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Abstract: A simple method that reproducibly creates validation/reference materials for comparison
of methods that measure the carbonaceous content of atmospheric particulate matter deposited on
filter media at concentrations relevant to atmospheric levels has been developed and evaluated.
Commonly used methods to determine the major carbonaceous components of particles collected
on filters include optical attenuation for “Black” (BC) and “Brown” (BrC) carbon, thermal-optical
analysis (TOA) for “Elemental” (EC) and “Organic” (OC) carbon, and total combustion for “Total”
carbon (TC). The new method uses a commercial inkjet printer to deposit ink containing both organic
and inorganic components onto filter substrates at programmable print densities (print levels, as
specified by the printer–software combination). A variety of filter media were evaluated. The optical
attenuation (ATN) of the deposited sample was determined at 880 nm and 370 nm. Reproducibility
or precision (as standard deviation or in percent as coefficient of variation) in ATN for Teflon-coated
glass-fiber, Teflon, and cellulose substrates was better than 5%. Reproducibility for other substrates
was better than 15%. EC and OC measured on quartz-fiber filters (QFF) compared to ATN measured
at 880 nm and 370 nm on either QFF or Teflon-coated glass-fiber yielded R2 > 0.92 and >0.97,
respectively. Four independent laboratories participated in a round robin study together with the
reference laboratory. The propagated standard deviation among the five groups across all print levels
was <2.2 ATN at 880 nm and <2.7 ATN at 370 nm with a coefficient of variation of <2% at ~100 ATN.

Keywords: optical attenuation; thermal-optical analysis; transmissometer; black carbon; brown
carbon; elemental carbon; organic carbon; total carbon

1. Introduction

Carbonaceous material is a critically important aerosol component of indoor and
outdoor ambient atmospheres impacted by natural and anthropogenic sources, leading to
potential significant adverse effects on human health, visibility, and climate change. Optical
attenuation by carbon in a micro-crystalline graphitic form (“Black” or “Elemental” carbon,
BC or EC) perturbs the radiation balance when freely suspended in air, reduces cloud
albedo when incorporated into droplets, and accelerates thawing when deposited onto
formerly reflecting snow or ice surfaces [1–8]. These optical effects led to the recognition
of BC as the second or third most important radiative forcing agent for climate change
produced by human activity [1,2,4,6,8,9]. High-temperature combustion of carbonaceous
fuels creates pyrolyzed ultrafine particles that can enter the lungs with some portion
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crossing the lung–blood barrier and passing into cells and tissues [10]. Toxicological as
well as short-term epidemiological and long-term cohort studies of average BC exposures
provide sufficient evidence of an association between BC concentrations and health effects,
including cardiopulmonary hospital admissions and all-cause and cardiovascular mortal-
ity [11–15]. Toxicological studies suggest that BC particles themselves may not be the toxic
component of PM2.5, but they may transport adsorbed pollutants with a range of toxicity
(e.g., organic species) into the lungs, that may then enter the blood circulation [11,16]. For
these reasons, BC is recognized as one of the leading indicators of both the adverse public
health and climate forcing impacts of combustion emissions. Consequently, sampling and
analysis of the carbonaceous components of atmospheric aerosols is an essential research
and monitoring activity.

In recent decades, researchers have evaluated different approaches to developing
reference or validation methods for the measurement of BC and “brown” carbon (BrC) by
photometric methods; as well as organic carbon (OC) and elemental carbon (EC) measured
by a variety of optical and/or thermal methods. Results from an international workshop
that was held to address this longstanding issue and examine a range of possible materials
and methods concluded that there was an absence of reference materials for comparing
instruments that measure soot (BC, OC, EC) by light absorption or thermal type meth-
ods after collection on appropriate filter media [17]. Müller et al. [18] used carbon black
(Printex® 75, a pigment used in inkjet printers) to compare aerosol photometers that mea-
sure light absorption. In general, they observed a large variation between the responses
to absorbing aerosol particles for different types of instruments. Other groups have used
Nigrosin (https://en.wikipedia.org/wiki/Nigrosin, accessed 2 November 2021), a water
soluble, nitrogen-containing synthetic dye commonly used in microscopy as a cell (bacte-
rial) stain. In those studies, Nigrosin was used as a test material by generating mono- or
poly-disperse particles to evaluate and compare methods that measure light absorption on
filters or in situ [19–22]. These methods as well as other approaches had only limited appli-
cations [17]. Some other methods to generate reference materials are complex, requiring
combustion of various gases (methane in air—[23]; ethylene in O2 and N2—[24] as well
as heating and sizing ambient samples or various other materials (e.g., Nigrosin; carbon
black). Aerosol generation using water dispersible carbon black has been reported [18,25].
Other methods require resuspension of particulate matter from a bulk material, such
as National Institute of Standards and Technology (NIST) Standard Reference Material
(SRM) 1649a, followed by collection onto filters best suited for a specific chemical analysis
method [26]. Lee et al. [27] developed reference filters for EC and OC by nebulizing a
solution of a carbon black hydrosol and a potassium hydrogen phthalate (KHP, C6H4)
onto filters resulting in uniformly deposits of known mass of EC and OC. Approaches to
develop validation/reference materials for the empirically derived major carbonaceous
components (EC and OC) of particulate matter are also typically limited for use with either
optical or thermal methods as they may not include one of the components focusing on
either comparing methods for BC or methods for OC and EC as described above. Dif-
ferences in the amount of EC and OC measured by various thermal or thermal-optical
analysis (TOA) methods have been shown to be a consequence of the various tempera-
ture protocols (temperature steps in inert and oxidizing atmospheres), instrument design,
complexity of the environmental samples, and other factors that affect the split between
the OC and EC fractions, and thus differences in the reported ambient concentrations
of OC and EC [28–34]. To quantify the mass of BC in air, optical methods also require
comparison to thermal or TOA methods and the mass absorption coefficient determined
varies based on the methods used to determine OC and EC [35,36]. Clearly, there is a lack
of a simple and reproducible method that can be used as a validation/reference material
for understanding the performance of instruments that measure the major carbonaceous
components in atmospheric particles.

This paper describes the first use of a commercial printer to develop a simple and
reproducible validation/reference material that can be used both to evaluate and compare
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methods that measure optical attenuation (ATN) at 880 nm, used as an estimate of BC,
and ATN at 370 nm used as an estimate of BrC, as well as EC, OC, and TC by thermal or
TOA methods (patent pending, [37]). Herein, “ink” refers to a black material, such as toner
deposited onto the substrate by a ‘laser jet’ printer, or ink or pigment deposited onto the
substrate by inkjet printers.

2. Experimental

Various commercial laser jet and inkjet printers and filter substrates were evaluated.
Ink was printed onto a variety of filter materials as used in air quality monitoring networks
and research studies [38,39] as well as paper. The method is intended for photometric
instruments that estimate BC (and BrC) on filters; therefore, we measured optical attenu-
ation (ATN) [defined as ATN = −100 ln(I/Io); [35] through the deposited sample at two
wavelengths using an optical transmissometer (SootScanTM, Model OT21, Magee Scientific,
Berkeley, CA, USA). This is a widely used method for estimating the BC (measurement at
880 nm) and BrC (incremental measurement at 370 nm) components of aerosol deposits on
filters [40–46]. However, since the ink included both organic and inorganic carbon, we also
evaluated the method for total carbon (TC). We used TOA to quantify the amounts of OC
and EC deposited onto printed quartz-fiber filters (‘QFF’) at different print densities, and
thus evaluated the possible use of these validation/reference materials for comparison of
methods that measure OC, EC, and TC by different thermal and thermal-optical analytical
methods. Details of the method to create reproducible validation/reference materials
for the comparison of methods that measure BC, BrC, EC, OC, and TC are provided in
Supplementary Materials (Section S1).

In general, our methodical stepwise process included evaluating the reproducibility of
ATN measurements of deposits printed onto various types of plain paper, to find the most
uniform type of paper and that use as a baseline to evaluate the variability of printing using
different printers (see Section S2). A summary of measured ATN by paper type is presented
in Table S1. Once the optimum paper was identified, we evaluated laser jet printers (see
Section S2) using that paper type and two others to confirm that the deposited ink did
indeed result in the same ATN across different paper types. Reasonable reproducibility was
achieved using laser jet printers on paper (see Table S2) so we evaluated the reproducibility
of using laser jet printers to print onto TeflonTM-coated glass-fiber filter tape (see Section S4;
Table S3). The reproducibility of printing onto this filter tape using laser jet printers did
not meet our requirements for reproducibility, so we evaluated inkjet printers to print onto
Teflon-coated glass-fiber filter tape (Magee Scientific, Berkeley, CA, USA) (see Section S5).
We examined different software programs (Section S6) with mean and standard deviations
by print level shown in Figure S1. We also examined how different operators (printing
capabilities and ATN measurements) impacted measurement precision (Section S7).

Below, we describe our detailed evaluation of the chosen inkjet printer; the results
from printing onto other substrates; the results of a round robin study to measure optical
attenuation on separate sample sets by four independent laboratories with considerable
expertise in measurements of BC and BrC by optical attenuation; and provide results from
TOA used to determine the amounts of OC and EC deposited onto quartz-fiber filters (QFF)
at different print densities or print levels as specified by the printer–software combination.
Print levels ranged from G00 (darkest or highest density of ink deposited) to G223 (lightest
or least density of ink deposited). The stability of deposited ink on filter substrates was
evaluated over time, and we also determined the inorganic and major organic chemical
composition of the ink used in the chosen printer.

Filter material substrates were individually taped to a sheet of paper as described in
the Section S1 and passed through a printer in its normal operating mode. Reproducibility
or precision was estimated based on the standard deviation (SD) of the measured mean
ATN of samples at the same print level within a set (single sheet) or across multiple sets
at the same print level and position on the sheet when six to nine different print levels
were used within a set. Our goal was to identify a printer which would deposit ink onto



Metrology 2021, 1 145

filter tape with a standard deviation of less than 2 ATN, or the relative standard deviation
(coefficient of variation, COV) of less than 5%, across multiple sample sets printed from the
same roll of tape.

2.1. Printed Filter Material—Inkjet Printers

We initially used laser jet printers (Sections S2–S4) because they were easily available.
When printing onto roll filter tape (Section S4), laser jet printers had higher than desired
variability (as standard deviation) in optical attenuation. Since laser jet toner includes
metal oxides [47–50], which can act as combustion catalysts influencing the OC/EC split in
TOA [29,44,49,51,52], and because we now considered using this method to prepare com-
parison standards for OC and EC, we discontinued using laser jet printers and continued
the study with inkjet printers. We examined the variability in the measured ATN using filter
tape samples printed with six inkjet printers, two of which were self-identified as “photo
printers”. The inkjet printer specifications are given in Table S4. Filters were processed
in the same manner as described (Section S1). Results of the evaluation of different inkjet
printers tested are described in Section S5. Based on these results, we chose inkjet printer
#VI (see Table S5).

Initial printing on roll filter tape using inkjet printer #VI showed a change in ATN
over 24 h. We determined this to be due to drying of the deposited ink after printing. The
ink used in inkjet printers contains a large fraction of water and or water-soluble organic
solvents, pigment or ink, a surfactant and or dispersant, and other components (see for
example, Table S4 [47,53,54]. Therefore, all samples were allowed to dry for a minimum
of 24 h in a shielded box to minimize deposition of dust. Repeated subsequent analyses
showed that the measured optical attenuation was stable after a 24 h drying period.

2.2. Other Substrates

Optical absorption is routinely measured on a variety of filter substrates used in air
quality monitoring for estimating the content of carbonaceous aerosols in air. The IM-
PROVE monitoring network measures light absorption on Teflon filters using the Laser Inte-
grating Plate Method and the Hybrid Integrating Plate/Sphere [55,56]. Presler-Jur et al. [57]
measured optical absorption on nearly 5500 Teflon filters collected in EPA’s National
Chemical Speciation Monitoring Network [39] by automating a SootScan model OT21
transmissometer into a robotic weighing system. Based on these examples, Teflon filters
were also evaluated in our study as a potential substrate for use as a light absorption
validation/reference material for comparison of methods that measure BC and BrC due
to: (1) the importance of the national monitoring networks [39], (2) the measurement of
light absorption from Teflon filters used in monitoring networks [57], (3) the recent use of
Fourier-transform infrared spectroscopy (FTIR) to estimate OC and EC from Teflon filters
used in the national monitoring networks [58–60], and (4) the use of samples collected
on Teflon filters to monitor and better understand the role of BC in climate change and
health [1,2,6,8,9,11,13–15,27] as well as the impact of biomass burning and wildfires on
ambient BrC and BC concentrations [40,61–65].

Three types of Teflon filters underwent a limited evaluation. These included Teflon
filters with a support ring; ZefluorTM (polytetrafluoroethylene, PTFE, with a PTFE backing);
and PTFE without a backing or support ring (TF-1000). These three types of Teflon filters
were taped to paper and printed in the same manner as the roll filter tape (see Experimental
Procedure, Section S1), then allowed to dry for at least 24 h. Optical attenuation was
obtained as described (Section S1). Zefluor filters went through the printer successfully,
but when the paper tape was removed, the top of the filter separated from the bottom
damaging the filter (Figure 1g), resulting in a slightly higher standard deviation and ATN
range for these filters. The other two PTFE filter types had no problems with the current
protocol although the deposits were visually uneven due to the hydrophobic nature of
PTFE (see Figure 1).
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Figure 1. Deposit of inkjet ink (printer #VI) onto different filter media illustrating the consistency of printing onto these
media. (a–c) Teflon-coated glass-fiber at three print densities; (d–i) print level (density) G70: quartz-fiber, Teflon ringed,
Teflon (TF1-1000), Zefluor, cellulose, polypropylene, respectively; (j) Hammermill LaserPrint premium paper: print levels
(densities) G00–G223 and field blank (FB); (k–s) Teflon ringed: print levels G223–G00 and field blank. Note: as described
above and in the Section S1, filters were taped onto paper for transition through the printer. White marks around the edges
indicate where the tape was placed on this type of filter substrate. Damage, as seen in (g) was due to removing tape from
the filter where the top and bottom of the filter separated—most were damaged much less. All filters were printed in the
exact same manner, except for the print level (print density) varied.

We also printed onto a small number of polypropylene and cellulose disks to evaluate
the extendibility of the method. These filter disks have also been used to collect atmospheric
particulate matter in the past [66–68]. Disks of glass-fiber filter tape as used in the Model
AE33 Aethalometer (part 8050, Magee Scientific, Berkeley, CA, USA) were used as the
diffuser when light absorption was measured on the polypropylene substrate. No diffuser
was used for the cellulose substrate due to the thickness of the substrate. The same
measurement and printing protocols were used for these samples.
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2.3. Round Robin

Four independent external laboratories participated in a round robin study to measure
the optical attenuation on three sets of samples. The participating laboratories were Uni-
versity of California Davis, Air Quality Research Center, Davis, CA, USA; Desert Research
Institute, Division of Atmospheric Sciences, Reno, NV, USA; RTI International, Research
Triangle Park, NC, USA; and the Wisconsin State Laboratory of Hygiene, University of
Wisconsin-Madison, Madison, WI, USA. Each group received their own independent series
of three sets, where each set consisted of filters printed at 7 print levels, a field blank, and a
laboratory blank, for a total of 27 filters. Each participating laboratory was also assigned
a set of optically matching polypropylene diffusers for use in the sample and reference
sides of the optical transmissometer as well as a reference filter, for use in the reference
position of the transmissometer. The reference filter was obtained from the same filter
roll as the samples provided to each participating laboratory. Laboratories also received
a standard operating procedure to specify the protocol. Optical attenuation of the blank
or printed filters was not provided to participant laboratories. The reference laboratory
used the diffusers and reference filter assigned to each laboratory when measuring optical
attenuation associated with samples from that participating laboratory. Filters were stored
in 47 mm plastic petri dishes, sealed in plastic bags, and shipped via standard ground
transportation at ambient temperature.

For the round robin, blank values were obtained on each filter in the reference labo-
ratory prior to shipping clean filters to each test group. Blank values were measured by
participants and filters were sent back to the reference laboratory whereupon 10% of the
filters were reanalyzed prior to printing at the specified print levels. Results were within
the uncertainty of the instrument (±1 ATN, 0.06 µg/cm2 BC on a filter). Optical attenuation
was measured on filters with ink deposited at the reference laboratory and then shipped
back to participants where optical attenuation was again measured on each filter following
the protocol provided. Filters were then shipped back to the reference laboratory where a
final measurement of optical attenuation was obtained on all samples. All participating
laboratories and the reference laboratory measured all filters in triplicate as indicated by
the protocol. Measuring ATN on the printed filters before and after shipping helped ensure
that changes did not occur during shipping or handling.

2.4. Quartz-Fiber Filters (QFF)

To quantify the amount of inorganic and organic carbonaceous components of ink
deposited onto the various filter substrates at a given print level, ink was deposited onto
QFFs (Pall, type 2500QAT-UP; Pall Corporation, Port Washington, NY, USA) and analyzed
for EC and OC content using the ACE-Asia OC/EC TOA protocol [69]. We also evaluated
the relationship between ATN measured on QFF and Aethalometer filter tape to the mass
(µg/cm2) of OC and EC determined on QFF by TOA.

The TOA protocol had been slightly modified from that described by Schauer et al., [69]
by increasing the hold time at the He-only temperature steps by 20 s. The OC/EC analysis
laboratory provided clean (heat-treated) QFFs to the reference laboratory. Heat treatment
reduces the blank level of OC associated with filters as received from the manufacturer.
Filters were shipped in heat-treated aluminum foil that lined plastic petri dishes, sealed
with Teflon tape, and sealed inside plastic bags. Shipping to and from the reference and
analysis laboratory was done at ambient temperatures using overnight delivery.

A series consisting of 11 sets of filters at 7 seven print densities (print levels), each set
with a field blank, were analyzed for OC, EC, and TC (here TC = OC + EC as provided by
the analysis laboratory). ATN at 880 nm and 370 nm was measured before and after printing
by the reference laboratory, and each sample was corrected by subtracting its respective
sample and field blank ATN from the final ATN value. In addition, two QFF were used as
laboratory blanks, which were not opened in the reference laboratory, and analyzed for
OC and EC to obtain a baseline value for OC and EC levels. Values for each laboratory
blank were 0.37 ± 0.12 µg/cm2 and 0.29 ± 0.11 µg/cm2 for OC and 0.00 ± 0.05 µg/cm2
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for both EC laboratory blanks. These filters were used to check for possible EC or OC
contamination during transport to and from and within the participants’ laboratories and
within the reference laboratory and indicated that no contamination was observed.

Visually, the ink printed onto these QFF filters appeared to have an uneven loading
(Figure 1). However, the standard deviation of the ATN measured on rotated QFF triplicates
was <2 (880 nm) on 85% and 91% (370 nm) of the total sample set (n = 97) and only 2 samples
had a standard deviation > 3 ATN. The OT21 transmissometer measures ATN through a
15 mm in diameter circle in the middle of the filter, and assumes a uniform distribution
across the entire filter. This is significant for OC/EC analysis since the 1 cm2 punch can be
taken from any portion of the filter. To evaluate the consistency of printing across a filter and
as standard quality assurance for the OC/EC analysis, we took triplicate 1 cm2 punches
for EC and OC from 19 filters, including three field blanks (~20% of the total printed
filters). Quartz-fiber filters used for triplicate EC and OC analysis were chosen based
on triplicate ATN measurements of the printed filters having a relatively high standard
deviation (>2 ATN), suggesting filters where the ink might be less consistently deposited.
It is important to note that while QFFs are not usually used to obtain measurements of
optical attenuation due to the high variability of ATN measured on QFFs, we were in fact
able to use them here to evaluate and quantify the relationship between ATN to carbon
content when comparing ATN measured by the OT21 (15 mm in diameter circle) and OC
or EC measured by TOA (1 cm2 punch).

Figure 2 illustrates an example of a typical thermogram from the analysis of a QFF
with ink deposited using inkjet printer #VI and Adobe® Photoshop® software. The red line
on the chart showing laser transmission (used to correct for pyrolysis) is flat during the
TOA analysis He-only steps, indicating that the organic components remaining in the ink
after drying do not char in helium as the temperature is increased from ambient to 870 ◦C.
Due to the nature of the OC/EC method, split times were more variable for triplicate
measurements as determined by the automated TOA analysis software, apparently leading
to slightly more variability in the amounts of measured OC and EC mass than anticipated.
However, the total carbon (sum of OC + EC) for triplicate samples was very consistent and
within the error of the analysis, suggesting that the variability in EC vs. OC was due to
differences in the TOA software assigned split times. To overcome this uncertainty, the
split time was fixed at 480 s as suggested by the OC/EC analysis laboratory. Results shown
in Figure S2 indicate that no practical difference was observed, depending on how the split
time between OC and EC was established, with slopes and R2 values essentially equal to
1 and small intercepts. The consistency of the total carbon result (TC = OC + EC) is also
encouraging for the use of this method to create a comparison reference standard for TOA
or total combustion analysis of TC in environmental samples. Additionally, the lack of
pyrolysis and the general consistency between the results from fixed vs. software-assigned
split times, and the linearity of the results, suggests that this method might be used to
compare differences in OC and EC split times between different TOA protocols.
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Figure 2. Thermogram of TOA of a quartz-fiber filter with ink deposited at print level G70 using inkjet printer #VI and
Adobe Photoshop software. This example is typical of all thermograms obtained when analyzing inkjet ink deposited onto
QFF. Note the lack of pyrolysis carbon (flat laser transmission) during the He-steps.

3. Results and Discussion
3.1. Inkjet Printers

Results presented in Table 1 illustrate the variability [standard deviation and range
(maximum ATN—minimum ATN measured per roll)] for each of four filter tape rolls
measured at 880 nm and 370 nm at print levels between G223–G40. The range is important
since it indicates the minimum and maximum ATN values that were observed for that
filter tape roll that might be measured by an independent laboratory if used as a validation
or reference material. Between 15 and 23 sets of samples were printed from each roll. The
software print level is shown in Table 1 since the average ATN varied from roll-to-roll.
Sample blank adjusted field blank values varied slightly by roll filter tape (Table 1) and on
average ranged from approximately −0.10 to 0.18 ATN at 880 nm and −0.8 to 0.20 ATN
at 370 nm across the four rolls. While these average values were typically below the
uncertainty of the transmissometer, blank adjusted field blank corrections were applied
since the range of field blanks was up to 3.3 ATN, although only a couple of samples
were above 1 ATN. As shown in Table 1, the average blank corrected optical attenuation
among the filter tape rolls differed by approximately 4.5 ATN at print level G173 (light print
density) and approximately 19 ATN at print level G70 (medium print density) indicating
that each filter tape roll has a slightly different structure impacting the transmission of light
through the substrate. On the other hand, within a filter tape roll, at either wavelength and
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at all but the lowest density print level, blank corrected measured optical attenuation was
reproducible to better than a COV of 5%. At the lowest print density (G223), results were
reproducible to within 15%.

Table 1. Optical attenuation (ATN) measured by the OT21 transmissometer at 880 nm and 370 nm,
on each Aethalometer filter tape roll by print level. Printing was performed using inkjet printer #VI
and Adobe Photoshop software.

880 nm

Field Blank G223 G173 G127 G100 G83 G70 G40 a n b

Roll 15 Mean −0.10 6.71 21.37 46.15 69.38 88.35 101.09 15
SD c 0.37 0.92 0.88 1.42 1.55 1.48 2.27

Range d 1.24 3.61 3.16 4.54 5.41 5.31 6.58
Roll 16 Mean −0.07 5.09 16.72 35.26 54.09 69.38 78.20 23

SD 0.39 0.54 0.70 0.87 1.43 1.54 2.22
Range 1.59 1.97 3.15 3.13 5.63 6.01 8.74

Roll 17 Mean 0.18 5.95 18.82 39.76 57.22 74.09 84.38 130.3 19
SD 0.60 0.57 0.69 0.95 1.27 1.37 1.89 4.20

Range 2.87 1.98 2.76 3.76 4.24 5.32 6.48 16.31
Roll 18 Mean −0.01 6.32 19.77 42.32 61.91 79.89 90.67 137.6 19

SD 0.70 0.79 0.68 1.16 2.23 2.43 3.39 4.27
Range 2.57 3.14 2.32 4.66 9.36 8.74 11.62 17.51

370 nm

Field Blank G223 G173 G127 G100 G83 G70 G40 a n b

Roll 15 Mean 0.20 4.86 16.96 37.10 57.95 75.26 84.67 15
SD c 0.27 0.54 0.75 0.79 1.56 1.64 2.51

Range d 1.01 2.09 3.57 3.01 5.79 5.88 9.40
Roll 16 Mean 0.20 4.86 16.96 37.10 57.95 75.26 84.67 23

SD 0.27 0.54 0.75 0.79 1.56 1.64 2.51
Range 1.01 2.09 3.57 3.01 5.79 5.88 9.40

Roll 17 Mean 0.09 5.85 19.33 42.03 61.78 81.41 93.0 144.1 19
SD 0.59 0.42 0.77 1.08 1.33 1.52 1.99 5.66

Range 2.28 1.27 3.23 4.37 5.05 5.33 6.36 22.17
Roll 18 Mean −0.80 6.43 21.18 46.89 69.62 91.13 102.8 157.1 19

SD 0.91 0.84 0.83 1.63 2.71 3.31 4.14 4.28
Range 3.37 3.38 3.12 6.39 10.51 12.70 13.96 12.85

a. Only rolls 17 and 18 included the G40 print level. b. Number of Aethalometer roll filter samples measured at
each print level, which equals number of individual samples, including the field blank per sheet: 8 × n for rolls
15 and 16 or 9 × n for rolls 17 and 18. c. SD—standard deviation of the mean. d. Range—difference between the
maximum and minimum ATN measured on that tape roll and at that print level.

The results presented in Table 1 indicate excellent precision when using inkjet printer
#VI, Adobe Photoshop software, and printing onto roll filter tape material. Propagated
standard deviations were below 1.8 at 880 nm and 2.3 at 370 nm (Table 1) averaged across all
samples in a filter tape roll and between print levels G223 and G70. The standard deviation
was slightly higher at print level G40 likely due to the non-linearity of the transmissometer
above 115 ATN. While the highest standard deviations were observed for print levels
where the most ink was deposited onto the sample, the COV was below 3.5% at this print
level. Similar results were observed at 370 nm (Table 1).

We examined the influence of two different ink lots using the same printer or different
printers. Only a few samples were available for this evaluation since we continued to
change and improve the process as the experiment progressed. Final results presented
in this paper used printer #VI-C (referred to as #VI) unless indicated as in the analysis
presented here. Specifically, we compared three sheets with ink of lot Y and three sheets
with ink of lot Z. Both used the same roll of tape and covered the print level range from
G223 to G00 (lightest to darkest used). We also compared two different ink lots (X and Z)
on different printers (#VI-B, lot X and #VI-C using ink lot Z), which included four sheets
and two different tape rolls (two sheets each) using printer #VI-B and four sheets using
two different tape rolls (two sheets each) using printer #VI-C. One tape roll overlapped
both printers; different sheets of the same ink lot were averaged within an ink lot. This
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comparison included only the lightest three print levels (G223, G173, and G127). All
comparisons were conducted at the 880 nm and 370 nm wavelengths. Results from each
set of comparisons are presented in Table 2. Use of different ink lots appears to make
little difference since similar results were observed when different printers and different
filter tape rolls were used and compared on a relative basis used since ATN varied with
print level. The largest difference (15% relative difference) between different ink lots was
observed at the lightest print level (G223, ATN ~ 5) versus all other print levels (average
approximately 5% relative difference) when the same printer and print roll were used.
No difference was observed between print levels when different printers and filter tapes
were used (average relative difference ~4% at 880 nm and ~7% at 370 nm). This suggests
that different printers and or different tape rolls influence results more than the ink lot;
differences in all cases were small and less than 7% on average. Overall, these results
further illustrate the potential for this method to be used as a validation/reference material
for comparison of filter-based measurements of carbonaceous aerosols.

Table 2. Influence of using different ink lots with the same printer and same filter tape and different
ink lots with different printers and different tape rolls.

IR ABS% Rel. Diff Slope Intercept R2

Printer #VI-C, G123–G00, Three
Sheets, Ink Lots Y and Z, Same

tape roll
6.10 1.04 0.50 0.9999

Printer #VI-B and #VI-C, G223, G173,
G127, Four Sheets, Ink Lots X and Z,
Three Rolls as described in the text

4.40 1.03 0.23 0.9999

UV ABS% Rel. Diff Slope Intercept R2

Printer #VI-C, G123–G00, Three
Sheets, Ink Lots Y and Z, Same

tape roll
6.40 1.05 0.70 0.9999

Printer #VI-B and #VI-C, G223, G173,
G127, Four Sheet, Ink Lots X and Z,
Three Rolls as described in the text

7.10 1.06 0.27 0.9998

3.2. Quantifying Carbonaceous Content of Ink Deposited onto Filters as Mass (µg/cm2) of
Inorganic (EC) and Organic (OC) Carbon

The amount of ink deposited at each print level using inkjet printer #VI was quantified
as EC and OC by printing onto QFF and analyzing the samples by TOA (69). The average
EC, OC, and TC mass (µg/cm2) at each print level is shown in Figure 3 along with results
of the linear regression analysis. Results are shown for the full possible range of print
densities from the lightest print level (G223, ATN 5.6 at 880 nm) to the darkest print level
possible by the printer–software combination (single printing) (G00, ATN 230 at 880 nm).
Optical attenuation at 370 nm was slightly higher (5.9 and 152 ATN, respectively). Error
bars are one standard deviation of the 11 samples analyzed at each print level. Print level
was used as the identifying metric since ATN varied by filter tape roll (Table 1), but was
consistent across a filter tape roll after blank correction at either wavelength, i.e., within-roll
precision was less than 3% except at G223 (lightest print density) where it was less than
12%. The EC and OC content (in µg/cm2) measured on the QFFs, using software print
levels G223–G70, is highly linear with a coefficient of determination (R2) of 0.988 for EC
and 0.987 for OC. The relationship becomes slightly less linear when including print levels
G40 and G00, the two darkest print densities. When G40 is included, R2 is reduced slightly
to 0.930 and 0.980 (EC and OC, respectively) and slightly further reduced when G00 is
included (0.863 and 0.831, respectively, Figure 3). These results suggest that when using
the ink associated with inkjet printer #VI, the print density at G70 or slightly above, might
be the linear limit (~115 ATN) of the method. At the G40 print level, the optical attenuation
through the filter was 133 ATN and 151 ATN (880 nm and 370 nm, respectively); the
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optical attenuation at G00 is approximately 230 ATN and 244 ATN (870 nm and 370 nm,
respectively). Total carbon results are similar with R2 of 0.989 (Figure 3), 0.942 (G223–G40),
and 0.847 (G223–G70) (G223–G00).
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Figure 3. Ink deposited onto QFF filters at specified print levels onto Aethalometer filters and other substrates to quantify
the carbon black as EC and total organic carbon as OC i. Print levels are arbitrary units as defined by the software program
and described in the text. Ink was printed onto the QFF filters using inkjet printer #VI and Photoshop software. EC and OC
analysis was performed by the ACE-Asia protocol [69]. TC is the arithmetic sum of EC and OC. Error bars are 1 standard
deviation of the mean. The y-axis is in log scale.

Four filters had 6 random replicate 1 cm2 punches analyzed by TOA to obtain a more
thorough estimate of variability of printing across QFF and, thus, other substrates. The
mean loading was 21.1 ± 3.1 µg/cm2 for EC and 53.5 ± 4.7 µg/cm2 for OC. The standard
deviation of the analysis of the six punches from each of the four filters ranged from 1.3
to 3.2 µg/cm2 for EC and from 1.6 to 2.8 µg/cm2 for OC. In general, the relative standard
deviation was less than 10%. These results indicate that while the filter deposits onto
QFF may appear uneven to the human eye (Figure 1), the ink deposits are actually fairly
uniform at the analytical scale.

An example of the relationship between ATN measured on one of the Aethalometer
tape rolls (#16) and EC or OC mass loading (µg/cm2) as measured on QFF (n = 11 sets) is
shown in Figure 4 and Figure S3, respectively. The association is a highly linear for each of
the four filter tape rolls (15–18) tested versus TOA, with coefficients of determination (R2)
greater than 0.991 for EC and approximately 0.968 for OC. In these figures, reproducibility



Metrology 2021, 1 154

is expressed as 1 standard deviation of the average at each print level (G223–G70) for both
ATN and for EC or OC mass loadings. For optical attenuation, as seen in the figures and as
noted above, excellent precision was observed within a filter tape roll. The variability, as
standard deviation, of EC and OC across the 11 filters at the same print level ranged from
0.26 to 2.2 µg/cm2 for EC and 1.0 to 5.6 µg/cm2 for OC. The relative standard deviation
for EC and OC was less than 5%, except at the lowest print level (<14% at G223).
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Figure 4. Comparison of optical attenuation measured on Aethalometer tape roll #16 and EC mass loading (µg/cm2)
measured on QFF (n = 11 sets). Error bars are ± 1 standard deviation of either the ATN across all sets for roll 16 at each
print level (G123–G70) (y-axis) or EC mass loading (x-axis) measured at each print level. Results for OC are presented in
Figure S3.

A linear relationship (R2 = 0.958) also was observed between ATN measured on QFFs
(x-axis) and EC mass loading (µg/cm2) (y-axis) (n = 11) (Figure 5a). Similar results were
observed for OC (R2 = 0.918) (Figure 5b) and TC (R2 = 0.893 at 880 nm and 0.956 at 370 nm)
(Figure S4). Each sample set included print levels G223 (lightest print density) to G00
(darkest print density). The precision of triplicate measurements as relative standard
deviation of ATN for EC, OC, and TC mass loadings (µg/cm2) are also plotted in these
figures. At 880 nm and 370 nm, the precision, based on the standard deviation of triplicate
ATN measurements of the QFFs with ink deposited, is better than approximately 10%
at all optical attenuations measured. Precision, also based on the standard deviation
of triplicate EC and OC mass measurements on the QFFs, is better than approximately
10% for samples with optical attenuation greater than 40 ATN for EC (mass loading of
approximately 5 µg EC/cm2) and 25 ATN for OC.
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Figure 5. Comparison of ATN measured on the same QFF filters at (a) 880 nm to EC and (b) 370 nm to OC measured by
TOA as a validation/reference material for comparison of filter-based methods that measure BC at 880 nm or BrC at 370 nm.
Ink was printed onto QFF filters using inkjet printer #VI and Photoshop software. EC and OC analysis was performed by
the ACE-Asia protocol [69]. Error in measurements is less than (lower ATN values) or approximately equal to the size of the
data point (higher ATN values). Total carbon results are presented in Figure S4.

Comparison of EC and OC loadings to optical attenuation measured on both Aethalome-
ter tape and QFF substrates clearly indicates that this simple method can provide excellent
reproducibility for the measurement of optical attenuation, even on QFF, and may be
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a practical approach as a validation/reference material for comparison of methods that
measure EC, OC, and TC by TOA, or TC by total combustion analysis.

3.3. Other Substrates

To evaluate the versatility of the method, ink was deposited onto different substrates
that included (1) three types of Teflon (PTFE), (2) cellulose, and (3) polypropylene materials,
in addition to quartz-fiber and PTFE-coated glass-fiber filters. The footnotes in Table 3
provide additional information about these substrates. Seven print levels (G223 to G40)
and a field blank were included with each set and optical attenuation was measured at 880
and 370 nm for each sample as described previously. The mean ATN, standard deviation,
and range of the optical attenuation measured on each substrate at print level G70 at both
880 nm and 370 nm is given in Table 3. The mean ATN and standard deviation for all
substrates by print level are given in Figure S5a,b at 880 nm and 370 nm, respectively.
Data are tabulated according to print level since the measurement of optical attenuation
through a filter containing ink depends on the nature of the substrate. Despite the visually
uneven appearance of the ink deposited onto Teflon filters (Figure 1), ATN measured on
the printed Teflon filter with ring support showed excellent reproducibility (SD < 0.55), a
COV of less than 1.2% of the mean, and an ATN range of 1.0 (2.5% of mean) (Table 3). This
implies that the ink deposits are actually fairly uniform when measured at the macro-scale
of 15 mm in diameter, which is appropriate for these methods. The variability of field
blanks values also was very low (<0.15 at 880 nm and <0.5 at 370 nm) for all Teflon type
substrates (Table 3). Similar results were observed at 370 nm. Reproducibility was not as
good for Zefluor and TF-1000, likely due to the mechanical difficulties in handling these
materials. These results indicate that the “ringed Teflon filter” as used in the US EPA’s
National Monitoring Network and IMPROVE programs can be printed on and used as a
possible validation/reference material for comparison of methods that measure optical
attenuation at both 880 nm and 370 nm using these filter materials.

Polypropylene and cellulose were also evaluated as substrates. The results are shown
in Table 3 and were similar to those for the ringed Teflon filters. The measured ATN for
cellulose, at 880 nm and the same print level, was twice as high as polypropylene (65 ATN
vs. 122 ATN; n = 2) indicating the difference in the optical structure of the filters. Similar
results were observed at 370 nm. Optical attenuation through printed cellulose at either
wavelength was highly reproducible (SD < 1% of the mean ATN); polypropylene less
reproducible (SD < 9% of the mean ATN). Ink deposited onto cellulose appears to have
uniform coverage with excellent results for reproducibility and range (two samples), both
less than 1% relative to the mean ATN and at either wavelength. Polypropylene appears
to have nonuniform coverage (Figure 1), yet reproducibility and range are both less than
7% relative to the mean ATN at 880 nm and less than 12% at 370 nm. Again, the ink
deposits are actually fairly uniform when measured at the macro-scale. Although ATN
was only measured on two sets of samples for each filter substrate, these results suggest
the method provides reproducible results when using different substrate materials. QFFs
had the highest variability (n = 11) among all the substrates tested but still better than
15% (SD/average ATN) (Table 3). These results show the flexibility of this simple and
reproducible method.
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Table 3. Variability of optical attenuation (ATN) measured at 880 nm and 370 nm on various substrates
using inkjet printer #VI and Adobe Photoshop. Results are presented for print level G70. Mean and
standard deviation are presented in Figure S5a and Figure S5b for all print levels (G223–G40).

Substrate Mean SD a Range n b Blank,
Mean ± SD (Range)

− 880 nm −

AE33 c (Roll 16 d) 101.1 2.27 6.58 23 −0.07 ± 0.39 (1.59)

QFF e 110.3 10.9 32.5 11 2.15 ± 2.42 (8.79)

PTFE with support ring f 38.4 0.43 1.02 4 −0.14 ± 1.05 (2.43)

Zefluor g 43.9 5.71 13.4 4 −0.02 ± 0.19 (0.46)

Teflon (TF-1000) h 51.5 4.84 10.2 4 0.10 ± 0.13 (0.30)

Polypropylene i 64.8 3.16 4.46 2 0.16 ± 0.27 (0.38)

Cellulose j 121.8 0.48 0.68 2 0.70 ± 0.31 (0.44)

− 370 nm −

AE33 c (Roll 16 d) 84. 7 2.51 9.40 23 0.20 ± 0.27 (1.01)

QFF e 118.3 14.4 40.9 10 4.34 ± 2.76 (8.87)

PTFE with support ring f 38.4 0.54 1.22 4 −0.44 ± 1.06 (2.49)

Zefluor g 45.2 6.13 14.4 4 0.52 ± 0.56 (1.20)

Teflon (TF-1000) h 55.7 6.01 12.9 4 0.46 ± 1.38 (3.05)

Polypropylene i 71.3 6.02 8.51 2 0.22 ± 0.04 (0.06)

Cellulose j 147.9 1.22 1.72 2 0.60 ± 0.49 (0.69)
a.Precision as standard deviation of the mean. b. n = number of samples. c. Aethalometer tape, part No. 8050,
3.0 cm × 1000 cm, Magee Scientific Corporation, Berkeley, CA. d. Roll 16 is given as an example. Table 1 provides
data for other Aethalometer tape rolls used in this analysis. e. Quartz-fiber filters, part No. 2500 QAT-UP, Pall®

Tissuquartz, Pall Corporation, Port Washington, New York. f. PTFE with support ring, 47 mm in diameter,
2 µm pore size, part No. PT47AN, Measurement Technology Laboratory, Minneapolis, MN. g. Zefluor, PTFE
with PTFE backing, 37 mm in diameter, 2 µm pore size, part No. P5PJ037, Pall Corporation, Port Washington,
New York. Limited data for Zefluor, since the backing pulled away from the top Teflon sheet when the tape was
removed from the filter to remove the filter from the paper. h. PTFE, TF-1000, 37 mm, 1.0 µm, part No. 66159,
Pall Corporation, Port Washington, New York. i. Polypropylene, 25 mm in diameter, part No. 225-2901, SKC Inc.,
Eighty-Four, PA; used as a diffuser in the OT21. j. Cellulose, 47 mm in diameter, part no. 225-2903, SKC Inc.,
Eighty-Four, PA.

3.4. Round Robin

Optical attenuation at 880 nm and 370 nm, measured by each participating laboratory
and the reference laboratory in the round robin study, is presented in Figure 6a,b. Optical
attenuation ranged from approximately 6 to 140 ATN at 880 nm and from approximately 6
to 160 ATN at 370 nm. Variability among the 5 groups, presented as standard deviation,
is less than 2.1 ATN and 2.7 ATN at 880 nm and 370 nm, respectively. On a relative basis
(SD/mean), the variability at the darkest print level was approximately 1.5% and at the
lightest print level was less than 9%. Figure 6a,b also shows the range of the average
attenuation measured among each of the 5 groups at each print level. The full range is
given since the individual values for all filters measured at a given print level vary slightly
more than the standard deviation of the average, providing the maximum variation that
might be expected when comparing two or more instruments or methods. Nonetheless,
the range varies from approximately 1 to 4.7 ATN at 880 nm and from 1.5 to 5.5 ATN
at 370 nm, from the lightest (ATN ~6 at both wavelengths) to the darkest (ATN ~140 or
160) print levels or approximately from 25% to 3%, respectively. These results indicate the
excellent agreement among the five groups and the reproducibility of this simple method
for validating and providing a reference material for filter-based absorption measurements.
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Figure 6. Comparison of mean optical attenuation measured by the reference laboratory and each
group participating in the round robin. Results are for AE33 Aethalometer roll filter tape samples
with ink deposited at seven print levels and a field blank. A laboratory blank was also included
and measured only by the reference laboratory to evaluate the possibility of contamination during
shipping and while in individual laboratories. All printed filters were adjusted for the sample blank
(clean filter before printing) and the field blank (after passing through the printer but ink was not
intentionally deposited onto it; the field blank was associated with that specific set of seven printed
filters). The field blanks were sample blank corrected. The reference laboratory average is the average
of the four separate and independent filter sets sent to the participating groups and measured prior
to shipping. Range (rightmost [black] bar at each print level) is the difference between the average
maximum and minimum values measured among the five groups, including the reference laboratory
average. Values above the bars represent one standard deviation at each print level for the four
participating laboratories and the average of the four sets of measurements by the reference laboratory.
(a) analysis at 880 nm; (b) analysis at 370 nm.

3.5. Quality Assurance for Round Robin

As described above, optical absorption was measured by the reference laboratory on
blank and printed filters before and after measurements by the participating laboratories
to help ensure the quality of the data and evaluate possible sample contamination during
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shipping or while in the participants’ or reference laboratories. Three scenarios can be
considered when looking at possible variations in optical attenuation when samples are
sent from and received back by the reference laboratory. (1) Optical attenuation on printed
roll filter tape is measured only by the reference laboratory before and after the participant’s
ATN measurements. (2) Optical attenuation on printed roll filter tape is measured by the
reference laboratory prior to shipping to the participants and is then compared to ATN
measured by the participants. (3) Optical attenuation on printed roll filter tape is measured
by the reference laboratory after the participant groups’ measurements and is compared
to ATN measured by the participants. The average difference in optical absorption for all
three scenarios ranges from approximately 1.2 ATN to approximately 1.7 ATN at 880 nm
and 370 nm, respectively, indicating that the samples were not altered due to shipping
or being handled in the participants’ or reference laboratories. Field blanks were low
(<0.7 ATN at 880 nm; <1.4 ATN at 370 nm) indicating minimal to no contamination due to
printing, shipping, or during analysis. Results are summarized in Table S6.

3.6. Long-Term Storage Study

Re-analysis of samples was typically performed after relatively short periods of stor-
age, approximately a month or less to evaluate the short-term stability of the filters and
as part of our quality assurance process. Short-term storage results, when printing onto
filter tape using inkjet printer #I and then stored in folders, showed little difference (initial
minus final: <1.4 ATN at either wavelength) across the three print densities tested (ATN
ranging from ~27 to 70 at 880 nm; ~47 to 98 at 370 nm) with the largest relative difference
at the lowest print density (3.7% at 880 nm). However, it is also important to evaluate the
long-term stability for the purpose of using these samples as validation/reference materials
for comparison of methods that measure optical attenuation and ensuring the samples are
stored in the best possible manner. Samples printed onto filter tape with inkjet printer #VI
and stored in folders at room temperature for up to 5–7 months with no protection had
differences (initial minus final) in ATN at 880 nm in the range from 1.0 to 5.9 ATN (average
2.7 ATN) with the largest difference in measured ATN at the darkest print density (133 ATN
at 880 nm). On a relative basis, the largest difference, up to 20%, was observed at the lowest
print density (ATN of 5.2, difference of 1 ATN) at 880 nm. Examination of the inside of one
or two folders, when using printer #VI and at higher print densities, suggested that there
was a possible loss of ink onto the inside of the folder, consistent with the observed positive
difference (initial–final). This prompted the use of petri dishes to store filters. Samples
printed with inkjet printer #VI and stored in petri dishes for between 14 and 15 months at
room temperature showed essentially no difference at either wavelength (<2%) at all but
the lowest print density, where a 3% (0.2 ATN) and 17% (1.1 ATN) difference was observed
at 880 nm and 370 nm, respectively.

3.7. Chemical Analysis of the Inkjet Printer #VI Ink

The data sheet for the ink used in inkjet printer #VI indicates that it is a pigment-
based black ink composed of proprietary organic material (e.g., oxygenated water-soluble
solvents) (15–20%); glycerols (5–10%); carbon black (5–10%); triethylene glycol monobutyl
ether (TEGBE, 1–5%); and water (65–70%), where the percentages are shown by weight.
Carbon black is frequently the preferred pigment for black ink [47,53,54,70].

The ink was analyzed for its EC and OC content by TOA [69] to determine the per-
centages of carbon black and organic carbon, respectively. We did not assume a conversion
from carbon measured by TOA to organic material since the water-soluble organics in
the pigment ink are proprietary. Based on potential compounds listed in [47], agreement
to within a factor of two might be reasonable. Additionally, the ink was analyzed by
sector-field-inductively coupled plasma mass spectrometer (SF-ICPMS) after microwave
digestion for trace elements. Footnotes to Table S7 provide additional details regarding the
chemical analysis of the ink. Standard quality assurance/quality control procedures were
followed by the analysis laboratory (Wisconsin State Laboratory of Hygiene, Madison, WI,
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USA) for both carbon and trace element analysis. Aliquots of ink were weighed prior to
either set of analyses.

The carbon black as measured by TOA comprises 3.4% by weight of the ink used
in this method, whereas the specifications for the ink indicate a carbon black content of
between 5 and 10% by weight. The difference between the manufacturer’s specifications
of the carbon black content of the ink versus our estimate is likely based on a direct
gravimetric measurement of carbon black powder by the manufacturer that includes other
components (organic species, trace element compounds, water) vs. our measurement as
EC by TOA. While we realize that carbon black, BC, and EC are not the same [71], for
purpose of methods comparisons, carbon black is a suitable alternative, especially given to
the simplicity of the method proposed. Organic carbon comprises 15.3% by weight of the
ink used in this method. A comparison of the organic fraction in the ink based on the data
sheet to the OC measured by TOA could not be made since the organic compounds used
in the ink are proprietary.

Fifty-one elements were measured by SF-ICPMS and comprised just over 0.127%
of the mass of the sample analyzed. Potassium was the most abundant element in the
ink (~0.117 ± 0.010% by weight) followed by Ca and Na. The ten highest concentration
(ng/mL) elements are listed Table S7 Potassium (as KOH), Na (as NaOH), and Li (as
LiOH) are used in some pigmented inks as pH adjusting agents to neutralize acidic organic
polymers used in formulating the ink (e.g., [72,73]; additionally, the inks exhibit greatly
extended latency [73] when some or all of these elements are present. Trace element
analysis was conducted primarily since some elemental oxides can impact the split of the
OC/EC method as noted earlier. The low concentration of those elements is likely to have
very little impact on the OC/EC split.

4. Conclusions

A simple and reproducible method has been developed and evaluated that provides
validation/reference materials for the comparison of filter-based measurement methods
of optical attenuation at 880 nm and 370 nm as well as for methods that measure of EC,
OC, and TC content by thermal and thermal-optical analysis methods. Laser jet printers
failed to meet our requirements for reproducibility, but we identified an inkjet printer
that provided excellent results when depositing its ink onto different materials at various
user defined print densities. Samples were simply taped to paper and passed through the
printer in the normal manner and ATN was measured on each filter in triplicate before and
after printing.

An extensive set of experiments was conducted to validate the method for optical
attenuation at 880 nm and 370 nm. Printing with the chosen printer was applied to
a range of different substrates that included Teflon-coated glass-fiber filter material as
used in the Aethalometer; quartz-fiber filters (QFF); and Teflon including “ringed Teflon”,
“Zefluor”, and “TF-1000”. The flexibility of the method was further tested by printing onto
polypropylene and cellulose disks. The variability as the COV for each Aethalometer tape
roll and print level (G173–G40, see Table 1) was less than 5% at both 880 nm and 370 nm.
At the lowest print level (G223; 880 nm ATN ~6), it was normally less than 15%.

The carbonaceous content of the ink deposit was quantified on QFF material by TOA,
yielding mass loadings (µg/cm2 of filter) for EC, OC, and TC. Mass loadings by print
density (labeled as print level) were compared to the optical attenuation obtained on each
QFF. Linear relationships (n = 87, R2 ~ 0.96 at 880 nm and ~0.92 at 370 nm) were observed
between optical attenuation on QFF and the amount of EC or OC measured by TOA. Slopes
and intercepts for ATN as measured on QFF (x-axis) and OC and EC (y-axis) were similar
and around 0.24–0.29 and −4.2 and −4.0 ATN, respectively. Similar results were observed
for TC.

The carbonaceous content of ink deposited on QFF also was compared to ATN mea-
sured on Aethalometer filter tape across the full range of print levels. Results were highly
linear for EC and OC (R2 > 0.97 at either wavelength) for print levels up to G70. This
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may allow the mass of BC (measured at 880 nm) and BrC (increment in ATN measured
at 370 nm) to be quantified, within the uncertainty of the method, on different substrates
relative to the TOA method used here, including, for example, Aethalometer tape and
Teflon filters.

A round robin employing four independent laboratories was conducted in comparison
to the reference laboratory. Each laboratory volunteered their time to evaluate 3 sets of
filters where each set consisted of roll filter material printed at seven print levels, a field
blank, and laboratory blank (27 filters in total, each measured in triplicate). Extensive
quality assurance was conducted to ensure the quality of results. The standard deviation
at print level G70 (ATN ~93 and 106 at 880 nm and 370 nm, respectively) across the four
participating groups and the reference laboratory was 1.3 ATN and 1.5 ATN, respectively,
representing a COV of approximately 1.4% relative to the reference laboratory. These
remarkably consistent results clearly indicate the viability of this simple as a reproducible
method to produce validation/reference materials for the comparison of methods that
measure optical attenuation at 880 nm and 370 nm for methods that estimate BC and BrC
on filters. The consistency of the method to deposit ink on QFF also suggests that this
method may be viable to create a validation/reference material for comparison of thermal
and thermal-optical methods that measure OC and EC on QFF filters and total combustion
methods that measure TC on QFF samples. This method may ultimately provide a means
of relating the various filter-based optical attenuation methods, as a method to evaluate
the split point and linearity of OC and EC by thermal and thermal-optical methods, and a
possible calibration standard for TC by total combustion analysis.

Future efforts will include validating the methods at other wavelengths as used in
various filter-based optical attenuation methods; and to independently quantify the amount
of carbon black in the ink through chemical and gravimetric analysis, with the objective of
providing a calibration standard for filter-based methods that measure BC, BrC, EC, OC,
and TC.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/metrology1020010/s1: Figure S1: Comparison of optical attenuation measured at 6 print
levels using different software programs—Adobe Photoshop (P) and Microsoft Word (W). Figure S2:
Comparison of the thermal-optical analysis results using the software-chosen split time (variable)
versus using a fixed split time of 480 s for (a) EC and (b) OC analysis. Figure S3: Comparison
of optical attenuation measured at 370 nm on Aethalometer tape roll #16 and OC mass loading
(µg/cm2) measured on QFF (n = 11 sets). Figure S4: Comparison of TC to ATN measured on QFF
at 880 nm and 370 nm as a validation/reference material for comparison of filter-based methods
that measure TC. Figure S5: Relationship between ATN at (a) 880 nm and (b) 370 nm on various
substrates and print levels (arbitrary units based on the printer-software combination) using inkjet
printer #VI and Adobe Photoshop. Table S1: Variability of optical attenuation (ATN) measured at
880 nm and 370 nm through blank paper across multiple reams and boxes as indicated. Table S2:
Variability of optical attenuation (ATN) measured at 880 nm and 370 nm through printed paper
when laser jet toner, associated with different laser jet printers, at one print level was deposited onto
the paper samples. Results are for multiple (n) sheets of printed paper and may be from sheets in
multiple reams and boxes as indicated. Table S3: Variability of optical attenuation (ATN) measured
at 880 nm and 370 nm through printed Aethalometer filter tape, when laser jet toner at one print
level was deposited onto the filter tape samples using different laser jet printers. Table S4: Inkjet
printer specifications. Table S5: Variability of optical attenuation (ATN) measured at 880 nm and
370 nm through printed Aethalometer filter tape using inkjet printers to deposit ink onto the filter
tape samples at set print densities. Table S6: Results from round robin quality assurance at 7 print
levels. Table S7: Chemical composition of ink used in inkjet printer #VI.
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