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Relative Toxicity of Exhaust Particulate After Accelerated
Thermal Oxidation of Recycled Vegetable Oil Biodiesel
Fuel

1.0 Introduction: Background on Biodiesel Fuel, Tailpipe Emissions,
and PM Health Effects

1.1 Biodiesel and U.S. Energy Policy

Since 2005, U.S. energy policy has mandated increased renewable fuels use for transportation,
including “biomass-based diesel” or biodiesel. Biodiesel, a mixture of long-chain (16 to 18
carbons) fatty acid methyl esters (FAMEs), is derived from a variety of animal or vegetable oil
feedstocks and is a preferred alternative to petroleum diesel because it: (i) offers air pollution
benefits; (ii) can be blended into existing petroleum diesel fuel supplies with no engine
modifications; (iii) is an important strategy for both domestic energy independence and
sustainable agricultural production; and (iv) reduces net greenhouse gas emissions compared to
petrodiesel [1].

In the United States, biofuel production and use are generally the incentivized results of federal
and state policies that include the EPA’s Renewable Fuel Standard (RFS) and California’s Low
Carbon Fuel Standard (LCFS). Since 2005, the RFS set annual domestic biofuel production
targets that grew from 0.5 billion gallons in 2009 to 1.70-1.90 billion gallons in 2015-2017 [2, 3].
However, the original RFS “by 2022” target of 36 billion gallons of ‘total renewable fuels’ was
achieved chiefly with corn ethanol, a fuel with questionable greenhouse gas lifecycle metrics
compared to biodiesel. Initial biodiesel production volumes did increase rapidly under the RFS
in response to RFS tax credits, but in January 2023 biodiesel production was for the first time
exceeded by a new “biomass-based diesel” fuel, “renewable diesel” (Figure 1). Renewable
diesel (RD) is produced in refineries using the same feedstocks as biodiesel but is produced
using a more energy- and capital-intensive ‘hydrotreating’ production process that results in a
final fuel composition similar to petroleum diesel: 100% hydrocarbons, with no oxygen (unlike
FAME biodiesel). RD similarly benefits from the biodiesel tax credit which Congress intended to
offset the higher production cost of these alternative fuels relative to petrodiesel. The historic
zig-zag pattern of biodiesel production in Figure 1 tracks with the availability of these annual tax
credits; recently the Inflation Reduction Act of 2022 extended this credit through 2024 (EIA
2023) [4].
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Figure 1. U.S. production volumes of biodiesel (circles) and renewable diesel (triangles)
compared to the renewable fuel standard (RFS) annual targets for “biomass-based diesel”
(dashed line). Data from USDA Bioenergy Statistics and US EPA.

1.2 Biodiesel Composition

Transesterification converts the triglycerides in biodiesel feedstock materials—animal fats,
virgin and recycled plant and animal waste oils—to a mixture of C16-C22 fatty acid methyl esters
(FAMEs) that meets federal standards for on-road biodiesel fuel (e.g., ASTM D6751) [5]. Neat
biodiesel is nearly free of sulfur and aromatic compounds, can be blended with petroleum
diesel and is readily used in on-road vehicles in up to a 20% biodiesel blend (B20, 20% bio- and
80% petro-diesel, by volume), chiefly of soybean oil feedstock in the USA. Lower blend ratios (5
or 10%) are often used in winter climates to protect against fuel gel formation due to
biodiesel’s higher cloud point [6, 7]. Different plant/animal fats naturally contain various
proportions of saturated and unsaturated FAMEs that affect fuel combustion and tailpipe
emissions. Use of waste cooking oil feedstocks instead of virgin plant oils may result in biodiesel
with elevated transition metal concentrations that are 2 to 8 times higher than petrodiesel
(some metals—Cu, Fe and Zn—are high because of leaching from cooking utensils) [8, 9].
Transition metals are of interest because Fenton-type reactions (Eq. 1) form the biologically-
reactive hydroxyl radical, *OH:

Fe?* + HOOH — Fe3* 4+ °OH + OH™ (1]
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Compared to petrodiesel, neat biodiesel fuel has approximately an 11% higher oxygen content.
These oxygen molecules reduce the biofuel’s energy density and alter the products of
combustion. Prior work shows both higher and lower exhaust concentrations of potentially
toxic oxygenated organic combustion products such as aldehydes, ketones and carboxylic acids
[10, 11, 12, 13], suggesting combustion conditions (i.e., engine operating mode) as well as
biodiesel fuel feedstock and fuel storage conditions may affect exhaust composition. Very little
research has been done to evaluate how biodiesel fuel oxidation during storage affects the
resulting exhaust toxicity. Here, the focus is on exhaust particulate matter (PM).

Given the generally strong association between the adverse health effects of airborne
particulate matter, especially fine particulate matter (PMas; aerodynamic diameter < 2.5
micrometers), and oxidative stress derived from reactive oxygen species (ROS?) formation in
living cells, it is important to fully characterize the “toxicity” of biodiesel exhaust particles in
terms of their ability to generate ROS. Here, an abiotic chemical assay is employed to examine
the degree to which PM in exhaust from a diesel engine fueled using ‘aged’ biodiesel from
waste oil feedstock increases ROS formation compared to the neat (i.e., unoxidized) fuel.

1.3 Biodiesel Storage Stability

Renewable, carbon-neutral, biomass-based fuels such as biodiesel could be part of the solution
to the global sustainable energy challenge of the 21t century if critical decisions regarding the
optimal biofuel feedstocks are based on data that weigh competing energy, environmental, and
public health effects associated with the fuel’s production, transport and use. Biodiesel use as a
transportation fuel has advantages such as reducing fossil fuel dependency, lowering
greenhouse gas (GHG) and some criteria air pollutant emissions, and improving the lubricity of
ultralow sulfur diesel fuel (ULSD?). However, a challenge arises in relating biodiesel fuel
composition to combustion emissions and subsequent environmental and health effects:
namely biodiesel’s tendency to oxidize during storage.

Biodiesel is considerably less stable to atmospheric oxidation than traditional petrodiesel fuel
because biodiesel is comprised of mono- and poly-unsaturated long-chain fatty acid methyl
esters (FAMEs). The composition of the original feedstock oils/grease used to manufacture
biodiesel fuel via base-catalyzed transesterification (Figure 2) affects the fuel’s susceptibility to
deterioration during fuel storage and use. Typically, the fatty acid chains in biodiesel feedstock
fats and oils have 16 to 18 carbons and up to three double bonds separated by single
methylene carbons that prevent conjugation. Common names (and number of double bonds)
for the unsaturated 18-carbon chain fatty acids are oleic (c18:1), linoleic (c18:2) and linolenic
(c18:3; see Figure 2). The non-conjugated carbon-carbon double bonds in unsaturated FAME
aliphatic chains are susceptible to attack by atmospheric oxygen. The rate of FAME oxidation
depends on biodiesel fuel storage conditions (temperature, light, fuel additives, metals,

1 Reactive oxygen species (ROS) include hydroxyl, hydroperoxyl, and organic peroxyl radicals as well as hydrogen
peroxide, superoxide anion and organic peroxides.

2 Petrodiesel de-sulfurization lowers the fuel’s lubricity compared to high sulfur petrodiesel (see Farahani 2009)
(14).
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humidity, free fatty acids) as well as the chemical composition (i.e., mixture of FAMEs: structure
and number of methylene-interrupted C=C double bonds) of the biodiesel feedstock [15].
Oxidation of these unsaturated FAMEs during fuel storage (or during fuel recycling in the diesel
engine fuel system) changes the composition of biodiesel fuel to first form hydroperoxides
(“primary oxidation products”) and ultimately shorter-chain secondary oxidation products such
as carboxylic acids, ketones, and aldehydes [16]. FAMEs oxidation can proceed further to
produce polymeric sediments that compromise the fuel’s basic properties and may adversely
affect engine performance.

The oxygen-bearing organic oxidation products in the biodiesel fuel are known to have
associated adverse human health effects, but unknown effects on fuel performance
(combustion) and resulting exhaust composition. In practice, to prevent oxidative deterioration
of the fuel, biodiesel manufacturers include antioxidant additives in their fuel formulations.
Little is known about the functional lifetimes of these antioxidants under real-world fuel
storage and in-vehicle use. Long-term fuel storage may produce partially or even fully oxidized
biodiesel fuel that is then used in diesel engines. The timescale for diesel fuel recirculation to
consume the fuel’s antioxidants is also unknown. This study was conceived to examine the
hypothesis that oxidation of biodiesel fuel will result in measurable changes in the exhaust
particulate from the diesel engine tailpipe that could have adverse effects on human health.

a. Triglyceride + 3 CH;0H + NaOH (cat.) » Fatty Ester Mixture +
Glycerin + H,O0 ....{side products: free fatty acids, Na*,diglyceride }

b.
0
NN \)\m Stearic 18:0
8
A e WA YA VWa e \/“‘\J\ OH Oleic 18:1
Q
MW\/\)J\CH Linoleic 18:2
0
/\m Linolenic 18:3

Figure 2. (a) Base-catalyzed transesterification to produce biodiesel. (b) Structures of
common C18:x FAMEs in biodiesel. For example, the most highly unsaturated FAME in
biodiesel is linolenic acid methyl ester, or methyl linolenate, C18:3, C19H3,0,, due to the three
C-C double bonds in its fatty acid chain.
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1.4 Exhaust Particles from Vehicles

Because extensive evidence associates airborne particles with adverse human health effects
[17-26] and the continued importance of vehicle exhaust contributions to nanoscale (diameter
< 100nm) particle emissions, it is critical that we understand and quantify possible interventions
that mitigate human exposure to these potentially toxic airborne particles. Numerous studies to
date have compared petrodiesel to biodiesel exhaust emissions, but with varying results on
which fuel is “better” in terms of tailpipe emissions. Comparison across different studies is
difficult because of the variation in test methods, fuel type (including biofuel preparation and
additives), engine operating cycles and the chosen outcome metrics between laboratories. It is
rare for research studies to measure and report on biodiesel fuel composition due to the
expense of full fuel chemical characterization. Instead, fuel properties are the only fuel data
reported, if any fuel information is provided at all. Further, studies generally do not report on
biodiesel fuel additives or storage conditions (time, temperature, container etc.) prior to
emissions testing. One variable possibly overlooked by many researchers conducting biodiesel
emissions studies is the fact that biodiesel fuel is more chemically reactive than petrodiesel. In
other words, biodiesel sitting around the laboratory may “age” due to the fuel’s sensitivity to
atmospheric oxidation. There is a second mechanism by which biodiesel fuel may be oxidized
prior to engine combustion. Unlike gasoline-powered vehicles, diesel vehicles continually
recirculate fuel between the engine and the fuel tank [15]. Excess fuel (above that necessary to
achieve combustion for the demanded power output) is continually drawn from the fuel tank to
lubricate and cool the engine’s high pressure fuel system. This excess fuel is heated by the
engine, but then returns to the fuel tank, carrying the rejected heat. Although no studies can be
found on chemical changes in fuel composition during diesel engine operation, it is reasonable
to expect some alteration of fuel properties during these repeated fuel circulation cycles due to
the high temperatures involved in vehicle engines combined with headspace in the fuel tank.
Thus, there are four possible ways to “age” (oxidize) biodiesel and its blends [27]: (1) during fuel
storage (B100 and Bxx blends); (2) fuel handling to create Bxx blends; (3) recirculation in diesel
fuel tank during vehicle operation (Bxx); and (4) via high temperatures in vehicle’s engine/fuel
system (Bxx).

1.5 Waste Grease Biodiesel as a Sustainable Fuel

In the US, soybeans are the primary biodiesel feedstock, but also an important food source.
Recycled cooking waste vegetable oils and animal grease are alternative biodiesel fuel
feedstocks that help divert the more than 3 billion gallons of waste grease generated annually
in the US away from wastewater treatment plants or animal feed rendering facilities [28]. Many
municipalities currently use waste grease biodiesel fuel in vehicles as well as for residential
heating. Use of recycled waste oil/grease eliminates the “food vs fuel” controversy that arose in
the early days of biodiesel production (~2008) in the US because using soybeans as the primary
virgin biodiesel fuel feedstock diverted soybean critical crops for human and animal food.
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1.6 Study Objectives

Very little is known about the differential health effects of petrodiesel vs biodiesel combustion
particles. Even less is known about the relative toxicity of combusted oxidized biodiesel fuel and
the tendency of recycled waste vegetable oil B100 to improve or aggravate the health effects
associated with diesel engine exhaust. This research quantifies the extent to which oxidized
biodiesel fuel has an increased tendency to create exhaust particles that have a higher potential
to form reactive oxygen species (ROS) compared to petroleum diesel combustion particles. We
report results from an abiotic chemical assay to compare the relative tendency of diesel engine
exhaust particulate matter (PM) to form ROS. Formation of reactive oxygen species on particle
surfaces is associated with inducing oxidative stress in cells and therefore the chemical assay is
a relative metric of combustion particle toxicity. Most available information on biodiesel
oxidation discusses the fuel’s oxidation stability in storage, a required fuel property for
commercial fuel sale. There is relatively little information on changes in chemical composition
due to fuel oxidation and how these changes relate to the toxicity of subsequent exhaust
emissions when the fuel is combusted.

Our previous work quantified the fatty acid methyl esters (FAMEs) in un-oxidized biodiesel fuel
blends and combustion particles using traditional gas chromatography- mass spectrometry
methods, Kasumba and Holmén 2016 [29]. The emission rates of mono- and poly-unsaturated
FAMEs increased with the proportion of biodiesel in the fuel blend (Figure 3), as one would

expect.

Unsaturated FAMEs
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Figure 3. Unsaturated FAMES in waste vegetable oil (WVO) biodiesel exhaust PM [29].
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1.7 Chemical Assay for Reactive Oxygen Species (ROS) Formation Potential

Adverse human health effects of nanoparticles from both petro- and biodiesel combustion
products in vehicle exhaust are thought to involve oxidative stress at the cellular level, either
indirectly by particles contributing to reactive oxygen species (ROS) production, or directly via
ROS-bearing functionalities within the particles. Thus, a number of studies have quantified the
“oxidative potential” of exhaust particles using a chemical assay with dithiothreitol (DTT) [30,
31] or other cell-free assays [32-38]. The water soluble organic carbon fraction of biodiesel PM
has been associated with particle oxidative potential and ROS formation has been shown to
increase with higher percentages of biodiesel in the fuel blend [34, 36, 39]. In this study, a
modified version of the Charrier and Anastasio (2012) [31] DTT assay is used to evaluate the
“toxicity” of exhaust particles derived from combustion of different biodiesel fuels in a light-
duty diesel engine running a laboratory modal emissions test cycle.

In summary, while the FAME composition of biodiesel has often been related to fuel
performance and regulated primary emissions, to our knowledge, no prior studies have
evaluated the toxicity of neat and aged biodiesel fuel particle emissions and the relationships to
fuel composition and stability.

2.0 Methods

2.1 Fuel Sources, Blending and Diesel Engine Testing

Biodiesel-free petroleum diesel was sourced from a local gas station (Maplefields, South
Burlington, VT) and either used directly or blended with a commercial B100 biodiesel (White
Mountain Biodiesel, North Haverhill, NH) to make a v/v B20 blend via splash blending with
inversion mixing. The White Mountain Biodiesel B100 feedstock is used cooking oils. All
biodiesel fuel blends were prepared and stored in 5 gal HDPE buckets with tight-fitting lids and
nitrogen gas replaced air in the bucket headspace during fuel storage.

Emissions tests were conducted on the various fuel types—BO (petrodiesel), B20 and B100—in
an Armfield CM-12 light-duty diesel Volkswagen engine dynamometer on a computer-
controlled 9-mode stepped symmetrical drive cycle (Figure 4). Particulate matter (PM) in the
engine exhaust was collected over the full 9-mode emissions test using Teflon impingers
containing 30 mL of ethanol. PM concentrations in the impinger samples was measured using
our “Drop Method” wherein 100ul aliquots of the impinger suspensions were dried in a
desiccator to evaporate the ethanol and the PM mass was determined using a Cahn C-33
microbalance with 1 microgram sensitivity (see Drop Method details in Appendix A). In addition
to collecting PM in impingers, PM was collected on Teflon filters and real-time instruments
were used to measure exhaust gases (5-Gas Analyzer; CO, CO,, NOx, O; and HC) and particle
number (Scanning mobility particle sizer, SMPS, TSI, Inc., long DMA and ultrafine CPC).
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Figure 4. Pyramid Drive Cycle (PDC), a symmetrical stepped modal drive cycle that varied
engine load between 10% and 50%. The load was increased in 5 steps and then decreased in 4
steps over the approximately 80-minute emissions test time. The engine load (%), engine
throttle (%), dynamometer brake (%), engine torque (N-m) and engine power (kW) recorded
by the Armfield dynamometer were generally consistent over each mode of the drive cycle.

Particle exhaust emissions typically vary somewhat between individual emissions tests on the
same fuel. Figure 5 shows the variability was chiefly observed in absolute particle concentration
for a given biodiesel or petrodiesel (BO) fuel not the size range of ultrafine particles emitted. For
example, the two largest peaks (solid lines, Figure 5) were from a different petrodiesel
company (Trono fuels, Burlington VT) than used to prepare the White Mountain Biodiesel/
Maplefield petrodiesel B20 biodiesel blend (dashed lines, Figure 5) evaluated in this study.
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Figure 5. Example particle number distribution in Armfield light-duty diesel engine exhaust
collected by Scanning Mobility Particle Sizer during Mode 3 of the PDC emissions test cycle
(see Figure 4) for six test runs on different fuels (B0 and B100 only). WMBD = White Mountain

Biodiesel.

2.2 Accelerated Thermal Oxidation of B100 fuel & Measured Fuel Oxidation
Level

Details on the procedures used to “age” the neat B100 fuel are described in Jack Reed’s
master’s thesis (Reed 2021) [40] and only briefly reviewed here for completeness. Portions of
the as-received B100 fuel from White Mountain Biodiesel LLC (North Haverhill, NH) was
thermally oxidized in 4-L glass vessels on a laboratory hotplate at 110°C for 5, 10 and 20 hr
durations in a hood with constant “vortex” stirring. The Biodiesel Oxidation Stability Surveyor
(BOSS) was custom-built by Jack Reed and Markus Ingelsson to measure biodiesel fuel induction
period (IP) following specifications in method EN15751. [41] Induction period is measured in
hours and B100 fuels must exceed IP = 3 hr for commercial sale at the fuel pump. BOSS
instrument accuracy and repeatability were verified by testing a set of four B100 neat biodiesel
fuel samples generously donated by lowa Central Fuels Testing Laboratory after testing at their
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facility using a commercial Rancimat device (the instrument specified in regulation EN15751).
Relative standard deviation on replicate measures with the BOSS were less than 22% and
accuracy, measured as percent difference between BOSS and lowa-reported Rancimat data,
ranged from 8-50%, with BOSS values always lower than the lowa Rancimat values. With the
exception of one outlier (50%) the BOSS measures of IP were deemed acceptable for relative
comparisons across the aged B100 biodiesel fuels. The average IP for quadruplicate
measurements (n=4) on the BOSS for the White Mountain Biodiesel (WMBD) waste vegetable
oil B100 fuel was 6.03 hours, with a 1.33 standard deviation and an RSD of 22.03%, meeting the
requirement set in ASTM D6751 for a minimum induction period of 3.0 hours. As expected,
BOSS results showed a decrease in measured induction period with increasing accelerated
thermal aging time of the B100 fuel, in agreement with IP vs time trends in the literature [16,
42-44]. See Jack Reed’s MS Thesis [40] for details on the accelerated oxidation protocols used in
handling the B100 fuel. It should be noted that the thermal oxidation procedures were only
carried out on the neat B100 fuel, not the blended B20.

2.3 Measuring Particle Oxidation Potential (DTT Assay)

The abiotic dithiothreitol (DTT) method [30, 31] was used to quantify the ability of diesel
exhaust particles to generate reactive oxygen species (ROS) that are linked to the adverse
health effects of ultrafine particles [45]. The more DTT consumed per mass of PM, the higher
the particles’ ROS formation potential [46]. The DTT Assay was carried out on 13 impingers
from 2017-2018 engine testing using the Armfield CM-12 light-duty diesel engine and biodiesel
fuels (B100 and B20) at various stages of accelerated oxidation (0 hr, 5 hr, 10 hr and 20 hr). As
documented in Table 1, each impinger was collected from a different run of the CM-12 diesel
engine using various fuel compositions (B0, B20 or B100 blends).

We adopted a modified method from Charrier & Anastasio (2012) used previously in our lab
(Holmén et al. 2017) [47] that is quantitative and carried out in phosphate buffer at pH 7.3 in a
constant temperature bath at 37°C. The assay requires monitoring sample composition over
time after adding an initial concentration at t=0 of 186.27 uM DTT to each 8mL glass reaction
vial. For quality control (QC), the redox active quinone 9,10-phenanthraquinone (PQN) was the
positive control and assay blanks containing reagents and metal-free phosphate buffer served
as the negative control. For each impinger sample and control, duplicate assay vials, denoted A
and B, were run each analysis day. Impinger samples were prepared to target a PM
concentration of 25 ug/mL in the reaction vials based on our laboratory’s “Drop Method”
(Holmén et al. 2017) [47] that gravimetrically determines the PM concentration in a suspension.
Details on the Drop Method are found in Appendix A. The Drop Method was performed after
some of the more dilute collected impinger samples were concentrated to approximately 1000
ug/mL (1 mg/mL) via Speed-Vac. At ten time points ranging from 2.5 to 48 minutes, 200 uL
sample aliquots were transferred to cuvets to which some DTT Assay reagents were previously
added to both quench the reaction and form a yellow compound (2-nitro-5-thiobenzoic acid,
TNB) that was quantified by UV-VIS spectrophotometer at 412nm wavelength. Assay blanks
were run daily, in duplicate, with each set of samples as negative control and a 0.1 uM solution
of phenanthrenequinone (PQN) was run daily as the positive control to check reagent viability.
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A calibration curve for the DTT Assay was carried out with DTT standards prepared in cuvets
using a 400 uM stock DTT solution and metal-free phosphate buffer solution at concentrations

ranging from 0 to 45 uM DTT. For the PM impinger samples, 40 uL of a 0.01 M DTT Stock

solution was added to each reaction vial. All DTT assay measurements for exhaust PM and the
daily positive and negative controls were carried out in the dark using a red light and duplicate
results were averaged. As indicated in Table 1, 13 impinger samples from 13 different emissions

tests were analyzed for ROS formation potential with the DTT Assay.

Table 1. DTT assay impingers and engine tests by fuel blend and oxidation level/time.

BO B20 B100
neat neat 0x3 ox2 0) 4} neat 0Xx3 oXx2 (0) ¢
0 hr 0hr 5hr 10 hr 20 hr 0hr 5hr 10 hr 20 hr
Impinger No:
617 619 N/A 636 623 608 631 N/A 627
639 624 610 632 629
635
PDC Engine Test IDs:
10-1 12-1 -- 21-2 14-1 07-1 18-1 -- 16-1
22-1 15-2 08-2 19-2 17-1
20-1

N/A = Data Not Available

The DTT Assay raw data analysis involved the following steps:

a) Review raw absorbance data in Excel Data Analysis Workbooks and double-check
entry based on review of hardcopy logsheets.

b)

data

Compute precision statistics on replicate vials of positive and negative controls. Target

was less than 15% relative standard deviation (RSD =coefficient of variation, CV, in

percent) between duplicates.

c)

Compute percent DTT loss and omit from further analysis all data points with DTT

consumption > 30%. This data omission only applied to the PQN controls, resulting in

use of just the first 5 PQN data points (of the 10 time points collected).
d)

Plot DTT remaining concentration vs. elapsed time for each vial replicate for a given QC

sample and impinger sample. Omit data where intercept exceeded expected value of
26.235 uM +/- 15% (range = 22.3 to 30.17). The only data omitted by this criterion was
the replicate 1 Assay Blank in Exp21-043A, where absorbances were unusually high

(possibly due to vial contamination).

@NCST

Compute normalized DTT concentrations (i.e., normalize the DTT concentration so first
time point was equal to the theoretical starting vial concentration of 186.27 uM. This is
equivalent to a cuvet concentration of 26.235 uM DTT) to enable replicate analysis for

impinger data collected on different DTT Assay analysis days.
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f) Export data to JMP Pro 14.2.1 to use Fit Model function for Standard Least Squares
linear regression on each replicate. IMP results output was combined into a new Data
Table containing the fit model parameter values, SE and p-values.

g) Export JMP linear regression results and reorganize the Fit Model output in EXCEL to
columns of SLOPE and INTERCEPT; Compute the Assay Blank-corrected SLOPES for each
Experimental Day using the daily Assay Blank results.

h) The blank-corrected slopes for each sample correspond to the “DTT Consumption Rates"
by the sample in micromolar DTT per min (uM DTT/min).

i) Because of differences in the exact mass of PM added to each reaction vial, the DTT
Consumption Rates were converted to “DTT Activity” by dividing the DTT Consumption
Rate by the calculated concentration of PM in the original DTT Assay reaction vial, based
on Drop Method data for the impingers that was collected during the DTT Assay
experiment.

Equation 2 shows that the raw Drop Method data on PM concentration in the impinger sample
must be converted to the final “Reaction (Rxn) Vial PM concentration” using the known
microliter volumes of impinger sample (Vimp) as well as the total volume of the Assay Vial
solution (Vuial). The “DTT Activity” final calculation is shown in Equation 3. These values, in
nanomoles of DTT consumed per minute per milligram of PM, were used to compare the
different fuel blends.

Drop Method:

[2]

v; LIXPM Conc|imy [2Z
Rxn Vial PM Conc [ﬂ] — Vimplt ]); [Z:]C limp b}
Vial

DTT Assay:
' DTT C tion Rate [*L
T L i), 1000 [1g] 3]
mgpm PM Conclimp [mL] [mg]

2.4 GCMS Analysis of FAMEs in Biodiesel Fuel Blends

Fuel samples collected from the CM-12 engine fuel tank were stored in the freezer immediately
after emissions testing. For fuel analysis, fuel samples were diluted on a w/w basis to achieve
an 80 ppm sample of fuel in dichloromethane (DCM) solvent. These samples were spiked with
two saturated FAME internal standards, C15:0 and C21:0, that are not found in natural waste
oils and thus would not interfere with chemical analysis. Chemical standards were purchased as
specialty order, Standard GLC-124, from Nu-Chek Prep (Elysian, MN). The standard included ten
saturated and unsaturated FAMEs, at equal concentrations, as shown in Table 2.

Calibration curves were prepared by initial dilution of 100.00 mg of the FAMEs standard oil into
a 10 mL volumetric flask (Stock 1; 10,000 ng/uL total FAMEs) with DCM, then further diluting to
a second stock solution at a total FAMEs concentration of 100 ng/ul (Stock 2). Stock 2 was used
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to prepare the low concentration calibration standards at nominal concentrations of each
individual FAME of 0.5, 1, 2, 4 and 6 ng/ulL and Stock 1 was used to prepare the high
concentration standards with individual FAME concentrations of 10, 20, 50, 90 and 120 ng/ulL.
Linear best-fit calibration curves were prepared assuming intercept = 0 (JMP version 17.0)
based on raw GCMS response normalized to the internal standard concentration in a given
sample to account for injection error. Calibration curves are shown in Appendix C based on
C15:0 methyl ester relative response. Relative response factors were converted to
concentrations of each FAME based on the known injected concentration of IS 1, 19.396 ng/ulL.
Because all fuels were prepared using identical dilution procedures, data here are shown based
on GC-measured concentrations without the multiplier for the initial fuel-preparation dilution
to 80ppm. This simplifies the number magnitudes.

Table 2. Ten Fatty Acid Methyl Esters (FAMEs) in Nu-Chek Prep Standard GLC 124.

Chain Common Name Formal Name Wt% | MW
(Methyl Ester)

C14:0 Methyl Myristate | Tetradecanoic acid 10 228.38

C16:0 Methyl Palmitate | Hexadecanoic acid 10 256.43

C18:0 Methyl Stearate Octadecanoic acid 10 284.48

C18:1t Methyl Elaidate 9E-Octadecenoic aci 10 296.48

C18:1c Methyl Oleate cis-9-Octadecenoic acid 10 282.47

C18:2t Methyl 9E,12E-octadecadienoic acid 10 294.5
Linoelaidate

C18:2c Methyl Linoleate | cis-9,12-Octadecadienoic acid 10 280.46

C20:0 Methyl Eicosanoic acid 10 312.54
Arachidate

C18:3n3 | Methyl cis-9,12,15-Octadecatrienoic acid | 10 278.44
Linolenate

C22:0 Methyl Behenate | Docosanoic acid 10 340.60

An Agilent 6890N/5973 gas chromatograph/mass spectrometer (GC-MS) was used to analyze
the 10 FAMEs in each fuel sample using selective ion monitoring (SIM) and Chemstation
software. A highly polar SLB-IL 100 column (Supelco; 30m, 0.25mm, 0.2um) was used to
separate the FAME analytes and isomers. Analytical conditions included splitless injection of
1ul samples, 99.99% helium carrier gas, 1.5 mL/min flowrate, temperatures of 240°C (injector),
230°C (detector), and an oven program of 50°C (hold 1 min), 10°/min ramp to 140°C followed
by a 3°/min ramp to 160°C and a final ramp at 10°/min ramp to 220°C with 1 minute final hold.
Total run time was 26.67 minutes per sample. All GC-MS instrument parameters are tabulated
in Appendix C. DCM blanks and two calibration standards (one high, one low) were run
between every 5 fuel samples throughout the analysis sequences. Each fuel sample was run in
duplicate and mean concentrations are reported.
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3.0 Results and Discussion
3.1 DTT Assay Results — Neat and Oxidized Biodiesel Fuel PM

Raw impinger time plots (i.e., Normalized DTT remaining concentration (micromolar) vs.
experimental time (min)) for each Assay Blank, impinger and PQN positive control are show in
Figure B1 with the best-fit line for all replicates. The observed steeper slopes for the positive
control (Phenanthrenequinone, PQN) are as expected compared to the nearly flat line for the
Assay Blank negative controls. Exhaust PM impinger samples show slopes between these
control endpoints.

Combining the DTT Assay (DTT consumed over time) and Drop Method data (PM mass in
sample) using Equations [2] and [3] to give DTT Activity (in nanomol DTT consumed per minute
per milligram of PM) provides a better metric to compare the relative toxicity of the individual
impinger samples because it normalizes each sample’s data to the mass of exhaust PM in the
assay reaction vial. Figure 6 shows the individual impinger DTT Activity results, showing the
variability in the DTT assay across replicates. Figure 7 highlights that variability occurs both
between duplicates for a single impinger (error bar) and between different engine emission
tests on the same blend of biodiesel (bars with blend brackets). Note that “20.1” denotes a B20
fuel that was artificially oxidized for 20 hrs (longest time); “100.3” is B100 oxidized for 5 hours
(shortest time) and “0” is petrodiesel, “100” is neat biodiesel. The variability in the DTT Assay
can be attributed to variation in emission testing conditions, in reagent quality, correction of
individual impinger sample data using daily assay blanks and variability in pipetting very small
volumes of impinger samples both in the DTT Assay and in the Drop Method to determine PM
concentration of impinger samples.
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Figure 6. DTT Activity (nanomol DTT consumed per minute per milligram of PM) for individual

duplicate DTT Assays for each impinger.
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Figure 7. Mean DTT Activity (nmol DTT/min/milligram PM) for each impinger; x-axis labels
also show the fuel blend code. Error bars represent one standard error (SE) between the two
replicate DTT Assay tests for each impinger. Fuel blends designated as decimal number
representing volume percent biodiesel and a fuel oxidation “aging” time code after the
decimal point (1 =20 hr, 2 = 10 hr, 3 =5 hr). For example, “100.1” represents B100 fuel
experienced accelerated oxidation for 20 hrs prior to emissions testing.

Combining all the replicates for each blend, Figure 8 shows higher DTT Activity for B20 blends
neat and 20.1 (20 hr) compared to other fuel blends. It is observed that there does not appear
to be a consistent pattern between oxidation time code (represented by the decimal — see
caption) of the original B100 fuel and the DTT Activity for B20 and B100 fuels.
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Figure 8. Mean DTT Activity (nmol DTT/min/milligram PM) by biodiesel fuel / accelerated
oxidation time blend. Error bars represent one standard error (SE) among all replicates. Fuel
blends designated as decimal number representing volume percent biodiesel to left of the
decimal point and a fuel oxidation “aging” time code (1 =20 hr, 2 =10 hr, 3 =5 hr) to right of
the decimal point. For example, “100.1” represents B100 fuel that experienced accelerated
oxidation for 20 hrs prior to emissions testing.

The DTT Activity with respect to accelerated aging trends is distinct for the B20 and B100 blends
as described in Table 3. It should be kept in mind that the B20 fuels were prepared in the lab by
splash blending a given “aged” (accelerated oxidation) B100 fuel with petrodiesel. It is possible
that the various aged B20 blends experienced different levels of laboratory air exposure during
handling to create the B20 blends, thus explaining some of the variability in Figure 8, including
the result that neat B20 had a similar, and high, DTT Activity as 20-hr aged B20, but the 10-hr
aged B20 had the lowest DTT activity across the three B20 fuels. The lack of replicate emission
tests for the B20 fuels (neat and 10-hr aging; see Figure 7) may also have contributed to the
irregular trend with fuel aging.

Figure 8 suggests that B100 fuel is more desirable than B0 in terms of ROS formation potential
(i.e., B100 generally had lower DTT activity than BO). However, use of B100 fuel is impractical
both due to lack of fuel availability and engine performance difficulties with B100 in cold
weather (fuel ‘gels’ and clogs fuel filters). In contrast to B100, the more practical and widely
available B20 blend showed the highest DTT Activity values measured in the study with means
for neat B20 nearly identical to the 20-hr oxidized B20 test results. As stated above, the low
number of B20 emissions tests and possibility of differences in unanticipated fuel oxidation
during splash blending complicate interpretation with respect to accelerated oxidation trends
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for B20 fuels. The data do, however, suggest the need for more comprehensive studies on B20
(and lower blends) PM that pay careful attention to fuel alterations occurring during/after
blending of certified B100 with petrodiesel. To the authors’ knowledge, the ASTM test for
oxidative stability is carried out typically on neat B100, not the B20 blends. One prior study
examined the relationship between B100 fuel stability measurements versus B5 and B20 blends
from the same fuel after simulated engine temperature or storage (12 week) conditions. The
study concluded that the B5 and B20 blends prepared from “stable” B100 fuels (i.e., that met
the IP > 3 hr criterion) generally gave good fuel stability for the B5 and B20 blends.

Table 3. Comparison of neat and aged biodiesel fuel blends: DTT activity magnitude.

For B20:

For B100:

We lack sufficient replicates for neat and 10
hr aging

5 hr ~ neat

10 hr is lower than 20 hr

20 hris higher than neat

10 hr is lower than neat

Neat is lower than BO

20 hr ~ BO
20 hr B100 is lower than 20 hr B20

Neat is higher than petrodiesel (BO)
10 hr B20 ~ BO (but n=1 for 10 hr)

3.2 Fuel Composition - FAMEs

The SIM-mode GCMS results on the FAMEs composition of the oxidized and neat fuels used in
the WMBD emissions tests are shown in Figure 9, Figure 10, and Figure 11. Of interest is the
degree to which the concentration of the unsaturated FAMEs in the fuel were altered due to
exposure of the B100 fuel to accelerated oxidation conditions for 5, 10 or 20 hours. Figure 9
first shows the saturated FAMEs concentrations were unaffected by accelerated oxidation over
20 hours, as expected. In contrast, Figure 10 shows the concentrations of the three unsaturated
FAMEs—methyl oleate (C18:1), methyl linoleate (C18:2) and methyl linolenate (C18:3)—did
decrease with oxidation time, to varying degrees. Figure 11 compares the relative
concentrations (i.e., FAME concentration in oxidized fuel divided by that in neat fuel) of FAMEs,
showing larger decreases with increasing oxidation time for the B20 blends compared to B100.
Both fuel blends showed the largest change in concentration for linolenic methy ester (C18:3),
the FAME with three double bonds, followed by C18:2, then C18:1, as expected. It is unclear
why the B20 blends would display such significant changes in FAMEs concentrations with
increased oxidation time compared to the B100 fuel (at 20 hours, B20 fuel relative
concentrations were 82%, 42% and 18% for C18:1, C18:2 and C18:3, respectively vs 98%, 84%
and 73% for B100) unless the process of fuel blending contributed to fuel deterioration in ways
significantly different from B100 prior to emissions testing. The DTT results may then reflect
how the altered fuels combust differently. It will be interesting to examine the exhaust PM
chemical composition for these tests (work that is underway) to better understand these
differences between B100 and B20.
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Figure 9. Saturated FAME concentrations in B20 [left] and B100 [right] fuels as a function of
oxidation time (hrs).
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Figure 10. Unsaturated FAME concentrations in B20 [left] and B100 [right] fuels as a function
of oxidation time (hrs).
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Figure 11. Relative concentration of unsaturated FAMEs in B20 [Left] and B100 [Right] fuels
that experienced accelerated oxidation conditions compared to the respective neat fuel. The
cis- and trans-isomers were summed for C18:1 and C18:2.
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The DTT Activity results compared in Figure 8 and Table 3 indicate the B20 blends had the
highest observed activity and therefore possibly the highest potential for ROS formation when
these exhaust particles are exposed to cells. It is important to note, however, that the
increasing accelerated oxidation time did not show any consistent trend for the B20 blends as
would be expected based on Figure 11. Rather, the intermediate oxidation time, 10 hrs,
resulted in DTT Activity equivalent to that of the neat BO fuel and significantly lower than both
neat B20 and the 20-hr aged B20. A 20% volumetric blend of biodiesel is chiefly petrodiesel, so
we may expect that the combustion particles would be more similar to that of the petrodiesel
PM (BO) than the B100 PM. B100 particles, on the other hand, are chiefly comprised of partially
oxidized FAMEs, completely different from petrodiesel particles. The neat and 5-hr aged B100
fuels had similar DTT Activity to each other that was lower than the DTT Activity for petrodiesel.
In fact, the B100 neat and 5-hr aged fuels showed the lowest DTT Activity measured in this
study (Figure 8). The B100 20-hour aged fuel, however, resulted in particles of similar DTT
“toxicity” as the neat petrodiesel particles, but still lower than some of the B20 fuels.

The DTT results suggest that more work is needed to understand why the B20 biodiesel blend
PM has generally higher potential to form ROS than the B100 fuel. This question is important
due to the fact that B20 is one of the widely used biodiesel blends found at the pump. B100, on
the other hand, is impractical to use because of its susceptibility to gel formation with cold
weather (fuel filter clogging and stalled engines). One limitation of this study was the fact that
only one valid emissions test was performed with the 10 hr-B20 fuel, so the lack of replicates
complicates data interpretation somewhat. The data also indicate that accelerated oxidation
time had very little effect on the B20 fuel’s combustion to create toxic particles (Figure 8) but
significant effect on fuel FAME composition (Figure 11).

3.3 B100 Induction Period Effects on DTT Activity

Induction period (IP) is a relatively easy measure of the oxidation status of B100 fuel, albeit an
expensive measurement to make due to the equipment required (Rancimat or OSI). Given that
20 hr accelerated oxidation of the B100 biodiesel fuel used in this study resulted in higher
measured levels of ROS formation potential in both the B100 and B20 exhaust particulate
matter samples, it is worthwhile investigating the relationship between IP and DTT Activity. We
can compare the BOSS-measured B100 fuels induction period (IP), which should reflect the
degree to which original unsaturated FAMEs were lost via lipid oxidation reactions. BOSS results
were expected to show decreasing IP with increased number of hours at accelerated oxidation
conditions. For B100, DTT Assay results were only obtained for neat, 20 hr and 5 hr fuels. For
B20 blends (prepared from the same B100 fuels via dilution with petrodiesel), DTT Assay results
were only obtained for neat, 20 hr and 10 hr oxidized fuels.

If oxidation of the biodiesel fuel results in formation of oxidation products that are more “toxic”
(i.e., in the sense of activating an ROS/immune system biological response) after fuel
combustion, then we expect there to be a positive relationship between biodiesel fuel oxidation
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time and DTT Activity of the associated exhaust PM from the impinger samples. There may,
however, be two reasons to not find such a relationship:

1) oxidation products may form polymers that settle out of the fuel and are therefore not
present in the fuel or its associated combustion products;

2) the biodiesel FAMEs could be ‘over-oxidized’ to the point that relatively benign products
are formed upon combustion.

Christensen and McCormick (2014) [16] defined 3 phases of biodiesel oxidation (see Figure 12):

Phase 1: Depletion of antioxidant additive — during this phase O, consumption via reaction with
the biodiesel’s unsaturated FAMEs is minimal. Christensen and McCormick 2014 [16] refer to
this as the “induction period” or “lag phase”.

Phase 2: Here, the antioxidant concentration is so low that O, consumption via reaction with
unsaturated FAMEs begins to increase exponentially. Reaction products are mainly
hydroperoxides and peroxy free radicals.

Phase 3: Antioxidant is essentially depleted and hydroperoxides formation slows down,
secondary (2°) oxidation products form that are both volatile and non-volatile, typically lower
molecular weight free acids, ketones and alcohols. Higher molecular weight compounds and
polymers can also form.

Chemically, the concentration of hydroperoxides in the oxidized biodiesel fuel remains low until
the induction period (IP) is over (Kumar 2017) [42].
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Figure 12. The three phases of oxidation for polyunsaturated FAMEs after Christensen and
McCormick (2014) [16].

Figure 13 shows the relationship for the WMBD fuels under the three oxidation conditions
versus impinger DTT Assay results. The generally positive relationship (note red arrow and text
indicating fuel oxidation increases to the left on the x-axis) is noted: an increase in DTT Activity
is observed with increasing fuel oxidation (=shorter induction period). This relationship is
obvious for B100, but only holds for the 5-hr aged state (3.15 hr IP) for the B20 blends. It is
possible that blending the B100 with petrodiesel to prepare B20 blends affected the IP of the
B20 but blend IP was not measured in the BOSS. Further, due to the complexities associated
with fuel combustion, the B20 blend showed highly non-linear relationships with DTT toxicity.
Blend matters because of significant differences in petrodiesel vs biodiesel combustion
properties (biodiesel fuel’s bulk modulus is higher such that fuel injection timing is early,
compared to BO, creating higher peak temperatures in the engine for biodiesel operation,
resulting in higher NOx emissions among other changes in exhaust composition). In other
words, due to the complexity of combustion processes as well as the relative changes in FAMEs
abundance noted in Figure 11 for B20, it is difficult to tease out the DTT vs IP patterns for B20
which is a mixture of two fuels, one of which (petrodiesel) does not oxidize because it is
comprised of n-alkanes (i.e., contains no C=C double bonds that are susceptible to oxidation by
03). McCormick at al. (2006) [27] examined IP for B100 compared to its B5 and B20 blends,
reporting: “blend stability is dominated by B100 stability” and “IP may need to be longer than 3
hr at point of production to ensure stability at point of blending”. That latter conclusion
supports the idea that fuel oxidation occurring during Bxx blending should be a concern and it
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may have contributed to the variable pattern in DTT “toxicity” reported in the current study for
B20 fuels. The magnitude of the effect would of course be highest for the more highly oxidized
B100 (e.g., 20 hrs accelerated oxidation). Further, WVO feedstocks may exacerbate fuel stability
and oxidation trends in fuel blends—including contributing to ROS formation potential —due to
metal-catalyzed reactions such as Fenton’s Reaction (Equation [1]) that tend to be more likely
when fuel is handled more.

Base BLEND
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DIT Activty'mgi' M
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0 11e in an NA : 2 i o “A ) 314 am 400 NA
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Figure 13. Results for White Mountain Biodiesel (WMBD) Fuel B100 sample induction period
(x-axis) and DTT Activity (y-axis) based on exhaust PM impinger samples after fuel
combustion in a light-duty diesel engine. The three sub-panels of each plot are for the
different Bxx blends. IP for the B20 blends was assumed equal that of the corresponding B100
fuel. Note that higher values of induction period (BOSS_IP(hrs), x-axis) correspond to less
oxidized fuel (i.e., the neat fuel (0 hours of accelerated oxidation and presence of original
concentration of antioxidant additive in fuel) had a ~6 hr IP) whereas the fuels oxidized for 20
hr had IP = 0.

3.4 DTT Assay Sanity Check: “PM Activity” Results WMBD vs UCONN Samples

Ben Rukavina’s 2014-2015 DTT Assay results for the UCONN biodiesel samples (Holmén et al.
2017) [47]—using both soybean and waste vegetable oil feedstocks and 5 volumetric blends
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with petrodiesel, but no accelerated oxidation—show a similar range of DTT Activity (Figure B4)
when raw data are normalized to the concentration of PM in the impingers. The agreement was
good between the two different analysts and two sets of biodiesel fuels tested on the same
engine, but under different drive cycles and laboratory personnel (for emissions testing and
DTT Assay). It is also interesting to note the similarly high variability in DTT Assay
measurements by both analysts—this is likely due to reagent quality, correction using daily
assay blanks and variability in pipetting very small volumes of impinger samples both in DTT
Assay and in the Drop Method to determine PM concentration of impinger samples.

With respect to fuel composition, the UCONN unsaturated FAME ratios were different for the
C18:2 to C18:1 (linoleate to oleate) ratio, but similar for the C18:3 to C18:2 (linolenate to
linoleate) ratio as shown in Figure 14. The trends with oxidation status (OX3 =5 hr; OX1 = 20hr)
clearly shows lower ratios of the unsaturated FAME with more double bonds for both WMBD
fuel blends (blue circles, Figure 14).
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Figure 14. Two ratios of unsaturated FAMEs for fuels studied here (B20 and B100) and in prior
work with UCONN biodiesel blends (B10, B20, B50 and B100) of soybean (SOY) and waste
vegetable oil (WVO) feedstock biodiesel. Linolenate-to-linoleate [upper panel] and linoleate-
to-oleate [lower panel]. Biodiesel feedstock indicated by color: Blue = White Mountain
Biodiesel (this study), Red = UCONN waste vegetable oil and Green = virgin soybean oil (prior
work).
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5.0 Conclusions

The more highly oxidized B20 and B100 fuels (i.e., accelerated oxidation for 20 hours) resulted
in the highest DTT Activity for the B100 tests and the highest measured in the study (but also
equivalent to the B20 neat fuel’s DTT Activity) when that same 20-hr oxidized B100 was used to
prepare a 20% biodiesel blend. Further, in this study the highest tendency to form reactive
oxygen species, as measured using the abiotic DTT assay, was for the B20 biodiesel fuels, not
neat petrodiesel. Importantly, for the B100 fuel PM samples only, not B20, there was a notable
inverse relationship between the storage stability (opposite of degree of fuel oxidation) of the
biodiesel fuel as measured by induction potential (IP) and the ROS formation potential: higher
DTT Activity was noted for the B100 fuels with the lowest IP (= most oxidized neat B100 fuel; 20
hr accelerated oxidation).

The GCMS FAMEs concentration, by contrast, decreased most for B20 fuels, showing the
expected largest decrease for the most highly unsaturated FAME, linolenic (C18:3) methyl ester.
Both blends showed measurable reductions in unsaturated FAMEs concentrations only at 20 hr
of accelerated oxidation, suggesting Phase 3 in the Christensen and McCormick (2014) [16]
oxidation scheme (Figure 12) was achieved in this study. Thus, future experiments on the
stability of various biodiesel feedstocks could employ the accelerated oxidation techniques
used in this study. The results here also caution future researchers to carefully examine FAMEs
concentration decreases as well as oxidation product formation as biofuels age in storage and
as they are handled in the laboratory. With further study, it should be possible to relate B20
and lower blend fuel composition to predict particle relative “toxicity” under a given set of
combustion conditions. Examination of exhaust PM composition to identify possible species
associated with higher DTT Activity is on-going.
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Appendix A. Drop Method Standard Operating Procedure
This SOP consists of two documents as of February 2021, both reproduced here.

HOLMENGROUP STANDARD OPERATING PROCEDURE

Drop method for Quantifying PM Suspension Concentration.
Written By: Brad Haire, January 19, 2011
Date of Last Edits: April 19, 2011
Table of contents:
l. Introduction
Il. Required Materials and Equipment
Il. Safety considerations
V. STEP-BY-STEP PROCEDURE
V. ANALYSIS Using Excel Template File

VI. Quality Control
VII. Ordering Supplies
l. Introduction:

The purpose of this document is to summarize the experimental procedures used to quantify
the mass concentration of particles in liquid impinger samples that contain Armfield diesel
engine raw exhaust. In these experiments, mass concentration is expressed as milligrams of
engine exhaust particulate matter per milliliters (mL) of impinger suspension (mg/mL).

The methods used to collect the impinger samples are found in a separate SOP entitled,
“Armfield Engine SOP_10FEB2011_TF” available from Prof Holmén.

. Required Materials and equipment:

Figure Al through Figure A8 are photographs of some of the key supplies and equipment
needed to carry out these procedures.

II.L1. Small steel cylinder with flat end for creating Aluminum foil weighing cups 1 1/4 inches
long and 3/8-inch diameter (Figure A1, A)

I1.2. Regular weight aluminum foil (Reynolds Wrap or equivalent) Forceps — Millipore (blunt
tip) (Figure A1, B)

II.3. Falcon 1007 Petri dishes 60x15mm for creating foil lined Petri dishes. (Figure A1, C&D)

II.4. Large solid aluminum cylinder with flat end % inch long, 2 inch diameter for making
the bottoms of the foil lined Petri dished (Figure A1, E)
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D

Figure Al. Key supplies. A: Small cylinder. B: Millipore Forceps. C: Foil lined Petri dish top. D:
Foil lined Petri dish, bottom. E: Large cylinder.

II.5. Fisher scientific Vortex-Genie vortexer to mix up the suspensions (Figure A2).

Figure A2. How to hold impinger sample on vortexer.

I1.6. Desiccator with fresh Drierite Anhydrous calcium sulfate Desiccant for drying out the
solvent in the suspensions.(blue = fresh; pink = water-saturated) (Figure A3).
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Figure A3. Desiccator (F) with desiccant (G).

II.7. Cahn Model C-33 Microbalance in Coy Chamber (Figure A4).

Figure A4. Coy Chamber (left)with Cahn Microbalance (right).

[1.8. 100 pL Drummond Pipette with glass tips for aliquoting suspensions (Fukagawa lab)
(no model number) (Figure A5).

Figure A5. 100 uL Drummond Micro Pipetter (top) and tip (bottom) with ruler for scale.
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I1.9. Nitrogen blowdown station for concentrating ethanol samples (Figure A6).

Figure A6. Ultra-pure Nitrogen tank (Right) and Nitrogen blowdown station (Left).

[1.10. ETS Automatic humidity controller (model #514C) instrument for measuring the
humidity in the coy chamber (Figure A7).

Figure A7. The ETS control box associated with the humidity conditions in the Coy Chamber.

11.11. Dickson logger model TRJ320 for measuring the temperature and Relative humidity in
the Coy Chamber (Figure A8).

-

Figure A8. Dickson logger.
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. SAFETY CONSIDERATIONS

The major safety hazard associated with this procedure is ethanol which is the solvent for the
suspensions. The chemical is toxic and flammable, so caution should be used when containers
are outside the hood. It is impotent that the ethanol be kept out of the eyes as it will cause
severe irritation. Nitrogen poses little risk as long as the blowdown station remains in the hood.
The MSDS for all chemicals are in the Laboratory Safety Notebook.

lII.1. Glass Pipette tips to be disposed of in approved “Broken Glass” waste container

[11.2. Safety glasses and gloves are to be worn at all times while chemicals are in use, and
gloves should be worn while creating aluminum weighing cups and aluminum foil lined
Petri dishes to keep oils from hands from adding mass.

IV. STEP-BY-STEP PROCEDURE

The “Drop Method” is used to determine the particle mass (PM) concentration in a suspension
based on removing a 100ul aliquot of that suspension to a pre-weighed aluminum foil cup,
letting that aliquot dry completely in a dessicator and/or using nitrogen blowdown (when
ethanol is not the solvent)], and post-weighing the cup after complete dryness is reached. The
difference in mass is ratioed to the volume of aliquot removed to determine the suspension’s
PM mass concentration.

It should be noted that it is critically important to reproducibly mix the suspension prior to
removal of the aliquot. It is also important to make sure the aliquot is reproducibly delivered to
the foil cup (no particles or liquid remain in the glass pipet tip). The procedure is performed in
triplicate, and the data is averaged to give final concentration. Heat should not be used to dry
the aliquot of suspension because it can lead to loss of the more volatile particle components
and result in poor reproducibility.

The procedure is divided into five distinct operations —

IV.4.1. Preparation of Petri dishes and aluminum foil weighing cups (The Petri dishes are
used to store the foil cups and prevent cross-contamination between sample
aliquots), and preweighing the aluminum weighing cups.

IV.4.2. Mix and aliquot the sample;

IV.4.3. Blowdown and desiccation;

IV.4.4. Post-weigh foil cups

IV.4.5. Data Analysis using Excel template file.
IV.4.6. Quality Control

IV.4.7. Ordering Supplies.
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IV.1. Preparation of Petri Dishes and Aluminum Foil Weighing Cups

Note: Gloves MUST be worn!

IV.1.1. Prepare triplicate aluminum foil-lined Petri dishes for each sample to be measured (to
store one Petri dish per Drop Method “cup”).

IvV.1.1.1.

IvV.1.1.2.

IvV.1.1.3.

IvV.1.1.4.

Place a ~2.5 inch square of aluminum foil on top of Petri dish opening dull side up
(because the shiny side has oils used in manufacturing).

For the cover of the Petri dish, place opening of bottom over opening of top and
press in gently to prevent damage to the Petri dish.

e Remove excess aluminum foil and flatten the foil using the bottom of the Petri
dish, to make a flat disk and minimize the chances of the cover falling off.

For the bottom of the Petri dish, take the large metal Cylinder and press in gently,
while removing excess aluminum foil so that the aluminum foil reaches only the
top edge of the Petri dish.

Label Petri dish cover and inside foil with permanent marker. For example, if there
are 5 samples total, 15 Petri dishes will be lined and numbered consecutively, 1
through 15; this is for self reference to keep track of which sample is which.

IV.1.2. Prepare Triplicate aluminum foil weighing cups for each sample to be measured
(Aluminum foil regular weight). (see Figure A8).

IV.1.2.1.

IvV.1.2.2.
IV.1.2.3.
IvV.1.2.4.

Take the small metal cylinder and place flat end in center of a ~ 1 inch square piece
of aluminum foil dull side up so that the sample will not come in contact with the
oils used in manufacture.

Gently wrap bottom of cylinder in foil
Press cylinder flat end on heavy duty aluminum covered lab bench.

Place newly formed cup into aluminum foil lined Petri dish created in step IV1.1.

Figure A9. Aluminum foil cup top view (top) and side view (bottom) with ruler for scale.
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IV.1.3. Coy chamber/ CAHN C-33 Microbalance Preparations

The Cahn Microbalance (1 pg sensitivity) is used instead of an analytical balance because of the
sensitivity of the instrument. The microbalance has a limit of 0.001 micrograms and a maximum
of around 200 micrograms.

IV.1.3.1. General Pointers for the use of the Cahn-33 Microbalance:

e No vinyl gloves should be used at any time while using the balance to prevent static
buildup on the gloves from adversely affecting the balance.

e The Polonium-210 strips both inside the measurement chamber and outside are an
anti static agent.

e The stirrup with weighing pan tends to get stuck all the way down when the 100 and
200 milligram weights are added, but bringing the door down sharply frees the jam,
but if the stirrup is not jammed bring the door down softly.

e The acceptable range of relative humidity (RH%) is 30-40% + 5% this is regulated by,
during times of high humidity like summer, turning on the ETS controller’s
dehumidifier function with fresh desiccant. During times of low humidity the ETS
controller’s humidifier switch is turned on with a open container of water inside the
Coy Chamber.

e The acceptable range for the temperature is ideally 20-23°C +2 °C, not regulated by

the coy chamber.

This next set of instructions is to calibrate the balance and acquire an initial RH% for the coy
chamber. Then the pre wight of the Aluminum Foil weighing cups is taken so that the mass of
the cup may be removed from the final mass.

IV.1.3.2. Record temperature from D1 logger

e Data from loggers Downloaded into computer biweekly. File names contain DX,
where X is the logger number, and the date the data was downloaded.

IV.1.3.3. Record %RH (ETS box on bench)

IV.1.3.4. Weigh 50 mg Calibration weight by placing weight on middle of scale to evenly
distribute weight on scale.

e Wait until mass reading is stable for 10 to 15 seconds so that measurements will be
as consistent as possible

e Record mass three times on drop method logsheet at 10 second intervals, so that the
drift of the scale is taken into account.

IV.1.3.5. repeat step 1V.1.3.4 for 100 mg calibration weight
IV.1.3.6. repeat step 1V.1.3.4 for 200 mg
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IV.1.4. repeat step 1V.1.3.4 to Pre-weigh aluminum foil weighing cups

A.1.4.1. Replace foil cups in foil-lined Petri dishes on bench make sure that the cup is
returned to the same Petri dish it was taken from.

A.1.4.2. If not all cups are being used on the same day, make copies of the log sheet.
IV.2. Mix and aliquot the PM suspension.

IV.2.1 Place glass tip, the correct100mL tip had blue rings on it, on 100 uL Drummond
Micropipettor.

IV.2.1.1. Set the micropipettor display to “00.0” by moving the switch on top to unlock, then
using the textured knob until 00.0 is lined up in display window.

IV.2.1.2. Place switch into locked position.

IV.2.1.3. Attach a clean glass tip to the end of the Drummond Pipettor. The orange bore
should be inserted until it is on bottom blue ring.

IV.2.2 Vortex suspension in amber bottle at an angle for 30 seconds. (Figure A2)

e Vary the position of the amber bottle by rotating with wrist in a clockwise manner
while vortexing. The base of the bottle should be in contact with the vortexer at all
times.

IV.2.3 Full An aluminum cup by:
IV.2.3.1. Open the cap of the amber bottle containing the suspension vortexed in step 6
IV.2.3.2. Place impinger tip into suspension half an inch from the bottom.
IV.2.3.3. Plunge plunger up and down 5 times to help expel air bubbles
IV.2.3.4. Place tip of pipette over aluminum cup in the Petri dish labeled 1.
IV.2.3.5. Depress plunger quickly.

IV.2.3.6. Check that the glass tip has no particle residue on the walls if particulate matter
visible, redo cup from step IV.1.2.

IV.2.4 Repeat sampling step 1V.2.3 for the second and third cups of the triplicate with the
same pipette tip using the cups numbered sequentially.

IV.2.5 Repeat steps IV.2.1 through 1V.2.3 using different cups until all samples are dispensed

IV.2.6 Tap side of each individual Petri dish to check for leaks, if cup doesn’t move it is most
likely due the liquid of a leaking cup adhering the cup to the foil lining of the Petri dish
replace with new pre-weighed foil cup and repeat step IV.2.3 through IV.2.6 until three
leak free replicates exist.

IV.3. Blowdown and Desiccation of Samples:

IV.3.1. Blowdown sample to visual dryness with nitrogen at 5 Psi, and using the needle valves
to adjust flow rates, if solvent is not ethanol or any other easily evaporated solvent
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such as water, because of the time it takes water to evaporate, means that the sample
might not be completely dry.

e For ethanol samples precede to step 1V.3.2 as the evaporation of ethanol is quick

enough to not require this step.

IV.3.2. Place sample in while in Petri dish in desiccator overnight with lids ajar, or if enough

samples exist stacked so that the cups are covered by the Petri dish above it, and the
top layer has the lids ajar.

IV.3.3. repeat step 1V.1.3.4 for 200mg calibration weight

IV.3.4. repeat step 1V.1.3.4 for 100mg calibration weight

IV.3.5. repeat step 1V.1.3.4 for 50mg calibration weight

IV.4. Post-Weigh Aluminum Foil Cups.

IV.4.1. At least 24 hours later reweigh the calibration weights, and post the samples. The data

V.

should go in the same logsheets as the pre-weights for the cups.

IV.4.1.1. repeat step IV.1.3
IV.4.1.2. Repeat step IV.1.4 to post-weigh aluminum foil weighing cups.
IV.4.1.3. Repeat steps IV.3.3 through IV.3.5

DATA ANALYSIS USING EXCEL TEMPLATE FILE

The object of the data analysis is the determination of the suspension’s PM mass concentration,
standard deviation, and coefficient of variation (CV%) of the measurements. The calculations
are doneusing a Microsoft Excel spreadsheet template with the formulas arranged in a manner
that as long as the data in input correctly, the results are calculated automatically. The
Spreadsheet for data computation and recording has the filename “Drop_Method_Summary”
with the date of the last revision appended, and can be found at
fs1.cems.uvm.edu\holmengroup \Brad_All_Files\Impinger Data.

V.1.

V.2.

V.3.

V.4.
V.5.
V.6.

Copy the “template” tab, and paste it directly to the right of the “template” tab in the
same excel file.

Rename template tab to “I#_date” | stands for Impinger and # is the ID number of the
impinger samples as recorded on the sampling logsheet and the label on the amber
bottle, and “date” is the month, day, and year the data was being put into the
spreadsheet (ie.19Apr2011).

Add as many rows as needed for all data to include one row for each cup, 3 rows per
impinger.

Copy all formulas into the appropriate cells.
Input pre-weigh dates into the green column marked date

Input post-weigh dates into peach colored “date” column
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V.7.
V.8.

V.9.

V.10.

V.11.

V.12.
V.13.

Input volume aliquoted into ‘Volume of sample (mL)’ column

Input Preweigh masses into green ‘Pre weight substrate (mg)’ columns with each
measurement of a single cup going horizontally

Input post weigh data into ‘Post weight substrate with sample (mg) with each
measurement of a single cup going horizontally

Input RH% from the ETS, temperature from the D1 Dickson logger, and military time each
taken at the end of each sample’s measurement into the appropriate columns.

Input beginning and ending calibration weights into the calibration weight section, along
with the time of each measurement.

Plot run conditions temperature vs. time and humidity vs. time.

Formulas used in calculations in spreadsheet

V.13.1. Average= average values of each replicate measurement

V.13.2. STDEV= standard deviation of each replicate measurement

V.13.3. Standard deviation/average X 100= CV%

VI.

VI.1.

VI.2.

VI.3.

VII.

VII.1.

QUALITY CONTROL

Every 10th sample triplicate should be a method blank, which is a sample of ethanol
placed in the amber bottle them measured. This is followed by a solvent blank which is
just the ethanol (or other solvent) taken from the original container and touches no
glassware besides a beaker for measuring the sample out..

Method blank preparation, pour ethanol, from the same source as used for the samples,
into a clean empty amber bottle, then perform drop method analysis this is to test the
cleaning methods.

Solvent blank preparations, pour ethanol from storage container into a clean beaker, do
not contact any other glassware beyond beaker and Drummond pipette tips. Then
perform drop method analysis steps.

ORDERING SUPPLIES

Falcon 1007 Petri dishes 60x15mm in a case of 500 $167.70 and Drummond glass bores
(tips) 100 pack $17.35, from Fisher Scientific

Regular weight aluminum foil can be purchased from the nearest convenience store.
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Preparation, Pre- and Post-Weighing of Aluminum Foil Weighing Cups
Updates to Drop Method for Quantifying PM Suspension Concentration

By Wenyu Zhu

Written on 02/10/2021
Last edit: 02/12/2021

This document describes the specific procedure to be used in the UVM TAQ (Transportation Air
Quality) Lab for determining the PM concentrations of biodiesel impinger samples. The full drop
method, including data analysis and quality control, is not described here. To see that full SOP,
see the document titled “SOP_Drop_Method_BJH_2011.docx”. This document shows the
methods to (a) make aluminum foil weighing cups, and (b) collect data on the pre-weight and
post-weight of the cups using the Mettler Toledo XPE 26 microbalance at the Colchester
Research Facility (CRF) lab of Dr. Thomas Jetton.

1. Required Materials and equipment
(a) Small steel cylinder (diameter of 12 mm) with flat end for creating Aluminum foil
weighing cups (known affectionately as “DropMethod cups” or “DM cups”).

(b) Regular weight aluminum foil (Reynolds Wrap or equivalent) for making the cups and
liner of the 24-well plates.

(c) Heavy duty aluminum foil (Reynolds Wrap or equivalent) for covering of the bench.
(c) Forceps that came with the XPE26 microbalance (on the left of the microbalance).
(d) Regular flat bottom 24-well plates for creating foil-lined holders for the DM cups.

(e) One AA battery-wrapped with Aluminum foil (dull side facing out) for making the
bottoms of the foil-lined 24 well-plates.

(f)  Desiccator with fresh silica gel in CRF lab (Orange = fresh; Green to black = water-
saturated) for drying out the solvent in the suspensions.

(g) Mettler Toledo XPE26 in microbalance room of CRF lab.

2. Prepare aluminum foil weighing cups.

Wipe the aluminum foil dull side with ethanol before use if ethanol is the solvent for the PM
samples. Make cups and lined 24-well-plates on Heavy duty Aluminum foil covered bench (dull
side up) to avoid possible contamination. Proper PPE is required all the time, but do not use
vinyl gloves so as to prevent static electricity buildup on the gloves.

2.1 Prepare at least triplicate aluminum foil-lined 24 well-plates Petri dishes to store Drop
Method cups.

(a) Usea~15x 10 cm piece of regular aluminum foil to line the cover of the 24 well
plate

(b) Loosely wrap the AA battery with a ~2.5 cm inch square of aluminum foil (dull side
up) and press in gently into each well to make the liner on the bottom and the inner
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(c)

wall of each well. Remove excess aluminum foil to allow the aluminum foil to reach
only the top edge of the Petri dish).

Label the 24-well plates for self-reference to keep track of which sample is which.
The labeling scheme should include Letter and Number of each well in the plate. For
example, “A1” is the first cell in upper left corner.

2.2 Prepare Triplicate aluminum foil weighing cups for each sample to be measured
(Aluminum foil regular weight).

Perform cup-making using gloved hands! The cups should only be handled with forceps after
they are constructed—i.e., during pre- and post-weighing/handling in and out of desiccator.

(a)

(b)
(c)

(d)

(e)

Take the small metal cylinder and place its flat end in the center of a ~ 1.5 cm square
piece of aluminum foil dull side up so that the sample will not come in contact with
the oils used in manufacture.

Gently wrap bottom of cylinder in foil.

Press cylinder flat end down on heavy duty aluminum covered lab bench with
sufficient pressure to make a flat bottom on the cup, but taking care to not pierce
the lower edge of the cup. (That lower edge is possible leakage point and all cup
bottoms should be checked visually before proceeding).

Use a razor or other cutting device (scissors) to trim the height of the cuptobe 5 + 2
mm.

Carefully remove the cup from the mold and the place newly formed cup into one of
the aluminum foil-lined wells in the 24-well plate.

3. Use of XPE26 microbalance to pre- and post- weigh the cups

Door Open/Close

Static Detect light

Smart grid

On/off Tare Zeroing

Figure A10. An example photo of Mettler Toledo XPE26.
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Figure A10 is a photo of XPE26 microbalance. It is important to make sure the microbalance is
working under good status, and it is the user’s responsibility to evaluate the status of the
microbalance and adjust/align the microbalance if needed following the details given by the
XPE26 manual.

To use the microbalance correctly, it is essential to note that:

(a)

(b)

(c)

(d)

(e)

(f)

On the right rear of the microbalance, there is a Level indicator/Leavel sensor (a
balance bubble) to correct horizontal alignment. Before turn on the machine, the
position of the bubble of the indicator should be firstly checked. Only start using the
machine when the bubble is in the center. Once the level indicator detects incorrect
leveling, the front panel would turn to Red with a warning text. Follow the manual
3.6 to correctly level the balance.

The machine has a static detect light, and when it is shining with blue light this
suggest the existence of static electricity. Check thoroughly from the tools to the
containers to find the source of the static electricity and restart the weighing after
the static electricity is removed.

As an important quality control process, the microbalance should be regularly
calibrated/checked using standard calibration weights of 50 mg, 100 mg and 200 mg,
respectively.

A Dickson logger model TRJ320 is used to record the temperature and RH% (Relative
Humidity) in the weighing room. The readings/changes of the logger should be
recorded throughout the measurement. The acceptable range of relative humidity
(RH%) is 30-40% * 5% and the acceptable range for the temperature is ideally 20-
23°C +2 °C.

The XPE microbalance is very sensitive, and any movement of the table can alter its
reading. It is suggested that after the DM cup is put on the smart grid, try to record
the reading in your logsheet or lab notebook located on a different table to avoid
disturbing the microbalance table. Throughout the weighing process, it is necessary
to work in a gentle and careful way. Sometimes air turbulence may occur due to the
air conditioning system, wait and only restart the weighing process when the reading
of the microbalance is stable.

The cups are only 12 mm in diameter, it is important to avoid spilling of samples and
their tendency to flip over during the weighing process. Cover the bench surface
around the microbalance using heavy duty aluminum foil (dull side up) to avoid
contamination in the event DM cups are accidentally dropped when using the
forceps to move the cups.
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3.1 Regular calibration of the XPE26 microbalance.

Detailed calibration procedures as below:

(a)

(b)

(c)

(d)

(e)

Turn on the microbalance by pressing the power button, wait a while until the
reading of 0.000 mg appears on the display panel. If the reading is not 0.000 mg,
press “zeroing” to allow the reading to go to 0.000 mg.

Always use the forceps to carefully put the standard weight on the smart grid (the
weighing pan). Weigh 50 mg standard weight on the center of the smart grid to
evenly distribute weight on scale.

Wait until mass reading is stable for 10 to 15 seconds so that measurements will be
as consistent as possible. Record the weight 3 times, at 10 sec intervals.

Take off the 50 mg standard weigh, and then repeat (b) and (c) for each of the 100
mg and 200 mg calibration weights.

Weigh each standard weight for at least 3 times, so that the drift of the scale is taken
into account.

3.2 Pre-weigh the aluminum foil DM cups with XPE26 microbalance

(a)
(b)
(c)
(d)
(e)

(f)

Make sure the 24-well plate are correctly labeled and the DM cups are correctly put
in their specific wells.

Carefully remove the top of the 24-well plate and use the forceps to gently take out
one DM cup from its well, and weigh the cup following the same method as
described in (a) to (d) of 3.1.

After each weighing, use forceps to carefully put the cup back to its well.
Weigh each cup for at least 3 times and record the readings.

Record the changes of temperature and RH% from the Dickson logger immediately
after each record of cup weight.

Clean the chamber of the microbalance and the bench after use.

3.3 Desiccation of samples before post-weight

Check the color of the silica gel orange and dry the silica gel orange using oven if needed.

(a)

(b)

(c)

Follow Section IV.2, “Mix and Aliquot the PM suspension” of the document,
SOP_Drop_Method BJH 2011, to aliquot the samples into the pre-weighed DM
cups.

After all samples are prepared, carefully transfer the 24-well plate to the desiccator.

To avoid spilling of samples, the 24-well plate can be first naturally dried (ethanol
evaporate quickly) on the bench before any movement.

If ethanol is the solvent, dry the samples in the desiccator for at least 24 hours
before re-weight the cups. If other solvent is used, adjust the drying time
accordingly.
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3.4 Post-weigh the DM cups

(a)

(b)

(c)
(d)
(e)
(f)
(8)

Make sure the DM cup samples are sufficiently dried in the desiccator before re-
weighing the cups.

Use the forceps to carefully remove the cups without touching the dried PM material
on the bottom of the cups to avoid losing sample.

Weigh the cup following the same method as described in (a) to (d) of 3.1.

After each weighing, use forceps to carefully put the cup back into its well.

Weigh each cup for at least 3 times and record the readings.

Record the changes of temperature and RH% from the Dickson logger.

Clean the chamber of the microbalance and the bench after use.
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Appendix B. Impinger Data
1.0 DTT Assay — Raw Data

Raw impinger time plots (i.e., Normalized DTT remaining concentration (micromolar) vs.
experimental time (min)) for each Assay Blank, impinger and PQN positive control are show in
Figure B1 with the best-fit line for all replicates. The observed steeper slopes for the positive
control (Phenanthrenequinone, PQN) are as expected compared to the nearly flat line for the
Assay Blank negative controls. Exhaust PM impinger samples show slopes between these
control endpoints.

NormDTT100% vs. Time_Elapsed
Sample_ID
AssayBlank IMP 608 IMP 610 IMP 617

115 ¥ =101 - 0.2597°X Y = 102.2 - 0.5359°X Y = 100.8 - 0.4653°X ¥=101.5-0.78X
110 RMSE: 1.68 RMSE: 0.94 RMSE: 2.60 RMSE: 1.94

105 Re 0826 R2: 0.986 R 0878 R2: 0.974
95 .
20
. L]
L]

IMP 619 IMP 623 IMP 624 IMP 627

115 ¥ = 100.6 - 0.614°X Y = 100.2 - 0.5496°X Y =102.3 - 0.8587"X ¥ =100.5-0.73X
110-{ RMSE: 1.22 RMSE: 4.08 RMSE: 2.02 RMSE: 2.29
105 R= 0.982 R 0.795 R 0.975 R 0.957

IMP 629 IMP 631 IMP 632 IMP 635

115 ¥ =100.9 - 0.4735°X Y =101.4 - 0.5051°X Y = 100.3 - 0.5896°X Y =101.3 - 0.5037°X
110 RMSE: 1.38 RMSE: 1.09 RMSE: 0.99 RMSE: 1.06
106 R 0.958 R2 0.979 F? 0.988 R% 0.981

100
95 $
90
85 .
80 .

IMP 636 IMP 639 PQN

115 ¥ =101.8 - 0.6612°X Y = 100.4 - 0.584°X Y =103 - 1.469'X%
110 RMSE: 1.58 RMSE: 1.58 FRMSE: 2.76
106 R 0.974 R2: 0.968 R 0.925

NormDTT100%
o)
@

65 =

0 5 10 15 20 25 30 35 40 45500 5 10 15 20 25 30 35 40 45500 5 10 15 20 25 30 35 40 45500 5 10 15 20 25 30 35 40 45 50
Time_Elapsed

Where(10 rows excluded)

Figure B1. Normalized DTT assay experimental time points (TP1 to 100) for each PM impinger,
Assay Blank and PQN quality control sample. Plots show linear fit by sample. Steeper slopes
indicate higher consumption of DTT and therefore higher ROS formation potential.

Comparison of the individual sample DTT Assay raw results in the overlay plot of Figure B2
shows the Assay Blank at the top (with the shallowest slope) and PQN positive control at the
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bottom (with steepest slope). It is interesting to note that there appear to be three “groups” of
impinger samples and their data fall between the negative and positive control data (Figure B2).

060CT_NormDTT_Conc_pM vs. Time_Elapsed

Overlay: Sample_ID

¥ (AssayBlank) = 26.51 - 0.06872°X
44 - Rz (AssayBlank): 0.84
¥ (IMP 608) = 26.79 - 0.1395°X
R2 (IMP 608): 0.99
¥ (IMP 610} = 26.49 - 0.1249°X
42 Rz (MP 610): 0.89
¥ (IMP 617) = 26.64 - 0.2041°X
R2 (IMP 617): 097
40| Y (IMP 619) = 25.37 - 0.1595°X Sample_ID
R2 (IMP 619): 0.98 ® AssayBlank — IMP 623
¥ (IMP 623) = 26.26 - 0.1431°X
Re (IMP 623): 0.79 ® IMP 608 — IMP 624
38| Y (IMP 524) = 26.83 - 0.226"X & IMPB10 IMP 627
R2 (IMP 624): 0.98
¥ (IMP 627} = 26.37 - 0.1918°X ® IMP 617 — IMP 629
R2 (IMP 627): 0.96 _
36| v (MP 629) = 26.47 - 0.1237°X O BPGE [EPCER
R2 (IMP 629): 0.96 ® IMP 623 — IMP 632
) e eonsmar-ame o MPe2t  —IMPe3s
- 344 ¥ (IMP 632) = 26.29 - 0.1537*X IMP 627 — IMP 636
R2 (IMP 632): 0.99
;ﬁ ¥ (IMP 635) = 26.56 - 0.1315°X ® IMP 629 — IMP 639
£ 32 - R?(IMP 635): 0.98 ® IMP 631 —PQN
8 ¥ (IMP 636) = 26.78 - 0.1764°X
':| R? (IMP 636): 0.98 ® IMP 632
¥ (IMP 639) = 26.34 - 0.1532°X
% 30| Re (MP 633): 0.97 EAIMEESS
g ¥ (PQM) = 27.04 - 0.3854*X ® IMP 636
5 R2 (POM): 0.93 o IMP 639
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Figure B2. Raw data normalized to TP1=26.235 uM DTT, the theoretical value initially in each
cuvet at start of the DTT assay. JMP 14.2 best fit results show in text at top left for each
impinger and control sample.

®NCST 7



DTT Activity/mgPM

50.00
45.00
40.00
35.00
30.00

25.00

20.00
15.00
10.00

0.00

B100 B100 B100 B100 BO BO B20 B20 B20 B20 B20 B20 B100 B100 B100 B100 B100 B100 B100 B100 B100 B100 B20 B20 BO
Neat Neat neat neat neat neat OX1 OX1 OX1 OX1 OX1 OX1 OX1 OX1 OX3 OX3 OX3 OX3 Neat Neat OX2 OX2

8

Figure B3. DTT Activity (nmol DTT/min/microgram PM) for individual duplicate DTT Assays for
each impinger labelled by the fuel blend (Excel chart).
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1.1 Comparison to Prior DTT Assay Work in TAQ Lab

Assay Data Sst_noProblem Assays, #248 19APRIS - Graph Builder Final_DTT Assay.IMP results_{rEXCEL 070CT21 - Graph Builder 2

P 4% 7 =l |l
Bl 2 8 L[ e e B @SR
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= §° . ! : : 100.3
. e 100
$ 3, . . & = S o
L]
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.
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Each error bar is constructed using +IMP#.

Figure B4. DTT Activity for PM impinger samples from two exhaust emissions studies with the
same VW engine, but different driving cycles and biodiesel fuel sources. UCONN fuels (left)
and WMBD fuels (right). Note that the X-axis labels in right panel refer to fuel oxidation
states—“.1” means 20 hr, “.2”= 10 hr and “.3”=5 hr for each base fuel blend (B20 or B100).
[Example: 20.2 means the B20 fuel underwent 10 hr accelerated oxidation]. The UCONN fuels
in left panel did not undergo accelerated oxidation and a different petrodiesel source fuel
(Trono Fuels) was used to mix the Bxx blends.

1.2 Intrasample Variability in DTT Assay Data

Figure B5 shows the same data for the WMBD oxidized fuel blends, but plotted differently to
enable color to represent fuel OX state. The data at condition OX1 (20 hr) for B20 fuel, IMP
#623 and #624 have large error bars and contribute to the fact that the means between the
different fuel oxidation states were not statistically different at the 95% confidence level (Figure
B5). Further, Figure B6 ANOVA charts show that p-values were improved when the #623
replicate A data were removed from analysis, but there was still no statistical difference
between means at various OX levels for B20 at the 95% level (p=0.1155 vs. 0.3589 with all
replicates)
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Figure B5. [Left] Individual impinger DTT Activity (nmol DTT/min/mgPM) results, organized by
blend with color of circle indicating oxidation time (0=none, 5, 10 or 20 hr). [Right] Same data,
but symbol shows mean +/- 1 SD of the duplicate DTT Assay measurements for each
impinger. Note the large error bar for impinger #623.
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Figure B6. One-way analysis of variance test results for impinger sample DTT Activity by hours
of B100 fuel oxidation. [left] B100 fuels; [center] B20 blends; [right] B20 blends, excluding the
IMP #623 outlier (replicate A only was removed).
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Appendix C. Gas Chromatography — Mass Spectrometry Information

IMETELIWENT OOMTADL PARAKETERS:  Ireteumesnt KL

LS EHEA, 1 WIET HOOA SIMGO0E_ BT _SUB-1La00_FARE_ SO0 0o EPd_Inageet s

Corviral Wtprmation

jample nlt  : GC
Imjeriion Soaece | D0 ALS
Whweg Spemepamester - Enghled

Eu:m | [ BTN PARAMETERS |
DAEM
nital lempe 43°C [Oaj W mum emp £330 T
sl tme LO3min Equilibratizn lime: 050 min  Genansl infermabon
Rarmps Turee Fle 1 biaras 10
¥ Aane Final temp Fiagl time ATk MO 15
1in0 w40 200
1408 183 il i] S | nforreartion:
imm 2 100 Sodwent Delay 1 b5 i
4 Doy EM Aibs ol uie 1 False:
Pk e 0°C £ Dbl =@
Pinil lima: D00 min Ravaling £ Voltage  : 17E47

Buntime; 2EET min

FRCMT MLET [SPUT/SPUTLESS]

Winde: Spltless

sl tempe 190°C [On)
Primiaure: 1265 mi {On)
Furge Thom | I0LD el fredin
Furge time 23 min

Total Aow: 299 mLUimis

ok mawwr: O

Qo types Hellm

LU L
Capi lany Cod ums
Windel Mumser Supeico BLB-ILLOD
SLE-ILLOD Polar FAMES
Wiax b pecatues: I33°C
HWomizal lesgth: 300 =
Hiomisgl dlamegen F5000 um
Homingl Tl thickness: 030 um
Winde: combant [loe
nigal flom: 1.5 mlimin
Homingl it presuee; 12 65 g
feasrape wlncite 45 omyser
inkat: Frost nkst
Duthrt: WED
Damhet pressire wiem

O Injectar
Front injacior
Sample Woghess )
Sample Fum pe b
Injaction Voluma 100 rreerol e
Syrimga Sum 10UE m erebbas

Frain Sobveni & Washsr T
Freinj Bobvent & Washes
Poifing Solvent AWashen 2
Poifing Solvent B Washen 2

VHTgity Doy R
Funger Speed Fast
Prainmcior Dwwll Q00 el
Poifinect on Ol o0 menete

Growp ¥ mT Masslon 1 Masshnd Mo land
1 no M BT 4RI
r i e ] M4.10 |- Lal AEan
3 15 4,10 | - Eal 4Ean
a 155 M BTLD 4RI
5 164 5500 GS20 TAlD
L] LA 4110 2510 3
T (FN. 4,10 |- Eal AEan
8 1340 50 GRLD A0
8 195 M ETOD 4RI

THERRAAL ALFE }

Use: MSD Tranafer Line Heater

Dhracr pfion::

tial fermze 1590°C [On)
i tme 00 mie

& Rabe Fired temp Final dime
T [ T

Mz lond Maselon 5 Mastlen b Drwssl Time

24230 15
15800 15
bk ] 1%
3330 15
FTA0 1 30 5631 L]
£110 95.10 23410 19
2800 1%
5510 290 0 m
23000 354 00 m

Figure C1. GCMS Selected lon Monitoring (SIM) acquisition parameters.
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Table C1. GCMS quantitation method (scan mode).

Target lon Qualifier lon Qualifier lon Qualifier lon Rett_ention
Q1 Q2 Q3 Time

FAME ID m/z m/z m/z m/z (minutes)
C14:0 74 87 143 55 10.785
C16:0 74 87 143 75 13.768
C18:0 74 87 143 75 17.026
C18:1 trans-9 55 69 74 97 17.615
C18:1 cis-9 55 69 74 83 17.620
c18:92’1t;a¢- 67 81 95 82 18.600
C18:2 cis-9,12 67 81 95 55 18.307
C20:0 74 74 75 143 20.958
C18:3n3 79 95 67 93 20.255
C22:0 74 87 75 55 23.404

Table C2. Unsaturated FAME concentrations relative to NEAT fuel (OX = 0).

B20 B100
O):H.I-II;;,IE c18:1 C18:2 C18:3 O):J:;,IE C18:1 C18:2 C18:3
0 1.00 1.00 1.00 0 1.00 1.00 1.00
5 5 1.07 1.07 1.06
10 1.00 0.95 1.12 10
20 0.82 0.42 0.18 20 0.98 0.84 0.73

Reported based on ng/uL concentrations measured in diluted fuel samples.
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1.0 Calibration Curves for Individual FAMEs using SIM Analysis
1.2
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Figure C2. Calibration curve for C22:0 FAME, methyl behenate.
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Figure C3. Calibration curve for C18:3 FAME, methyl linolenate.
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Figure C4. Calibration curve for C20:0 FAME, methyl arachidate.
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Figure C5. Calibration curve for C18:2cis FAME, methyl linoleate.
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Figure C6. Calibration curve for C18:2trans FAME, methyl linoelaidate.
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Figure C7. Calibration curve for C18:1cis FAME, methyl oleate.
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Figure C8. Calibration curve for C18:1trans FAME, methyl elaidate.
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Figure C9. Calibration curve for C18:0 FAME, methyl stearate.
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Figure C10. Calibration curve for C16:0 FAME, methyl palmitate.
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Figure C11. Calibration curve for C14:0 FAME, methyl myristate.
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Table C3. GCMS calibration curve best-fit slopes for SIM Acquisition.

Chain Common Name Formal Name of Methyl Ester MW Cal Curve Slope
C14:0 Methyl Myristate Tetradecanoic acid 228.38 | 0.5175
Cl6:0 Methyl Palmitate Hexadecanoic acid 256.43 | 0.4863
C18:0 Methyl Stearate Octadecanoic acid 284.48 | 0.3808
C18:1t Methyl Elaidate 9E-Octadecenoic acid 296.48 | 0.1150
Cl8:1c Methyl Oleate Cis-9-Octadecenoic acid 282.47 | 0.1181
C18:2t Methyl Linoelaidate | 9E,12E-octadecadienoic acid | 294.5 0.1532
C18:2c Methyl Linoleate Cis-9,12-Octadecadienoic acid | 280.46 | 0.1536
C20:0 Methyl Arachidate | Eicosanoic acid 312.54 | 0.3515
C18:3n3 Methyl Linolenate Cos-9,12,15-Octadecatrienoic | 278.44 | 0.1726

acid
C22:0 Methyl Behenate Docosanoic acid 340.6 0.3147
Table C4. DTT activity (nmol DTT/min/mg PM).

Fuel Blend Mean SD RSD %

18.1 4.3 23.6

B20 NEAT 30.3 4.4 14.4

B20 OX2 (10 hr) 18.6 3.1 16.6

B20 OX1 (20 hr) 29.9 11.0 36.8

B100 NEAT 11.1 4.6 41.1

B100 OX3 (5 hr) 11.1 5.6 50.3

B100 OX1 (20 hr) 18.5 4.2 22.5
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Figure C12. Mean concentrations (ng/uL) of individual FAMEs in B20 and B100 fuel.
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Figure C13. Unsaturated FAME concentrations (ng/uL) in B20 and B100 fuels.
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Mean IP (hr) for B100 neat and oxidized fuels

Mean Induction Period (hr)

0 5 10 15 20 25
Fuel Aging Hours at 110 oC

Figure C14. Induction Potentials measured by BOSS for WMBD B100 fuels of 0, 5, 10, 20 hrs of
accelerated oxidation.
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