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Abstract. Combusting hydrogen alongside carbon-based fuels has been proposed to reduce CO2 emissions and combat climate
change. However, combustion-generated aerosol particles can also cause a significant radiative forcing on climate. Since
addition of novel fuels alters the combustion process, it also influences particle formation inside the fame and consequently
the properties of the emitted aerosols. To investigate this, combustion-generated particles from various ethylene/hydrogen
mixtures are sampled in the post-flame regime. The size distribution and light absorption properties of the particles are
measured using a scanning mobility particle sizer (SMPS) and a multi-wavelength aethalometer. In addition, the particles are
sampled on quartz-fiber filters and the mass concentrations of organic, elemental and total carbon (OC, EC, and TC) are
measured using a thermo-optical OC-EC analyzer. The geometric mean diameter of the emitted particles decreased from 300
nm down to 150 nm upon increasing the hydrogen mole fraction in the fuel from 0% to 50%, while the EC/TC fraction
decreased from 70% to 35%. The light absorption of methanol-dissolved OC were measured using UV-vis analysis, showing
no dependence on flame parameters or fuel composition, and no significant light absorption at wavelengths larger than 500
nm. For combustion-generated particles, the mass absorption cross section ¢ of the total carbonaceous aerosol (i.e. the
absorption coefficient normalized to TC mass concentration) is reported as a function of EC/TC ratio at wavelengths of 370,
590 and 880 nm. At a wavelength of 880 nm, ¢ is slightly higher than expected of an external mixture of OC and EC, indicating
some absorption enhancement due to OC coating. At wavelengths of 590 and 370 nm, o is much higher than that expected for
a mixture of colorless OC and EC and this enhancement is attributed to light absorbing non-refractory species, also called
brown carbon (BrC). The absorption Angstrém exponent (370 - 660 nm) increased from 1.3 up to 3.8 with increasing hydrogen
mole fraction in the fuel, especially at lower flame temperatures, indicating an increasing contribution of BrC to the light
absorption of the emitted particles. It is concluded that BrC is a precursor to EC during particle formation, in line with the

existing literature, and that it matures less efficiently into EC in the hydrogen containing flame.
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1 Introduction

The urgent need to mitigate climate change is leading to a transition towards carbon-free or low-carbon fuels. Novel fuels such
as hydrogen, methanol or ammonia offer promising alternatives to the current fossil fuels by lowering the carbon footprint
(Garcia et al., 2024; Giilder et al., 1996; Hui et al., 2023; Khanehzar et al., 2022; Liu et al., 2021; Montgomery et al., 2021;
Ren et al., 2022; Wu et al., 2024; Yan et al., 2019). Mixing these novel fuels with conventional carbon-holding fuels can be
regarded as a first step, as this approach could utilize the advantages of both fuel types. Co-combusting traditional and carbon-
free fuels could facilitate a smooth transition from the current carbon-based energy infrastructure towards a more sustainable
future, while maintaining the current energy output.

Carbonaceous aerosols emitted by combusting fossil fuels can have a significant warming effect on the climate (IPCC, 2023).
Their radiative forcing depends on their optical properties, which are determined by e.g., particle size, shape, mixing state and
chemical composition, in particular the relative contribution of organic carbon (OC) and elemental carbon (EC) to the total
carbon content of the particle (Myhre et al., 2013). It is therefore crucial to understand how particle properties change, when
novel fuels are mixed with conventional fuels. Classification of carbonaceous aerosol according to optical properties usually
distinguishes black carbon (BC), colored carbon (also referred to as brown carbon, BrC) and colorless OC (Poschl, 2005). The
term BC is sometimes used as synonymous to EC, however the latter term is defined according to thermo-chemical properties
instead of optical properties. BC has an imaginary refractive index independent of wavelength, and therefore it strongly warms
the climate through efficient light absorption in a broad range of wavelengths (Bond et al., 2013; Bond and Bergstrom, 2006).
BrC is classified as carbonaceous material that absorbs light in near-UV and some visible wavelengths, but not in the infrared
region (Andreae and Gelencser, 2006). Due to its diversity, BrC can be further divided into subclasses based on specific optical
properties (Saleh, 2020; Saleh et al., 2018). While BrC may also contribute to global warming, its overall effect remains
uncertain (Kumar et al., 2018; Saleh, 2020). However, OC as a whole (including BrC) exerts a net cooling effect through
scattering of sunlight and aerosol—cloud interactions (IPCC, 2023; Myhre et al., 2013).

EC and BrC contained in primary combustion emissions are produced inside flames, where carbonaceous radicals drive the
formation and growth of polycyclic aromatic hydrocarbons (PAHs), which subsequently nucleate into particulate matter of
complex and amorphous character (Jin et al., 2021; Xi et al., 2021). In the high-temperature region of the flame, the C/H ratio
of these nascent particles increases as a result of de-hydrogenation, creating the turbostatic graphitic layers associated with BC
particles. With increasing residence time in the flame, these primary particles agglomerate to fractal-shaped bigger particles.
These matured particles exit the flame as a complex mixture of particulates consisting of both OC and EC. The emitted OC
can be attributed to remaining precursors to EC (Malmborg et al., 2017; Maricq, 2014; Saleh et al., 2018; Torok et al., 2018),
for example not fully matured particles that escaped the flame before undergoing the complete de-hydrogenation. Their higher
hydrogen content and less graphitic structure increase the likelihood that they are therefore classified as OC by e.g. thermal-
optical analysis. Next to immature particulates, emitted VOCs such as PAH can condense on the particles in the cooler regions

on the flame or in the post-flame regime, creating a coating on the particle. Condensed organic gases decrease the EC/TC ratio
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and contribute to the compaction of particles from a fractal to a more spherical morphology (Corbin et al., 2023). In the post-
flame regime OC and EC can therefore be both internally and externally mixed, where external mixing refers to OC and EC
as separate particles whereas the term internal mixing is used when one particle contains both compounds. Internal mixing can
theoretically range from a homogeneous mixture of OC and EC to a so-called coated particle, where an EC core is coated with
OC (Bond and Bergstrom, 2006; Lack and Langridge, 2013; Martins et al., 1998; Zhang et al., 2016). In combustion-generated
particles, coated particles are a commonly observed phenomenon and the light absorption of the EC core can be increased by
the coating, even if OC itself does not absorb any light, referred to as the lensing effect (Martins et al., 1998; Zhang et al.,
2016; Zhao et al., 2021).

Various studies showed that aerosol properties of the combustion-generated particles depend upon flame temperature, fuel
composition and equivalence (fuel to air) ratio. For example, a change towards smaller particle size distributions is reported
when the propane fuel has been diluted by various amounts of nitrogen (Maricq, 2014). Furthermore, particles with decreasing
EC/TC fractions and stronger relative near-UV light absorption are reported when increasing the equivalence ratio of toluene
and benzene flames at various temperatures (Cheng et al., 2019). Therefore, it is crucial to know what effect co-combustion
of novel fuels with conventional carbon-containing fuels will have on the properties of combustion-generated particles. This
study will focus on hydrogen as a novel fuel.

Previous studies have shown that the total mass or number concentration of the emitted particles is reduced as a result of
hydrogen addition to various ethylene flames (Garcia et al., 2024; Giilder et al., 1996; Khanehzar et al., 2022; Wu et al., 2024).
However, the change in particle properties upon adding hydrogen to ethylene flames has been less investigated. Therefore, the
present study focuses on the properties of combustion-generated particles in hydrogen/ethylene mixtures, where ethylene is
chosen for its particle formation potential, while hydrogen serves as a novel fuel. The change of physical and optical aerosol
properties are investigated as a function of hydrogen fraction in the fuel and flame temperature. The generated particles are
sampled on two different positions above the flame, creating an insight in the change in particle properties during the post-

flame regime. Additionally, the relationship between optical properties and EC/TC of the generated particles is investigated.
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2 Methods

2.1 Experimental setup
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Figure 1: Schematic representation of experimental setup. A stable flow of gases is set using mass flow controllers (MFC), after
which the gases mix and enter the McKenna burner. The combustion-generated particles are sampled and diluted in the aerosol
inlet. AE43 aethalometer and SMPS are attached to the sample line. The dashed boxes represent the 2 different positions where the
filter sampler was placed. In position A, the particles are sampled in the hot flue gases above the flame. In position B, the sample is

first diluted and cooled down to room temperature before the particles are sampled.

The experimental setup is shown in Fig. 1. The premixed, flat, one-dimensional flames are produced using a water-cooled
McKenna burner with a diameter of 60 mm (Senser et al., 1985). The air, hydrogen and ethylene flows are set individually by
mass flow controllers (Bronkhorst Inc.) and subsequently mixed before entering the burner. After passing through the porous
bronze plate, the homogeneous gas flow is ignited, forming a burner-stabilized one-dimensional flame. The position of the
flame front relative to the burner head determines the flame temperature; at the closer positions heat losses are higher and thus
the flame temperature is lower.

Under stationary conditions, the exit velocity, vexit, should be equal to the propagation velocity of the flame front (burning
velocity). Because the burning velocity depends upon the flame temperature (Warnatz et al., 2006), changing the exit velocity
of the unburned gas mixture results in moving the flame front closer or farther from the burner head. The flame front will move
to the position where the flame temperature balances the burning velocity equal to the exit velocity of the unburned gas mixture.

Thus, varying the cold gas velocity results in varying flame temperatures at fixed equivalence ratio.



105

110

115

120

125

130

135

Preprint. Discussion started: 2 June 2026
(© Author(s) 2026. CC BY 4.0 License.

https://doi.org/10.5194/ar-2026-21 ( '. A E R O S O L
Res ch

To prevent mixing with surrounding air and keeping a uniform equivalence (fuel to air) ratio ¢, a shroud of nitrogen gas is
formed around the porous plate, shielding the flame from the outside air. The overall reaction of combustion of

hydrogen/ethylene/air mixture can be presented by the following expression:
¢((1 —y)C,H, + sz) + (3 — 2.5¢)(0, + 3.78N,) — combustionproducts @)

where ¢ is the equivalence ratio (Warnatz et al., 2006) and v is the mole fraction of hydrogen in the fuel. At ¢ > 1 combustion
products can contain carbonaceous particles along with various gaseous species such as water, carbon oxides and
hydrocarbons. The parameters y and ¢ are determined from the measured mass flow rates of ethylene, hydrogen and air using

the following relations

— FH,y
V= fHy+fcoH, 2)
@ = 4.78(3 — 2.57) “’Z;ﬂ 3)

where fu2, fcons and fair are volumetric flow rates of ethylene, hydrogen and air, respectively, expressed in standard liters per
minute (SLPM). In the present work ¢ is kept constant at 2.3 while v is varied in the range from 0 to 0.5. To vary the flame
temperature while keeping the same fuel composition, the exit velocity of the cold gas mixture is varied between 6 cm s and
10cm s,

Above the McKenna burner, a glass tube is placed to stabilize the exhaust flow while preventing mixing combustion products
with surrounding air. In the upper region of the glass tube, an aerosol sampling inlet and a filter sampler are positioned at a
height above the burner (HAB) of approximately 65 cm. The position of that filter sampler is called position A. The filter
sampler can also be connected to the sample line in position B.

The sampling inlet is placed in the center at the top of the glass tube. The sampled flow of flue gases is then further diluted
with nitrogen, with dilution factor around ~100. A Magee Scientific AE43 aethalometer, a Scanning Mobility Particle Sizer
(SMPS) and a filter sampler can be connected to the sample line.

The AE43 is a dual-spot acthalometer and is used to measure the light attenuation of aerosol deposited on a filter strip at 7-
wavelengths (370, 420, 520, 590, 660, 880 and 950 nm) with a time resolution of one minute. A nominal flow rate of 2 liters
per minute was used. After some measurement time, the acthalometer needs to advance the tape to start with a fresh filter spot,
at which point a new experiment was started. The filter loading effect is corrected by loading two filter spots at different flow
rates (Drinovec et al., 2015).

The device accounts for multiple scattering using a constant factor, Cscat, Which primarily depends on the filter material.
However, recent studies (Ferrero et al., 2024; Kalbermatter et al., 2022; Kumar et al., 2018; Yus-Diez et al., 2021) have shown

that the actual value of Cscat is often higher than the manual’s default value of 1.39. Several values for Csca are reported in the

5
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literature for a similar instrument (AE33), and the majority of the values are between 2 and 3, roughly double the manual's
default value. This implies that using the default value might overestimate the true absorption coefficient.

Moreover, Cscat is not strictly constant, as it can vary with both wavelength and the scattering properties of the sampled aerosol
(Ferrero et al., 2024; Yus-Diez et al., 2021). Higher values of Cscat are typically observed under atmospheric conditions for
particles with a single scattering albedo > 0.9, whereas combustion-generated particles typically have a much lower single
scattering albedo. Therefore, the wavelength dependence of Cscat is considered minimal for combustion aerosols (Corbin et al.,
2018; Kumar et al., 2018). Since the actual value of Cscat could not be determined in this study, the default value provided in
the manual is used. This may lead to a systematic overestimation of the absorption coefficient. However, because Cscat can be
regarded as a constant, the reported values at different hydrogen mole fractions remain comparable relative to each other.

A SMPS instrument developed by the Leibniz Institute for Tropospheric Research was used to measure particle size
distributions. The SMPS uses a Nickel-63 source as neutralizer, followed by a differential mobility analyzer (DMA, model
Vienna-DMA medium) and a condensation particle counter (CPC, model 3750 TSI). The DMA was operated using an aerosol
sample flow of 1 L min! and a sheath flow of 5 L min !, resulting in a measurement range of particle mobility diameters
between 8.7 and 835 nm. The raw data are inverted and corrected for multiple charges using a software package DMPS
Inversion, version 2.13 (Wiedensohler et al., 2012).

In sampling position A (~65 cm above the burner), a SKC single-stage personal modular impactor with a PM2.5 cut-off at a
constant flow of 4 L min 'was used to sample the combustion particles on a quartz filter with a diameter of 37 mm. A pump
is positioned after the filter sampler to provide a constant flow rate through the filter. Since some flames produced considerably
more particles than other flames, various flow rates (between 1 and 4 L min!) and sampling times (between 1 minute and 5
minutes) were used in order to collect a similar mass concentration of particles on the filters, within detection limits of the OC-
EC analyzer. The changes in cut-off diameter due to the changing sampling flow rate did not affect the results, as the particles
produced by the flame have sizes much smaller than 2.5 pm. The temperature of the filter sampler in position A was around
80 °C.

The flow rates and sampling times were increased when operating the filter sampler in position B, since the particle
concentration was significantly lower after dilution. The flow rate was increased to between 9 and 11 L min ™!, whereas the
sampling times were ranged from 15 to 75 minutes. The sampling was tied to a tape advancement of the aethalometer: When
the aethalometer changed the tape, the filter sampling was stopped immediately after.

Using a thermo-optical OC-EC analyzer (TOA model 5L, Sunset laboratory Inc.) OC, EC, and TC mass concentrations were
measured following the EUSAAR2 protocol (Cavalli et al., 2010). To correct for a positive sampling artifact by adsorption of
organic vapors, the filter sampler is equipped with a backup filter. The amount of OC on the backup filter is assumed to be
similar to the OC mass contributed by adsorbed organic gases on the Ist filter and therefore subtracted. This was only done
for filters in position B, as the carbon mass concentrations were significantly lower after dilution. Typical OC mass
concentrations on the backup filter were around 0.5 pg cm, whereas the OC mass concentration on the filter when the sampler

was deployed in position A was typically more than an order of magnitude higher, up to 20 pug cm? OC. In position B, the OC

6
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mass concentration on the filter did not exceed 5 pg cm™ and was typically around 3 pg cm™. Therefore, the backup filter was

deemed necessary for position B, while the correction was negligible in when operating the filter sampler in position A.

In addition, carbonaceous material from the filters in position A was dissolved in methanol and prepared for UV-vis

spectroscopy, using a spectrophotometer (model USB2000, Ocean Optics) paired with a 100 cm long detection cell.

2.2 Data Analysis

The following expression is used to calculate the absorption coefficient babs from the reported by the aethalometer mass

concentration of equivalent black carbon (eBC) Cenc :

babS(l)=CeBC'0AE43(l), “4)

where caga3 represents the mass absorption cross sections denoted in the manual and in (Drinovec et al., 2015; Weingartner et
al., 2003): 18.47, 14.54, 13.14, 11.58, 10.35, 7.77 and 7.19 m?g’!, at respectively wavelengths of 370, 420, 520, 590, 660, 880
and 950 nm.

The electrical mobility geometric mean diameter (dg) of the particle size distribution is determined as the mode of a Gaussian

fitto for every individual scan using the SMPS. For each set of flame parameters, several scans (n > 3) were conducted

dN
dlog(dp)
consecutively using the same conditions. After each batch of scans, the aerosol sampling inlet was flushed to prevent clogging,
after which the procedure was repeated. The whole procedure of at least 3 scans and flushing was repeated 3 to 5 times per
flame setting, resulting in at least 9 scans per flame setting. The reported geometric mean diameter (dg) represents the average
across all individual measurements, and the associated uncertainty is given as the standard deviation of those measurements.

The mass absorption cross section of the total carbonaceous aerosol is denoted by orc and calculated as:

bll S
orc(D) = b—w, %)

Crc

where babs(A) is the absorption coefficient as determined by Eq. (4) and Crc, is the mass concentration of total carbon in the
flue gas. Only TC values from sampler position B are used to calculate the orc, because the filter measurements at position A
were conducted under a different dilution factor compared to the optical measurements.

As carbonaceous aerosol is usually subdivided into OC and EC, the light absorption properties are also reported for OC and

EC separately. The mass absorption efficiency of the methanol extracted OC (denoted by odis) is calculated as follows:

babs,dis (/1)
Coc

0ais(A) = ) (6)
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where babs gis(A) represents the absorption coefficient of the methanol-dissolved organic material at each wavelength A and Coc
the mass concentration of OC defined as follows, determined by the sunset analyzer, assuming an extraction efficiency of 1,
based on previous work (Ni et al., 2021). Note that therefore babs.gis is normalized by OC mass, not by the total mass of organic
aerosol (OA).

At the two longest wavelengths of the aethalometer (A = 880 and 950 nm) the light absorption of OC is assumed to be

negligible, and the absorption coefficient was normalized by the EC mass concentration to yield okc:

babs,(1=880,950), (7)
CEC

OEC(1=880,950) =
where the babs is the absorption coefficient averaged over the sampling period (defined by the tape advance of the aethalometer)
at wavelength A = 880 and 950 nm and Ckc is the mass concentration of EC, determined from filter samples taken for the same
flame parameters.

The absorption Angstrém exponent (o) at the longest two wavelengths of the aethalometer (A = 880 and 950 nm) is calculated

as:

_ln<babs,ﬂ.=880)
babs,l=950

dggo-950 = wa (®)
950

The o for wavelengths between 370 nm and 660 nm (corresponding to the first 5 channels of the aethalometer) is also reported.
The absorption coefficients and wavelengths of the corresponding 5 channels are plotted on a log-log scale, after which a linear

regression is applied to this data. The slope of the regression line is reported as the a370-660.

2.3 1-D flame simulations

The flame temperatures as a function of flame height are determined by solving the conservation equations for 1-D flames
using the Cantera package (Goodwin et al., 2017). For chemical kinetics, the San Diego mechanism (University of California,
n.d.) is utilized. A mixture-averaged transport model (Kee et al., 1985) is used for calculation of transport properties. In the
calculations, the computation domain is set to 6 cm. The final solution is obtained with a grid of ~120 points. A further increase
in the number of grid points results in temperature changes less than 10 K. In the Cantera suite, the radiative heat losses are
taken into account using the gray gas approximation in the optically thin limit (Liu and Rogg, 1991), where CO2 and H>O are
assumed as the only radiating species. Planck mean coefficients of CO2 and H2O are calculated using polynomials from
(Dunbar, 2006) and (Grosshandler, 1993) respectively.

The calculated flame temperature at HAB = 1 cm is chosen to represent the characteristic flame temperature. At this height,

the number concentration of particles is sufficiently low (Langenkamp et al., 2018) that it justifies neglecting radiative heat

8
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Figure 2: Calculated flame temperature at HAB of 1 cm as a function of hydrogen mole fraction and exit velocity of unburned gas
mixture. Colors depict different exit velocities Veyit.

The characteristic flame temperatures monotonically increase between 1630 and 1750 K with increasing exit velocity from 6
to 10 cm s™!. Addition of hydrogen to the fuel decreases the flame temperature because pure hydrogen flames have higher
burning velocities in comparison with the burning velocities of the pure ethylene flames. However, the dependence of the
flame temperature upon the exit velocity is stronger than upon the hydrogen mole fraction in the fuel.

The observed flame exhibits a conical structure, reaching a height of ~ 5 cm, indicating that 1-D flame approximation is valid
only at low heights (< 2 cm) above the burner head. Further downstream the flames narrow and finally cease to exist due to

mixing of combustion products with the surrounding shroud of nitrogen.

3 Results

3.1 Particle size and EC/TC ratios

The electrical mobility equivalent geometric mean diameter dg is presented in Fig. 3 as a function of hydrogen mole fraction

in the fuel y, while colors depict the different exit velocities.
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Figure 3: The effect of hydrogen addition of d; for different exit velocities, depicted by colors. The error bar represents a typical
measurement uncertainty of 10% based on repeated measurements. Lines are added to guide the eye. The particle size distribution
of one arbitrary sample is shown as an insert, where the red points depict measurements and the blue line depicts the Gaussian fit

on a logarithmic x-axis.

The size distribution of one arbitrary sample is shown as an inset in Fig. 3. The uncertainty of repeated measurements in dg
was typically within 10%, which is indicated with the error bar in the figure. Only two error bars are shown to improve
readability. Within the measurement range of the SMPS, all flames in this study produced aerosol with a single modal size
distribution. The geometric mean diameters drastically decrease with increasing hydrogen fraction, e.g. from dg =310 nm at y
=0todg =125 nm at y =0.5. The exit velocity (and thus flame temperature and residence time) appears to have less of an
impact on particle size, as dg only marginally increases with exit velocity for y = 0.5, while no significant change is seen for
the pure ethylene flames.

EC/TC fractions of the filter samples are presented in Fig. 4, as a function of y and vexit. Measurements on replicate filters (n
= 3), produced under identical flame conditions, showed variations in EC/TC within 0.07. This typical uncertainty is indicated
by the error bar in the figure. For clarity, only one representative error bar is shown. Both the EC/TC fractions in position A

(circular points and solid line in Fig. 4) and position B (triangular points with dashed lines in Fig. 4) are shown.

10
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Figure 4: The effect of hydrogen addition on EC/TC ratios for different exit velocities. Both sampling positions are shown, directly
above the flame and after dilution (respectively position A and B from Fig. 1). The measurement uncertainty in EC/TC of 0.07 is
indicated by the error bar.

EC/TC fractions did not exceed 80%, indicating that some OC was present in the particles at all flame conditions. The pure
ethylene flames produced aerosol (sampled in position A) with ~70% EC, independent of exit velocity. With larger hydrogen
mole fractions in the fuel, different effects are observed: The EC/TC ratio of the flame with an exit velocity of 10 cm s does
remain around ~70%, while the colder flames (exit velocity of 6 and 7 cm s™') show a decrease of EC/TC with increasing .
In other words, flames with high hydrogen doping combined with low exit velocities show a significant decrease in EC/TC
compared to the other flames. At an exit velocity of 6 cm s combined with a hydrogen mole fraction .= 0.5, the EC/TC ratios
decrease to below 0.5.

The EC/TC ratio decreased after extra dilution between sampling positions A and B (dashed lines). The dilution also induces
cooling, where the flue gases decreased from ~80° C to room temperature. This causes gaseous organic compounds left in the
exhaust to condense on the existing particles, coating the combustion-generated particles and decreasing the EC/TC fraction
of the particles. However, the lower concentration of particles and gases after dilution can also cause evaporation of OC from
particles, increasing the EC/TC fractions. In this case, the condensation of OC seems to exceed the evaporation of organics
from the particles.

Overall, the EC/TC ratio decreases with hydrogen mole fraction in the fuel, but mostly for flames with lower temperatures

(Vexit=6 and 7 cm s7!).

11
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3.2 Light absorption properties of solvent-extracted OC

Filters used for solvent extraction were collected at position A from the flow directly above the flame. The cais of solvent-

extracted OC can be seen in Fig. 5 (a).
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Figure 5: (a) mass absorption efficiency of methanol-dissolved OC (o4is) averaged for all hydrogen mole fractions y and (b) the
absorption Angstrém exponent between 300 and 500 nm, a300.500, as a function of hydrogen mole fraction 7y in the fuel. Colors depict
different exit velocities, while shaded areas and error bars represent the standard deviation of several filter samples collected under

the same flame conditions.

Shaded areas represent the standard deviation of several filter samples collected under the same flame conditions (n = 3).
Colors represent the exit velocities. To improve readability, cais in Fig. 5 (a) is averaged for all hydrogen mole fractions, as the
change in hydrogen mole fraction did not influence the oais significantly.

Negligible light absorption is observed at wavelengths longer than 500 nm. The c4is between 300 and 500 nm showed no clear
relationship with vexit. For all flame parameters, cais increases for shorter wavelengths, reaching mass absorption efficiencies
around 15 m?g’! at 300 nm. Note that the flame with intermediate flame temperature (vexic = 8 m s') produced the OC with the
highest c4is. However, these results should be interpreted with caution, as they are based on only two flame conditions: y = 0
and 0.5.

The absorption Angstrdm exponent between 300 and 500 nm, o300-500, is shown in Fig. 5 (b). Only one error bar representing
a typical uncertainty of + 10% is shown in Fig. 5 (b) to improve readability. a3o0-500 lies around 5 and 6, with no clear
relationship to either the flame temperature or fuel composition. From these results, it is concluded that the optical properties

of the solvent extracted OC does not change significantly for different fuel compositions and flame parameters.
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3.3 Particulate light absorption properties

Figure 6 shows the absorption coefficient normalized to the total carbon mass concentrations (orc) as a function of EC/TC for
three wavelengths: 370, 590 and 880 nm. Each data point corresponds to an average value of o1c based on three replicate

filters. Error bars represent a typical uncertainty of 10%, based on repeated measurements from three filters produced under
identical flame conditions. A dashed line following o7¢(4) = or¢ (1) % is added. This line represents the orc of an

idealized external mixture of colorless OC and EC; i.e. only EC contributes to the light absorption and its light absorption is
not influenced by the presence of OC. The literature consensus value of 7.5 = 1.2 m?g! at 550 nm (Bond and Bergstrom, 2006)
is assigned to orc.i, and the resulting uncertainty is indicated by the light blue shaded area. This line will be referred to as the
'external mixing line'. This implies that data points above the line exhibit stronger light absorption than the corresponding
external mixture of OC and EC, potentially due to additional OC absorption at short wavelengths or due to absorption

enhancement in an internal mixture of OC and EC.
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Figure 6: Mass absorption cross section orc as a function of EC/TC fraction, at wavelengths 370 (a), 590 (b) and 880 (c) nm. The
dashed line with shaded area represents ¢ of an idealized external mixture of colorless OC and EC (Bond and Bergstrom, 2006).
Colors depict exit velocities, while the error bars represent the typical uncertainty of 10%, based on repeated measurements. *The
estimated orc value at EC/TC = 0 using the og4is of methanol-extracted OC, assuming Rayleigh regime (Sun et al., 2007). **The

estimated orc value at EC/TC = 0 using the 64;s of methanol-extracted OC, assuming Mie regime (Liu et al., 2013).
The measured otc values do not exhibit a linear relationship with EC/TC, indicating that a model based on externally mixed

aerosols and colorless OC does not adequately describe the data. This conclusion is supported by the single modal size

distributions from Fig. 3, which also points towards internal mixing, as a bimodal distribution is expected when OC and EC
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particles are created separately. As most points lie above the external mixing line, OC light absorption and/or internal mixing
effects likely enhance orc.

Figure 6 (c) shows orc at 880 nm, where OC does usually not contribute to light absorption. The points are therefore close to
the external mixing line, although those around EC/TC = 0.5 are elevated relative to the shaded area. In fact, they are up to a
factor of ~1.4 higher compared the upper bound of the external mixing line's uncertainty indicating an absorption enhancement
by internally mixed OC, likely in the form of coating. The highest enhancement factors are typically observed in aged particles
under atmospheric conditions, with typical values around 1.5 (Bond and Bergstrom, 2006), and reaching up to 2.4 in some
modeled cases (Zhang et al., 2016).

Figure 6 (b) shows orc at 590 nm. o1c deviates more strongly from the external mixing line than at 880 nm, as the absorption
enhancement is up to ~ 1.8 compared to the upper limit of the external mixing line. This indicates the presence of colored OC
absorbing light with this wavelength. From Fig. 5, the methanol-dissolved OC only marginally absorbs light at wavelengths ~
590 nm. This indicates that if colored OC does contribute to the observed light absorption at this wavelength, it is likely not
soluble in methanol. The OC-EC mixing state may also contribute to absorption enhancement at this wavelength, but likely
not significantly more than at 880 nm.

Figure 6 (a) shows the o1c values at 370 nm. o1c is significantly elevated compared to the external mixing line, indicating that
OC material contributes significantly to the light absorption. Especially at EC/TC fractions < 0.6, the light absorption of OC
is significant and orc does not strongly decrease towards lower EC/TC fractions, indicating comparable absorption coefficients
of OC and EC at this wavelength.

Note that in general orc values are highly dependent on the assumed Cscat, as discussed previously and this has consequences
for comparing the present work with literature values of orc. For example, if a Cscat value of 2 is assumed (a typical value in
literature) the highest measured orc would reduce from ~ 15 to ~ 11 m?g! at 370 nm.

From Fig. 5, the methanol-dissolved OC shows significant light absorption at A = 370 nm. To compare the cdis of methanol-
dissolved OC to orc in particulate form, a conversion factor is necessary. From Sun et al. (2007), the otc value in small particle
limit (Rayleigh regime) is found by g = 0, - &, where € is called the particulate effect and depends on the refractive index
of the OC material. For the real part of the refractive index mr = 1.5 and imaginary part of the refractive index k ranging from
0.1to 1, € is between 0.69 and 0.75, indicating that & only marginally changes with k (Sun et al., 2007).

Using & = 0.75, the average cais at A = 370 from Fig. 5 (a) converts to 3.8 m?g’!, and is indicated in Fig. 6 at EC/TC = 0 with
the open orange circle, indicated by the * symbol. However, as the particle sizes can exceed 300 nm (Fig. 3), the small particle
regime is not strictly applicable. Therefore, an upper limit of o = g4, - 1.8 is assumed, which was previously derived for
typical ambient size distributions (Liu et al., 2013). The o1c derived using this assumption is also shown in Fig. 6, indicated
by the ** symbol. Since the particle size distributions in this study are smaller than those of typical ambient particles (and
particles are not spherical) the orc values derived from cais measurements are interpreted as extremes. Specifically, values
based on the small particle limit are treated as lower limits, while those from the Mie calculations cited above are considered

upper limits.
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Since OC does not absorb light at A = 880 and 950 nm, the absorption coefficient can be normalized to the EC mass

concentration (oec) and compared to literature values. okc is presented in Table 1.

Table 1: ogc with various vee and y. Uncertainties depict the standard deviation of three replicate filters with the same flame

parameters. For veie =7 cm s7', only one experiment was done, although the uncertainty is expected to have similar magnitude.

Vexit [cm s71] Ho fraction y oEc.gs0 [m?g] GEC9s50 [m?g!]
6 0 7.6+£0.3 7.0+£0.3

6 0.5 3.8+0.2 3.1+02

7 0 5.2 4.7

7 0.5 6.0 5.2

10 0 6.3+0.2 6.0+0.2

10 0.5 7.8+£0.6 7.1+0.5

The okc values observed in this study are generally higher than those reported in Bond and Bergstrom (2006), with values of
4.7+0.8 m*g’! at 880 nm and 4.3 £ 0.7 m?g™! at 950 nm. However, when a hypothetical Cscat of 2 is applied (instead of 1.39),
the values become roughly comparable. Only under the condition of y = 0.5 and vexit = 6 cm s! was oec lower than the ¢ values
from Bond and Bergstrom (2006). Notably, under these flame conditions, particles were produced with a very low EC/TC
ratio close to 10%. At such low EC/TC fractions, it is evident that the particle maturation process is incomplete, and the EC is
likely more amorphous and thus less light-absorbing than fully matured EC.

Comparing the different panels in Fig. 6, it shows that orc has a clear wavelength dependence, especially at shorter
wavelengths. Figure 7 (a) shows the absorption Angstrdm exponent (a370-660) as a function of hydrogen mole fraction y in the

fuel, and vexit. Repeated experiments on different days (n > 5) were typically within a range of 5%, indicated by the error bar.
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Figure 7: (a) the effect of hydrogen addition on a370-660, Where colors depict different exit velocities. The error bar represents the
typical measurement uncertainty of 5%. (b) the effect of hydrogen addition on agso.9s0, where colors depict different exit velocities.
The error bar represents the typical measurement uncertainty of 10%. The gray area indicates commonly reported a values (Corbin

etal., 2019; Liu et al., 2018).

Each set of flames parameters produced particles with as70-660 above 1 and as high as 3.8, indicating the presence of light
absorbing OC in all products. For the pure ethylene flames, a370-660 varies in a narrow range between 1.3 and 1.5, with almost
no dependence on exit velocity. as70-660 increases with hydrogen mole fraction vy, especially for the lower exit velocities.

A comparison between Fig. 7 and the EC/TC results from Fig. 4 reveals an opposite trend. As y increases, 0370-660 increases
while EC/TC decreases, particularly at low exit velocity. This suggests that a370-660 increases with increasing organic carbon
fraction in the emitted particles.

The o with respect to the two largest wavelengths asso-9s0 is shown in Fig. 7 (b). Repeated measurements on different days (n
> 5, where one measurement consists of a minimal 12 minutes) were typically within a range of 10%, indicated by the error
bar. Absorption Angstrom exponent o values between 0.8 and 1.1 are commonly reported for fresh BC (Corbin et al., 2019;
Liu et al., 2018), indicated by the gray area in Fig. 8. Including the error bars, the majority of the data points were found to be
within the indicated range, although some agso-9s0 values are slightly lower, down to 0.6. At vexit = 6 cm ™!, 00950 is elevated
compared to other exit velocities, reaching a value of 2.8 at y = 0.5. Together with the low oec observed under these conditions,
this indicates that particles from these flame conditions are less mature than those formed at higher vexit.

As shown in Fig. 5, the solvent-extractable OC does not exhibit significant light absorption at wavelengths shorter than 500

nm. However, aiss0-950 values of up to 2.8, typically associated with the presence of colored OC, are still observed at wavelengths
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> 880nm. These elevated o values suggest that non-extractable OC is present that contributes to light absorption at wavelengths
above 800 nm. Taken together, the low orc and the high asso-9s0 suggest the presence of a non-solvent extractable material with
intermediate light-absorbing properties at long wavelengths: weaker than EC and with a spectral dependence larger than the

typical EC value of 1.

4 Discussion
4.1 Optical properties

Both colored and colorless OC are reported as OC, although they do not have the same light absorption properties and are
definitely not the same material. Following Pdschl (2005), colorless OC is expected to be low molecular weight hydrocarbons
and derivatives, while some PAH-like materials can be detected as colored OC. The decreased EC/TC values after extra
dilution are explained by condensing hydrocarbon gases (and derivatives) on existing particles, as the flue gases are cooled by
the dilution. These gases are expected to have a relatively low molecular mass and are therefore likely colorless OC. To define
the colored OC further, Corbin et al. (2019) distinguished between two types of BrC, termed tar BrC and soluble BrC. Soluble
BrC typically has a o4is between 0.1 and 6.0 m?g™! at 370 nm and an 0370-530 between 2 and 7. This is in line with the reported
odis and azo0-s00 values of solvent extracted OC presented in Fig. 5.

Saleh (2020) categorized 4 subdivisions of BrC ranging from very weakly absorptive BrC (VW-BrC) to strongly absorptive
BrC (S-BrC), based on the imaginary part of the refractive index and wavelength dependence. Based on the absorption
Angstrom exponent reported in Fig. 5 (average az00-s00 = 5.4), the methanol-extracted OC from this study lies between weakly
absorptive (W-BrC) and medium absorptive (M-BrC) brown carbon regimes. Using the small-particle approximation (§ =
0.75), the corresponding ¢ value at 550 nm is approximately 0.3 m?g’!, which falls within the M-BrC range (0.13-1.3 m%g’..
Since this value is close to the lower bound of the M-BrC regime, both the a and ¢ metrics suggest that the BrC in this study
is near the transition between W-BrC and M-BrC.

The mass absorption cross section of EC values at 880 and 960 nm in this study were higher than typical literature values
determined for pure BC (Bond and Bergstrom 2006). Since the particles in this study contain varying amounts of OC, both
light absorption enhancement resulting from OC-EC mixing state but also a wrong assumption of Cscat might contribute to
these elevated values of oec. Therefore, the results from this research are compared with the orc values from studies where EC
likely has considerable coating as well. Olson et al. (2015) combusted various fuels such as pellets, diesel and lignite and
reported bulk cecsso values up to 18 m?g’!, using a similar aethalometer. However, most of the crc,ss0 values were reported
between 0.2 and 5 m?g”"' (Olson et al., 2015), with the lowest values found at low EC/TC ratios (EC/TC < 0.1). At slightly
higher EC/TC ratios, the crc,ss0 approached 5 m?g™!. Many other studies report ecsso values around 5 m?g”’' from various
sources (Cheng et al., 2019; Conrad and Johnson, 2019; J. C. Corbin et al., 2022; Kumar et al., 2018; Picca et al., 2023) and
using various measurement techniques, in line with the literature consensus value of 4.7 + 0.8 m?g’'. Although good agreement

has been reported between filter-based a calculations and multi-wavelength in-situ method (To6rok et al., 2018), another study
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comparing multiple aerosol absorption instruments found consistently higher absorption coefficients (and resulting higher ¢
values) when using a similar acthalometer, compared to other optical measurement techniques (Kalbermatter et al., 2022). This
indicates that the Cscat value assumed in our study is likely biased somewhat low, resulting in systematically higher okc values.
However, the nonlinear dependence of oec on EC/TC points to a significant influence of the OC-EC mixing state on light

absorption as well.

Torok et al. (2018) investigated the absorption Angstrom exponent of particles generated using a miniCAST (with various
propane and N2 mixtures) as a function of the OC mass fraction. ouos-1064 values of ~3.5 are reported for OC/TC fractions close
to 0.8, similar to this research. After heating the flue gases (500 °C), auos-1064 decreased to 2.5. It is concluded that the still
elevated a value after heating compared to pure BC is due to persistent OC (refractory OC) and pyrolytic carbon (PC), which
is charred OC. Although the methods were not the same, similar conclusions can be drawn from this study, since an increase
in a370-660 1 also reported for particles with high OC mass fractions. This is shown in more detail in Fig. 8, which shows a37o-

660 as a function of OC/TC from this work.

7 T
——
1
3 7 . .
8 . Sampling point
]
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) L]
$
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OC/TC

Figure 8: a370-660 as a function of OC/TC ratio. Colors represent filter sampling positions. The black points represent OC/TC ratios
at the filter sampling position A, undiluted and right above the flame, while the yellow points indicate position B, where the particles
are diluted and further cooled to room temperature. The 0379.6s0 Was always measured under diluted conditions. Error bars indicate

the typical uncertainty found based on repeated measurements: 5% in a379-660 and 10% in OC/TC.

Note that the a370-660 values are all measured in under diluted conditions (Position B, see the experimental setup in Fig. 1),
whereas the OC/TC ratios are measured using different sampling positions: In position A the particles are sampled above the

flame at ~65 cm above the burner, where the flue gases are still ~80 °C, whereas in position B the sample is diluted and cooled
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down to room temperature. This led to a decrease in EC/TC fraction (Fig. 4), due to condensing organic compounds. As a
result, the OC/TC fraction increased, causing a rightward shift of the diluted sample in Fig. 8, which is apparent despite the
considerable spread in the data point particularly at low OC/TC ratios. This shift supports the interpretation that the condensing
OC is colorless - or at least less light-absorbing - compared to the OC condensed at ~80 °C. Therefore, we assume that most
the light absorption of OC is dominated by the OC condensed at ~80 °C, i.e. measured at sampling position A. Since the Gdis
of the organic material on filters collected at this position does not significantly depend on fuel composition or flame
temperature (as shown in Fig. 5), the OC/TC fraction serves as a good predictor of a. Note that the particle size also
systematically increases with OC/TC ratio, as can be seen by comparing Fig. 3 and Fig. 4. However, within the particle size
range of our study, a is not expected to depend significantly on particle size (Malmborg et al., 2021). Therefore, it is assumed
that the increasing OC fraction is the main cause of the increasing o. These observations also suggest that, under varying flame

conditions, it is primarily the quantity of OC that changes, not its optical properties.

4.2 Colored OC as precursor to EC

Previous literature has found that immature combustion particles primarily consist of OC and exhibit light-absorbing properties
(Malmborg et al., 2017; Maricq, 2014; Saleh et al., 2018; Torok et al., 2018). As the residence time in the flame increases,
these particles gradually mature, undergoing de-hybridization to form graphitic layers characteristic of EC, while also growing
in size through agglomeration. Therefore, low EC/TC ratios combined with high a values and smaller particle sizes suggest
incomplete maturation. In this study, increasing y led to lower EC/TC fractions, higher a values and smaller dg, implying that
the addition of hydrogen delayed the maturation process of the combustion particles.

We suggest that the continuous progression of particle maturation mirrors a continuous increase of EC/TC ratios. However, it
is possible that some materials get assigned to EC in thermos-optical analysis, although they absorb less light compared to
pure BC, as also concluded in another study (Maricq, 2014). Terms such as dark BrC (d-BrC) (Chakrabarty et al., 2023) or S-
BrC (Saleh, 2020) are introduced in other studies, describing particles with light absorption properties close to BC. In terms
of particle maturation, this can be regarded as 'almost mature BC'. We propose that such material can be classified as EC,
which results in lower orc values compared to pure BC. This is supported by the observation that, for the flame with vexit = 6
cm s and v = 0.5, oecsso was 3.8 m?g”! (lower than the consensus literature value of orcjic at 4.7 m?g’") despite likely

underestimation of Cscat.

5 Conclusion

Combustion-generated particles from various ethylene/hydrogen mixtures were examined to find their geometric mean
electrical mobility diameter (dg), EC/TC fractions, and their light absorption properties as well as the light absorption properties
of methanol-dissolved OC. Hydrogen mole fractions in the fuel ranged from 0 to 50%. A McKenna burner was used to produce

premixed burner-stabilized flat flames. The exit velocity of the fuel/air mixtures ranged from 6 to 10 cm s! to produce flame
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temperatures ranging from 1631 to 1750 °C while keeping fuel/air ratios constant at ¢ = 2.3. The aerosol was sub-sampled at
a height of 65 cm above the burner and subsequently diluted before analysis with an aethalometer and SMPS. The addition of
hydrogen to the fuel induced a decrease of dg from 310 nm to 125 nm. Meanwhile, a decrease of the EC/TC ratio is observed
with increasing hydrogen mole fractions, although even pure ethylene flames produced aerosol containing approximately 30%
OC. Especially when combining large hydrogen mole fractions with low flame temperatures, the EC/TC fraction could be as
low as 15%. The smallest EC/TC fractions were reported after dilution, as gaseous organics left in the exhaust condensed on
other particles after cooling, and therefore increased the OC fraction. The solvent extracted OC material showed significant
light absorption at wavelengths < 500 nm. Different flame parameters and fuel composition did not significantly change the
absorption coefficient normalized to methonal-soluble OC mass concentration (Gais), nor the absorption Angstrém exponent at
wavelengths between 300 and 500 nm (a300-500). The average odis at 370 nm was 5.0 m?g!. The absorption coefficient
normalized to the total carbon mass (orc) at 880 nm, was slightly elevated compared to the consensus values for pure BC,
particularly at EC/TC ratios around 0.5. The okc values, i.e. the absorption coefficient at wavelengths of 880 and 950 nm
normalized to the EC mass concentration, were in the most cases also slightly elevated compared to consensus values of BC.
This increase may be partly attributed to the lensing effect caused by organic coatings on the particles. The filter-based
measurement technique might also contribute to this increase, by systematically overestimating the absorption coefficient of
particles embedded in the filter matrix. At shorter wavelengths, the contribution of OC to the total observed light absorption
increased. The absorption Angstrom exponent of the emitted particulate matter showed a dependence on exit velocity and
hydrogen mole fraction in the fuel, increasing from 1.5 for pure ethylene to 3.8 for a hydrogen mole fraction of 0.5. The
increasing o370-660 can be directly explained by increasing OC/TC ratios, at constant optical properties of the OC material.
Furthermore, in line with other literature, it is proposed that part of the observed OC above the flame results from primary
combustion particles that did not fully mature to EC in the presence of hydrogen. This could be due to reduced flame

temperatures, but it is also possible that the presence of hydrogen otherwise impedes the de-hybridization process.
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