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ARTICLE INFO ABSTRACT

Keywords: Transport and power generation applications will play an important role in current and next-generation

Methanol compression ignition (CI) engines. Methanol, ethanol, and butanol have emerged as potential alternative fuels

Ethanoi for internal combustion engines capable of reducing overall greenhouse gases (GHG) and pollutant emissions.
utano.

This study deals with the morphological characterization of particulate matter (PM) and toxicity assessment of
polycyclic aromatic hydrocarbons (PAHs) for methanol, ethanol and butanol blending with diesel, and provides
new findings and results in the specific literature. It defines new limits of alcohol fractions in diesel blends for
their applications in CI engines. For the experimental assessment, a single-cylinder CI engine was used with an
increased compression ratio (CR) from 17.5 to 26. Alcohol fraction of 20% (v/v) in diesel reduced the PM
emissions in the range of 29-38% than diesel. PM was further reduced, up to ~50%, for higher ethanol and
butanol fractions (~50%), and the soot morphological characteristics exhibit smaller particle sizes (400-600 nm)
than diesel (up to 2 pm). Moreover, 20% of alcohol fraction led to a 34-60% reduction in PAHs. The toxicity
evaluation of the tested alcohol-diesel blend indicates that high molecular weight PAHs and nitro-PAHs are the
main contributors to the overall toxicity. Benzo[a]pyrene and dibenzo-anthracene were the prominent PAHs.

Particulate morphology
Polycyclic aromatic hydrocarbons
Toxicity equivalent factor

Increasing the alcohol blend ratio significantly reduced the toxicity potential, ranging from 20 to 67%.

1. Introduction

Global and local air pollution is one of the major concerns in many
countries nowadays. Mitigation and stricter emission norms are being
implemented across countries to control pollution and CO» emissions
from the transportation sector (Joshi, 2023; Ribeiro et al., 2022; Singh
et al., 2023). Alternative fuels, such as methanol, ethanol, and butanol
play a significant role in minimising these emissions and COs, especially
for spark ignition (SI) engines, due to their favourable fuel characteris-
tics (octane number, vaporization behaviour, density, etc.) (Sahu et al.,
2022a; Tuner, 2016; Verhelst et al., 2019). Alcohol fuels are economi-
cally and environmentally friendly if produced locally and from
renewable bio-based resources (Yuan et al., 2018; Sahu et al., 2022b).
Higher fractions of alcohol in diesel make it difficult to autoignite and to
keep stable combustion due to higher autoignition temperature than
diesel, limiting their use in compression ignition (CI) engines.
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Pre-heating the inlet air or increasing the compression ratio (CR) beyond
25:1 are viable strategies to autoignite higher fractions of alcohols in
diesel (Sahu et al., 2022a; Shamun et al., 2017). Phase separation phe-
nomenon is an issue for alcohol-diesel blends when it interact with
ambient air as it tends to absorb moisture. This leads to the separation of
alcohol from diesel, which is undesirable for fuel injection systems
(Shanmugam et al., 2021; Lei et al., 2012) as it may lead to unstable
combustion. Additives or solubilizers such as oleic acid, dodecanol, etc.,
are preferable (Shanmugam et al., 2021; Singh and Bharj, 2019) for
higher fractions of alcohol-diesel blends to avoid phase separation.
Small-displacement CI engines are widely used as power generators
due to the lower total cost of ownership especially for agricultural ap-
plications. Most of these engines lack state-of-the-art combustion sys-
tems, operating with mechanical fuel injection systems, and without
aftertreatment devices. Efficiencies and emissions like particulate mat-
ter (PM) emitted from combustion engines can be mitigated by using
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specific injection parameters, fuel designs (alternative fuels and fuel
additives) (Agarwal et al., 2013a; Sahu and Shukla, 2022a), advanced
combustion technologies (Beatrice et al., 2017; Di Blasio et al., 2017,
2023), and aftertreatment systems (Joshi, 2023; Shukla et al., 2018).
However, implementing these technologies adds capital costs to the
engine in different applications, such as agriculture and construction.
Combustion-generated suspended particles in the air are solid forms of
pollutants that cause health hazards like asthma, respiratory diseases,
carcinogenic problems, etc. (Shukla et al., 2017; Agarwal et al., 2013b).
Particulates are composed of elemental carbon (EC), organic carbon
(OC), and traces of sulphates, nitrates, and elements. Some organic
components present in particulates are harmful, such as polycyclic ar-
omatic hydrocarbons (PAHs) which are on the list of probably carci-
nogenic to humans (Group 2A) and possibly carcinogenic to humans
(Group 2B) defined by the International Agency for Research on Cancer
(IARC) (International Agency for Research on Cancer, 1989). In the
above context, it is essential to understand the toxicity effects due to
particulate emissions that contain these carcinogenic compounds. Wet-
stacking is another important issue in diesel engines, besides its harmful
effect on humans and the environment, which causes engine failure;
therefore, the measurement of PAHs becomes important (Yilmaz and
Donaldson, 2005).

Alcohols are already used in SI engines in the form of blends with
gasoline. They have been extensively studied, showing their potential to
reduce CO, emissions (Awad et al., 2018; Di Luca et al., 2022). However,
few studies are available for a higher fraction of alcohol utilization in CI
engines (Sahu et al., 2022a). 30% ethanol fraction (v/v) in blend with
diesel-biodiesel and diesel-gasoline (biodiesel and gasoline used as a
solubilizer) in a light duty CI engine was investigated. Results proved
significant improvement in efficiency and NOx-soot trade-off compared
to diesel (Shamun et al., 2018; Belgiorno et al., 2018). Nour et al.
(2019a) found that higher molecular weight alcohols, i.e., pentanol and
octanol in diesel enhanced blending stability, engine performance and
reduced emissions. They stated that higher alcohols (butanol, octanol,
heptanol) in diesel reduce NOx and soot production at the expense of CO
and HC (Nour et al., 2019b).

Thus, it can be drawn that alcohol blended with diesel usually re-
duces PM emissions (Shamun et al., 2018; lanniello et al., 2021). On the
other hand, the trend about morphological and toxicity characteristics of
alcohol generated PM are not very obvious since they have not been
investigated thoroughly. Maricq (2007) have explained the typical
composition of diesel-generated PM, which consists of a branched
agglomerated structure where the core is dry soot. This is normally
covered with organic compounds, saturated, unsaturated, aromatic hy-
drocarbons, etc., with traces of metal elements and ash contents. Nord
et al. (2004) reported chain-like agglomerations of particles in diesel
emissions, while PM for ethanol engine was characterised by single and
clumped particle agglomerations. The diesel particles formed by
agglomeration were 600-800 nm in size. Ethanol particulate observed
smaller sizes (~200 nm) (Nord et al., 2004). Chen et al. (2017) inves-
tigated the morphology of PM emitted for butanol diesel blends, they
reported that the average diameter for the PM emitted from butanol
blends is 0.85 pm and 0.52 pm for 5% and 10% butanol blends,
respectively, which is 50% smaller compared to the diesel case. Ruiz
et al. (2015) analysed the morphological characteristics of PM emitted
from an ethanol/butanol-diesel fuel. They reported similar nano-
structure and agglomerated particles for diesel and ethanol/butanol
blends. It is reported that the morphology of PM samples for different
ethanol-diesel ratios, and of E5, E10, and E15, reporting that the indi-
vidual primary particles were in the range of 70-110 nm (Li et al., 2013).
All the listed morphological studies provide the physical characteristics
of PM generated from alcohol-diesel fuelled CI engines, but it is likewise
important to perform chemical characterization and investigate the
toxicity potential of the organic compounds associated with PM. PAHs
with two rings exist almost exclusively in the gas phase at ambient
temperature, while three or four rings may appear in gas as well as liquid
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phase. Moreover, PAHs with five or more rings are predominantly
adsorbed on particles. Researchers have investigated the PAH emissions
from engine out exhaust and its associated toxicity (Song et al., 2007;
Paim et al., 2023; Merritt et al., 2005; Chang et al., 2013). Ethanol-diesel
blends showed significant PAHs and benzene emission reductions in the
order of ~19% and ~50%, respectively, with a substantial reduction in
nitro based toxic compounds. In particular, exhaust associated PAHs
investigations performed by Paim et al. (2023) and Chang et al. (2013)
showed reductions of 40% and 31% in total PAHs for ethanol and
acetone-butanol-ethanol blends with diesel, respectively. Yilmaz et al.
(2022)and Yilmaz and Davis (2016) found ~70% reduction in PAH
toxicity level for alcohol (20% v/v) in biodiesel blends albeit an
increased toxicity level of about ~35%, and mainly due to higher benzo
[alpyrene fraction. Butanol in diesel showed ~75% reduction (for 10%
butanol blend) and 5-fold increase (for 50% butanol blend) in the
toxicity level of PAHs compared to diesel (Yilmaz and Davis, 2022a,
2022b). Moreover, 1% v/v water emulsion drastically increased the
toxicity level, and it also increases the risk of wetstacking in CI engines
(Yilmaz and Davis, 2022a). While Malmborg et al. (2017) have observed
that the accumulation behaviours of PAHs have increased using exhaust
gas recirculation (EGR).

The chemical characterization of biodiesel-generated PM revealed
the presence of PAHs and trace metals, and the mutagenic and cytotoxic
potential was higher than their diesel counterparts (Agarwal et al.,
2018), demonstrating that the aftertreatment devices may be effective in
reducing their concentration. This is also confirmed by Hu et al., 2013
which observed a 90% reduction in PAHs emissions by using after-
treatment systems (ATS) in a heavy-duty engine.

Karavalakis et al., 2011 investigated the impact of different biodiesel
blends on unregulated emissions from a passenger car, including PAHs,
demonstrating that biodiesel blends resulted in higher PAHs com-
pounds. This was due to the presence of cyclic acids and polymerization
products and the degree of unsaturation in the biodiesel blends. Another
study performed by the same research group (Karavalakis et al., 2010)
reported that using biodiesel resulted in notable increases in low
molecular-weight PAHs such as phenanthrene and anthracene. They
also found that biodiesel led to a decrease in nitro-PAHs and large PAHs,
which are known for their mutagenic and carcinogenic properties. The
hydrogenated vegetable oil (HVO) and HVO-biodiesel blends have
shown reduced low-molecular-weight PAHs emissions in a typical CI
engine (McCaffery et al., 2022). Agarwal et al., 2020 noted that the
gasohol-powered SI engine emitted lower concentrations of unregulated
gaseous species, fewer particles, and lower concentrations of hazardous
PAHs and trace metals.

Based on the current literature review, there is no evidence of the
investigation of PM morphology and PAHs formation from alcohol-
diesel blends in a ratio 50:50 in high compression ratio (26:1) CI en-
gines. PAHs characterization of higher fraction of alcohol fuelled CI
engines have been investigated by other studies with conventional CR
only by modifying the operating parameters such as pre-heating the air,
dual fuel injection strategy, etc. This study attempts to investigate the
PM morphology and associated PAHs toxicity of higher fractions of
methanol (up to 20% v/v), ethanol and butanol (up to 50% v/v) in diesel
and fuelling a high compression ratio (CR26) CI engine. The novelty
consists mainly in the PM morphological characterization, speciation of
PAHs, and the evaluation of PAHs associated toxicity equivalent factor
emanating from a high compression ratio CI engine. In particular, a
toxicity equivalent factor evaluation for individual PAHs (potential
occupational carcinogenic as per NIOSH) generated from a high CR
compression ignition engine fuelled with methanol-diesel, ethanol-
diesel, and butanol-diesel blends is carried out providing new insights in
comparison to what already available in the scientific literature. Several
PAHs, including low molecular weight (LMW) PAHs, high molecular
weight (HMW) PAHs, and nitro-PAHs, are investigated for methanol-
diesel, ethanol-diesel, and butanol-diesel blends. High fractions of
alcohol (up to 50% v/v in diesel) in blends were tested, defining new
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Table 1
Test engine specifications.

Engine model Kirloskar DM10

Engine type 4-stroke CI engine coupled with generator

Number of cylinders 1

Bore 102 mm
Stroke 116 mm
Displacement 948 cm®

17.5:1 (diesel) and 26.0:1 (alcohol-diesel blends)
7.4 kW at 1500 rpm

Compression ratio
Maximum power output

limits to their applications in a typical CI engine widely used for power
generation applications.

2. Experimental setup and methodology

This work presents a detailed morphological study of PM emission,
PAHs speciation, and toxicity assessment for the particulates collected
from a high compression ratio CI engine fuelled with alcohol fuel blends.
A single-cylinder, 0.948 1, water-cooled, conventional power generator
diesel engine was used for this purpose, which is commonly available
and used in India for many rural and sub-urban agricultural and power
generation applications. The engine was equipped with temperature and
pressure sensors at the salient points, and the piston bowl was properly
modified to increase the CR from 17.5:1 to 26:1 to facilitate the auto-
ignition for a higher fraction (up to 50% v/v) of alcohol-diesel blends.
The engine specifications are reported in Table 1.

Fig. 1 shows the experimental setup and the partial flow dilution
tunnel used for the PM sampling. The partial flow dilution tunnel sam-
ples a fraction of exhaust flow from the engine exhaust manifold iso-
kinetically, which can then be diluted with fresh treated and filtered air
in a desired proportion (dilution ratio). For this study, the air-to-exhaust
dilution ratio was kept constant at 16:1 during the sampling. The dilu-
tion ratio was calculated by the following formula (eq. (1)):

COZ exhaust

x 100 (€9)
( CO: dgitiea — CO air)

Dilution ratio (%] =

Quartz filter substrates (¢ 47 mm) were used for PM sampling of
different fuels using a filter holder assembly fixed at the end of the
partial flow dilution tunnel. Filter papers were conditioned in a desic-
cator for 24 h to remove the unwanted moisture content before the
sampling. PM sampled on quartz substrates were measured for diesel at
a conventional compression ratio (CR17.5), and alcohol blends at a
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higher compression ratio (CR26). These PM samples were analysed for
morphological characterization using a field emission scanning electron
microscope (FESEM) (at 25,000X and 100,000X magnification). Carl
Zeiss microscopy (Model: Gemini SEM 500) was used to examine the
microstructure of PM. FE-SEM is based on the principle of using a
focused, high-energy electron beam to scan the surface of a sample and
generate signals that provide information about its morphology, and
composition. Since the PM samples are non-conductive, gold sputtering
was performed for each sample. Smoke opacity was also measured
during the experiments using the smoke analyzer (AVL-MDS450). PM
sampling has been performed for a relatively long duration under
steady-state conditions of the engine operation. Each test sampling for
PM collection was performed for 15 min only after the engine stabilized
thermally. The collected samples on quartz filter paper were analysed to
identify specific PAHs present in the PM sample collected using liquid
chromatography with high-resolution mass spectrometer (LCMS). LCMS
(Make: Agilent; Model: 6545XT AdvanceBio LC/Q-TOF), located at the
Central Instrumentation Facility of IIT Bhilai, was used to identify,
quantify, and speciate PAHs. A quarter part of the collected PM of know
mass was taken for the sample preparation for PAHs analysis in LCMS.
This was then dissolved in 2 ml of ultra-pure methanol using a 5 ml vial,
followed by ultra-sound sonication for 30 min. The solution was
centrifuged at 10,000 rpm for 15 min to separate any possible solid
content present in the solution. The centrifuged solution was filtered
using 0.2 pm filter media, and a small volume of 50 pl prepared sample
was adjusted to 1 ml using ultra-pure methanol. The prepared samples
were introduced into the LCMS system for analysis. The chromatograms
obtained from LCMS were examined to analyse the presence of PAHs,
nitro-PAHs, and other organic fractions in the tested sample.

LCMS has an accuracy level of 2 ppm for the PAHs measurement. It
may be noted that the PAHs measurement is complicated, and its un-
certainty may vary in a significantly large range of measurement values.
The present analysis attempted to compare the PAHs emanating using
methanol, ethanol, and butanol blends with diesel.

The present study is mainly focused on investigating low molecular
weight alcohols; therefore, methanol, ethanol, and butanol blends were
used at different proportions with diesel. A part-load operating condi-
tion was chosen, with an engine speed of 1200 rpm and 2.0 kW of
generator power output to compare PM emissions and assess the toxicity
of particulate PAHs in diesel and alcohol-diesel blends. The tested en-
gine load condition was used because literature shows higher PAHs
emission at lower load conditions while it starts reducing with
increasing engine load (Yilmaz and Davis, 2022a; Yusuf et al., 2022).
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Fig. 1. Experimental engine test setup.
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Table 2

Test fuel properties (Verhelst et al., 2019; Sahu and Shukla, 2022b; Alemahdi and Tuner, 2020; Zhang et al., 2011, 2023).
Property parameters Diesel Methanol Ethanol Butanol M20 E20 E50 B20 B50
Density at 15 °C, kg/m?® 832.7 790 785 810 823.6 822.6 808.5 827.6 821
Kinematic viscosity at 40 °C, mm?/s® 213 0.59 1.2 2.51 1.64 1.89 1.59 2.20 2.31
Calorific Value, MJ/kg 43.0 20.2 27.1 33.1 38.4 39.8 35.1 41.0 38.1
Autoignition temperature, °C 250 363 385 343 - - - - -
Latent heat of vaporization, kJ/kg 270 1178 838 585 451.6 383.6 554 333 427.5
Flashpoint, °C 57 12 12 37 - - - - -
Oxygen, max wt% 0 50 34.8 21.6 9.6 6.9 17.4 4.3 10.8
Carbon, max wt% 86.1 37.5 52.2 64.8 76.3 79.3 69.1 81.8 75.4
Hydrogen, wt% 12.9 12.5 13.0 13.6 12.8 12.9 12.9 13.0 13.2
Carbon-to-hydrogen ratio (C/H) 6.5 3.0 4.0 4.7 5.9 6.1 5.3 6.2 5.6
Stoichiometric air-fuel ratio, kg/kg 14.5 6.6 9.0 11.1 12.9 13.4 11.75 13.8 12.8
Cetane number 51.4 4 8 25 - - - - -

2 Fuel blend values for kinematic viscosity are evaluated using the method given by Zhang et al., 2023).

This happens because lower overall average combustion temperatures
result in incomplete combustion of fuel and lube oil hydrocarbons and
lead to the formation of pyrolyze compounds, which eventually are the
building blocks for multi-ring structured PAHs.

Five different alcohol-diesel blends (v/v), in particular, 20% meth-
anol in diesel, 20% and 50% ethanol in diesel, and 20% and 50% butanol
in diesel. Before the sampling started, the engine was allowed to reach
the steady state condition during the experiment. All the sampling and
measurement equipment were calibrated properly before the PM sam-
pling and analysis to minimize errors in the results.

Table 2 shows the main physico-chemical properties of diesel,
methanol, ethanol, and butanol. This table also indicates the calculated
blended fuel properties from the base fuel properties i.e., for M20, E20,
E50, B20 and B50. It can be noted that the density, viscosity, and
calorific value of alcohol fuels are significantly lower compared to
diesel. Alcohol possesses higher latent heat of evaporation and auto-
ignition temperature than diesel. These results in longer ignition delay
and a higher rate of heat release, thus affecting the combustion and
emission characteristics compared to the conventional diesel, limiting
the higher volume fraction utilization of alcohols in a CI engine. Meth-
anol, ethanol, and butanol (Table 2) show 21.6%, 34.8%, and 50.0% of
oxygen content (m/m), carbon to hydrogen (C/H) ratio is up to 50%
lower for alcohols, and the stoichiometric air-fuel ratio is also lower in
comparison to diesel.

Alcohol fuel generally shows a phase separation phenomenon when
blended with diesel in the presence of atmospheric air. This happens
because of the absorption of atmospheric moisture in alcohol molecules
in the form of hydrates. Moisture absorption leads to the phase sepa-
ration of alcohol and diesel in the blend which causes trouble in the fuel
injection system and results in poor combustion process. Thus, it is
important to evaluate the stability of the alcohol-diesel blend by
modifying the fuel design. Studies (Shanmugam et al., 2021; Lei et al.,
2012; Singh and Bharj, 2019) show that certain additives can be doped
in the fuel blend to avoid the separation phenomenon for a relatively (a
few days) longer time duration. Shanmugam et al., 2021 reported that
1% oleic acid doping in alcohol blends (tested for E30) provided fuel
stability. In the present study, authors have doped 1% of oleic acid with
alcohol blends, and the fuel blend stability characteristic evaluation was
performed before the engine experimental activities. All the blends for
the engine experiments were prepared to avoid any phase separation
during the testing. Each test was performed within 90 min from the
respective blend preparation and no separation phenomenon was
observed.

3. Results and discussion

This section discusses the experimental results obtained from
alcohol-diesel blends (methanol, ethanol, and butanol) fuelled high
compression ratio (CR26) CI engine focusing on the morphological
characterization of PM and toxicity potential of PAHs.
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Fig. 2. PM emission for diesel (CR17.5) and alcohol-diesel blends (CR26).
3.1. PM emissions

In this section, PM and smoke opacity have been discussed for the
tested alcohol-diesel blends (at CR26) and compared to conventional
diesel combustion (at CR17.5). Experiments were performed at 1200
rpm and 2 kW of generator output, which is a moderate load condition
for this specific engine. PM samplings (for each tested fuel) were per-
formed for 15 min on 47 mm quartz filter papers using a partial flow
dilution tunnel, which was sufficient duration to collect a reasonable
mass of PM for PAHs analysis. It has been observed that PM emissions
were reduced for the 20% alcohol blends (v/v) (Fig. 2) in comparison to
diesel, and M20 resulted in the lowest amount of PM. It should be noted
that methanol usually shows superior atomization characteristics
compared to ethanol and butanol, which is in line with the spray char-
acterization studies (Badawy et al., 2022, Azami and Savill, 2016).

Moving towards the higher blending of alcohols (B50 and E50), the
further reductions of PM emissions were not in the relative proportion of
alcohol fractions. For example, E20 and B20 significantly reduced the
PM emission (~37% and ~29%, respectively) compared to conventional
diesel combustion, while E50 and B50 showed ~54% and ~38% re-
ductions. These results are similar to the findings obtained by Xiao et al.,
2020, which performed tests with increasing butanol fraction in bio-
diesel (0-30%). The formation of gas phase hydrocarbons (leads to
soluble organic fraction formation) and reduction in dry soot com-
binedly reduces the overall effect of PM reduction (Chen et al., 2007) for
a higher fraction of alcohol in diesel.

Fig. 3 indicates the smoke opacity measurements showing similar
trends as it is for PM mass emission (except E50). Particulate formation
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Fig. 3. Smoke opacity for diesel (CR17.5) and alcohol-diesel blends (CR26).
derives from the pyrolysis process during the combustion. In the case of

diesel, long-chain hydrocarbons break and eventually lead to the for-
mation of smaller lengths of hydrocarbons. Also, hydrogen escapes the
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molecule under high pressure and temperature of combustion which
results in pyrolysis (higher C/H ratio), leading to soot formation. The
presence of alcohol in the blend causes a lower degree of pyrolysis
during the combustion which results in lower PM (Song et al., 2007;
Shukla et al., 2014; Kim et al., 2002; Rana et al., 2022).

3.2. Soot morphological analysis

Particulate matter emitted from diesel engines is complex in its
constituents and its physical structure. Microscopic analysis of diesel
particulates in earlier studies shows complicated branched dendritic
structures. In this study, detailed morphological observations of PM
collected for diesel and alcohol blends (B20, E20, M20, B50, and E50)
for high compression ratio CI engine showed significantly higher PM
(Fig. 4) for diesel in comparison to alcohol-diesel blends when engine
operating at 1200 rpm and 2 kW load. SEM images show that the par-
ticulates, emitted from diesel combustion partially cover the fibres of the
substrates, and fluffy bulk lumps of carbonaceous materials can be
observed. The morphology of diesel particulates indicates a branched
and sticky nature, as seen in Fig. 4a. It exhibits a higher degree of
agglomeration behaviour (visible in the form of growing dendrites)
during the particle formation process from the morphology of the
collected particulates of diesel combustion. The PM flocs are formed by
the agglomeration of nucleation mode particles where the core consists

Mag= 25.00K X

) B30

Fig. 4. SEM images of particulate samples for diesel (CR17.5) and alcohol-diesel blends (CR26).
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Fig. 5. Particle formation and surface growth, redrawn and conceptualized from (Eastwood, 2008).
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(b) 20% methanol-diesel blend (M20)
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(¢) 20% ethanol-diesel blend (E20)

Fig. 6. Morphological characteristics for diesel (CR17.5) and alcohol-diesel blends (CR26) particles.

of carbonaceous material, which is normally covered by organic carbons
(Maricq, 2007). These branched agglomerated particles provide high
surface areas that come up with sites for the adsorption/absorption of
various organic compounds generated during combustion and
post-combustion (Xu et al., 2021). A representation is shown for the
agglomeration process and the typical branched particulate structure in
Fig. 5.

Fig. 4b, ¢, and 4d show the PM emissions for M20, E20, and B20,

respectively, under high compression ratio operating conditions. The
figures show the discrete individual lumps with a much lower degree of
particle agglomeration behaviour than the conventional diesel com-
bustion particulates. Thus, it can be stated that these particles provide a
much lower area for the adsorption/absorption of the organic com-
pounds. This means alcohol particles have the potential to discourage
the adsorption/absorption of harmful organic compounds. These tiny
fine particles can easily be inhaled deeper into our respiratory system
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25,000X

100,000X

(d) 20% butanol-diesel blend (B20)

"~ 100,000X

() 50% butanol-diesel blend (B50)

Fig. 6. (continued).

and further can enter the bloodstream (Kittelson, 1998; Medina et al.,
2007; Pierdominici et al., 2014; Otsuki et al., 2014). Looking at Fig. 4,
diesel resulted in denser and larger-sized particles compared to 20% of
alcohol blends. The particle collection density on the substrate is
reduced (Fig. 4) when the blending fraction of ethanol and butanol in-
creases up to 50% (v/v).

Fig. 6 uses SEM to show the morphology of single agglomerated
particles of the tested fuels at 25,000X and 100,000X magnifications.
The magnified image of diesel particulates, in Fig. 6a highlights that the
quartz fibres act as sites for the collection of branched agglomerated
particles under the effect of various deep filtration methods such as in-
ertial impaction, adsorption, deposition/re-entrainment, sedimentation,
and turbulent deposition, etc. Fig. 6b, ¢, and 6d show the morphology of
the particulates collected for M20, E20, and B20, respectively. These
images show a common characteristic of the relatively small size of
particles with lower collection density in comparison to the diesel par-
ticles (Fig. 6a). Particulates are collected for diesel and alcohol blends
(100,000X images; Fig. 6). Diesel particulates show that the smaller
nucleation mode particles agglomerate and form a larger branched type
of agglomerated particles (white box in Fig. 6a). This formation is absent
in the case of M20, E20, and B20 generated particles (Fig. 6b, ¢, 6d).

Diesel fuel is mainly composed of long chain hydrocarbon, which
stimulates the pyrolysis process during combustion. This leads to higher
PM emissions with larger sizes of branched agglomerated structures.
Also, significant organics are presented in diesel particles emanating
from partial/incomplete combustion of lubricating oil and fuels (Agar-
wal et al., 2011; Wang et al., 2016). In the case of alcohols, the carbon
chain length is relatively smaller than diesel fuel, and it also contains
oxygen inherently (Yesilyurt et al., 2020). These factors help in a higher
degree of complete combustion and lower pyrolysis process. Lower PM
emission and a lower degree of pyrolysis in the case of alcohols might
result in a relatively small size and lower overall mass of particles. A
similar result has been reported by Kalwar et al., 2020). Fig. 6 also
compares the particulates generated from the alcohol blends used. The
PM for methanol shown in Fig. 6b consists of a limited number of
nucleation mode particles and forming agglomerated particles. Con-
cerning the size ranges, agglomerated particles for diesel can be
observed, and particulate size up to 2000 nm; however, for
alcohol-diesel blends, it is in the range of 400-600 nm (Fig. 6). One of
the possible reasons is to have lower organic in the case of alcohol
blends, and therefore the size of agglomerated particles is relatively
smaller compared to diesel particulates. The presence of organics may
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help in a higher degree of agglomeration (togetherness behaviour of
different nucleation mode particles), and therefore, diesel particulates
might result in a large size range compared to alcohol blended particles.
E50 and B50 generated PM indicated similar morphological character-
istics to that of E20 and B20 as observed in Fig. 6.

3.3. Polycyclic aromatic hydrocarbons (PAHs) emissions

Section 3.2 of this study mostly includes the qualitative character-
ization of PM mass emissions using mass measurement and microscope
imaging, respectively. Numerous studies (Nisbet and Lagoy, 1992;
Ravindra et al., 2008; Rajeev et al., 2023) have shown that polycyclic
aromatic hydrocarbons (PAHs) are one of the major constituents in PM
mass emissions from a toxicity point of view. The present section reports
the PAHs emissions and their implication on the overall toxicity po-
tential. PAHs are produced as a result of the pyrolysis process during the
combustion of fuels. Under high temperature and pressure conditions,
straight-chain hydrocarbons result in the formation of cyclic aromatic

(b)

Fig. 8. Total PAHs/PM, mass fraction of LMV, HMV, and nitro-PAHs for diesel (CR17.5) and alcohol-diesel blends (CR26).

compounds (hydrogen stripped-off partially) comprising two or more
benzene-like rings due to the lack of locally available oxygen. PAHs have
been classified into three categories named as low molecular weight
PAHs (LMW), high molecular weight PAHs (HMW), and nitro--
compounds of PAHs (Fig. 7) (Rajeev et al., 2023).

PM in the exhaust may contain several different PAHs, however, the
study reported ten important PAHs, namely: naphthalene, acenaph-
thylene, acenaphthene, fluorene, anthracene, pyrene, chrysene, benzo
[alpyrene, dibenzo[a,h]anthracene and benzo[g,h,ilperylene, catego-
rized under LMW, HMW and nitro-PAH. LMW PAHSs contain PAHs with
two or three benzene rings, and HMW PAHs contain higher PAHs with
four or five benzene rings, also considered to be more toxic and carci-
nogenic compared to LMW PAHs (Rajeev et al., 2023). Fig. 8 shows the
total fraction of PAHs (LMW + HMW + nitro-PAH) out of the total
particulate mass collected on filter paper, it is in the range of 0.3%-0.5%
of the total PM weight. Diesel shows 0.5% PAHs of total PM mass, and
the lowest PAHs fraction was observed for M20 fuel. Total PAHs fraction
is in a downtrend from higher carbon alcohol to lower carbon alcohol.
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One of the possible reasons for lower PAHs emission in the case of
alcohol blends is the lower carbon chain, which reduces the pyrolysis
process, resulting in lower PAHs formation during fuel combustion.

Fig. 8 shows the mass fraction of PAHs for the tested fuels. The total
PAHs emission for diesel contributes the highest fraction of nitro-PAHs
(reaching up to 65%). IARC report (International Agency for Research
on Cancer, 1989) suggests that nitro-PAHs possess a significantly high
degree of toxicity potential. The alcohol blends resulted in a reduced
fraction of nitro-PAHs compared to diesel (Paim et al., 2023). This
reduced fraction of nitro-PAHs is compensated by LMW and HMW for
alcohol blends. Zhao et al., 2022 and Tse et al., 2015 observed that
alcohol blends with diesel have shorter combustion duration. Thus,
conversion of nitro-PAHs from PAHs through electrophilic nitration
(Ghadikolaei, 2016) (addition of NO5 in benzene ring) reduces, lowering
the overall nitro-PAHs formation in PM of alcohol blends. Fig. 9 indicates
the mechanism of PAHs formation during combustion (Van Setten et al.,
2001). Diesel contains long straight chain hydrocarbons, which result in
CoHy precursors during the combustion process which serve as raw
materials for the formation of single ring benzene like compounds and
multiple rings PAHs (Fig. 9).

Total PAHs per unit mass of PM were reduced with the use of alcohol
fuels, however, tested fuels (ethanol, methanol, and butanol blends)
resulted in varying concentrations of any specific PAHs, which is mainly
due to different behaviour of fuel during combustion and pyrolysis
process. Among the tested alcohols, M20 indicated the lowest fraction of
nitro-PAHs, however, the fraction of HMW in total PAHs increased
significantly. Xu et al., 2022 investigated that M20 resulted in a higher
chemical reaction rate with higher laminar flame speed. This reduces the
combustion duration and thus conversion of PAHSs to nitro-PAHs (it in-
volves OH radical attack and subsequent addition of -NO3) (Ghadiko-
laei, 2016), resulting in lower nitro-PAHs for M20. It can be noted that
the increment in the blend ratio of ethanol and butanol does not make
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Fig. 11. Mass concentrations of LMW, HMW, and nitro-PAHs for diesel
(CR17.5) and alcohol-diesel blends (CR26).

any significant difference in the PAHs fraction in total PM emissions.
These two blends are also consistent in nitro-PAHs emission for the
tested blend ratio. Similar to the lower PM shown in Figs. 2 and 8 also
exhibits the lowest total PAHs emission for M20.

Looking at the PAHs/PM (ng/pg) index, diesel, and E50 show similar
results, 4.31 ng/ug, and 4.51 ng/ug, respectively. However, the absolute
PAHs emission is reduced by a factor of two in the case of E50 since the
PM emissions are almost half. Fig. 10 shows the relation between total
PM and total PAHs for different fuels, higher for diesel and significantly
lower for alcohol blends. The individual concentration of PAHs (Fig. 11)
looks completely different, which affects the overall toxicity potential of
the fuel. Toxicity assessments were performed for all the fuels, which is
discussed in later section 3.4 to evaluate the toxicity of the PM sample
for all tested fuels.
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Toxicity equivalent factor (TEF) and toxicity potential (TP) of PAHs for tested fuels (Agarwal et al., 2013b; Nisbet and Lagoy, 1992).

Chemical Name Formula Toxicity Equivalent Factor (TEF) Toxicity Equivalence (TP) of Fuel (ng of Benzo[ a]pyrene)

D100 B20 E20 M20 B50 E50
Naphthalene CyoHg 0.001 0.136 0.314 0 0.555 0.503 0.302
Acenaphthylene Ci2Hg 0.001 0.832 1.119 0 0.616 1.335 0.285
Acenaphthene Ci2H10 0.001 0.741 0 0.555 0.487 0.138 0.204
Fluorene Ci3H;0 0.001 0 0.575 1.930 0.577 1.127 0.614
Anthracene Ci4H10 0.010 4 12.82 4.51 5.79 9.67 4.82
Pyrene Ci6H10 0.001 1.310 0.881 0.683 0.565 0.559 0.599
Chrysene CigH;2 0.010 5.97 7.13 0.99 7.63 11.38 6.63
Benzo[a]pyrene CooHi2 1.000 779 2326 1055 1311 550 574
dibenzo[a,h] anthracene Ca2Hiy 1.100 3183.4 1412.4 4259.2 898.7 1480.6 739.2
Benzo[g,h,i]perylene CooHi2 0.010 0 9.72 0 12.90 11.51 10.67
1-nitronaphthalene C10H;NO, 0.100 154.3 335.8 234.1 38.7 411.3 298.3
2-Nitrofluorene C13HoNO, 0.100 393.8 88.8 200.7 27.9 0.0 115.0
9-nitroanthracene C14HoNO, 0.100 425.3 0.0 0.0 0.0 0.0 0.0
1-nitropyren C16H9NO, 0.100 446.9 62.1 0.0 0.0 0.0 32.1
Total 5395.8 4257.7 4319.7 2305.5 2478.2 1782.8

Fig. 11 categorizes the PAHs according to the molecular weight as
previously defined, i.e., a) LMW, b) HMW, and c) nitro-PAHs. It has been
observed that nitro-PAHs contribution is highest, in general, except for
M20. M20 exhibits the minimum total PAHs and nitro-PAHs in com-
parison with the other tested fuels. The higher flame speed of methanol
combustion (Xu et al., 2022) and shorter combustion duration persist for
the lower concentration of nitro-PAHs formation (Ghadikolaei, 2016),
allowing relatively lower time for conversion of PAHs to nitro-PAHs, i.e.,
OH radical joins and subsequent addition of NO,.

Although M20 resulted in the lowest nitro-PAHs concentration, the
total PAHs concentrations can be seen (Fig. 11) in a similar range ob-
tained for the other test fuels due to the relative increase of HMW PAHs.
Test performed with diesel resulted in the highest concentration of nitro-
PAHs compared to the alcohol blends. However, LMW and HMW PAHs
concentrations for diesel are comparable to the tested fuels. Looking at
the HMW, the PAHs concentration can be observed in the range of
4000-6000 ng. E20 and diesel have shown significantly higher con-
centrations of dibenzo[a,h]anthracene in the total HMW (Fig. 11b). It
should be noted that the toxicity equivalent factor of dibenzo[a,h]
anthracene is 1.1 which is approximately 10 to100 fold higher compared
to the other major HMW-PAHs emitted during the tests. M20 and B20
interestingly resulted in higher concentrations of benzo[g,h,i]perylene,
which are ~1311 ng and ~2326 ng, respectively (Fig. 11), compared to
the other fuels. For a higher blend of butanol (B50), 1-nitronaphthalene
and 4-methyldibenothiophene concentrations were obtained signifi-
cantly higher which indicates that B50 tends to promote the nitro-PAHs
fraction. It can be concluded that diesel fuel shows higher nitro-PAHs out
of total PAHs, moreover, the distribution of PAHs changes and shifts
toward LMW and HMW PAHs, with a reduction in nitro-PAHs with the
use of alcohol fuels. The above results (Fig. 10) highlight that the total
PAHs emissions were significantly lowered using alternative fuels under
the high compression ratio CI engine tests.

3.4. Toxicity assessment for PAHs

PAHs are complex combinations of different low and high molecular
cyclic compounds (two or more benzene building blocks) with varying
toxic potential. It is important to evaluate the toxic potential of different
PAHs with the same reference and therefore, several researchers
(Agarwal et al., 2013b; Yilmaz et al., 2022; Nisbet and Lagoy, 1992; Lara
et al., 2023; Keska and Janicka, 2022) have adapted an idea of toxic
equivalent factor (TEF) for overall PAHs toxicity investigation. Nisbet
and Lagoy, 1992 have considered benzo[a]pyrene as the reference PAHs
(TEF considered as 1.0) to evaluate the overall toxicity of the total PAHs
emissions. In the present study, authors have also considered benzo[a]
pyrene as the reference PAHs and accordingly the toxic potential of
other important PAHs have been adapted as reported by Nisbet and
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Lagoy, 1992). For example, the TEF values for 1-nitropyrene and
chrysene are 0.1 and 0.01 respectively in comparison to the TEF = 1.0 of
benzo[a]pyrene (Collins et al., 1998). The composition of these PAHs
molecules, in terms of their chemical make-up, is a crucial element in
defining the extent of their hazardous potential. Based on this infor-
mation, the toxicity potential (TP) of a PAHs compound was evaluated
using the following expression, (Nisbet and Lagoy, 1992):

TP = TEF x Mass concentration of individual PAHs

Table 3 contains information of TEF and TP for the measured PAHs
for comparison with tested fuels.

Fig. 12 shows the individual toxicity of LMW, HMW, and nitro-PAHs
types of PAHs. It was observed that the toxicity of PAHs is mainly due to
HMW and nitro-PAH. LMW PAHs exhibit negligible toxicity compared to
HMW and nitro-PAH. Fig. 13a and b shows the total PAHs, total TP, and
total TP/total PAHs for the test fuels. Total PAHs are found to be highest
in concentration in the case of diesel (CR17.5), which was followed by
B20, E20, and M20 (CR26) as shown in Fig. 13a. Evaluation of toxicity of
PAHs (alcohol blends) also showed a similar behaviour of total toxicity
reduction. B20 and B50 reduce the total PAHs concentrations by ~33%
and ~40% respectively in comparison to the diesel. This fact indicates
that B20 was quite effective in reducing the total PAHs concentrations,
however, further addition of butanol did not show a significant reduc-
tion in the total PAHs emissions. This inference is also true for E20 and
E50, as shown in Fig. 13a. This is mainly due to the similar PAHs fraction
of B20 and B50 out of total PM emission (Fig. 9) since PM mass is not
significantly lowered from B20 to B50. Xiao et al., 2020 have also
observed a higher reduction in soot emissions for lower blends in com-
parison to higher blends of butanol. Moreover, it can be observed that by
increasing the blend ratio from 20% to 50% (butanol and ethanol), the
total TP value reduced significantly despite having a minor reduction in
total PAHs emissions. This is mainly due to the different types of PAHs,
in terms of LMW, HMW, and nitro-PAHs distribution, with lower toxicity
potential for the higher blending of alcohol fuels (E50 and B50). The
lower overall toxicity potential of higher alcohol blend fuels indicates
the reduced behaviours of fuel toxicity in terms of PAHs emission which
is beneficial from an alternative fuel perspective for alcohols. Fig. 13b
shows the total TP/total PAHs as ordinate and fuel blends on abscissa
which indicates that E20 has the highest toxicity behaviours which is
even higher than diesel, while B50 and E50 showed lower values of total
TP/total PAHs in comparison to the other fuels. In the case of alcohol
blending with diesel, the formation of PAHs reduces due to the partial
replacement of diesel with alcohol molecules during combustion.

4. Conclusions

Methanol-diesel (M20), ethanol-diesel (E20 and E50), and butanol-
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Fig. 12. Toxicity potential of LMW, HMW, and nitro-PAHs for diesel (CR17.5) and alcohol-diesel blends (CR26).

diesel (B20 and B50) blends have been tested in a higher compression
ratio (CR26) CI engine. Particulate mass and particulate morphology
have been measured and analysed. Based on the experiment performed,
the following research outcomes are reported below. [ )

@ 20% alcohol-diesel blend (methanol, ethanol, and butanol) showed
the potential to reduce the PM emission by 30-45% compared to
baseline diesel. Alcohols tend to show superior atomization behav-
iour and thus reduce the overall PM formation during the combus-
tion process.
@ For higher alcohol blending ratios (B50 and E50), further reductions
in PM emission were not in the relative proportion of alcohol frac-
tion. This depicts that the effectiveness of increasing alcohol fraction )
diminishes the possibility of proportional PM reduction. E20 and B20
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significantly reduced the PM emission by ~38% and ~29%,
respectively compared to conventional diesel combustion, while E50
and B50 showed ~54% and ~38% reductions.

Morphological study of particulate generated from diesel showed
fluffy bulk lumps, branched and sticky carbonaceous materials up to
2000 nm, while alcohol blends resulted in discrete smaller sizes in
the range of 400-600 nm. SEM images indicate a higher degree of
branched agglomerated structure for diesel particulates with high
surface area availability compared to alcohol blend generated par-
ticulates increasing the probability of absorption/adsorption of vol-
atile organic compounds under the effect of heterogenous
nucleation, even before reaching their saturation point.

A highly agglomerated structure of diesel particulates is observed
compared to alcohol blends (methanol, ethanol, and butanol).
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Fig. 13. Total PAHs, TP (a), and TP/total PAHs (b) for diesel (CR17.5) and alcohol-diesel blends (CR26).

Concerning the number of particulates in the given frame of
morphological images (diesel and alcohol blends), there are much
smaller size of particulates in the case of alcohol blends. This indi-
rectly shows the overall lower particulate mass emission when
alcohol blends are used.
@ Alcohol blends (methanol, ethanol, and butanol) result in overall
lower PAHs emissions than diesel. B20, E20, and M20 fuels indicated
a reduction of PAHs of about ~34%, ~46%, and ~62% when
compared with diesel. Further increase in alcohol fractions, up to
50% (v/v; B50 and E50), showed noticeable, but minor reduction in
PAHs emission.
HMW and nitro-PAHs are the main reasons for the overall toxicity of
PAHs while the contribution of LMW was found to be negligible. The
total toxicity potential B20, E20, M20, B50 and E50 changed by
~21%, ~20%, ~57%, ~54% and ~67% in comparison to diesel.
Benzo [a] pyrene and dibenzo-anthracene turned out to be the
prominent PAHs emission which also possesses a very high toxic
equivalence factor (1.0 and 1.1 respectively).
E20 showed the highest value of the TP to total PAHs ratio (~0.37) in
comparison to diesel (~0.24) and other alcohol blends (methanol,
ethanol, and butanol). Although E20 reduces the PAHs emission
significantly (~46%), its toxicity per unit mass of PAHs turned out to
be the highest among the tested fuels.

Overall, this study highlights that the use of ethanol, methanol, and
butanol blended with diesel under the high compression ratio (CR26)
operation leads to lower PAHs emission and associated toxicity potential
in comparison to the conventional diesel combustion (CR17.5). The
morphological study of particulate collected from ethanol, methanol,
and butanol blended diesel combustion showed smaller particle size in
comparison to the diesel combustion. The utilization of higher fraction
of alcohols resulted in a significant reduction in nitro-PAHs and a
moderate reduction in HMW PAHs in comparison to diesel combustion.
The difficulty of going beyond 50% (v/v) blend ratio with higher CR
engines can further be investigated by introducing high cetane number
additives. It would be interesting to examine the effect of high cetane
number additives (ignition improver) with 50% (v/v) or higher alcohol
blend fractions to improve the ignition quality. Further, other unregu-
lated major emissions such as unburned hydrocarbons, ketone, alde-
hyde, trace metals etc., can also be studied to evaluate their toxicity
potential.
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Abbreviations

ATS Aftertreatment systems

B20 20% butanol with 80% diesel (v/v)
B50 50% butanol with 50% diesel (v/v)
C/H Carbon to hydrogen ratio

CI Compression ignition

CN Cetane number

CR Compression ratio

E20 20% ethanol with 80% diesel (v/v)
E50 50% ethanol with 50% diesel (v/v)
EC Elemental carbon

EGR Exhaust gas recirculation

FESEM Field emission scanning electron microscope
GHG Greenhouse gases
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HCCI Homogeneous charge compression ignition

HMW  High molecular weight

LCMS Liquid chromatography with high-resolution mass
spectrometer

HVO Hydrogenated vegetable oil

IARC International Agency for Research on Cancer

LMW Low molecular weight

M20 20% methanol with 80% diesel (v/v)

NIOSH National Institute for Occupational Safety and Health

oC Organic carbon

PAHs Polycyclic aromatic hydrocarbons

PM Particulate matter

RON Research octane number

SI Spark ignition engine

TEF Toxicity equivalence factor

TP Toxicity potential
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