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 Lean ﬂame soot was inﬂuenced more by sulfur in fuel than rich ﬂame soot.
 Sulfate species were mainly formed on the surface of soot.
 The diameter of primary lean ﬂame soot from high sulfur content fuel increased.
 The hygroscopicity of lean ﬂame soot from high sulfur content fuel increased.
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Previous studies indicate that sulfur in fuel affects the hygroscopicity of soot. However, the issue of the
effect of sulfur in fuel on soot properties is not fully understood. Here, the properties of soot prepared
from fuel with a variable sulfur content were investigated under lean and rich ﬂame conditions. Lean
ﬂame soot was inﬂuenced more by sulfur in fuel than rich ﬂame soot. The majority of sulfur in fuel in
lean ﬂame was converted to gaseous SO2, while a small fraction appeared as sulfate and bisulfate
(referred to as sulfate species) in soot. As the sulfur content in fuel increased, sulfate species in lean ﬂame
soot increased nonlinearly, while sulfate species on the surface of lean ﬂame soot increased linearly. The
hygroscopicity of lean ﬂame soot from sulfur-containing fuel was enhanced mainly due to sulfate species.
Meanwhile, more alkynes were formed in lean ﬂame. The diameter of primary lean ﬂame soot particles
increased and accumulation mode particle number concentrations of lean ﬂame soot from sulfurcontaining fuel increased as a result of more alkynes. Because the potential effects of soot particles on
air pollution development greatly depend on the soot properties, which are related to both chemical
aging and combustion conditions, this work will aid in understanding the impacts of soot on air quality
and climate.
© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction
Soot particles, which are produced from incomplete combustion
of fossil fuels and biomass, are ubiquitous in the atmosphere and
comprise 10e50% of the total tropospheric particulate matter
(Jacobson, 2001; Lary et al., 1999). They have an important inﬂuence on global and regional radiative balance and climate by
directly absorbing solar radiation as well as by indirectly scattering
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solar radiation as cloud condensation nuclei (CCN) (Chameides and
Bergin, 2002; Menon et al., 2002). It has been reported that the
contribution of soot to global warming may be second to that of CO2
(Jacobson, 2001; Moffet and Prather, 2009). Soot also poses a health
risk by causing and enhancing respiratory, cardiovascular and
allergic diseases (Sydbom et al., 2001). In addition, when emitted
into the atmosphere, soot particles are subjected to several aging
processes, including adsorption or condensation of gaseous species,
coagulation with other preexisting aerosols and oxidation (Han
vre et al., 2004; Saathoff et al.,
et al., 2013a, 2013b, 2012c; Lelie
2003; Zhang and Zhang, 2005; Zhang et al., 2008). These aging
processes not only signiﬁcantly affect the chemical composition of
the atmosphere, but also induce modiﬁcation of soot properties,
such as morphology, hygroscopicity, and optical properties, thus
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inﬂuencing the climatic and health effects of soot (Peng et al., 2016;
Zhang et al., 2008).
Sulfur-containing compounds are widely distributed in fuels.
Sulfur in fuel can be converted to toxic sulfur oxides (SO2) through
combustion that result in air pollution and poison the oxidation
catalysts in emission control systems (Stanislaus et al., 2010).
Although the environmental regulations on fuels sulfur content are
currently becoming more and more stringent all around the world,
the sulfur content in fuels remains exceedingly high in the developing countries, such as China and Brazil (http://
www.dieselnet.com/standards/br/
fuel_automotive.php#anp_2009, 2015; Zhang et al., 2010).
Many previous studies imply that fuel properties show a strong
inﬂuence on soot properties including functional groups,
morphology, and chemical composition as well as microstructure
(Daly and Horn, 2009; Jansma et al., 2012; Lu et al., 2012). Therefore, sulfur-containing compounds widely distributed in fuels may
affect soot properties. At present, a large number of studies have
been performed on combustion of sulfur-containing fuels in diesel
engines (Arnold et al., 2006, 2012; Giechaskiel et al., 2005; Jansma
et al., 2012; Lu et al., 2012; Maricq et al., 2002; Olfert et al., 2007;
Ronkko et al., 2013; Saiyasitpanich et al., 2005; Shi and Harrison,
1999; Weingartner et al., 1997) or diffusion ﬂames (GÜLder and

GlavinCEvski,
1991). The majority of these studies have mainly
showed that sulfur in fuel promoted exhaust particle formation
(Arnold et al., 2006, 2012; Ronkko et al., 2013; Shi and Harrison,
1999) or emission (Saiyasitpanich et al., 2005), especially for ultraﬁne particles. However, the way by which sulfur in fuel promoted particle formation or emission has been not clearly
understood. Meanwhile, only a few studies pay attention to the
effect of sulfur in fuel on the properties of soot (Jansma et al., 2012;
Lu et al., 2012; Olfert et al., 2007; Weingartner et al., 1997). For
example, little is known about the effects of sulfur in fuel on soot
morphology, and no experiments have been undertaken so far to
investigate the quantity of sulfate adsorbed in soot. Therefore, the
inﬂuence of sulfur in fuel on soot particle properties has not been
clearly understood. In this study, diffusion ﬂame soot prepared
under well-controlled combustion conditions was investigated in
laboratory experiments. By combining several measurements,
characteristics of soot such as functional groups, composition,
morphology and hygroscopicity were analyzed as a function of the
sulfur content in fuel. The results will increase understanding of the
effect of sulfur in fuel on soot properties and may also help assess
the environmental effects of soot.
2. Experimental section
2.1. Soot production
Soot samples were produced in a co-ﬂow homemade burner
system as described in detail in our previous studies (Han et al.,
2012a, 2012b, 2013a, 2013b). The co-ﬂow burner consisted of a
diffusion ﬂame maintained in a ﬂow of synthetic air, which was
controlled by mass ﬂow meters to regulate the fuel/oxygen ratio.
The fuel was fed by a cotton wick extending into the liquid fuel
reservoir. The combustion conditions were expressed as the molar
ratio of the consumed fuel (measured by the mass of consumed nhexane) to the introduced oxygen (obtained from the entrained
airﬂow volume) during the combustion process. Thus, soot samples
obtained from a relatively high fuel/oxygen ratio of about 0.16 and a
relatively low fuel/oxygen ratio of about 0.12 were identiﬁed as
“rich” ﬂame soot and “lean” ﬂame soot, respectively, as used in our
previous studies (Han et al., 2013a, 2012a, 2012c).
N-hexane (AR, Sinopharm Chemical Reagent Lo., Ltd.) was used
as model liquid fuel, and thiophene (AR, Sinopharm Chemical

Reagent Lo., Ltd.), a major sulfur-containing compound in fossil fuel
(Dai et al., 2008), was added to n-hexane to vary the sulfur content
in fuel as used in previous studies (Bladt et al., 2012; Dai et al., 2008;

GÜLder and GlavinCEvski,
1991; Hernandez-Maldonado and Yang,
2003).
2.2. Characterization of soot
The functional groups of soot samples were characterized using
a Fourier transform infrared spectrometer (FT-IR, NEXUS 6700,
Thermo Nicolet Instrument Corp.) equipped with a high-sensitivity
mercurycadmiumtelluride (MCT) detector cooled by liquid N2
and an ATR-IR cell. The spectra of soot were recorded (100 scans,
4 cm1 resolution) using the blank ZnSe ATR crystal as reference in
the spectral range from 4000 to 650 cm1. Alkynes on soot were
further identiﬁed using Lindlar catalyst, which can selectively
catalyze conversion of alkynes to alkenes (Lindlar, 1952; Rajaram
et al., 1983; Vile et al., 2014). A portion of soot generated from
fuel containing 3420 ppm S was extracted in toluene by ultrasonication. The extract was hydrogenated in the presence of Lindlar
catalyst according to the literature (Rajaram et al., 1983). Alkynes in
the toluene extracts of soot from fuel containing 3420 ppm S before
and after reaction were characterized in an ATR-IR cell after evaporation of toluene, as described above. Elemental analysis was
performed on a Vario EL Analyzer (Elementar Analysensysteme
Gmbh, Hanau, Germany).
Sulfate species in soot were detected with ion chromatography
(IC). A portion of soot collected on polytetraﬂuoroethylene membranes (PTFE, Pall corporation) was extracted in ultrapure water by
ultrasonication for 30 min in a water bath, where ice was regularly
added to avoid heating. Then, the extract was ﬁltered through a
nylon syringe ﬁlter (0.22 mm). The obtained sulfate solution was
analyzed with IC using a Metrohm 820 IC separation center (with a
Metrosep A Supp5-150 column and an 819 IC conductivity detector). An eluent of 9.0 mM Na2CO3 was used. An auto-sampler was
used where 50 mL of each sample was introduced into the eluent,
which was kept at a ﬂow rate of 1.0 mL min1. Meanwhile, the
presence of ammonium ion (NHþ
4 ) in soot was also examined with
IC.
Gaseous sulfur, mainly SO2, was examined with IC. The exhaust
gas containing SO2 ﬁltered through a PTFE membrane was directly
bubbled into an adsorption solution containing excessive sodium
hydroxide, and SO2 was adsorbed as sulﬁte. Then, a large amount of
ozone (O3) was bubbled into adsorption solution, through which
sulﬁte was transformed to sulfate. The obtained sulfate solution
was analyzed with IC as mentioned above.
The morphology and particle size of the soot were examined
using a TEM (H-7500, Hitachi). Soot produced in a diffusion ﬂame
was directly deposited onto a Cu microgrid. The acceleration
voltage was set to 80 kV for the measurements. Image J 1.41 software was used to analyze the diameter of primary soot particles.
The particle number concentration and size distribution of lean
ﬂame soot were measured with a scanning mobility particle sizer
(SMPS, TSI Model 3081) equipped with DMA 3080 (TSI Inc.) and
CPC 3776 (TSI Inc.). An electrical Low Pressure Impactor (ELPI,
Dekati Inc.) was used to control the stability of the particle emission
during the SMPS scans. Before passing through the SMPS, the
exhaust gas was diluted by zero air, and the dilution ratio was 7.5.
The length of the sampling line from the diluter to the particle
instruments was minimized. Each experiment was repeated ﬁve
times and the results were found to agree with each other within
the 95% conﬁdence level.
The hygroscopicity of soot was investigated qualitatively using
ATR-IR. Fresh lean ﬂame soot particles were directly deposited on
the ZnSe crystal of the ATR-IR cell, which was then sealed with a
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Teﬂon cover and ﬂushed with dry N2. The spectra of samples were
recorded during water evaporation until the spectrum showed no
obvious change, suggesting that the dehydration process was
complete. Then, N2 with controlled humidity was introduced, and
the spectra of soot were recorded with the dehydrated soot surface
taken as the reference background spectrum (100 scans, 4 cm1
resolution). The relative humidity (RH) was recorded by a moisture
meter (CENTER 314, China) and controlled by changing the mixture
ratio of dry N2 and humid N2.
The water content of soot samples was measured quantitatively
on a Quantachrome Autosorb-1-C instrument equipped with a
vapor generator, which has been described elsewhere in detail (Ma
et al., 2010b, 2013a). The water adsorption capacity was measured
based on the conventional volumetric method. Prior to the water
uptake experiments, fresh soot samples were outgassed at
3.0  103 Torr and at room temperature for 3 h to remove the
adsorbed water. The temperature of the sample during the water
uptake experiment was held at 278.15 ± 0.1 K by a super thermostat
and a cryoﬂuid pump (DFY 5/80, Henan Yuhua laboratory instrument factory).

3. Results and discussion
3.1. Functional groups on soot
Previous studies suggested that the majority of sulfur in fuel was
oxidized to SO2 during combustion, and only a small percentage
was converted to sulfates in particulate matter (Corro, 2002;
Saiyasitpanich et al., 2005). Hence, in order to investigate the inﬂuence of a large amount of sulfur in fuel, which is as high as about
2000 ppm in some parts of the developing countries (http://
www.dieselnet.com/standards/br/
fuel_automotive.php#anp_2009, 2015; Zhang et al., 2010), and to
obtain adequate amounts of sulfur-containing species in soot to
facilitate the research, the sulfur content in fuel ranged from 0 to
3420 ppm in this study.
Fig. 1 shows the ATR-IR spectra of fresh rich ﬂame soot and lean
ﬂame soot prepared from fuel with a variable sulfur content. The
peaks and functional groups are given in Table 1. Functional groups,
including the alkyne CeH group (3284 cm1), aromatic CeH group
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Table 1
IR Assignment of surface species for rich and lean ﬂame soot; reference: 1Han et al.
(2012a), 2Santamaria et al. (2006), 3Kirchner et al. (2000), 4Smith and Chughtai
(1995), 5Cain et al. (2010), 6Smith (1998), 7Querry et al. (1974). 8Zhang et al.
(1993), 9Niki et al. (1980), 10Smith et al. (1989) and 11Kirchner et al. (2003).
Surface species

Alkyne ≡ CeH
Aromatic CeH
Carbonyl C¼O
C¼O bonded to an aromatic ring
Unsaturated CeH(¼CH2)
OeH in carboxylic acid
Aliphatic CeH (CH3 groups)
HSO
4
H2SO4
SO24
Substituted aromatic CeH
Substituted aromatic CeH
Substituted aromatic CeH

Wave numbers (cm1)
This study

Literature

3284
3040
1710
1590
1440
1420
1386
1228
1030
1180
1080
876
840
745

3284,1 3300,2 33203
3030,2 3040,1, 4 30503, 5
1710,1 17202, 3, 5
1590,1 16003, 5
1440,4 1450,2 14605
14186
13802
12307, 8
10507, 9
1187,9 1190,7 1225-118010
1104,7, 8 109011
876,1 88035
840,1 84035
745,1 76035

(3040 cm1), carbonyl (C¼O) group bound to aromatic rings
(1590 cm1), unsaturated CeH (¼CH2) group (1440 cm1) and
substituted aromatic CeH groups (876 cm1, 840 cm1, 745 cm1)
(Cain et al., 2010; Han et al., 2012c; Kirchner et al., 2000;
Santamaria et al., 2006; Smith and Chughtai, 1995) were
observed in the spectra of soot from sulfur-free fuel. This result was
in good agreement with our previous study (Han et al., 2012a).
Additionally, one shoulder peak at 1386 cm1 was attributed to the
aliphatic CeH plane deformations of CH3 group (Santamaria et al.,
2006) and another shoulder peak at 1420 cm1 was related to the
in-plane OH bending mode of carboxylic acid (Smith, 1998). The
peak at 1710 cm1 in the spectra of rich ﬂame soot was assigned to
the carbonyl (C¼O) group (Han et al., 2012a). When sulfur was
added to fuel, new absorption peaks at 1228 and 1030 cm1 (HSO
4 ),
1180 cm1 (H2SO4), 1080 cm1 (SO2
4 ) (Kirchner et al., 2003; Niki
et al., 1980; Popovicheva, 2004; Querry et al., 1974; Smith et al.,
1989; Zhang et al., 1993) (referred to as sulfate species) were
found in the spectra of rich ﬂame soot and lean ﬂame soot, which
suggested that sulfate species were generated on soot. Furthermore, because adsorption peaks at ~3284 and ~1440 cm1 may be

Fig. 1. Typical baseline-corrected, normalized ATR-IR spectra for fresh soot. (a) Rich ﬂame soot. (b) Lean ﬂame soot.
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contributed by ammonium ions (Coates, 2000), ammonium ions on
lean ﬂame soot generated from fuel containing sulfur were determined with IC. It can be observed from Fig. S1 that there were no
ammonium ions present in the extract of soot from fuel containing
sulfur.
Compared with rich ﬂame soot, lean ﬂame soot showed stronger
peaks of sulfate species. The intensities of these peaks increased
with the increasing of the sulfur content in fuel, implying that a
lean ﬂame was more favorable to sulfate species generation. This
was because the higher oxygen content in lean ﬂame was favorable
for the conversion of sulfur in fuel into SO2 and further into sulfate
species.
At the same time, for lean ﬂame soot from fuel containing
3420 ppm S, a strong and broad absorption peak at 3284 cm1 was
observed as shown in Fig. 1b, which might be related to alkyne CeH
groups (Han et al., 2012a) or the OH stretching mode of a small
amount of water adsorbed on soot (Lu et al., 2008b). Alkynes on
soot were further identiﬁed with the use of Lindlar catalyst, which
can selectively catalyze conversion of alkynes to alkenes (Lindlar,
1952; Rajaram et al., 1983; Vile et al., 2014). The ATR-IR spectra of
the toluene extracts of lean ﬂame soot from fuel containing
3420 ppm S before and after hydrogenation are shown in Fig. 2. It
can be observed that the peak at 3284 cm1 disappeared after
hydrogenation. Based on the unique ability of Lindlar catalyst to
selectively reduce C≡C to C¼C (Vile et al., 2014), we can conﬁrm
that the strong peak at 3284 cm1 corresponded to the alkyne CeH
stretch. This result indicates that a large amount of alkynes were
formed in lean ﬂame when the fuel contained sulfur in lean ﬂame.
Furthermore, this result provides further evidence in support of the
suggestion proposed by (Smith, 1981) that SO2 and SO3 originating
from sulfur in fuel can catalyze the recombination of O and OH,
thereby reducing the degree of acetylene oxidation and enhancing
alkynes formation.
It has been known that alkynes, such as acetylene, are the main
intermediates in the formation and growth of soot particles
(Committee on Chemical Engineering Frontiers: Research Needs
and Opportunities; Mathematics, 1988; Donnet et al., 1993).
Therefore, large amounts of alkynes on lean ﬂame soot from sulfurcontaining fuel might inﬂuence the diameter and the number
concentration of soot particles. This inﬂuence was investigated in
the following context.
In addition, the effect of sulfur in terms of SO2 in synthetic air on

soot was investigated with ATR-IR. Fig. 3 presents the infrared
spectra of soot prepared from sulfur contained in fuel and from SO2
injection in synthetic air. The amount of sulfur from SO2 in synthetic air was equivalent to that of sulfur in fuel containing
3420 ppm S. As seen in Fig. 3a and c, the infrared spectra of rich
ﬂame soot from sulfur in fuel were the same as those of rich ﬂame
soot obtained from SO2 injection in synthetic air. So were the
infrared spectra of lean ﬂame soot in Fig. 3c and d. This result
suggests that sulfur in fuel and sulfur in synthetic air show the
same effect on conversion of sulfur into sulfate species on soot.
Meanwhile, by comparison, it can be found in Fig. 3a and b that
more sulfate species and alkynes were formed on lean ﬂame soot
than on rich ﬂame soot. This result indicates that the effect of sulfur
in fuel on soot properties is related to the combustion conditions,
while lean ﬂame soot is inﬂuenced more by sulfur in fuel than rich
ﬂame soot. Therefore, we focused the investigation on lean ﬂame
soot properties in this study.
3.2. Sulfur in soot
Lean ﬂame soot was investigated with elemental analysis to
identify the chemical composition, and sulfate species in lean ﬂame
soot were analyzed with IC. The results are shown in Table 2 and
Fig. 4. As seen from Table 2, all soot samples were mainly composed
of carbon with a high mass fraction of about 92 wt% (Sadezky et al.,
2005), as well as low mass fractions of hydrogen (about 1 wt%),
oxygen (about 1.4 wt%) and nitrogen (about 0.5 wt%), independently of sulfur added to fuel. Sulfur was detected when lean ﬂame
soot was prepared from sulfur-containing fuel. At the same time, it
can be observed in Fig. 4a that the sulfur fraction in soot increased
nonlinearly as a function of the sulfur content in fuel. Similarly, the
sulfate species fraction in soot also increased nonlinearly from 0 to
3.2 mg per gram of soot as the sulfur content in fuel increased in the
range of 0e3420 ppm, as shown in Fig. 4b.
Fig. 4c shows the amount of sulfate species formed on the surface of soot as a function of the sulfur content in fuel. The amount of
sulfate species was represented by the integrated absorbance of
two peaks at 1128 and 1180 cm1. The inﬂuence of soot amount
deposited on the ZnSe crystal of the ATR-IR cell on the integrated
absorbance was offset through dividing the integrated absorbance
of the IR peaks of sulfate species by the integrated absorbance of
one of the substituted aromatic CeH group peak (923-852 cm1).
As seen in Fig. 4c, the integrated absorbance of sulfate species
increased linearly as the sulfur content in fuel increased. This result
suggests that the amount of sulfate species on the surface of soot
increases linearly as a function of the sulfur content in fuel, which is
not consistent with the results of elemental analysis and IC. This
discrepancy may be explained by the uneven distribution of sulfur
in soot. For elemental composition, sulfur both on the surface and
in the bulk of soot was detected. Similarly, IC examined all sulfate
species on the surface and in the bulk of soot. However, only sulfate
species on the surface of soot were detected with ATR-IR. Therefore,
it can be concluded that sulfate species are mainly formed on the
surface of soot through coating during the processes of combustion
and cooling.
3.3. The distribution of sulfur in fuel among combustion products

Fig. 2. Baseline-corrected, normalized ATR-IR spectra for extracts of lean ﬂame soot
from fuel containing 3420 ppm S before and after hydrogenation.

The distribution of sulfur among combustion products was
investigated, taking fuel containing 3420 ppm S as an example. It
can be found from the results of IC that about 83 wt% of sulfur in
fuel was converted to gaseous SO2, and 5 wt% appeared as sulfate
species in lean ﬂame soot. For lean ﬂame soot investigated with the
fuel/oxygen ratio of 0.12, the corresponding equivalence ratio,
which was deﬁned as the ratio of the fuel/oxidizer ratio to the
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Fig. 3. ATR-IR spectra for fresh soot with sulfur (thiophene) in fuel and sulfur (SO2) in synthetic air. (a) Rich ﬂame soot from fuel containing 3420 ppm S. (b) Rich ﬂame soot from
SO2 in synthetic air. (c) Lean ﬂame soot from fuel containing 3420 ppm S. (d) Lean ﬂame soot from SO2 in synthetic air.

Table 2
Elemental composition of fresh lean ﬂame soot samples.
Sulfur content in fuel (ppm)

Elemental analysis (wt%)
C

0
380
1140
3420

92.54
92.19
92.30
92.44

H
±
±
±
±

0.54
0.28
0.36
0.15

1.27
0.94
1.03
1.13

O
±
±
±
±

0.21
0.04
0.38
0.37

stoichiometric fuel/oxidizer ratio, was 1.10 as shown in Supporting
Information. In this case, fuel was not completely combusted to CO2
and H2O, and sulfur in fuel was also incompletely combusted. The
XPS analysis conﬁrmed thiophene-bound sulfur in soot as shown in
Fig. S2. Therefore, the rest of sulfur in fuel, approximately 12 wt%,
was attributed to thiophene-bound sulfur. The sulfur distribution in
the diffusion ﬂame in this study was in good agreement with the
results of engine studies showing that the majority of sulfur in fuel
was converted to SO2, and only a small percentage showed up as
sulfate species in particulate matter (Corro, 2002; Saiyasitpanich
et al., 2005).
3.4. Morphology of soot
TEM measurements (Chandler et al., 2007; Han et al., 2012a; Liu
et al., 2010; Park et al., 2004) and the conventional mass-size
approach with application of the differential mobility analyzer
(DMA) and aerosol particle mass analyzer (APM) (Pagels et al.,
2009; Park et al., 2004; Xue et al., 2009) are well-established
methods to characterize the morphology of soot. For the TEM
measurements, the fractal dimension of agglomerates (Df), a
parameter widely used to describe the compactness of the population of agglomerates (Pagels et al., 2009), is determined through

1.44
1.60
1.33
1.56

N
±
±
±
±

0.15
0.05
0.03
0.03

0.58
0.57
0.51
0.53

S
±
±
±
±

0.07
0.08
0.08
0.05

0
0.18 ± 0.03
0.25 ± 0.03
0.43 ± 0.04

extracting 3D structural properties from measured 2D projected
images. In this process, uncertainties occur. Df is calculated according to the following empirical and statistical relationships in
the TEM measurements (Hu et al., 2003; Park et al., 2004):

 . 2a  . Df
Ny da dp
y L dp
where N is the number of primary particles in an aggregated
sample, da ¼ (4Aa/p)1/2 is the area-equivalent diameter of the
measured aggregated projected area (Aa), a ¼ 1.09 is an empirical
parameter to account for the particles screening on projected TEM
images, and L is the measured maximum aggregate length. For the
conventional mass-size approach, Df is determined based on the
mobility diameter and mass of the same agglomerate particles. It
has been suggested that Df measured by TEM for diesel particles is
in reasonable agreement with that by DMA-APM (Park et al., 2004).
In addition, the diameter of primary soot particles ðdp Þ can be obtained from TEM images. Therefore, TEM measurements were
applied to determine the morphology of soot aggregates and the
diameter of primary particles as used previously (Han et al., 2012a;
Liu et al., 2010). All properties parameters, including the ratio of
maximum length (L) to average width of aggregates (W), the fractal
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Fig. 4. (a) Sulfur fraction in lean ﬂame soot measured with elemental analysis. (b)
Sulfate species fraction in lean ﬂame soot measured with Ion Chromatography. (c) The
amount of sulfate species on the surface of lean ﬂame soot measured with ATR-IR. The
amount of sulfate species was represented by integrated absorbance of two peaks at
1228 and 1180 cm1 between 1324 and 1116 cm1.

dimension of agglomerates (Df) and the diameter of primary particles ðdp Þ, are obtained from at least 60 individual soot aggregates,
to ensure that the uncertainties in the extraction of 3D structural
properties from measured 2D projected images are as low as
possible. Error bars show the standard deviation of over 60 individual soot aggregates.
Fig. 5 shows TEM images of fresh lean ﬂame soot samples
generated from sulfur-free fuel (Fig. 5a) and fuel containing
3420 ppm S (Fig. 5b). Both kinds of soot samples presented chainlike agglomerates composed of typical spherical particles as reported in other studies (Qiu et al., 2012; Zhang et al., 2008).
As seen in Table 3, for both kinds of lean ﬂame soot from sulfurfree fuel and sulfur-containing fuel, the ratios of maximum length
(L) to average width of aggregates (W) were around 6, which was
close to the value of n-hexane ﬂame soot reported by Han et al.
(2012a). Fig. 6 shows the diameter distribution of primary soot
particles. The proportion of spherical particles with large diameter
(>35 nm) for lean ﬂame soot from sulfur-containing fuel was
signiﬁcantly greater than that of soot from sulfur-free fuel, while
the opposite was observed for small particles (<35 nm). Correspondingly, the average diameter (dp ) of primary soot particles
signiﬁcantly increased from 35.49 ± 7.60 nm (for sulfur-free fuel) to
39.66 ± 6.42 nm (for sulfur-containing fuel) as shown in Table 3.
However, no signiﬁcant changes in the diameter of primary particles were observed when the sulfur content in fuel was varied in an
engine study (Lu et al., 2012). This lack of change in dp may be
mainly related to the sulfur content in fuel being less than 500 ppm.

Smith (1981) suggested that SO2 and SO3 originating from sulfur in
fuel can catalyze the recombination of O and OH, thereby reducing
the degree of acetylene oxidation. In our study, the higher intensity
of the alkyne CeH stretching band observed in the ATR-IR spectra
in Fig. 1b for lean ﬂame soot from fuel containing 3420 ppm S
indicated more alkynes were formed. Alkynes are the main intermediates in the formation and growth of soot particles as
mentioned above. Hence, the diameter of primary soot particles
might increase as a result of an abundant amount of alkynes being
formed when fuel contained 3420 ppm S. The sulfur content in fuel
was less than 500 ppm reported by Lu et al. (2012), thereby without
enough amount of alkynes to promote the signiﬁcant growth of
primary particles. Therefore, it can be implied that a high content of
sulfur in fuel inﬂuences the combustion process of the fuel in lean
ﬂame, thus causing more alkynes formation and increasing the
diameter of primary soot particles.
The Df for these two kinds of soot particles maintained the same
value of 1.63, which closely agreed with that (1.7) of propane ﬂame
soot (Slowik et al., 2004). However, Olfert et al. (2007) observed a
drastic increase in the fractal dimension of the particles with a large
fraction of sulfate species in the particulate matter at high engine
loads. The high engine loads and a diesel oxidation catalyst (DOC)
ﬁtted on the engine may have contributed to this increase. Higher
loads increased the concentration of SO2 available for the formation
of sulfate species by enhancing the fuel consumption (Giechaskiel
et al., 2005). Meanwhile, the DOC converted more SO2 to SO3 at
higher DOC temperatures when operating at high engine loads
(Maricq et al., 2002). Hence, during the process of cooling,
increased amounts of sulfate species were formed and condensed
on the soot agglomerates, which ﬁlled in the voids of the particles,
thus making the particles more compact and increasing the fractal
dimension. Sulfate species and water accounted for up to 29 wt% of
the total particulate matter with the sulfur content in fuel of less
than 50 ppm at high loads and in the presence of DOC in the study
of Olfert et al. (2007). However, the sulfate species fraction in lean
ﬂame soot particulates was only about 0.3 wt% with the sulfur
content in fuel of 3420 ppm as shown in Fig. 4b in this study.
Therefore, it can be implied that the effect of sulfur in fuel on soot
properties is closely related to combustion conditions.
3.5. The size distribution and particle number concentration
The size distribution and particle number concentration of lean
ﬂame soot were measured with an SMPS. Fig. 7 presents the size
distributions of lean ﬂame soot particles from sulfur-free fuel and
fuel containing 3420 ppm S. For lean ﬂame soot from sulfur-free
fuel, the particle size distributions only showed the accumulation
mode with the geometric mean diameter (GMD) of 190 nm.
However, the particle size distributions displayed both the nucleation mode (GMD 20 nm) and the accumulation mode (GMD
190 nm) for lean ﬂame soot from sulfur-containing fuel. The smaller
nucleation mode particles detected in the latter were mainly
caused by nucleation of sulfate species originating from sulfur in
fuel as reported in a diesel engine study (Schneider et al., 2005). The
larger accumulation mode particles were mainly composed of soot
agglomerates, and they presented a similar size distribution for
both kinds of soot. Meanwhile, the particle number concentrations
of the accumulation mode particles were calculated according to
the SMPS measurement. The accumulation mode particle number
concentrations of soot from sulfur-containing fuel slightly
increased, with an increase degree of 4% compared with those of
sulfur-free fuel as shown in Fig. 7, implying that the accumulation
mode particle nucleation was enhanced as a result of more alkynes
being formed, as described above in section 3.1. Combined with the
increased diameter of primary particles observed in section 3.4, it
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Fig. 5. TEM images of fresh lean ﬂame soot. (a) Without S. (b) 3420 ppm S.

Table 3
Ratio of maximum length (L) to average width of aggregates (W) and average
diameter of primary particles (dp ) and the fractal dimension (Df) of fresh lean ﬂame
soot.
Sulfur content in fuel (ppm)

L/W

dp (nm)

Df

3420
0

6.78 ± 1.56
5.90 ± 2.06

39.66 ± 6.42
35.49 ± 7.60

1.63 ± 0.06
1.63 ± 0.06

study has found that the hygroscopicities measured by HTDMA for
Suwannee River fulvic acid (SRFA) and humic acid sodium salt
(NaHA) are supported by ATR-IR absorption measurements (Hatch
et al., 2009). However, both of these methods have their own advantages and disadvantages. For example, the detailed structural
information on water molecules adsorbed on particles can be obtained in ATR-IR, while the substrate may have an inﬂuence on the
measurement of the hygroscopicity. For HTDMA, although suspended particles can be measured, a certain shrinking of soot aggregates simultaneously accompanying the uptake of water on soot
may have a negative inﬂuence on their hygroscopicity measurement. Up to now, the hygroscopicity of soot particles coated by
sulfate species has been well studied using HTDMA (Zhang et al.,
2008). Here, ATR-IR spectroscopy was ﬁrstly applied to qualitatively examine the water uptake and the hygroscopicity of soot.
Fig. 8 shows the ATR-IR spectra of lean ﬂame soot at various RHs
using soot dehydrated by N2 as reference. Three peaks at ~3500,
~3426 and ~3149 cm1 assigned to the OeH stretching mode of
water and one peak at ~1635 cm1 related to the bending mode of
water (Lu et al., 2008b; Ma et al., 2010a) were observed in the ATRIR spectra of soot from fuel containing 3420 ppm S at various RHs as
shown in Fig. 8a. All four of these peaks increased in intensity with
an increase in RH, but the peak at ~3426 cm1 increased faster than
the other two OeH stretching mode peaks. According to the study

Fig. 6. Diameter distribution of primary lean ﬂame soot particles.

can be suggested that the diameter of primary soot particles was
increased and the accumulation mode particle number concentrations of lean ﬂame soot was promoted as a result of more alkynes
being formed.
3.6. Water uptake and hygroscopicity of soot
Both the hygroscopicity tandem differential mobility analyzer
(HTDMA) (Henning et al., 2012; Khalizov et al., 2009; Qiu et al.,
2014; Zhang et al., 2008) and ATR-IR spectroscopy (Lu et al.,
2008a, 2008b; Wang et al., 2008; Zhang et al., 2014) are widely
used to characterize the hygroscopicity of particles. Using ATR-IR
spectroscopy, the hygroscopicity of the bulk soot aggregates
deposited on the ZnSe substrate is examined by observing the
changes in the IR band of adsorbed water. For HTDMA, the hygroscopicity of the single suspended soot particles is obtained by
observing the changes in the measured particle sizes. A previous

Fig. 7. Particle number and size distributions measured with SMPS. The total number
concentration of soot particle from fuel containing 3420 ppm S is 9.92  108 cm3 with
the accumulation mode particle number concentrations of 9.76  108 cm3. The total
number concentration of soot particle from sulfur-free fuel is 9.15  108 cm3.
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of Lu et al. (2008b), we suggested that the peak at ~3500 cm1 was
contributed by water monomers adsorbed on the surface of soot,
while the peaks at ~3426 and ~3129 cm1 were due to aggregated
water molecules on soot. Thus, the adsorption and aggregation
processes of water molecules on soot as RH increases are clearly
presented in Fig. 8a. As observed in Fig. 8a, there were prominent
losses of intensities for bands at 1420 cm1 (carboxylic acid OH)
(Smith, 1998), 1180 and 1030 cm1 (sulfate species) (Niki et al.,
1980; Querry et al., 1974), accompanied with increased intensities
of the peaks of water when RH increased. The gradual loss in the
intensities of these polar functional groups may be caused by
increasing amounts of water adsorbed on them as RH increased.
Therefore, this result suggests that polar functional groups are the
main active sites for water adsorption on soot. As shown in Fig. 8b,
adsorption peaks of water in ATR-IR spectra of soot from sulfur-free
fuel at various RHs were much weaker when compared with those
of soot from sulfur-containing fuel. This implies that less water was
adsorbed on the soot from sulfur-free fuel.
Furthermore, the integrated intensities of water adsorption
peaks in the 2700e3720 cm1 range on two kinds of soot are
shown in Fig. 9. Both isotherms represented a typical type-Ⅲ
adsorption curve as reported for most soot samples (Chughtai et al.,
1999), indicating that the adsorption of water on these two kinds of
soot was cooperative. Additionally, it was obvious that the water
adsorption isotherm for fresh lean ﬂame soot from sulfurcontaining fuel was higher than that for soot from sulfur-free
fuel. This result suggests that sulfur in fuel increases the hygroscopicity of lean ﬂame soot for sulfate species formed during
combustion act as active sites for water adsorption.
The water adsorption behaviors of fresh lean ﬂame soot from
sulfur-free fuel and fuel containing 3420 ppm S are shown in Fig. 10.
The water adsorption isotherms for both kinds of soot samples
resembled those of the qualitative adsorption isotherms shown in
Fig. 9, indicating that ATR-IR spectroscopy was a feasible method
for qualitatively analyzing the hygroscopicity of soot particles.
Based on the surface area of soot samples (48.10 and 40.88 m2 g1
for sulfur-free fuel and sulfur-containing fuel, respectively) and a
reasonable assumption about the molecular area of the adsorbed
water (12.2 Å2) (Chughtai et al., 1996), the mass of water adsorbed
on soot was converted into coverage in terms of formal water
monolayers. As seen in Fig. 10, for soot from sulfur-containing fuel,
more than two monolayers of water molecules were adsorbed at
90% RH. However, the amount of water molecules adsorbed on soot
from sulfur-free fuel was less than one monolayer even at 90% RH.
This result indicates that water adsorbed on soot is signiﬁcantly
increased when fuel contains sulfur. As shown in Figs. S3 and S4
and Table S1, the surface area and pore volume of all fresh soot
samples were similar. Therefore, it can be concluded that the
enhanced hygroscopicity of lean ﬂame soot from sulfur-containing
fuel is mainly due to sulfate species on the surface of soot acting as
active sites for water adsorption. This result provides further understanding on the increased hygroscopicity of soot particles from
sulfur-containing fuel, as found in a previous study (Weingartner
et al., 1997), and coincides well with previous results reporting
that coating by sulfate species enhanced water adsorption on soot
(Popovicheva et al., 2008, 2011; Zhang and Zhang, 2005).

Fig. 8. ATR-IR spectra of fresh lean ﬂame soot at various RHs. (a) 3420 ppm S. (b)
Without S.

distribution of sulfur in fuel among combustion products, it was
found that the majority of sulfur in fuel in lean ﬂame was converted
to gaseous SO2, and while a small fraction appeared as sulfate
species in soot. Sulfate species in lean ﬂame soot increased nonlinearly while sulfate species on the surface of lean ﬂame soot
increased linearly as the sulfur content in fuel increased. The hygroscopicity of lean ﬂame soot was greatly enhanced for sulfate
species coating on the surface of soot acted as active sites for water
adsorption.
Meanwhile, a high content of sulfur in fuel inﬂuenced the
combustion process of the fuel in lean ﬂame, thus causing more
alkynes formation, which increased the diameter of primary particles and enhanced the accumulation mode particle number concentrations of soot.

4. Conclusions and implications
Soot samples were prepared from combustion of n-hexane. The
functional groups, chemical composition, morphology and hygroscopicity of soot were investigated while the sulfur content in fuel
varied. The inﬂuence of sulfur in fuel was found to relate to combustion conditions, while lean ﬂame soot was affected more by
sulfur in fuel than rich ﬂame soot. Through analysis on the

Fig. 9. Water uptake isotherms for fresh lean soot samples using ATR-IR.
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Fig. 10. Water adsorption isotherms for fresh lean ﬂame soot samples at 278.15 K. The
insert graph shows water layers adsorbed on soot versus relative humidity.

It has been known that the potential effects of soot particles on
air pollution development and climate greatly depend on the soot
properties, which are related to both chemical aging and combustion conditions (Khalizov et al., 2013; Peng et al., 2016; Qiu et al.,
2012, 2014; Zhang et al., 2008). The initial combustion conditions
have been observed to play an important role in the hygroscopic
(Han et al., 2012a) and optical properties (Qiu et al., 2014) of soot
particles. In this work, we have found that fuel containing a high
content of sulfur favors the formation of soot particles coated with
sulfate species in lean ﬂame. This implies that the inﬂuence that a
high content of sulfur in fuel, particularly in China, exalts on soot
properties may signiﬁcantly affect the resulting atmospheric impacts and the further transformation of soot. Although the cloudforming potential of soot particles is mainly determined by their
atmospheric aging (Khalizov et al., 2009; Ma et al., 2013b), lean
ﬂame soot particles generated from high sulfur content fuel are
coated with more sulfate species, which will increase the hygroscopicity and to some extent enhance the cloud-forming potential
of soot particles (Zhang et al., 2008). Sulfate species coating and the
subsequently enhanced hygroscopicity of soot particles increase
the light absorption and scattering of soot particles (Zhang et al.,
2008), and then deteriorate the visibility and the local air quality.
On the other hand, sulfate species coating during initial combustion
process may reduce the lifetime of soot in the atmosphere by
promoting wet deposition. This in turn partially compensates for
the light adsorption and scattering of soot, which leads to a large
uncertainty in estimating the climate impacts of soot (Park et al.,
2011). In addition, the enhanced hygroscopicity of the soot
mixture with sulfate species can create a water layer over soot, and
then facilitate adsorption and reaction of other pollutants in the
surrounding air, making the climate effects and relevant chemistry
of soot more complicated. Therefore, this work will aid in understanding the impacts of soot particles on air quality and climate.
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