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Abstract 10 
Primary organic aerosol (POA) in diesel exhaust is semi-volatile and partitions mass between the 11 

gas and particle phases. POA volatility is not well understood for alternative fuels, varying 12 

engine loads, and for engines that feature modern emissions controls. In this study, we performed 13 

filter-based measurements of diesel exhaust from a modern-day non-road diesel engine for two 14 

different fuels (conventional diesel and soy-based biodiesel), two different engine loads (idle and 15 

50% load), and with and without an emissions control device. Filters were analyzed offline to 16 

determine the POA volatility in two different ways: positive artifact on quartz filters at varying 17 

dilution ratios and speciation of alkanes. The POA volatility determined from our data suggests 18 

that POA mass emissions from diesel exhaust may be reduced by a factor of five with dilution to 19 

atmospherically relevant concentrations. These results are generally consistent with previous 20 

literature on POA volatility from non-road diesel engines but not with that from on-road diesel 21 

vehicles. POA volatility may hence need to be treated separately for non- and on-road sources in 22 

atmospheric models. Surprisingly, the POA volatility did not appear to vary under different 23 

combinations of fuel, engine load, and emissions control experiments performed, suggesting that 24 

POA might be dominated by unburned lubricating oil and its oxidation products. The POA 25 

volatility estimated from the speciation of alkanes was found to agree well with that determined 26 

from the dilution experiments. A kinetic model was used to calculate the gas/particle partitioning 27 

of POA in the dilution system. The modeling suggests that residence times in the dilution tunnel 28 

need to be on the order of minutes to allow the POA in the diluted exhaust to achieve gas/particle 29 

equilibrium. The use of short residence times (less than tens of seconds), similar to those used in 30 

conventional dilution systems, may bias the measurement of POA mass emissions in such 31 

systems and is of particular concern for emissions from cleaner, more modern combustion 32 

sources. The precise magnitude and direction of the bias depends on the exhaust temperature 33 

before dilution, tailpipe seed concentrations, dilution ratio, and residence times in the dilution 34 

tunnel. We recommend that kinetic models such as those used in this work be used, instead of 35 

using equilibrium assumptions, to inform the design and operation of the dilution tunnels as well 36 

to interpret the POA volatility from measurements made with those dilution tunnels.  37 

 38 

Abbreviations 39 
BC - Black carbon 40 

DOC - Diesel oxidation catalyst 41 

DPF - Diesel particulate filter 42 

EC - Elemental carbon 43 

OC - Organic carbon 44 

OM - Organic matter 45 

PM2.5 - Particulate Matter smaller than 2.5 µm 46 
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1. Background 53 
Combustion sources such as motor vehicles, electricity generating units, cookstoves, and 54 

wildfires emit fine particles or particulate matter smaller than 2.5 microns (PM2.5) as a result of 55 

incomplete combustion. PM2.5 is an important atmospheric pollutant that has large yet uncertain 56 

impacts on climate (Pachauri et al., 2014) and adversely affects air quality (Fuzzi et al., 2015) 57 

and human health (Pope et al., 2009). Diesel engines and vehicles are important sources of PM2.5 58 

at local and regional scales and account for about three-quarters of the PM2.5 contributed by 59 

mobile sources in the United States (Dallmann and Harley, 2010) and even more so globally 60 

(Anenberg et al., 2019). Diesel PM2.5 is primarily composed of black/elemental carbon (BC/EC) 61 

and primary organic aerosol (POA), with minor contributions from inorganic compounds and 62 

metals (Cheung et al., 2010; Schauer et al., 1999). While BC/EC is widely believed to be non-63 

volatile in the atmosphere, diesel POA is known to be semi-volatile, i.e., the organic compounds 64 

that constitute POA partition their mass between the gas and particle phases (May et al., 65 

2013a,b,c; Robinson et al., 2007). Dilution from atmospheric mixing and variations in ambient 66 

temperature are hence expected to alter the gas/particle partitioning of POA and control the fate, 67 

lifetime, and impacts of atmospheric POA. 68 

 69 

The volatility of POA from diesel exhaust, in addition to that from gasoline exhaust (May et al., 70 

2013b), biomass burning (May et al., 2013a), and food cooking (Mohr et al., 2009); (Huffman et 71 

al., 2009), has been extensively studied. Lipsky and Robinson (2006) and Robinson et al. (2007) 72 

used a small diesel generator and an isothermal dilution system to study the change in POA mass 73 

emissions with dilution. Both studies found dilution to atmospherically relevant concentrations 74 

(~10 µg m-3) resulted in ~80% of the tailpipe diesel POA mass to evaporate. Building on this 75 

initial work, the same diesel generator was used in two follow-up studies. Grieshop et al. (2009) 76 

used a thermal denuder to constrain the gas/particle partitioning of diesel exhaust POA at even 77 

lower atmospheric concentrations of POA (<10 µg m-3) while Ranjan et al. (2012) used an 78 

environmental chamber instead of a dilution system. Both studies validated findings from the 79 

earlier work. May et al. (2013c) investigated the gas/particle partitioning of POA emissions from 80 

two medium-duty trucks, three heavy-duty trucks, and one transportation refrigeration unit using 81 

four independent but complementary methods: positive artifacts on quartz filters, dilution to an 82 

environmental chamber, heating with a thermal denuder, and POA speciation using gas 83 

chromatography mass spectrometry. They found that these real-world POA mass emissions were 84 

less volatile than that from the small diesel generator and 20% of the POA mass was possibly 85 

non-volatile. Li et al. (2016) measured the gas/particle partitioning of POA emitted by a mixture 86 

of gasoline and diesel vehicles in a traffic tunnel in Pittsburgh, PA and observed that the 87 

partitioning of ambient POA was qualitatively similar to the partitioning observed with POA 88 

from source/laboratory testing of gasoline and diesel vehicles. This result suggested that 89 

laboratory parameterizations could be directly used to model POA gas/particle partitioning in 90 

atmospheric models. Although it is clear that diesel exhaust POA is semi-volatile, prior work has 91 

mostly focused on emissions from a small generator at a specified load and averaged emissions 92 
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over a vehicle drive cycle. There are few data on diesel engine operation across engine loads that 93 

might be more relevant for non-road engines that operate at steady-state loads (Guan et al., 94 

2017). Further, with wider adoption of alternative fuels (e.g., biodiesel) and the requirement of 95 

emissions control systems to meet current emissions standards, there is a need to investigate the 96 

semi-volatile behavior of POA from diesel engines with changes in fuel and addition of 97 

emissions control systems.  98 

 99 

Some prior work has used isothermal dilution performed with dilution tunnels in conjunction 100 

with quartz filter measurements to estimate the volatility of POA arising from combustion 101 

sources (Grieshop et al., 2009; May et al., 2013b,c; Robinson et al., 2007). Isothermal dilution is 102 

an appropriate method to assess POA volatility since it is expected to closely mimic the physical 103 

process of diluting source emissions into the atmosphere. In these studies, the POA volatility was 104 

interpreted and parameterized by examining the positive artifact measured on simultaneously 105 

collected quartz and quartz-behind-Teflon filters, over a range of dilution ratios (Subramanian et 106 

al., 2004). In performing filter measurements, earlier work has assumed that the particles have 107 

been collected onto filters after the POA has achieved equilibrium between the vapor and particle 108 

phases. However, if equilibrium is not achieved, the fraction of the organic matter collected on 109 

the bare quartz and quartz behind Teflon filters will vary and alter the POA volatility interpreted 110 

through an analysis of the positive artifact. For instance, an excess in the vapor phase would 111 

increase the relative magnitude of the positive artifact and suggest a more volatile POA when 112 

compared to that at equilibrium. This effect is unlikely to be very sensitive to the amount of time 113 

sampled onto the filter. Excess POA in the vapor or particle phases could also bias POA 114 

measurements made with direct reading instruments (e.g., aerosol mass spectrometer) such as 115 

those used by Ranjan et al. (2012) and Kuwayama et al. (2015) to measure POA volatility. 116 

Lipsky and Robinson (2006) performed isothermal dilution experiments on emissions from a 117 

small diesel generator at varying residence times (2.5 and 40 s) and found that the POA mass 118 

measurements were nearly identical between the two residence times, indicating that equilibrium 119 

was achieved over short timescales (<2.5 s). However, the small diesel generator they used 120 

produced very high PM2.5 emissions (1.5-4 g kg-fuel-1), which meant that the particle surface 121 

area even at high dilution ratios was sufficient (>0.01 m2 m-3) to ensure large condensational 122 

sinks and short equilibration timescales (<2 s). Modern sources, such as super ultra-low 123 

emissions vehicles or vehicles equipped with diesel particulate filters, have significantly lower 124 

PM2.5 emissions (median of ~0.008 (Saliba et al., 2017) and ~0.003 g kg-fuel-1 (May et al., 125 

2014), respectively), and hence the condensational sinks might be too small (<10-3 m2 m-3) and 126 

the equilibration timescales might be too large (>30 s) after dilution to assume equilibrium in 127 

conventional dilution systems (e.g., constant volume samplers) where residence times are 128 

typically less than ten seconds (40 CFR §1065, 2005) (Kim et al., 2016). Further, Riipinen et al. 129 

(2010) showed that equilibrium assumptions should not be used to estimate POA volatility when 130 

using thermal denuder systems (heating, rather than dilution) but rather rely on kinetic models 131 

for accurate estimates. It seems that there is a need to apply models that simulate the kinetic 132 

condensation/evaporation of POA in sampling and dilution systems to test assumptions about 133 

POA equilibrium prior to measurement and assessing their influence on parameterizing the POA 134 

volatility for atmospheric models.  135 

 136 

More recently, thermal desorption gas chromatography mass spectrometry (Presto et al., 2012, 137 

2010; Zhao et al., 2016, 2015, 2014; Worton et al., 2014) and chemical ionization mass 138 



4 

spectrometry performed via a filter inlet for gas and aerosol (Lopez-Hilfiker et al., 2016, 2014; 139 

Stark et al., 2017) have been used to infer organic aerosol volatility. The TD-GC/MS technique 140 

uses the retention time through the GC column while the FIGAERO-CIMS technique uses the 141 

response to a temperature ramp to map the measured organic compounds to a specific volatility. 142 

May et al. (2013b,c) showed that the volatility of gasoline and diesel exhaust POA estimated 143 

from the TD-GC/MS reasonably matched the volatility estimated through the positive artifact on 144 

quartz filters. Since these techniques allow for estimation of the volatility from a single sample, 145 

they are better suited than dilution-based studies to characterize organic aerosol volatility in 146 

source and ambient samples and track changes in volatility with time. However, to our 147 

knowledge, the volatility distributions estimated from the TD-GC/MS or FIGAERO-CIMS data 148 

have not been compared against volatility distributions estimated from isothermal dilution data. 149 

These techniques need to be validated before they are widely used to quantify organic aerosol 150 

volatility.  151 

 152 

In this work, we measured and modeled the volatility of POA from a modern-day diesel engine 153 

under varying fuel, engine load, and emissions control configurations. The POA volatility was 154 

investigated using two independent techniques: positive artifacts on quartz filters and distribution 155 

of alkanes inferred via TD-GC/MS. The gas/particle partitioning behavior of POA during the 156 

sampling and dilution process was simulated using a kinetic condensation/evaporation model.  157 

 158 

2. Methods 159 

2.1 Experimental Methods 160 
Engine Experiments and Setup. We used a 4-cylinder, turbocharged and intercooled, 4.5 L, 175 161 

hp, John Deere 4045H PowerTech Plus engine, mounted on an engine dynamometer (Midwest 162 

Inductor Dynamometer 1014A). The stock engine met the Tier 3 emissions standards for non-163 

road engines. An emissions control system consisting of a diesel oxidation catalyst (DOC) and a 164 

diesel particulate filter (DPF) was retrofitted on the exhaust system to meet non-road interim Tier 165 

4 emissions standards (40 CFR §1039, 2004) but the engine was not recalibrated to optimize 166 

performance and emissions. This engine has been used extensively in the past for studies ranging 167 

from quantifying the influence of alternative fuels on tailpipe emissions to studying the ability of 168 

diesel exhaust particles to form ice nuclei (Drenth et al., 2014; Schill et al., 2016). A companion 169 

paper studied the oxidative reactivity of diesel exhaust particles using a dithiothreitol chemical 170 

assay (Sharma et al., 2019).  171 

 172 
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 173 
Figure 1: Schematic visualizing the experimental setup, particle collection, and the two stages 174 

used to model gas/particle partitioning of POA. T = Teflon filter, QBT = Quartz Behind Teflon 175 

filter, BQ = Bare Quartz filter, QBQ = Quartz Behind Quartz filter, MFC = mass flow 176 

controller. 177 

 178 

Emissions from the tailpipe were sampled through an isokinetic probe and 4.6 m of Silcosteel® 179 

tubing heated to 150 °C into a Hildemann-style dilution tunnel using activated charcoal- and 180 

HEPA-filtered clean air (Hildemann et al., 1989). A schematic of the sampling setup is shown in 181 

Figure 1. The chemical passivation of the inside tube walls using SilcoNert® 1000 and heating of 182 

the tube outer surface were done to prevent loss of semi-volatile organic compounds to the tube 183 

walls - key to preserving the integrity and estimating the POA volatility. The amount of clean air 184 

mixed with the exhaust (aka dilution air) was varied using a needle valve that throttled the 185 

suction on the pump used to run the dilution tunnel. This method produced varying dilution 186 

ratios (ratio of clean air to exhaust), ranging from slightly under 4 to up to 400. For each 187 

experiment, the dilution ratio was varied between four to seven steps to produce different 188 

absolute concentrations of the pollutants. The dilution ratio range was smaller in case of the 189 

emissions control experiments as the tailpipe concentrations were substantially lower than in the 190 

absence of an emissions control. A fraction of the diluted exhaust was diverted to the top of a 191 

300 L stainless steel residence tank, which was then used as a reservoir to sample the diluted 192 

diesel exhaust. The flow rates in the residence tank were such that the diluted exhaust had a 193 

residence time of approximately 310 s, which was sufficient to achieve thermal equilibrium. 194 

Assumptions about thermodynamic equilibrium were tested with a kinetic 195 

condensation/evaporation model, discussed later. The influence of particle and vapor loss to the 196 

walls of the residence tank was minimized by sampling from the bottom-center of the tank.  197 

 198 

The engine was operated in different fuel, engine-load, and emissions-control combinations. Two 199 

different fuels were used: (i) non-road, red dyed, diesel sourced from Team Petroleum (Fort 200 

Collins, CO) and (ii) soy-based biodiesel sourced from Emergent Green Energy (Minneola, KS). 201 

The engine was run at two different loads: (i) idle conditions that corresponded to a 0% load (0 202 
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kW at 900 rpm) and (ii) load conditions that corresponded to 50% load (60 kW at 2200 rpm). 203 

The engine was operated with and without the emissions control system that consisted of the 204 

DOC (that oxidized unburned hydrocarbons and CO) and DPF (that filtered fine particles). We 205 

performed measurements at multiple dilution ratios for each combination of fuel, engine load, 206 

and emissions control. The experimental matrix that included 65 total experiments is listed in 207 

Table 1.  208 

 209 

Table 1: List of the fuel-engine load-emissions control experiments performed in this work and 210 

dilution ratio details.  211 

Fuel-Load-Emissions Control # of Experiment 

Days 

Dilution 

Ratio 

Range 

Number of Unique Dilution 

Ratio Experiments 

Diesel-Idle-None (Tier 3) 3 3-468  19 

Diesel-Load-None (Tier 3) 3 4-222 11 

Biodiesel-Idle-None (Tier 3) 3 3-200 16 

Biodiesel-Load-None (Tier 3) 3 3-127 10 

Diesel-Idle-DPF+DOC (Tier 4) 1 3-107 4 

Diesel-Load-DPF+DOC (Tier 4) 2 2-8 5 

 212 

Emissions Measurements. Tailpipe emissions from the diesel engine were transferred through a 213 

Teflon® line heated to 110 ℃ to a 5-gas analyzer (Siemens, Germany) to measure raw 214 

concentrations of CO2, CO, O2, THC (total hydrocarbons), NO, and NO2. Carbon dioxide 215 

concentrations of the diluted exhaust in the residence tank were measured using a LI-840A (LI-216 

COR Environmental, Nebraska). This allowed for the calculation of the dilution ratio as follows: 217 

(Lipsky and Robinson, 2006) 218 

�������� 	
��� (�	)  =  ���|�������������|������ ���
���|�����������|������ ���

 (1) 219 

where undiluted, diluted, and background concentrations were those measured in the tailpipe, 220 

residence tank, and the dilution air respectively. A photoacoustic extinctiometer (PAX) (Droplet 221 

Measurement Technologies, Colorado), connected to the residence tank, was used to measure 222 

BC mass concentrations (Lack et al., 2006).  223 

 224 

Diluted emissions in the residence tank were drawn at 16.7 L min-1 through a PM2.5 cyclone 225 

(URG Corp., North Carolina) followed by a custom-built filter cartridge that hosted two filters in 226 

series. Two filter cartridges were connected in parallel to collect PM2.5 in the following manner. 227 

The first cartridge contained a front Teflon® filter to collect particles only and a quartz filter 228 

behind it to trap semi-volatile vapors (hereafter referred to as the quartz behind Teflon® or QBT 229 

filter). The second filter cartridge contained a front quartz filter to collect all particles and trap 230 

semi-volatile vapors (hereafter referred to as the bare quartz or BQ filter) and a quartz filter 231 

behind it to only trap semi-volatile vapors (hereafter referred to as quartz behind the quartz or 232 

QBQ filter). The hydrophobic Teflon® filter is expected to minimize the adsorption of semi-233 

volatile vapors while the quartz filter has been shown to collect semi-volatile vapors with a 234 

saturation concentration up to 104 µg m-3 (May et al., 2013a,b,c). In addition to sampling PM2.5, 235 

we performed a set of dynamic blank experiments to account for semi-volatile vapors present in 236 

the dilution air, and we performed a set of handling blank experiments to account for artifacts 237 

introduced through filter handling and storage. We conducted a total of 10 dynamic blank 238 
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experiments and 6 handling blank experiments, which accounted for 20% of all data collected. 239 

All filters were 47 mm in size, with the Whatman Teflon® filters (7592-104) sourced from GE 240 

Healthcare Life Sciences (UK) and the Pallflex quartz filters (2500 QAT-UP) sourced from Pall 241 

Corporation (New York). Details of the filter cartridge setup can be visualized in Figure 1 and 242 

details about the filter preparation, handling, and storage are described in the SI in Section S1. 243 

 244 

PM2.5 Mass and Composition Measurements. A gravimetric measurement was performed with an 245 

MX5 microbalance (Mettler Toledo, Switzerland) to determine the PM2.5 mass collected on all 246 

Teflon® filters. The organic and elemental carbon (OC and EC) mass on all BQ and QBT filters 247 

was measured using a semi-continuous version of the Sunset Model-4 OC/EC analyzer (Sunset 248 

Laboratory Inc., Oregon) following the NIOSH 5040 method (Eller and Cassinelli, 1996). POA 249 

was determined by multiplying the OC with an organic-matter-to-organic-carbon ratio of 1.2 250 

(May et al., 2013c; Turpin and Lim, 2001). BC mass collected on all Teflon® filters was optically 251 

measured using the SootScan Model OT21 Optical Transmissometer (Magee Scientific, 252 

California). PM2.5, POA, EC, and BC mass concentrations were calculated by knowing the total 253 

mass on the filter and the total volume of air (at standard temperature and pressure) sampled and 254 

recorded by the mass flow controller. All PM2.5, POA, EC, and BC measurements were corrected 255 

for handling and dynamic blanks. More details on each of these measurements can be found in 256 

the SI (Sections S2, S3, and S4).  257 

 258 

A few select BQ filters were also analyzed using TD-GC/MS to speciate the PM2.5 mass. Filters 259 

4 mm in diameter were punched, put into glass tubes (6 mm OD × 7” length, Gerstel), and 260 

loaded into a thermal desorption system (TDS; Gerstel GmbH, Germany). A maximum of four 261 

filter punches per analysis were run in the TDS. To desorb the organic compounds from the filter 262 

punches, the temperature in the TDS was ramped from an initial temperature of 40 °C to 320 °C 263 

at a ramp of 60 °C min-1 and then held for 5 minutes at 320 °C. Once desorbed, the organic 264 

compounds were carried in a helium flow to a cooling injection system (CIS4; Gerstel GmbH, 265 

Germany) via a transfer line maintained at 320 °C. The CIS4 was embedded with a quartz wool 266 

filled quartz liner maintained at an initial temperature of 20 °C during thermal desorption to 267 

focus the desorbed compounds from the TDS. After 30 min, the CIS4 was then heated to 320 °C 268 

at a ramp of 12 °C s-1 and held for 10 minutes to transfer the analytes to the GC column. During 269 

the analysis, the GC oven was heated from 50 °C to 300 °C using a ramp of 10 °C min-1 and held 270 

for an additional 5 minutes at 300 °C. The GC column used was a non-polar 30 m × 0.25 mm ID 271 

× 0.25 μm column (Rxi-5ms, Restek, Pennsylvania). N-alkanes were quantified based on 272 

authentic standards. All alkanes (including n-alkanes) were quantified using the signal at m/z 57 273 

based on the method by Zhao et al. (2015) (explained in Section 2.2). Fatty acid methyl esters 274 

were also observed for the biodiesel samples and they were quantified using the signal at m/z 74 275 

(Oliviera et al., 2008; Pauls et al., 2011).  276 

 277 

2.2 Data Analysis 278 
Emission Factors. Emission factors for the gas- (CO2, CO, NOX, THC) and particle-phase 279 

(PM2.5, POA, EC, inorganic ions, metals) pollutants were calculated to compare emissions at 280 

different fuel, engine-load, and emissions-control combinations and to facilitate comparison with 281 

values in the literature. The emission factors in units of g kg-fuel-1 were calculated as follows: 282 

!"# = $#
$���

× &'()�
*'(

× +, × 10/ - (2) 283 
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Where 01and 0+23 are the background-corrected pollutant and CO2 concentrations in µg m-3 284 

respectively, 45���(44 g mole-1) and 65� (12 g mole-1) are the molecular/atomic weights for 285 

CO2 and carbon, and Cf is the mass fraction of carbon in the fuel. According to Gordon et al. 286 

(2014), we used a Cf of 0.85 g kg-fuel-1 for diesel and 0.77 g kg-fuel-1 for biodiesel. This 287 

formulation for the emission factor calculation assumes that all of the carbon in the fuel was 288 

released as CO2.  289 

 290 

POA Volatility. The POA volatility was assessed using two different methods: positive artifact 291 

on quartz filters and alkane speciation using the TD-GC/MS. In the first method, we used the 292 

positive artifact from vapor adsorption on the BQ and QBT filters to calculate the fraction of 293 

POA in the particle phase (Xp). This technique has been used extensively in the past to quantify 294 

POA volatility (Robinson et al., 2007; Shrivastava et al., 2006) and was recently validated for 295 

diesel exhaust POA against three independent techniques (May et al., 2013c). Following May et 296 

al. (2013c), Xp was calculated as follows: 297 

17 = ��89���98:
��89

 - (3) 298 

Where OCBQ and OCQBT are the OC mass concentrations in units of µg C m-3 on the BQ and 299 

QBT filters respectively. Typically, Xp is plotted against the POA mass concentration to visualize 300 

changes in the gas/particle partitioning with dilution. The gas/particle partitioning behavior was 301 

used to determine a volatility distribution for POA that reflected the distribution of vapor 302 

pressures of the organic compounds that constitute POA. This volatility distribution can be 303 

described with the volatility basis set (VBS) framework using a set of semi-volatile surrogate 304 

species that are logarithmically spaced in volatility or saturation concentration space (Donahue et 305 

al., 2006). The following equation describes the gas/particle partitioning of POA: 306 

17 = ; <= >1 + ��∗
A�*B�C

 - (4) 307 

Where <= is the fraction of the total (gas+particle) mass in bin i and +=∗ is the effective saturation 308 

concentration for bin i in µg m-3 at 298 K. For a predefined +∗set of [100 101 102 103 104 105] µg 309 

m-3, the gas/particle partitioning data were fit to determine an <=  set that represented the POA 310 

volatility distribution. The method assumes that the POA was in equilibrium before it was 311 

sampled onto the filters. This assumption will be tested and discussed as part of the kinetic 312 

modeling sections described later.  313 

 314 

In the second method, the distribution of linear alkanes and all alkanes determined from the TD-315 

GC/MS analysis was mapped in VBS space, similar to the approach used by Zhao et al. (2016, 316 

2015, 2014). Briefly, the chromatogram was divided into retention time bins, and the average 317 

volatility of each bin was inferred from n-alkane retention times. Since the GC column used a 318 

non-polar stationary phase, retention times of aliphatic compounds corresponded to their boiling 319 

points and, consequently, vapor pressures. The vapor pressures for the n-alkanes were calculated 320 

using the group contribution method of SIMPOL.1 (Pankow and Asher, 2008). The signal of the 321 

m/z 57 ion was used to infer the mass in each volatility bin since this ion corresponds to MS 322 

fragments from aliphatic species (paraffins, olefins, and naphthenes). “Linear alkanes” were 323 

calibrated using a suite of authentic n-alkane standards to obtain the corresponding mass. For “all 324 

alkanes”, the total area for the signal at m/z 57 in each bin was converted to mass using the 325 

response factors of m/z 57 from n-alkane standards. This is based on the same assumption made 326 

by Zhao et al. (2015) that “all alkanes” have an average response factor similar to that of n-327 

alkanes of similar volatility. FAMEs were explicitly measured in all samples using the signal at 328 
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m/z 74 but we only used the signal at m/z 57 to construct the volatility distribution for the 329 

biodiesel samples since the FAMEs were found to be a factor of 5 lower than all alkanes (see 330 

Figure S1). The volatility distribution, so produced, was normalized before being used with 331 

equation (4) to calculate Xp over a POA mass concentration range.  332 

 333 

2.3 Kinetic Modeling of POA Partitioning 334 
We modeled the kinetic gas/particle partitioning of the POA species by solving the mass balance 335 

from condensation and evaporation for a polydisperse particle size distribution. We used fifteen 336 

logarithmically spaced size bins ranging from 10 to 1000 nm. The following differential 337 

equations represent the evolution of the mass concentrations of the POA species in µg m-3 in the 338 

gas (+=
D

) and particle (+=,F
7

) phases: 339 

G��
�

GH = − ∑ 2L�=
D�F

7MF
7"NO P+=

D − ��,Q
R

��*Q
+=∗SFTF  - (5) 340 

G��,Q
R

GH = 2L�=
D�F

7MF
7"NO P+=

D − ��,Q
R

��*Q
+=∗SFT  - (6) 341 

Where �=
D

is the gas-phase diffusion coefficient of the partitioning species i in m2 s-1, �F
7

is the 342 

diameter of the particle in size bin j in m, MF
7

is the particle number concentration in size bin j 343 

in m-3, "NOis the Fuchs-Sutugin correction (see Section S5 in SI), +26F is the total POA mass 344 

concentration in size bin j in µg m-3, +=∗ is the effective saturation concentration of the 345 

partitioning species i in µg m-3, and SF is the Kelvin ratio. We did not model coagulation and 346 

nucleation and hence the particle number concentration in each size bin was conserved. The 347 

diameter of the particle in size bin j was updated by considering the mass addition/removal of 348 

POA to the initial seed mass. Finally, the Kelvin ratio was approximated using the following 349 

equation (Tröstl et al., 2016):  350 

SF = 10
U.WX×YZ[\

]Q
R

 - (7) 351 

 352 

The kinetic gas/particle partitioning of the organic matter (OM) was simulated in two stages: (i) 353 

partitioning of the undiluted exhaust in the sampling system (from the sampling point in the 354 

tailpipe to before dilution) and (ii) partitioning of the diluted exhaust in the dilution tunnel (from 355 

the start of dilution to before filter sampling). Here, we define OM as the sum of the total organic 356 

material mass in the particle and vapor phases with the particle phase mass termed POA. We did 357 

not model the OM partitioning in the tailpipe because all OM mass was likely to be exclusively 358 

in the vapor phase at typical tailpipe temperatures for diesel engines (>300 ℃) (Ko et al., 2019). 359 

In the sampling system (i.e., stage 1), the undiluted exhaust was assumed to be at 150 ℃, where 360 

the average residence time was ~1 s for the experiments performed in this work. The model was 361 

initialized with EC (acting as seed) and OM mass concentrations that were calculated by 362 

multiplying the mass concentrations measured on the BQ filter with the dilution ratio. The OM 363 

mass was initialized to be exclusively in the vapor phase (i.e., no mass in the particle phase or no 364 

POA). We used a small amount of non-volatile OM mass (0.01 µg m-3) to initiate condensation. 365 

No particle size distributions were measured in this work so we used a representative normalized 366 

particle size distribution from earlier work involving a non-DPF diesel truck (Ning et al., 2013) 367 

(number mean = 85 nm, geometric standard deviation = 1.7) to determine the initial size 368 

distribution for EC. We assumed spherical particles and an EC density of 1.8 g cm-3 (Zhang et 369 
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al., 2016). In the dilution tunnel (i.e., stage 2), the diluted exhaust was assumed to be at 25 ℃. 370 

The BC and POA were initialized for stage 2 by dividing the model outputs from the stage 1 by 371 

the dilution ratio. Both stages were modeled for all the experiments performed in this work.  372 

 373 

 374 
Figure 2: Emission factors of (a) PM2.5, (b) OM, and (c) EC in units of g kg-fuel-1 for the 375 

different fuel, engine-load, and emissions-control combinations measured on the filters at the 376 

conclusion of stage 2. Outliers for the DPF+DOC experiments at the 50% load condition, 377 

identified visually, are circled in magenta.  378 

 379 

3. Results 380 

3.1 Gas and Particle Emissions 381 
Emission factors for the gas-phase species (CO2, CO, NOX and THC) were compared across the 382 

various fuel, engine-load, and emissions-control combinations (see Figure S2). The comparison 383 

is described in detail in SI Section S6, but we briefly mention the key findings here. Compared to 384 

diesel, CO2 emissions from the use of biodiesel were ~10% lower on account of a lower carbon 385 

mass fraction in biodiesel. On average, emission factors of CO and THC were higher at the idle 386 

condition compared to the 50% load condition from incomplete combustion and lower with the 387 

use of biodiesel compared to diesel. In contrast, NOX emissions were mostly unaffected by fuel, 388 

engine load, or emissions control. As seen in a previous study with this engine (Jathar et al., 389 

2017), CO and THC emissions at the idle condition were similar when run with and without 390 

emissions control suggesting that the emissions control system may be limited at idle, where the 391 

catalyst temperatures might be lower than the light off temperatures for effective oxidation of 392 

CO and THC (Sumiya et al., 2009).  393 

 394 

In Figure 2, we plot the emission factors for PM2.5, OM, and EC for all the data measured in this 395 

study. Median emissions of PM2.5, OM, and EC were higher at the idle condition when compared 396 

to the 50% load condition, from incomplete combustion at lower loads. With the exception of 397 

one point (circled in magenta), emissions of PM2.5, OM, and EC with the DPF+DOC at the 50% 398 

load condition were one to two orders of magnitude lower than without the DPF+DOC. These 399 

reductions agree well with previously observed reductions with the use of a DPF, which are 400 



11 

expected to reduce particle emissions by 95% or more (Biswas et al., 2009; May et al., 2014). In 401 

the one instance at the 50% load condition (circled in magenta) and several instances at the idle 402 

condition, PM2.5 and OM emissions with the DPF+DOC were similar to those without the 403 

DPF+DOC. We suspect that in these cases the OM vapors escaped oxidation in the DOC and 404 

nucleated in the dilution tunnel after being cooled (Abdul-Khalek and Kittelson, 1995; Shi and 405 

Harrison, 1999). This seemed to happen more often at the idle condition because the catalyst 406 

temperatures were low enough to prevent complete oxidation of the OM vapors in the DOC. 407 

When compared to diesel, biodiesel use resulted in lower median emissions of PM2.5 and OM at 408 

the idle condition (43% lower for PM2.5 and 33% lower for OM) but had higher emissions at the 409 

50% load condition (17% higher for PM2.5 and 45% higher for OM). In contrast, with biodiesel 410 

use, median EC emissions were 62% lower for the idle condition and 83% lower for the 50% 411 

load condition. The lower EC emissions with biodiesel meant that the OM:EC ratios were 412 

generally higher for biodiesel compared to diesel. At the 50% load condition, the PM2.5, OM, and 413 

EC emission factor range for diesel use with and without the emissions control compared 414 

modestly with recent emission factors compiled by May et al. ( 2014) from a range of sources 415 

and near-road studies, suggesting that the engine and its operation were representative of in-use 416 

engines and engine technology (see Table S1). 417 

 418 

3.2 PM2.5 Mass Closure and Soot Comparison 419 
To assess mass closure, we compared the sum of the POA and EC mass concentrations measured 420 

via the quartz filters against the PM2.5 mass concentrations measured via the Teflon filter (Figure 421 

S3). The comparison showed significant variability, with 58% and 82% of the data lying within a 422 

factor of 2 and 3, respectively. The variability did not appear to correlate with differences in fuel, 423 

engine load, or presence of the emissions control. On average, the POA+EC mass concentrations 424 

were biased low compared to the PM2.5 mass concentrations with a mean normalized bias of 60% 425 

and mean normalized error of 87%. This mass closure problem between the Teflon and quartz 426 

filters has been seen before for diesel-powered sources without a DPF system (Lipsky and 427 

Robinson, 2006; May et al., 2013c; Schauer et al., 2002). For instance, May et al. (2014c) tested 428 

three medium and heavy-duty diesel vehicles without a DPF and found that the POA+EC mass 429 

concentrations were about half of the PM2.5 mass concentrations. The POA+EC mass 430 

concentrations were possibly lower than the PM2.5 values because we used a low POA:OC ratio 431 

(1.2 based on the work of Lipsky and Robinson (Lipsky and Robinson, 2006) and Aiken et al. 432 

(Aiken et al., 2008)) and/or we overcorrected for the artifact on the BQ filter. We measured 433 

water-soluble ions using Ion Chromatography and metals using Inductively Coupled Plasma 434 

Mass Spectrometry on a few select filters and together they accounted for less than 5% of the 435 

PM2.5 mass and, thus, do not account for the mass closure discrepancy. This mass closure 436 

problem needs to be closely investigated in the future.  437 

 438 

We also analyzed the different soot emissions by comparing the two BC and EC mass 439 

concentrations against each other (Figure S4). We found that the BC measured by the PAX and 440 

SootScan modestly correlated with the EC measured by the Sunset OC/EC (R2=0.69 for PAX 441 

and R2=0.48 for SootScan), but both measurements of BC were biased low compared to EC, 442 

particularly at the higher concentrations. For example, at an EC mass concentration of 100 µg m-443 
3, the PAX BC mass concentration was only 69 µg m-3 and the SootScan BC mass concentration 444 

was 45 µg m-3, based on the fits to the data. The EC mass concentrations may be higher than the 445 

BC mass concentrations for reasons ranging from protocol-related artifacts in the Sunset OC/EC 446 
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to assumptions about the mass absorption cross-section used in the PAX and SootScan (Cavalli 447 

et al., 2010; Chow et al., 2004).  448 

 449 

 450 
Figure 3: Fraction of POA mass in the particle phase (Xp) plotted against the POA mass 451 

concentrations for all experiments performed in this work. The error bars represent the 452 

uncertainty in the raw OC/POA measurement made by the Sunset OC/EC analyzer.  453 

 454 

3.3 POA Volatility 455 
Changes in the gas/particle partitioning of POA are visualized by plotting the fraction of POA 456 

mass in the particle phase (Xp) against the POA mass concentration in Figure 3. Across all 457 

experiments, Xp decreased with decreasing POA suggesting that the POA mass evaporated as the 458 

POA mass concentration was decreased with increasing dilution. In other words, POA was semi-459 

volatile and was re-partitioning between the gas and particle phases with dilution. Interestingly, 460 

we did not observe significant differences in the POA partitioning between the different fuel, 461 

engine-load, and emissions-control combinations. Biodiesel POA at both the idle and load 462 

conditions appeared to have a slightly lower volatility (or higher Xp) for POA at the higher POA 463 

mass concentrations. Overall, the gas/particle partitioning trends implied that while the POA 464 

emissions may have varied much more across the different combinations (see Figure 2), the POA 465 

volatility was quite similar. One reason why the POA volatility might be similar is that the POA 466 

emissions from this engine could have been dominated by unburned or partially burned 467 

lubricating oil that was held constant between the different experiments. However, the POA in 468 

this work was much more volatile than the volatility measured by Worton et al. (2014) for the 469 

unburned lubricating oil used in this work and commonly used in diesel engines (SAE 15W40). 470 

Worton et al. (2014) found that ~60% of the lubricating oil mass had a C* smaller than 10 µg m-3 471 

while, as we show below in Figure 4(c), a negligible amount of the POA mass in our work had a 472 

C* smaller than 10 µg m-3. We hypothesize that the POA in our work reflects the more volatile 473 

fraction of the lubricating oil that evaporates in the engine cylinder but later condenses in the 474 

tailpipe and the dilution tunnel (Worton et al., 2014). This hypothesis needs to be explored in 475 

future work.  476 

 477 

As the POA volatility did not appear to change with fuel, engine load, or emissions control, data 478 

in Figure 3 were used to develop a volatility-distribution fit that represented the POA volatility. 479 

The volatility distribution – set of α’s as defined in equation (4) – were determined in Matlab 480 
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using the non-linear fitting function, ‘lsqnonlin’. As the ambient and sample temperatures varied 481 

slightly between the different experiments (15.9±3.7 ℃) and that the C*s were predefined at 25 482 

℃ or 298 K, we accounted for changes in the C* with temperature using the Clausius-Clapeyron 483 

equation: 484 

+∗(^) = +∗(300 S) `ab P$cd�R
e > C

3fg − C
hBT - (13) 485 

Where 0ijk7 is the enthalpy of vaporization in kJ mole-1, R is the universal gas constant (8.314 486 

kJ mole-1 K-1), and T is the temperature in K. The enthalpy of vaporization for use in the 487 

Clausius-Clapeyron equation was based on the work of Ranjan et al. (2012): 488 

0ijk7 = −11��lCm+∗ + 85 - (14) 489 

The volatility distribution that best fit the data was α=[0.01 0.01 0.2264 0.4 0.0671 0.2008 490 

0.0857] for C*=[0.1 1 10 100 1000 10000 100000] µg m-3 and visualized in Figure 4(c). The 491 

values of α sum to 1. The volatility distribution fits were slightly unusual in that they had a small 492 

discontinuity in the mass fractions between the C*=100 and C*=10,000 µg m-3 bins, unlike the 493 

smooth volatility distributions inferred from speciation of the POA mass (May et al., 2013c; 494 

Worton et al., 2014). The discontinuity in our work is likely to be an artifact of the numerical 495 

fitting, although these semi-empirical volatility distributions are unlikely to affect any of the 496 

findings from this work.  497 

 498 

The POA volatility predicted by the volatility-distribution fits along with the 25th to 75th 499 

percentile confidence intervals are compared against the raw measurements in Figure 4(a). The 500 

predicted Xp was lower than most of the measurements because the volatility distribution was 501 

tied to C*s predefined at a higher temperature (25 ℃) while the POA samples were gathered at 502 

slightly cooler temperatures (15.9±3.7 ℃). For a more appropriate comparison, the predictions 503 

of Xp for the corresponding temperatures were compared to measurements of Xp in Figure 4(b). 504 

Predictions were within ±50% of the measurements for more than 90% of the data. This fitting 505 

process assumed that the POA was in equilibrium. As we will show in Section 3.5, the POA may 506 

not have been in equilibrium for the lowest loadings in Figure 4, which may bias our fits in the 507 

lower volatility bins. We will discuss this bias in more detail in Section 3.4.  508 

 509 
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 510 
Figure 4: (a) Raw measurements of Xp-POA compared against predictions of Xp-POA based on 511 

the volatility-distribution fits; (b) Scatter plot comparing predictions of Xp based on the 512 

volatility-distribution fits against measurements; (c) Volatility distribution fit for the POA 513 

measured in this work; Predictions of Xp-POA based on the volatility-distribution fits compared 514 

against (d) those from earlier work and (e) those estimated through the distribution of alkanes . 515 

 516 

The POA volatility from this study was compared to earlier work in Figure 4(d). Grieshop et al. 517 

(2009) used a thermal denuder in addition to isothermal dilution to estimate the gas/particle 518 

partitioning over a larger range of POA mass concentrations for POA from a small non-road 519 

diesel generator. May et al. (2013c) used four complementary methods – positive artifacts on 520 

quartz filters, dilution to an environmental chamber, heating with a thermal denuder, and POA 521 

speciation using TD-GC/MS – to estimate the POA from a suite of on-road medium- and heavy-522 

duty diesel vehicles. The POA volatility from this work compared surprisingly well with the 523 

POA volatility determined by Grieshop et al. (2009) for the small non-road diesel generator. In 524 

contrast, the POA volatility in this work was much more volatile than that determined by May et 525 

al. (2013c) for on-road vehicles. We should note that the POA volatility measured by May et al. 526 

(2013c) was very similar to the POA volatility measured by Worton et al. (2014) from a roadway 527 

tunnel used by gasoline and diesel vehicles. This suggested that the on- and non-road vehicle 528 

POA volatility may be different, which could be attributed to the use of different fuels (i.e., on-529 

road versus non-road diesel), differences in engine operation (i.e., steady state versus transient), 530 

and differences in the modes of contribution of the lubricating oil to the POA. 531 

 532 

Finally, we compared the POA volatility from the volatility-distribution fits to the POA volatility 533 

predicted from the alkane-based volatility distributions that were developed from the TD-GC/MS 534 
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data (Figure 4(e)). The normalized volatility distributions from the TD-GC/MS data are tabulated 535 

in Table S2. The POA volatility predictions did not differ significantly between the linear 536 

alkane- and all alkane-based estimates from the TD-GC/MS results, suggesting that there were 537 

few systematic differences in the distribution of linear and other (i.e., branched and cyclic) 538 

alkanes with carbon number. Except for the predictions based on the biodiesel load volatility 539 

distributions, the POA volatility predictions based on the volatility distributions compared 540 

reasonably well between the two different approaches: positive artifact on quartz filters and 541 

alkane speciation using TD-GC/MS analysis. The only exception was that the alkane-based 542 

approach produced a slightly more volatile POA at POA values larger than 10-100 µg m-3 and a 543 

slightly less volatile POA at POA values smaller than 10 µg m-3. It is unclear why the biodiesel 544 

load-based volatility distribution predicted a different POA volatility than the others and also did 545 

not agree with the volatility-distribution fits. For the Biodiesel-Load-None case, linear alkanes 546 

and total alkanes were 13% and 47% of the total OM respectively while for the other three cases 547 

(Diesel-Idle-None, Diesel-Load-None, and Biodiesel-Idle-None), linear alkanes and total alkanes 548 

were ~3% and ~29% of the total OM respectively. A larger fraction of the identified alkanes in 549 

the Biodiesel-Load-None case should have produced better agreement on the POA volatility 550 

between the volatility-distribution fits and the volatility distributions based on the TD-GC/MS 551 

data. We cannot explain this discrepancy. 552 

 553 

 554 
Figure 5: Model predicted equilibration times plotted against the initial EC surface area in the 555 

undiluted exhaust for all experiments performed in this work at two different temperatures: 150 556 

and 25 ℃.  557 

 558 

3.4 Kinetic Modeling 559 
Sampling System. The kinetic model was first used to calculate the OM partitioning in the 560 

undiluted exhaust in the sampling system (i.e., stage 1, Figure 1) for all of the experiments 561 

performed in this work. The simulations were used to calculate the time required to achieve 562 

gas/particle equilibrium or the equilibration time, which was defined here as the time required 563 

for the particle mass to be within 99% of the final equilibrium value. The equilibration time is 564 

plotted in Figure 5 as a function of the initial seed surface area offered by the EC particles. The 565 

equilibration times were quite short at 150 ℃ and varied between 10-5 and 10-2 s. This was 566 

because the C*s of the OM species at 150 °C were quite large (approximately seven orders of 567 

magnitude larger compared to those at 25 °C) and this required a very small amount of OM mass 568 

to be transferred to the particle phase. The equilibration time varied inversely with the initial EC 569 
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surface area, understandably because the higher initial EC surface area provided a larger 570 

condensational sink and a shorter timescale for condensation. Differences in the diesel and 571 

biodiesel experiments and the non-DPF+DOC and DPF+DOC experiments were hence expected 572 

since the use of biodiesel and a DPF+DOC resulted in lower EC emissions (see Figure 2). When 573 

compared to the range of residence times in the sampling system (0.3 to 3 s with an average ~1 574 

s), the lower equilibration times meant that the POA had achieved gas/particle equilibrium in the 575 

sampling system. However, despite being in equilibrium, the high temperature meant that almost 576 

all of the OM mass was in the vapor phase with very little (<0.00002%) in the particle phase. A 577 

lot of this vapor mass is expected to condense in the dilution tunnel as the OM is cooled. The 578 

kinetics of this condensation are explored in the following paragraphs. 579 

  580 

Dilution System. The kinetic model was used to calculate the OM partitioning after dilution (i.e., 581 

stage 2, Figure 1) for two different case studies. In the first case study, the POA partitioning was 582 

calculated as a function of the dilution ratio (1 to 10 or 1000) for a range of residence times (1, 583 

10, 100, 310, and 1000 s) in the dilution tunnel for two representative experiments; the average 584 

residence time in the dilution tunnel in this work was ~310 s. The representative experiments we 585 

used were the Diesel-Load-None experiment (average tailpipe OM and EC mass concentrations 586 

of 8684 and 3485 µg m-3 respectively) and Diesel-Load-DPF+DOC experiment (average tailpipe 587 

OM and EC mass concentrations of 159 and 28 µg m-3 respectively) since the simulation results 588 

for these experiments seemed to capture the average behavior across the various fuel, engine-589 

load, and emissions-control combinations. Based on findings from the previous section, the POA 590 

was assumed to be in equilibrium at the start of the simulation at the sampling system 591 

temperature of 150 ℃ (i.e., at the end of stage 1). We assumed that the dilution process was 592 

instantaneous and the diluted exhaust reached a temperature of 25 °C immediately. Results from 593 

these simulations are shown in Figure 6 (a) and (b). For reference, we also plot the change in the 594 

mass concentrations with dilution for a non-volatile POA. 595 

 596 

POA mass concentrations at equilibrium were lower than those for the non-volatile case from 597 

evaporation of the semi-volatile fraction. For simulations performed at the different residence 598 

times for the Diesel-Load-None case, the POA mass concentrations agreed with the equilibrium 599 

values at lower dilution ratios but they deviated at higher dilution ratios when the equilibration 600 

times exceeded the residence times. The equilibration time (shown as a dotted black line) 601 

increased with the dilution ratio as the absolute particle mass concentrations and, 602 

proportionately, the condensational sinks were reduced. For instance, at a dilution ratio of 5 603 

when the equilibration time was 10 s, a residence time of 10 s in the dilution tunnel was long 604 

enough that the POA mass concentration was nearly equal to the equilibrium value. In contrast, 605 

at a dilution ratio of 500 when the equilibration time was 1800 s, a residence time of 10 s in the 606 

dilution tunnel was too short to condense most of the POA and the POA mass concentration was 607 

only 13.7% of the equilibrium value. The same trends were observed for the Diesel-Load-608 

DPF+DOC simulations with one key difference. As the initial (or undiluted) OM and EC 609 

concentrations were nearly two orders of magnitude lower with the emissions control (i.e., 610 

DPF+DOC), the equilibration times were relatively much longer, and the POA mass 611 

concentrations deviated from the equilibrium values even at very low dilution ratios. For 612 

instance, at a dilution ratio of 5 the equilibration time was 1800 s, and the POA mass 613 

concentrations at all residence times except for those at a 1000 s were substantially lower than 614 

those at equilibrium.  615 
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 616 

 617 

 618 
Figure 6: POA mass concentrations and equilibration times plotted against the dilution ratio for 619 

the average (a) Diesel-Load-None and (b) Diesel-Load-DPF+DOC experiment at different 620 

residence times in the dilution tunnel. (c) Aerosol mass fractions plotted against the POA mass 621 

concentrations for all experiments performed in this work at different residence times in the 622 

dilution tunnel.  623 

 624 

The results in Figure 6 can be understood by considering the two competing effects at play when 625 

diluting hot exhaust: (1) cooling the exhaust reduces the C*s of the OM species and promotes 626 

condensation of OM vapors versus (2) dilution-driven reduction in the absolute concentrations 627 

promotes evaporation of POA following Raoult’s law. For both of the cases simulated in Figure 628 

6(a) and (b), the simulations universally produced a POA mass concentration that was lower than 629 

the equilibrium value. This suggests that, given enough time, the OM vapors would continue to 630 

condense until they reached equilibrium and implies that the effects of cooling that promote 631 

condensation surpass the effects of dilution that promote evaporation. The simulation results 632 

further suggest that the POA mass concentrations in the dilution tunnel are sensitive to the 633 

undiluted particle concentration, dilution ratio, and residence time in the dilution tunnel. 634 

Commonly used dilution systems to measure particle emissions operate their systems at dilution 635 

ratios close to ten with residence times lower than ten seconds (40 CFR §1065, 2005). Based on 636 

the results presented in Figure 6(a), these dilution ratios and residence time inputs are likely to be 637 

sufficient for the POA to achieve equilibrium in the dilution tunnel for a diesel engine operated 638 

without an emissions control. However, these inputs to the dilution system would measure a 639 

substantially lower POA mass (factor of ~40) for diesel engines operated with an emissions 640 

control (Figure 6(b)). More broadly, we would expect the POA mass emissions to be similarly 641 

underestimated from modern combustion sources that are considerably cleaner than a diesel 642 

engine without an emissions controls (e.g., light-duty passenger vehicles, on-road trucks, gas 643 

turbines). Studies in the past have performed experiments at dilution ratios larger than ten to 644 

probe the POA volatility at atmospherically relevant concentrations (Lipsky and Robinson, 645 

2006). Larger dilution ratios require longer equilibration times and our results suggest that 646 

residence times need to be increased proportionately to allow the POA to achieve equilibrium. A 647 

residence time of 1000 s produced near-perfect agreement with the equilibrium values up 648 

through a POA mass concentration of 1 µg m-3 for both the Diesel-Load-None and Diesel-Load-649 

DPF+DOC simulations. Although long residence times might help achieve equilibrium, those on 650 
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the order of 1000 s or more might be impractical given the losses of vapors and particles to the 651 

walls of the dilution tunnel.  652 

 653 

In the second case study, the POA partitioning was calculated for all the experiments performed 654 

in this work at experiment-specific dilution ratios but different residence times in the dilution 655 

tunnel (1, 10, 100, 310, and 1000 s). Results from these simulations are shown in Figure 6(c). 656 

Residence times of 1 and 10 s produced substantially lower aerosol mass fractions (Xp) when 657 

compared to the equilibrium values for all POA loadings. At a COA of 10 µg m-3, the Xp was a 658 

factor of ~10 and ~3 lower than the equilibrium value for the 1 and 10 s simulations, 659 

respectively. Short residence times, such as those found in conventional dilution systems (<10 s), 660 

and particularly when diluting to atmospherically-relevant concentrations, are likely to 661 

underestimate POA mass emissions. We should note that the BQ filters will still collect all of the 662 

OM mass (i.e., vapors+POA) but will underestimate the POA mass emissions if these 663 

measurements are artifact corrected based on the vapor mass collected on the QBT filters. 664 

Further, data gathered at shorter residence times will point to a much more volatile POA than the 665 

actual volatility. Longer residence times (≥100 s) produced better agreement of the Xps with the 666 

equilibrium values but eventually diverged at progressively lower POA values. For the residence 667 

time used in this work (~310 s), the POA mass concentrations agreed well with the equilibrium 668 

values up through a POA mass concentration of 10 µg m-3 and were approximately 30% lower 669 

for POA mass concentrations between 1 and 10 µg m-3. This partly validates the assumption in 670 

Section 3.3 that the POA was in equilibrium before being sampled onto the filters for most of the 671 

experiments performed in this work.  672 

 673 

Although the equilibrium assumption was valid for most of the data, the volatility-distribution fit 674 

may have underestimated the POA material in the lower-volatility bins (C*<=1 µg m-3) since 675 

these were constrained to the measurements made at the lower POA mass concentrations 676 

(POA<10 µg m-3) where the POA did not condense fully towards equilibrium. With relatively 677 

few data below 10 µg m-3, we were unsuccessful in using the kinetic model to constrain the POA 678 

mass in the lower-volatility bins. Furthermore, the volatility distributions based on the TD-679 

GC/MS data, shown in Figure 4(e), are consistent with there being more mass in the lower 680 

volatility bins than in our volatility-distribution fit. Since the BQ filters collect all of the OM 681 

mass (i.e., vapors+POA) and the TD-GC/MS analysis is performed on the total OM, the 682 

calculated volatility distributions are independent of whether POA has achieved equilibrium 683 

before being collected on the BQ filters. Hence, the TD-GC/MS-based technique offers promise 684 

in constraining the distribution of POA mass in the lowest volatility bins. Having more mass in 685 

the lowest-volatility bins, however, does not change the key findings from this work, i.e., 686 

residence times in the dilution tunnel need to be at least a few hundred seconds (or a few 687 

minutes) to allow the POA to achieve equilibrium when measuring particle emissions from 688 

cleaner, more modern sources and/or when diluting to atmospherically relevant concentrations.  689 

 690 
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 691 

 692 
Figure 7: Same as Figure 6 but using an undiluted exhaust temperature of 25 ℃.  693 

 694 

The kinetics of gas/particle partitioning in the dilution tunnel were found to vary with the 695 

sampling temperature. Dilution setups may use sampling temperatures different than those used 696 

in this work. We used a higher sampling temperature in stage 1 of 150 ℃ to prevent 697 

condensation of water vapor and POA vapors onto the sampling tube walls. Serving as the other 698 

extreme, we simulated the equilibration times for undiluted POA at a typical laboratory 699 

temperature of 25 ℃ for stage 1. The equilibration times at 25 ℃ – shown in Figure 5 – were 700 

nearly five orders of magnitude larger than those at 150 ℃ and could be attributed to the large 701 

amounts of POA mass that needed to be transferred to the particle phase. If the undiluted exhaust 702 

in this work would have been cooled to 25 ℃ before dilution, POA would have achieved 703 

equilibrium in stage 1 in nearly three-quarters of the non-DPF+DOC experiments but not for any 704 

of the DPF+DOC experiments for the range of residence times in the sampling system. This has 705 

implications for the condensation/evaporation kinetics in the dilution tunnel, results for which 706 

are shown in Figure 7(a) for the Diesel-Load-None case and 7(b) for the Diesel-Load-DPF+DOC 707 

case respectively. For the Diesel-Load-None case, the POA was in equilibrium in the sampling 708 

system and dilution in the dilution tunnel resulted in evaporation of the POA mass. As there was 709 

no additional cooling, there was no driver for condensation. In contrast to the results shown in 710 

Figure 6(a), shorter residence times at higher dilution ratios (>10) produced a higher POA mass 711 

concentration than the equilibrium value because the residence times were too short to allow the 712 

POA to evaporate. It was interesting to note that the simulated POA mass concentrations for the 713 

shortest residence time of 1 s were similar to those for non-volatile POA. The POA was not in 714 

equilibrium in the sampling system for the Diesel-Load-DPF+DOC case with an abundance of 715 

condensable mass in the vapor phase. Similar to the trends shown in Figure 6(b), shorter 716 

residence times produced POA mass concentrations lower than the equilibrium values and 717 

increasing the residence times allowed the POA to condense until it reached equilibrium. This 718 

result suggests that the use of lower sampling temperatures would still result in an 719 

underestimation of POA mass concentrations at shorter residence times for cleaner, more modern 720 

sources. When examining the response to the residence times for all the experiments performed 721 

in this work (Figure 7(c)), lower residence times (≤10 s) produced a higher Xp than the 722 

equilibrium value for most of the experiments but produced a lower Xp than the equilibrium 723 

value at lower POA mass concentrations. These simulations at the lower sampling temperature 724 

indicate that insufficient residence times in the dilution tunnel may bias the POA mass emissions 725 
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lower or higher, where the direction of the bias – all things being equal – will depend on whether 726 

the POA has achieved equilibrium in the sampling system. 727 

 728 

4. Summary and Conclusions 729 
Our work makes four key contributions to understanding the POA volatility from diesel engines: 730 

(i) POA volatility is independent of fuel, engine load, or emissions control, (ii) POA volatility is 731 

different between on- and non-road diesel engines, (iii) speciation of alkanes in diesel POA can 732 

be used to infer its volatility and particularly that of its least volatile components, and (iv) 733 

dilution systems need to use longer residence times to allow POA to achieve gas/particle 734 

equilibrium before being sampled and/or measured, especially for cleaner, modern combustion 735 

sources. A summary of those contributions and their implications for measuring and modeling 736 

the volatility of POA are discussed below.  737 

 738 

POA from a modern-day non-road diesel engine was found to be semi-volatile in agreement with 739 

previous work (May et al., 2013c; Robinson et al., 2007). But surprisingly, the gas/particle 740 

partitioning did not appear to be very sensitive to the choice of fuel, engine load, or emissions 741 

control. Although not specific to fuel or engine load, May et al. (2013c) made a similar 742 

conclusion about POA volatility from on-road diesel vehicles equipped with varying emissions 743 

controls and operated on different drive cycles. This observation might offer advantages in 744 

modeling POA emissions in atmospheric models as the same volatility distribution could be used 745 

to represent POA from diesel-powered sources operated with different fuels, engine loads, and 746 

emissions control configurations. Our results suggest that at ambient temperatures (298 K), 747 

~80% of the tailpipe POA mass is likely to evaporate with dilution to atmospherically relevant 748 

concentrations (5-10 µg m-3). This dilution is likely to happen rapidly on time scales of minutes 749 

and spatial scales of 100s of meters. Since POA is expected to dominate the PM2.5 emissions 750 

(~60-90%) from modern diesel sources (May et al., 2014), evaporation of POA with dilution will 751 

significantly affect the contribution of diesel sources to mass concentrations and properties of 752 

ambient PM2.5. Hence, it is important that POA from diesel engines is treated as semi-volatile in 753 

atmospheric models.  754 

 755 

The POA volatility measured in this work for a more representative non-road diesel engine 756 

agreed quite well with that estimated for a relatively less representative non-road engine studied 757 

more than a decade ago (Grieshop et al., 2009; Robinson et al., 2007). To our knowledge, these 758 

two engines are the only non-road engines that have been studied to characterize POA volatility. 759 

However, both engines produced a much more volatile POA than that produced by a suite of on-760 

road engines (May et al., 2013c). For example, at an ambient OA mass concentration of 10 µg m-761 
3, ~80% of the non-road POA emissions are expected to evaporate based on this work while only 762 

about half of the on-road POA emissions are expected to do so based on the work of May et al. 763 

(2013c). This finding has implications for the contribution of on- and non-road diesel-powered 764 

sources to ambient POA and PM2.5, as well as the atmospheric production of secondary organic 765 

aerosol as the evaporated POA vapors can oxidize to form condensable products (Miracolo et al., 766 

2010). As the POA volatility is different, POA may need to be treated uniquely for on- and non-767 

road sources in atmospheric models.  768 

 769 

Linear and branched/cyclic alkanes in the POA were speciated and mapped in volatility space to 770 

estimate a volatility distribution for POA. As has been shown in prior work (May et al., 2013b,c; 771 
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Presto et al., 2011), this volatility distribution was able to reasonably predict the observed 772 

gas/particle partitioning of POA, implying that speciation of POA can be used as an alternative 773 

approach to quantifying and modeling the POA volatility (May et al., 2013b,c; Presto et al., 774 

2011). In particular, this technique offers promise in constraining the distribution of the POA 775 

mass in the lowest volatility bins because it does not require the POA to have achieved 776 

equilibrium with its vapors when it is being sampled. Recently, a suite of novel instrumentation 777 

and techniques has enabled detailed speciation of organic compounds present in gas and particle 778 

phase emissions of combustion sources (Gentner et al., 2012; Koss et al., 2018; May et al., 2014; 779 

Worton et al., 2014). These new resources will enable better and more complete speciation and 780 

consequently improve estimates of POA volatility without the need to perform filter 781 

measurements across a range of dilution ratios as done in this work.  782 

 783 

The kinetic modeling performed in this work suggests that residence times in the dilution tunnel 784 

need to be on the order of minutes to allow the POA in the diluted exhaust to achieve gas/particle 785 

equilibrium. This finding is especially true in the case of particle measurements from cleaner, 786 

more modern sources that produce very few particle emissions and/or those that have been 787 

significantly diluted. To highlight the significance of this finding for real-world sampling, we 788 

used the kinetic model to simulate POA partitioning in the dilution tunnel across a range of 789 

tailpipe concentrations and residence times in the dilution tunnel. We varied the tailpipe EC (or 790 

seed) mass concentrations between 0.5 and 50,000 µg m-3 to roughly capture the emission factor 791 

range observed for EC over the diesel engine/vehicle fleet; from 100-1000 mg kg-fuel-1 for non-792 

DPF diesels to 0.05-1 mg kg-fuel-1 for non-DPF diesels (May et al., 2014). We assumed an 793 

OC:EC mass ratio of 3 but changing the ratio between 0.5 to 10 did not change the findings 794 

significantly. The residence time was varied between 1 and 10,000 s, understanding that 795 

residence times in conventional dilution systems are much shorter than a minute. The dilution 796 

ratio was held constant at 10 to match the average dilution ratio used in conventional dilution 797 

systems. Simulations were performed separately for an undiluted exhaust temperature of 150 and 798 

25 ℃.  799 

 800 

 801 
Figure 8: Ratio of predicted POA mass concentration to the equilibrium POA value over a range 802 

of initial condensational sinks and residence times in the dilution tunnel for undiluted exhaust at 803 

(a) 150 ℃ and (b) 25 ℃.  804 

 805 
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Results, plotted in Figure 8, show that the POA mass concentration was close to its equilibrium 806 

value or that the POA had achieved gas/particle equilibrium when the initial condensational sink 807 

was high (or the inverse was low) and/or the residence time in the dilution tunnel was long. As a 808 

result, for short initial condensational-sink timescales there should be very little bias (small bias 809 

in the 150 ℃ simulations but even smaller bias in the 25 ℃ simulations) in the POA mass 810 

emissions measured from non-DPF diesels. In contrast, for the DPF cases with long initial 811 

condensation-sink timescales, the POA mass concentrations were only between 5 to 20% of the 812 

equilibrium values, and POA mass emissions measured from DPF diesels could be significantly 813 

underestimated. If the POA mass is being measured using quartz filters, the POA mass emissions 814 

will only be underestimated if the measurements are artifact corrected for vapor mass collected 815 

on backup quartz filters. Direct-reading instruments, on the other hand, will always 816 

underestimate the POA mass emissions. For diesel engines equipped with DPFs and similar 817 

cleaner, more modern sources, we recommend the use of long residence times (few minutes) in 818 

dilution tunnels to allow the POA to achieve equilibrium before it is sampled. In cases where the 819 

residence times cannot be changed, we recommend that kinetic models, similar to those used in 820 

this work or to interpret thermal denuder data, be used to interpret measurements. 821 

 822 

One of the shortcomings of our model is that we did not consider the influence of nucleation on 823 

our findings. Prior research has shown that sudden cooling of the hot exhaust in the dilution 824 

tunnel under the right, input (e.g., high sulfur content), operating (e.g., high relative humidity) 825 

and engine conditions (e.g., idle loads) will result in new particle formation or nucleation 826 

(Harrison et al., 2018). These freshly nucleated particles will continue to grow from 827 

condensation of OM vapors and could substantially increase the condensational sink and shorten 828 

the equilibration times. If nucleation is commonly observed in dilution tunnels, for which there 829 

are very little data, it would weaken our primary finding that longer residence times be required 830 

in dilution tunnels to allow the POA to achieve equilibrium prior to measurement. We also did 831 

not model coagulation of particles in this work. Coagulation is expected to be active only at 832 

lower dilution ratios when the number concentrations are high enough (>106 cm-3 at a residence 833 

time of 1000 s (Hinds, 1999)). Since the condensational sinks at lower dilution ratios are large 834 

enough to keep the equilibration times short (see Figures 6(a) and 7(a)), any coagulation to 835 

reduce the condensational sink will have a negligible influence, compared to that of 836 

condensation, on the equilibration times.  837 
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