substantial number of PM samples and
work efficiently with large datasets. To obtain accurate, representative, and reproducible
results from principal component analysis (PCA) type multivariate methods, a minimum
variable-to-sample number ratio of 1:3 should be supplied [22]. Therefore, PMF or similar
techniques have been used to identify and quantify the source contributions extensively in
the literature; however, road dust resuspension and other non-exhaust source emissions,
even exhaust emissions, are collinear. Therefore, PMF cannot identify the sources success-
fully. Because of these source collinearities, the source contributions or apportionment
results obtained using PMF or similar techniques (multivariate methods, e.g., principle
component analysis, PCA) are not comparable, even in the same region.

Consequently, none of the emission data collection techniques and the tracer or re-
ceptor models applied in the literature have produced a standard or reference method to
identify and quantify the non-exhaust emission sources simultaneously in real-world condi-
tions. On the other hand, identifying and quantifying traffic-related non-exhaust emissions
will always be essential to control and regulate. There has been a great need for a standard
method to identify and quantify vehicular emission sources and their contributions. In
addition, there has been an ongoing debate in inventory studies due to the inclusion of
PM from road dust resuspension causing double-counting [23], which is another problem
pending solution.

Considering the above challenges and the needs, this work proposed a two-stage,
simple, and robust method to quantify the real-world elemental contributions of vehicular
exhaust and non-exhaust emission sources. The advocated new method, abbreviated as
the “EFECT” method (Enrichment Factor—Elemental Carbon Tracer), can be applied to a
single sample and is not affected by smearing effects from multiple sources. Furthermore,
the EFECT will solve double-counting problems in inventory studies.
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2. Materials and Methods
2.1. Study Site

Briefly, the study was carried out at the Bolu Mountain Highway Road Tunnel
(40.758647° N, 31.446159° E) located on the Transit European Motorway (TEM) line passing
through Bolu, Tiirkiye. Details of the sampling site have been provided in our previous
studies [8,10,18] and in Table S1.

Meteorology

The region has a temperate climate, and the long-term (from 1929 to 2021) annual
average of wet precipitation is 551.2 mm. Monthly average wet precipitation amounts are
57.7,48.7,50.3, 50.6, 60.3, and 58.1 mm for January, February, March, April, May, and June,
respectively, while decreasing to 27.8, 24.4, and 28.7 mm, respectively, in July, August, and
September. The monthly average wet precipitation amount increased again in October,
November, and December to 40.9, 45.1, and 58.7 mm. The long-term (92 years) annual
average temperature in the region was 10.4 °C, and it changed from 0.5 °C (January) to
19.9 °C (August) annually. Therefore, the tunnel location is not an arid region and is
primarily chilly and foggy, except for July, August, and September.

2.2. Sampling
2.2.1. TSP Sampling

Thermo Andersen GSP II Model PUF (Thermo Anderson Inc., Waltham, MA, USA)
were placed on the sidewalk of the south bore, one at the tunnel entrance and the other at
the tunnel exit, and the total suspended particulate (TSP) samples were collected on the
quartz fiber filters (QFFs, Whatman 110 mm, Merck, Darmstadt, Germany) and pre-fired at
900 °C for 4 h and brought to constant weight in a desiccator before sampling. Concurrent
entrance and exit TSP samples were collected at a sampling flow rate of 0.225 m3/h. Due to
high dust loadings on the quartz filters, the sampling time was limited to 1.5-2 h to prevent
pressure drops. Laboratory and field blank QFF filters were also prepared and analyzed
for the species under consideration. A total of 21 TSP samples were collected during the
sampling campaign (23-29 July 2018). The sampling details are given elsewhere [8].

2.2.2. Road Dust Sampling

Road dust samples were collected by manual sweepings from the asphalt surface
and sidewalk onto a flat-bottom plastic scoop and then transferred into polyethylene bags.
The road dust samples collected at the beginning and end of the sampling campaign were
combined before sample preparation for analyses. Samples were passed through a 1.0 mm
stainless steel sieve in the laboratory, mixed, and allowed to dry at low temperatures
(35—40 °C) in an oven for 24 h. Road dust samples were resuspended under a high-purity
nitrogen gas flow (flow rates of 25-35 L/min) in an isolated Plexiglas chamber, and TSP
mode particulates were collected on QFFs using one of the PUF samplers that were used for
the tunnel TSP sampling. Before starting the PUF sampler for TSP sampling, the nitrogen
gas flow was reduced up to a level to have positive pressure in the chamber, and then the
sample collection was started. Road dust samples on the QFF filters were subjected to
similar analyses as the TSP aerosol samples. This study used stored road dust samples and
quartz filters containing TSP samples from the 2018 [8] campaign. For 2019, new road dust
samples were collected at the same sampling points.

2.3. Analytical Methods

In this study, 32 major and trace elements (Al, As, B, Ba, Bi, Ca, Cd, Ce, Co, Cr, Cs, Cu,
Fe, In, K, La, Mg, Na, Nd, Ni, Pb, Rb, Sb, Sc, Se, Sm, Sr, Th, T1, U, V, and Zn), water-soluble
anions, OC, and EC concentrations in the TSP and road dust samples were determined.
QFFs containing TSP samples left from the 2018 sampling campaign were microwave
digested (Milestone Start D Microwave Digestion System, Sorisole (BG), Italy) in a con-
centrated acid mixture of 6 mL nitric acid (Isolab, Eschau, Germany), 1 mL hydrochloric
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acid (Merck, Rahway, NJ, USA), and 0.5 mL of hydrofluoric acid (Fluka, Gillman, SA,
Australia). Filter samples (TSP and resuspended road dust samples) were digested at
200 °C and 1200 W for 40 min. Element determinations were carried out by using Thermo
Scientific X Series Inductively coupled plasma mass spectrometry (ICP-MS) (Waltham,
MA, USA). TSP and road dust samples were extracted ultrasonically for 30 min in 50 mL
distilled—deionized water and filtered through cellulose acetate filters (0.22 um). Samples
were analyzed for F~, Cl~, NO,~, NO3 ™, S0,4%~, and PO,3~ using the Dionex ICS 1100
model ion chromatography (IC) (Sunnyvale, Canada) with a conductivity detector.

To determine OC and EC in the TSP samples, a desktop OC/EC Analyzer (Sunset
Laboratory Inc., Tigard, OR USA) with the NIOSH 870 protocol was used. Details of the
sample preparation and analyses for OC and EC are given elsewhere [10].

Most of the anions determined were not included in this study due to having high
percentages of negative values in the net concentrations (concentration difference between
the concurrent samples of the outlet and inlet stations). All of the data given in this study
belonged to the 2018 sampling campaign, except for the road dust samples collected in 2019
and the re-analyses results obtained from the 2018 filter TSP samples. The analytical quality
assurance parameters for the analytes are presented in the Supplementary Materials.

2.4. EFECT Method

Briefly, the study followed a two-stage protocol to determine the elemental contribu-
tions of road dust resuspension (rdrs) and emission (em) sources to the particulate matter in
a rural tunnel atmosphere. In the first stage of the proposed method, the study estimated
the elemental contribution by using the road dust enrichment factor (EF,q). For this pur-
pose, the study used tunnel road dust as the background soil, in contrast to popular crustal
or marine enrichment factor applications, and carbonate carbon (CC) in the road dust as
the reference element (Table S2). In the second stage, the study used tailpipe EC as a tracer
element to estimate the elemental contributions from the exhaust (tailpipe) emissions.

This study used available TSP mode particulate sample data for tunnel aerosol and
road dust particulates. The net concentrations of the measured species (X) obtained by
subtracting the concurrently measured concentration of X at the inlet station from the outlet
station concentration were used to eliminate the contributions from the outdoor atmosphere.
The sources of the elements in the tunnel were classified into two categories, namely, rdrs
and em, where the first component involves the resuspension of the previously deposited
dust on the road surface. The second component, em, on the other hand, consists of the
exhaust (exh) (tailpipe) and non-exhaust (n-exh) emissions. The latter could originate from
the vehicle’s brake, transmissions, and hydraulic and gear systems. The net concentrations
of elements (X) in the TSP samples were denoted as Xisp (or Xpmio, Xpm10-2.5, and Xpmz 5
for PMjg, PMy0-25, and PM; 5, respectively, depending on the available PM data), and the
concentrations of X contributed by the rdrs, em, exh, and n-exh sources were denoted as
Xodrsr Xems Xexn, and Xy oy, respectively.

Therefore, assuming zero elemental contribution from the outside atmosphere due to
the use of net concentration, the Xjsp in the tunnel atmosphere can be defined as

thp = Xydrs + Xem 1)

where X5y is the net concentrations of elements in the TSP sample (ug/ m?); X,4,s is the con-
centration of elements contributed by the road dust resuspension (j1g/m?); X, is the sum of
concentrations of elements contributed by the exhaust and non-exhaust emissions (ug/ m3).

Next, the concentration of X contributed by the road dust resuspension emissions
(Xy4rs) can be determined from Equation (2), as in the case of well-known crustal and marine
enrichment factors:

X
Xrydrs = ﬁrdd X CCtsp ()
r
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where X,; = concentration of X in the reference TSP mode road dust (ug/g);, CC,y =
concentration of carbonate carbon in the TSP mode road dust (ug/g); the CCsp = net
concentration of carbonate carbon in the TSP aerosol sample (ng/m?) (Table S2).

In Equation (1), Xem represents the fractional concentrations of elements in the TSP
samples contributed by the exhaust and the non-exhaust emissions; therefore, X, can be
defined as the sum of the exhaust and the non-exhaust emission contributions.

Xem = Xexh + anexh (3)

In cases where a fleet consists of purely electric vehicles, X, will become equal to
Xy-exn, and then X, z,s and X,y can be determined directly from Equations (1) and (2).

In the second stage of the proposed method, the study used the tailpipe (exhaust) EC
concentration as a tracer for the exhaust emissions. The study assumed that the elemental
carbon (EC) in the rural highway tunnel atmosphere only had two main emission sources:
rdrs and exh emissions. This means that the net concentration of EC (ECysp) does not have a
non-exhaust component, and therefore, ECysp can be defined as follows:

Ectsp = Ecrdrs + ECem 4)
Then, Equation (3) for the EC becomes
ECemy = ECpyy, +0 5)

Since ECy;; is equal to EC,yy, then the tailpipe EC concentration can be used as a
tracer element to estimate the elemental contributions (X) from the exhaust emissions (X,,,)
(Equation (6)). Finally, the elemental concentrations of X contributed by the non-exhaust
sources (Xj,¢;) can be calculated simply by subtracting X,.;, from the X,;, using Equation
(7), since Xep > X,y due to additional non-exhaust source contributions.

Xy = o= ——5P
exh Xl‘SP X ECexh

(6)

Xnfexh = Xem — Xexh (7)

The details of the first (EF) and the second (ECT) stages of the EFECT method and the
derivation of Equation (6) are given in the Supplementary Materials.

3. Results
Application Results of EFECT

The study applied EFECT for the source apportionment of the TSP samples corre-
sponding to mixed fleets in the Bolu Mountain Highway Tunnel. The obtained source
apportionment results are presented in Table 1 and Table S3, and Figure 1. The results
showed that the real-world rdrs emission is the most significant contributor to the concen-
trations of crustal elements such as Mg (66.1%), Ca (63.6%), Mn (62.7%), Al (59.5%), and Fe
(44.9%), as expected. The study observed that the rdrs emissions were also responsible for
about one-third of the TSP concentrations of anthropogenic elements such as Cu (35.7%), V
(32.3%), and Zn (38.6%). The regular elemental contribution of rdrs to the concentrations of
elements related to brake systems such as Sb, Ba, and Sn was observed to be 13.1, 18.2, and
8.0%, respectively.
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Table 1. Source apportionment results obtained from EFECT (ug/m3).

Element N XtSP Xdrs Xoxn Xii-exh

Al 14 3.55 + 0.75 (3.38) 2.11 £ 0.65 (2.53) 0.782 + 1.03 (0.301) 0.655 + 0.27 (0.612)

As 18 0.011 =+ 0.0073 (0.0103) 0.00113 + 0.00049 (0.00115) 0.0094 4 0.0071 (0.0083) 0.00063 + 0.00032 (0.00063)
Ba 19 0.125 + 0.0351 (0.117) 0.023 + 0.010 (0.0231) 0.087 = 0.041 (0.0753) 0.0140 + 0.0056 (0.0130)
Be 16 0.00025 £+ 5.9 x 107> (0.00025) 1.2 x 1072 +54 x 107° (1.2 x 107°)  0.00023 £ 6.0 x 107> (0.00022) 2.9 x 1076 £ 2.9 x 10~° (2.0 x 1079)
Ca 17 2.84 4 0.63 (2.72) 1.80 + 0.76 (1.92) 0.522 + 0.61 (0.40) 0.509 + 0.23 (0.537)

Cd 19 0.00054 4 0.00026 (0.00043) 8.0 x 107° £3.4 x 107° (8.0 x 1075) 0.00041 =+ 0.00026 (0.00033) 51 %1072 £2.0 x 1075 (5.2 x 1075)
Cr 19 0.17 4 0.034 (0.161) 0.0133 4 0.0058 (0.0135) 0.149 =+ 0.038 (0.142) 0.0070 + 0.0041 (0.0054)
Cu 17 0.041 =+ 0.0146 (0.0389) 0.0145 =4 0.0068 (0.0147) 0.0190 = 0.0170 (0.0152) 0.0072 4 0.0033 (0.0072)
Fe 15 4.67 + 345 (3.37) 2.10 + 0.80 (2.38) 1.83 =+ 3.82 (0.060) 0.739 =+ 0.338 (0.701)
Mg 13 1.07 4 0.212 (1.05) 0.709 = 0.226 (0.870) 0.184 =+ 0.286 (0.0518) 0.180 = 0.083 (0.150)

Mn 15 0.045 = 0.0092 (0.043) 0.028 + 0.010 (0.0317) 0.0090 =+ 0.013 (0.0045) 0.0077 4 0.0034 (0.0082)
Ni 14 0.044 + 0.039 (0.0322) 0.0067 4 0.0031 (0.0066) 0.0331 4 0.040 (0.0210) 0.0038 =+ 0.00166 (0.00406)
Pb 19 0.0196 + 0.0052 (0.0174) 0.0033 4 0.0014 (0.0034) 0.0141 = 0.0056 (0.0120) 0.0022 + 0.00090 (0.0021)
Sb 19 0.0087 4 0.002071 (0.00659) 0.00114 + 0.00049 (0.00116) 0.0069 & 0.0075 (0.0048) 0.00069 + 0.00025 (0.00065)
Sn 17 0.0097 + 0.0095 (0.00663) 0.00078 + 0.00031 (0.000833) 0.0085 4 0.0098 (0.0051) 0.00045 + 0.00023 (0.00049)
\Y% 17 0.018 = 0.011 (0.0146) 0.0058 4 0.0026 (0.00620) 0.0091 = 0.0098 (0.0052) 0.0031 4 0.0017 (0.00291)
7n 17 0.168 + 0.103 (0.155) 0.065 =+ 0.028 (0.0689) 0.073 £ 0.11 (0.0565) 0.030 =+ 0.0142 (0.0283)

S04~ 19 33.2 4 8.01 (32.7) 3.29 + 1.47 (3.34) 28.0 + 8.04 (26.5) 1.95 + 0.94 (1.80)

ocC 18 475 + 13.6 (47.0) 7.70 + 2.96 (7.49) 34.9 + 13.5 (36.6) 4.94 + 1.68 (4.81)

EC 19 42.4 + 21.0 (40.5) 1.22 + 0.53 (1.24) 41.2 4+ 21.1 (39.2) 0

CC 19 3.23 + 1.40 (3.28) 3.23 +1.40 (3.28) 0 0

Average values + standard deviations were given with median values in parentheses. N: Number of samples. X, (total emission or composite source profile) = X5 + Xexp, + Xjpex,- The
maximum number of samples was 21. The first two samples were removed from the dataset due to having high outlier results (see Table S1 for the sampling conditions). Any element
with N < 19 means that the element has been removed from the corresponding sample due to either negative net concentration (Xs), negative X,y contribution, or negative X,,_o,
contribution in the samples.



Atmosphere 2023, 14, 631

7 of 17

Source contribution

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

&)
o = ©

= = 2

? 3 - EE88238 %

S3E§8

- D
E a O R Y

S04

HmXrdrs EXexh ©OXn-exh

Figure 1. Elemental contributions of rdrs, exh, and n-exh sources on the fsp concentrations of
elements (%).

The actual exh emissions from the mixed fleet were observed to be the most significant
contributors of the anthropogenic elements through the combustion processes of fuels,
lubricating oils, and wear metals. The EFECT source apportionment results (Table 1,
Figure 1) showed that 97.1% of EC, 93.7% of Be, 88.1% of Cr, 87.4% of Sn, 84.2% of SO,%
and As, 71.8% of Pb, 79.0% of Sb, 76.1% of Cd, 75.9% of Ni, 73.4% of OC, and 69.8% of Ba
in the TSP samples were contributed by the exh emission sources. Fractional elemental
concentrations of V, Cu, and Zn from the exh emissions were determined as 50.6, 46.6, and
43.6%, respectively. Except for iron (39.2%), which was 2-fold high, approximately 20%
of the fsp concentrations of crustal elements (Al, Ca, Mg, and Mn) were observed to be
emitted again by the exh sources. As discussed in the following sections, exhaust emissions
contribute from crustal elements such as Ca and Mg were also reported in the literature.
For example, when compared with the values reported for the SPECIEUROPE database,
it can be seen that the fractions of Ca and Mg (mass ratios to TSP mass) obtained from
the EFECT were almost an order of magnitude smaller than the values reported in the
SPECIEUROPE. The fraction of Ca in the exhaust profile was estimated as 0.23 £ 0.23,
which was 29.0, 13.0, and 10.0 times lower than the values reported in SPECIEUROPE
source profiles, namely, profiles 154, 10, and 140, respectively. Very similar results were also
observed for Mg. Mg values estimated from the EFECT was 0.081 £ 0.11 (wt %), which
was 6.5, 10, and 2.2 times lower than the values reported in the SPECIEUROPE source
profiles. It was reported that diesel and lubricating oils contain elevated concentrations
of crustal elements. For example, Smits et al. [24] reported that diesel fuel and lubricating
oils have 42 £ 10 ppm and 385 £ 2 0 ppm Ca. They also showed that mass-normalized
concentrations of Ca in the undiluted diesel exhaust gas for different load conditions were
0.243 and 0.311 mg/g at 2 and 4 kW loads, respectively. Another study [25] reported
that the diesel fuel contained 41,200 pug/L Ca and 7120 pg/L Mg. The concentrations of
Ca and Mg in the diesel emissions were reported to be 831 and 138 pug/m3, respectively.
Additionally, the fractions of the Ca and Mg content in the exhaust particles were 28.4%
for Ca and 6.2% for Mg at an engine speed of 100%. Weber et al. [26] reported that car
motor exhaust emitted significant amounts of Ca, Mg, Si, Fe, Cr, Mn, and Pb. Cheung
et al. [27] used gasoline, diesel, and biodiesel cars to estimate the emission factors (EF).
They reported that EF for Ca and Mg were determined as 29.7 and 1.59 mg/km for gasoline
emissions, 118 and 4.74 mg/km for diesel, and 54.2 and 8.2 mg/km for the biodiesel
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emissions, respectively. Furthermore, adding Mg compounds as a detergent dispersant in
motor oils can explain the presence of Ca and Mg in the exh source profiles. For example,
McKenzie et al. [28] reported that exhaust emissions could contain Ca (no value reported)
and Mg (6.9 = 0.2 ppm) due to their presence in motor oils or lubricants. In our previous
study [18], for the same tunnel, the study estimated the fraction of Ca and Mg as 36% and
18%, respectively, for diesel exhaust.

In this study, the observed high elemental contributions to TSP concentrations by the
exhaust source were due to the positive slope of the tunnel (+2% uphill). This caused more
fuel to be pumped, less efficient fuel combustion, and exceptionally high amounts of tracer
element (EC) emissions. Therefore, the elemental concentration of EC was the most critical
factor in quantifying the exh and n-exh source contributions.

The non-exhaust emission (X,..y;,) source contributions, on the other hand, changed
from 1.60 (Be) to 18.5% (Al). Results showed that the n-exh sources were responsible
for 17.9% of Ca, 17.8% of Zn, 17.7% of Cu, 17.2% of Mn, 17.1% of V, and 16.8% of Mg
concentrations in Xjs,. Real-world elemental contributions of n-exh sources for the Sb, Ni,
Cd, OC, Ba, and Fe changed between 7.9 (Sb) and 15.8% (Fe). A group of elements, namely,
Cr (4.1%), As (5.6%), Sn (4.6%) including sulfate ion (5.9%) had the lowest contributions
from the n-exh sources. The EFECT results, in general, showed that the n-exh source
contributions (X;,.,;,) were lower than the expected levels that were thought to be due
to the positive slope of the tunnel, as discussed above briefly. As the vehicles ascended
through the tunnel, the fuel supply increased, which induced poor fuel combustion and
higher exhaust emissions (e.g., high OC and EC) as well as lower non-exhaust emissions
due to less frequent braking events.

4. Discussion
4.1. Comparison of EFECT’s Source Apportionment Results with PMF and FA-MLR

Source apportionment results of EFECT (Figure 1 and Table S3) were compared with
the results obtained from well-known receptor models such as positive matrix factorization
(PMF) [17,18,29] and factor analysis multiple linear regression (FA-MLR) [8,22]. The authors
forced models to run using the same dataset for three sources. The results of the comparison
are presented in Table S4. It was observed that both the PMF and FA-MLR methods were
unsuccessful in the source identification in this study due to the limited number of samples
and the source collinearity [21] between the rdrs and n-exh source profiles. The effect of
this collinearity was observed in the outputs of PMF and FA-MLR, so the sum of X,4,; and
Xp-exn Was used in the comparisons. The EFECT and PMF provided comparable levels of
contributions from the X, 4,5 + X,,.xy and X,,;, sources for elements such as Al, As, Fe, Mn,
and Zn. However, the sum of the rdrs and n-exh source contributions obtained from the
EFECT for Pb, Sb, Sn, and OC were observed to be 2.0 (OC) to 7.6 (Sn) times lower than the
results obtained from the PMF, while the exh source contributions for the same elements
were 1.9 (OC) to 20.0 (Sn) times lower than the results of the EFECT. Unsatisfactory results
were obtained from the FA-MLR (Table S4).

4.2. Road Dust Source Profile Comparisons

Road dust source profiles extracted from SPECIATE, SPECIEUROPE, and the litera-
ture [30] were compared with the road dust profile generated in this study. Despite the
differences in regional geologies, engine technologies, fuel qualities, and traffic-related
infrastructures, the author observed good results for most elements, as shown in Figure 2.
Comparisons among the road dust compositions showed that the Cd abundance in our
profile was almost an order of magnitude smaller than the result reported in SPECIEUROPE
(Profile 12). Again, Ba and Pb abundances were slightly smaller than those reported in
other source profiles. On the other hand, the relative amount of sulfate ions in our study
was five times and an order of magnitude higher than the abundances reported in the
databases and the literature. The organic carbon and EC abundances agreed with most
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of the profiles in the table except for the values reported in the SPECIATE source profiles,
namely, 3435 and 3425 for OC, and the SPECIEUROPE road dust source profile for the EC.
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Figure 2. Road dust compositions (masses of elements to mass of road dust ratio, %). (a) Compositions
of road dust were determined from the laboratory resuspension (TSP fraction). (b) SPECIEUROPE:
Profile no. 12 (Road dust), (c) Wang et al. [30] (Freeway tunnel, SO42~ was calculated from the
reported sulfur concentration), (d) SPECIATE: Profile no. 95777 (Paved road dust, PMyj).

4.3. Exhaust Emission Source Profile Comparisons

This study compared the exh source profile generated with the available exhaust source
profiles in the SPECIEUROPE and SPECIATE databases. The exhaust source profiles in
the databases have been reported as mass ratios; therefore, for comparison purposes, the
study normalized the source apportionment results of the EFECT with the TSP mass of the
corresponding samples. Comparison results of the exhaust source profiles obtained from
the EFECT with the reported profiles in SPECIEUROPE (Table S5 and/or Figure S2) and
SPECIATE (Table S6) showed, even though the comparison of the source profiles was not
very meaningful due to the reasons above-mentioned, reasonable agreements. Using source
profiles extracted from the SPECIATE and SPECIEUROPE databases and/or the literature
in inventory studies may cause severe uncertainties in the results due to known regional
differences in geological materials and other essential factors such as engine technologies
in the fleets, fuel qualities, fleet compositions, and the meteorological conditions during the
sampling campaigns. Therefore, specific source profiles representing a specific region have
to be generated. For example, the source profiles generated in this study correspond to the
western Black Sea region of Tiirkiye and may not represent the more arid regions such as
the central and eastern regions of the country. The average fleet composition in Tiirkiye, as
of 2019, was 38% diesel-fueled, 38% LPG-fueled, and 24% gasoline-fueled passenger cars [8].
At the same time, the average fleet compositions in the Bolu Mountain Highway Tunnel
involved approximately 67% diesel-fueled and 33% LPG and gasoline-fueled vehicles [8].
When the average fleet composition, geology, climate, and the uphill slope (+2%) in this
study were considered, different real-world source profiles must have been expected for
other regions.

High standard deviations observed in the source profiles of EFECT were because
the samples were collected at different times (morning, noon, and afternoon), and the



Atmosphere 2023, 14, 631

10 of 17

corresponding changes took place in the fleet compositions during sampling. Therefore,
the standard error of the mean can be used as uncertainty for an element in a profile to
define a confidence interval in which the population means are most likely to fall.

Comparison results showed that the percent abundances of Ca, Cd, Cu, Fe, Mg, Mn,
Pb, Sb, Sn, and Zn in the exh component of EFECT were smaller than the values reported
in the SPECIEUROPE source profiles. At the same time, the rest of the elements showed
agreement with the results reported in the database. It should be emphasized again that
in the comparison results, the sample PM size, fleet composition, regional geology, and
climate should be considered as the main factors responsible for the variances in the
regional source profiles.

The comparison of the exh source profiles obtained from EFECT and SPECIATE is
presented in Table S6. It should be noted that the exh source profiles reported in SPECIATE
corresponded to the PMj 519, PMjg, and PM3y samples from transportation in the Sepul-
veda Tunnel (Los Angeles). Although the source profile generation was conducted in 2004,
and the SPECIATE source profiles were generated from the data collected more than three
decades ago, therefore, the emission rates are expected to have changed with the significant
improvements in engine technologies, fuel qualities, and other transportation infrastruc-
tures. As a result of these improvements, it was observed that the mass percentage of Pb in
the EFECT’s exh source profile was 70 to 140 times lower than the Pb abundances in the
SPECIATE's exhaust source profiles. Similar outcomes of these improvements were also
observed for Zn (1.6 to 3.6 times), OC (2.6 to 4.0 times), and EC (1.0 to 3 times) in our results.
In this study, the exh contribution to the sulfate fraction was very high compared to the
values reported in the SPECIEUROPE source profiles. There is a specific factor that should
be discussed for the observed sulfate fraction from the exh. In Tiirkiye, it is well-known that
there has been extensive use of non-standard diesel fuels produced illegally by blending
used or waste engine oils with standard diesel fuels and sold for trucks, semi-trailer trucks,
and coaches. EPDK (Energy Market Regulatory Authority, Republic of Tiirkiye) reports
that engine oil blended non-standard diesel fuels are ubiquitous in the petroleum market
due to their low prices. This fuel is known as “Number 10 Engine 0il” in the market in
Turkiye. Since the viscosity of number 10 engine oil is not similar to standard diesel, the fuel
is sprayed into the combustion chamber without being atomized, and complete combustion
does not occur. In this case, engine performance decreases, and emissions increase. A study
reported that the composition of the ship-engine heavy fuel oil PM was dominated by
organic matter, black carbon, and sulfates, and the dominant sulfate species was sulfuric
acid [31]. Unfortunately, there are no research data on the engine oil-blended diesel fuel
emissions for Tiirkiye. However, this study’s high exhaust sulfate is expected to be due
to the use of engine oil-blended diesel fuels in Tiirkiye, even though such practices have
been prohibited.

4.4. Diagnostic Ratios for rdrs, exh, and n-exh Sources

The most widely used diagnostic ratios for the rdrs, exh, and n-exh sources from
the source apportionment results of the EFECT are presented in Table S7. The most
frequently reported diagnostic ratios in the literature are Fe, Ba, Sb, Sn to Cu, and OC to EC
ratios [29,32-36]. The calculated diagnostic ratios were compared with the literature values
reported mostly for PM;, coarse PMs (PMjg_»5), and PM; g.19 due to the limited number
of reported ratios for TSP. It was observed that the diagnostic percentages reported in the
literature [7,29,32-34,36-38] mostly agreed with the ratios obtained from Xisp and Xy,

The mean Sb/Cu ratios in the X, 4, and X,,_.,;, components were calculated as 0.078
and 0.076 £ 0.014, respectively, which were not different from each other statistically. As
in the case of the Sb/Cu ratio, the Sn/Cu ratios were also observed to be similar for both
Xrdrs and X,y as 0.056 and 0.064 £ 0.0092, respectively, Therefore, it is clear that the
diagnostic ratios of Ba, Sb, and 5n to Cu in X4, were almost similar to their corresponding
percentages in the X, ... When the source apportionment results obtained from the EFECT
were examined, it was observed that their percent elemental contributions were in the
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range of 18.0-21.0% in X,4,5, 66.0-71.0% in X5, and 11.0-13.0% in X, .yj,. Therefore, the
similar behavior of these three elements indicated that they had common sources. The
linear relationship between the TSP concentrations of Fe, Cu, Sb, and Sn (0.80 < R2 > 0.94)
also confirmed that they mainly came from similar sources [7,29,37]. The diagnostic ratios
determined for the rdrs and n-exh sources showed that these two sources were collinear
when their standard deviations and ranges were considered. In this case, it was almost
impossible to discriminate between these two sources using the multivariate receptor
models, as also observed during the EFECT, PMF, FA-MLR comparisons. The authors
believe that the ratios provided in the generated source profiles from the EFECT would be
a more suitable solution for more comparable and representative diagnostic ratios.

The tsp and the fractional concentrations of Ba contributed by rdrs, n-exh, and the exh
emissions should be evaluated separately. Since barium sulfate (BaSOj) is the primary
filling material in brake lining, measured concentrations of Ba in PM samples at a traffic
site have generally been attributed to brake wear [8,13,36,39]. However, barium sulfate
is an acid-insoluble salt and may not be entirely recovered from the particulate matter
(PM) samples if the samples are acid digested. Unless nuclear analytical techniques [9]
or the alkali fusion method [40] are used, the exact amount of Ba in the samples cannot
be recovered. This study’s high percentage of Ba observed in the exh component relative
to rdrs and n-exh sources supports our claim for Ba recovery from the traffic-site PM
samples. Consequently, the authors believe that the Ba concentrations measured in the
roadside PM and road dust samples mainly came from acid-soluble compounds such as
organometallic barium (e.g., barium-containing additives for soot suppression [41] and
inorganic Ba compounds (carbonate, nitrate, and chloride salts of barium) originating from
vehicular exhaust emissions, road surface paintings [8,18], and local crustal soils rather
than BaSOy from the brake lining. In conclusion, the observed results in this study suggest
that barium cannot be a suitable marker element for brake wear processes due to having
too many sources, even though a detectable amount of Ba comes from the barium sulfate,
which was detected in the study as brake wear emission.

4.5. Source Profiles Generated from the EFECT

Using the tsp mass to normalize source contributions from the EFECT caused sim-
ilarities or decreases in the code of divergence (COD) [38] between the source profiles.
To increase the divergence between the source profiles, this study normalized the source
contributions with their source markers, namely, the net TSP concentration of carbonate
carbon (CCtsp), ECoyy, and Cityypyy, for the rdrs, exh, and n-exh sources, respectively (Table 2).
The source profiles generated by normalizing the sources with their marker elements
increased the coefficient of divergence between the source profiles of the rdrs and n-exh
sources 2.1 times (from 0.478 to 0.990). In contrast, the COD between the source profiles of
the rdrs and exh sources increased slightly from 0.583 to 0.627. The lowest COD value was
observed for the tsp (total or composite emission) and the exh source profiles (COD = 0.529),
which were expected, since the exh emission was the main contributor of the elements
measured in the TSP samples through fuel combustion. The COD between the exh and
n-exh source profiles changed significantly from 0.635 to 0.996. Therefore, it is clear that the
generated source profiles given in Table 2 are almost entirely different. Consequently, the
source profiles generated from the results of the EFECT can be used as inputs in chemical
mass balance type receptor models. These can be applied directly to the receptor sites as
vehicular source profiles to quantify the rdrs, exh, and n-exh source contributions.
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Table 2. Source profiles of the rdrs, exh, and n-exh vehicular sources for a mixed fleet (mass of X to
mass of corresponding marker element ratios).

rdrs exh n-exh
N Mean =+ Std Mean + SE Mean =+ SE
Al 14 0.783 + 0.058 0.032 + 0.0056 119.4 + 12.0
As 17 0.00035 £+ 2.5 x 107> 0.000333 + 3.8 x 10~° 0.0759 + 0.0059
Ba 17 0.00704 =+ 0.00085 0.00240 =+ 0.00021 1.61 £ 0.029
Be 15 363x1070+58x%x1077 698 x107°+3.1x 1077 0.00040 + 3.1 x 107>
Ca 16 0.586 + 0.046 0.0207 + 0.0035 97.0 +5.11
Ccd 17 242x10°+16x107% 934 x10°+22x10°° 0.00582 + 0.00025
Cr 17 0.00411 =+ 0.0011 0.00337 =+ 0.00028 0.940 + 0.077
Cu 15 0.00452 =+ 0.00045 0.000575 + 5.3 x 10~° 1.00 + 0.00
Fe 14 0.736 + 0.059 0.0245 + 0.0055 115.0 £ 9.11
Mg 13 0.267 + 0.026 0.00738 =+ 0.0011 45.7 + 256
Mn 15 0.00971 =+ 0.00069 0.00275 + 4.9 x 10~° 1.580 + 0.14
Ni 13 0.00201 =+ 0.00022 0.000883 + 0.00016 0.456 + 0.015
Pb 17 0.00102 + 6.6 x 107> 0.000338 £ 2.5 x 107° 0.240 =+ 0.0064
Sb 17 0.000352 + 2.8 x 105 0.000145 + 7.6 x 10~° 0.0760 + 0.0044
Sn 16 0.000254 + 1.8 x 105 0.000155 + 1.3 x 107° 0.117 + 0.063
Y4 15 0.00190 =+ 0.00015 0.000165 + 2.5 x 10~ 0.390 + 0.026
Zn 16 0.0210 + 0.0014 0.00170 =+ 0.00020 414 +0.21
S0, 17 1.020 + 0.096 0.914 + 0.100 228.0 + 6.71
oC 16 2.280 + 0.222 1.41 + 0.120 564.0 + 25.5
EC 17 0.380 + 0.180 1.00 0.00

Xrdrsy Xexn, and X,y concentrations obtained from the source apportionment results of EFECT were normalized
with CCisp, EC,y;, and Cityy.oy,, respectively. Results were reported as the mean + standard deviation (Std) for
the rdrs and mean =+ standard error (SE) for exh and n-exh. Results for the first three samples were not included
in this table due to having high outliers for all of the measured elements (see Table S1 for sampling conditions).
Additional outliers (high and low) in the dataset were removed by applying the Q-test before calculating the
reported means and the uncertainties. N shows the number of samples used to calculate the means of each
element and can be used to convert the standard deviation into the standard error (SE) for the rdrs source profile.

4.6. Receptor Site Application Results of the EFECT

To show the field applicability of the EFECT source profiles given in Table 2, the
model was applied at another receptor site, namely, the Golciik Nature Park in Bolu
(Turkiye), which is frequently under the influence of intense barbecue smoke and an
uncontrolled number of visitors [42]. Application of the rdrs and exh source profiles
showed that 16.0 &= 6.24% of OC and 29.5 + 7.11% of EC were contributed by the road
dust resuspensions created by the vehicles and the visitors at the parking area and the
sampling point, and 13.1 & 4.35% of OC was contributed by the vehicular exh emissions at
the vicinity of the Nature Park (Table S8). Results obtained from the receptor site showed
that the rdrs and the exh source profiles generated from the EFECT can be used as in the
case of well-known crustal enrichment factor calculations.

4.7. Using Source Apportionment Results of the EFECT as Inputs to PMF

Identifying and quantifying the sources by the EFECT create new sub-datasets free
from the negative effects of the source collinearities in the source identifications. Since the
PMF and other multivariate source apportionment techniques are receptor oriented, they
become insufficient in source identification applications when the samples are collected
at the sources, as discussed in the introduction. Fortunately, the study observed that
the EFECT eliminates the source collinearities by identifying the three primary emission
sources: rdrs, exh, and n-exh. Therefore, the new sub-datasets can be used as inputs for a
receptor model like PMF to further identify the common sources comprising the three main
sources. The source apportionment results of EFECT (used to create Table 1) were used as
inputs for the PMF, and more promising results were obtained.

When the rdrs results were used as the input, the study successfully identified the
local soil and the traffic-related dust sub-sources. It quantified their relative elemental
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contributions to the total rdrs emissions. The PMF output results showed that 3.8% to 4.20%
of all the anthropogenic elements originated from the local soil, interestingly including
iron, which is a well-known crustal element while 60.0, 63.2, 66.7, 67.1, and 67.4% of Be, Ca,
Mg, Mn, and Al, respectively, were observed to be contributed by the local soil [8,19].

Using the exh component of the EFECT source apportionment result as input for the
PMF identified diesel and gasoline-LPG emissions and quantified their partial elemental
contributions. Results showed that 99.5, 73.4, 70.6, 69.4, 67.1, 56.8, and 50.3% of As, SO42~,
EC, Pb, Be, Ba, and diesel emissions contributed OC. On the other hand, 100.0, 90.8, 80.1,
72.6,49.7, 30.6, and 29.4% of Ni, Cu, Sb, Sn, OC, Pb, and EC, respectively, were observed
to be contributed by gasoline-LPG fuel combustion emissions. The study discriminated
the diesel and the gasoline-LPG emissions from their EC and OC levels. Unlike diesel
emissions, gasoline-LPG-fueled vehicles emit more OC than EC [18,43]. For the exh dataset,
the study ran the PMF for two factors, neglecting the secondary particle formation of
sulfates. However, running the PMF for at least three factors would be better to identify
additional sources together with the diesel and gasoline emissions.

When the sub-dataset obtained from the EFECT for the n-exh emissions was used
as the input, PMF identified three sources: (1) brake and tire wear with high loadings of
brake wear marker elements and tire wear [19,38,44-46]; (2) road cover material abrasion,
which was characterized by high and moderate loadings of crustal elements and OC,
respectively [8]; (3) vehicular hydraulic and gear systems, bearings, and coils which were
characterized with the contents of wear metals such as Ni, Cu, Fe, Mn, Al, and Cr [19,47].
According to the PMF results, the first source contributed mainly to concentrations of Zn
(79.6%), Sn (68.0%), Sb (57.6%), Cr (57.6%), Ba (47.8%), Pb (46.7%), Cd (46.9%), SO4>~
(43.4%), Cu (31.5%), and Ni (22.1%). The second n-exh source, road cover material abrasion,
was observed to be responsible for 83.7% of Al, 74.7% of Mn, 70.6% of Mg, 68.3% of Fe, and
20.7 to 33.6% of OC, Ba, Cd, Pb, As, SO4%~, and Cr in the total elemental concentrations
originating from the non-exhaust emissions. High relative elemental contributions were
observed for Ni (77.9%) and Cu (68.4%). Comparatively, lower contributions were observed
for Fe (31.7%), OC (29.8), and 29.0 to 29.6% of SO42~, Ba, Pb, and Cd, 25.5% of Sb, 25.3%
of Mn, 16.6% of Sn, 12.8% of Zn, 12.6% of Al, 8.9% of Cr were attributed to the third
non-exhaust emission source [47].

5. Conclusions

There has been a scarcity of real-world n-exh and rdrs source profiles studies, which
is an important problem in receptor modeling since the identified sources and the source
profiles generated through these studies have not been comparable. Considering these
challenges, this study showed that the EFECT model could be a primary standard method
to fill these important gaps in the literature, especially in quantifying source contribu-
tions, generating real-world source profiles, and source-specific emission factors for the
vehicular rdrs, exh, and n-exh emission sources. In the literature, generally, the empirical
equation developed under USEPA AP-42 emission factors has been used worldwide [48]
for the estimation of PM contribution from road dust resuspension. However, different
equations and constant input variables have been used for paved and unpaved roads and
the formulations, respectively [49-55], making the method more complex and challeng-
ing in applications. The current proposed EFECT method identifies and quantifies rdrs
contribution independently from factors such as road cover materials and vehicle types.
Relative source contributions from the EFECT were more practical than those obtained from
receptor-oriented techniques such as PMF and FA-MLR. The study observed acceptable
agreements among the source profiles reported in SPECIATE, SPECIEUROPE, and those
generated from the EFECT. It was observed that the main contributor of the anthropogenic
elements was exhaust emissions, followed by road dust resuspension emissions. This study
revealed that road dust resuspension emissions are the most significant contributor to the
concentrations of crustal elements such as Mg (66.1%), Ca (63.6%), Mn (62.7%), Al (59.5%),
and Fe (44.9%), while there was 97.1% of EC, 93.7% of Be, 88.1% of Cr, 87.4% of Sn, 84.2% of
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S0,42~ and As, 71.8% of Pb, 79.0% of Sb, 76.1% of Cd, 75.9% of Ni, 73.4% of OC, and 69.8%
of Ba in the PM samples. On the other hand, the contribution by exhaust emission sources
and non-exhaust emission source contributions changed from 1.60 (Be) to 18.5% (Al).

This study also showed that the EFECT method could apply to receptor sites and its
source apportionment results can be used as inputs for receptor models for the further iden-
tification of additional specific emission sources such as local soil, traffic-related dust, road
cover material abrasion, brake and tire wear, diesel and gasoline-LPG, and the transmission
and gear systems of vehicles. In conclusion, the study assumes that the EFECT method
is a simple model that will revolutionize traffic-based pollutant source apportionments,
source profiles, and emission factor generations. One of the most significant achievements
is that it can effectively discriminate contributions from road dust resuspension and other
non-exhaust emissions.
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/ /www.mdpi.com/article/10.3390/atmos14040631/s1, Table S1: Sampling descriptions, the Bolu
Mountain Highway Tunnel Study (23 July through 29 July 2018); Table S2: Mean concentrations
of elements in the tunnel road dust samples collected in 2018 and 2019 (ug X/g road dust) and
means of the road dust elemental concentration ratios to the road dust CC concentrations; Table S3:
Relative real-world elemental contributions of vehicular sources (%); Table S4: Comparison of the
relative elemental contribution results of EFECT with PMF and FA-MLR (%); Table S5: Real-world
source profiles (mass of element to tsp mass) for a mixed fleet obtained from the EFECT method and
comparison with the SPECIEUROPE source profiles (%); Table S6: Comparison of the exh source
profiles obtained from the EFECT and SPECIATE database; Table S7: Diagnostic ratios of the selected
elements for the vehicular emission sources; Table S8: Road dust resuspension (rdrs) and exh source
contributions on the TSP size and OC and EC concentrations at the receptor site; Table S9: Method
detection and quantification limits (MDL and MQL) and the percent recoveries of the elements and
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relative to TSP fraction of the tunnel road dust; Figure S2: Real-world exh source profiles (mass of
element to tsp mass) for a mixed fleet obtained from the EFECT method and a comparison with
the SPECIEUROPE source profiles (%); File S1: The first stage of the EFECT: Road dust enrichment
factors, EF,4 (EF); File S2: The second stage of EFECT: Exhaust EC tracer method (ECT).
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