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Title: Effect of atmospheric aging on volatility and reactive oxygen species of biodiesel exhaust nanoparticles
A. M. Pourkhesalian, S. Stevanovic, M. M. Rahman, E. M. Faghihi, S. E. Bottle, A. R. Masri, R. J. Brown,
Z. D. Ristovski
Reviewer 1:
Major comments:
Comment 1:
Why was not any technique for chemical characterization used in this study? Information of
chemical composition would be useful in order to understand potential toxic properties. Thermooptical analysis of organic and elemental carbon would also have been useful to see whether the
increased volatility comes from increased fraction of organic aerosol.
Response 1:
It was previously established that ROS correlates well with the specific component of OC (see for
example: Miljevic, B., Heringa, M. F., Keller, A., Meyer, N. K., Good, J., Lauber, A., et al. (2010).
Oxidative Potential of Logwood and Pellet Burning Particles Assessed by a Novel Profluorescent
Nitroxide Probe. Environmental Science & Technology, 44(17), 6601–6607). Also, volatility is an
indirect measure of potentially reactive OC [Stevanovic, S., Miljevic, B., Surawski, N. C., Fairfull-Smith,
K. E., Bottle, S. E., Brown, R., and Ristovski, Z. D.: Influence of Oxygenated Organic Aerosols (OOAs) on
the Oxidative Potential of Diesel and Biodiesel Particulate Matter, Environmental Science &
Technology, 47, 7655-7662, 10.1021/es4007433, 2013]. Furthermore the focus of this manuscript
was to show the effect of atmospheric aging on the semivolatile fraction and its contribution to ROS
content. Aging will not increase the amount or percentage of elemental carbon and almost certainly
it will increase the amount of OC as it increased volatility. The composition of OC will change and its
effect was demonstrated here.
Authors agree that a more detailed chemical analysis of gaseous and particulate phase may shed
more light onto the underlying processes that are creating ROS. However, that was not the focus of
this study and it is planned to be done in some of our future experimental investigations.
Comment 2:
The R2-values should be given for the regressions lines in the figures.
Comment 2:
The R2-values were added for the regression lines in the captions of the corresponding figures.
Comment 3:

The paper gives too little conclusive evidence that biodiesel aerosols might be more toxic and that
the overall toxicity depends on the fuel. Only ROS-experiments have been performed. You should
look at more toxicity endpoints before stating conclusions about overall toxicity.
Response 3:
ROS is considered as a valuable tool to estimate the oxidative potential of aerosols (which is
supported by numerous publications in the area). Moreover OP is considered to predict potential
toxicity well (see for example: Møller, P., Jacobsen, N. R., Folkmann, J. K., Danielsen, P. H.,
Mikkelsen, L., Hemmingsen, J. G., et al. (2010). Role of oxidative damage in toxicity of particulates.
Free Radical Research, 44(1), 1–46.). The statements given here were made based on the
comparison on both the reported values between each other and in regards to petrol diesel that was
a baseline fuel.
ROS concentrations cannot be treated as the measure of the overall toxicity but particulate potential
to create negative health effects- the term “potential toxicity” was used in the manuscript.
Comment 4:
You should state a cumulative OH-exposure or a similar measure for you experiment, not just make
an approximation of the atmospheric aging based on the literature.
Response 4:
Authors agree with the reviewer. However, this was qualitative study of the effect of the aging. The
sentence has been added to address this:” OH radical formation was not monitored and reported as
this was a qualitative study showing the general effect without the quantification of SOA yields”. Line:124
Comment 5:
In the abstract it is stated that the chemical composition of the exhaust changes upon aging, it is
very likely, but since the chemical composition is not determined, this cannot be concluded.
Response 5:
Total amount of volatile organics present on particles changes when new species were condensed
on the PM or when the existing species were oxidised. In both cases, chemical composition of
volatile fraction has to be changing. As none of the more detailed chemical analyses of the
mentioned processes were conducted, the nature of the change was not specified or what were the
underlying processes. Authors believe that based on this, it is still fair to say that chemical
composition of the exhaust changes with the aging.
Comment 6:
The engine itself EURO3 is rather old and it is also not clear whether there is any device for exhaust
after treatment connected in your setup. Are the results relevant for the newer vehicles with
exhaust after treatment that is used nowadays? I should be stated in the test that this might not be
the case. Also have you tested your setup with other engines, do you see the same results?

Response 6:
Technology is the same for EURO 3, 4 and 5. In contrast to EURO 4 and 5, EURO 3 does not have
after-treatment devices connected to the exhaust pipe. As the study here was considering the
dynamics of the raw exhaust, the overall aim was to study the phenomenon of aging and the
subsequent changes; the use of EURO 3 is justified. In addition, the majority of trucks on Australian
roads are still having EUR 3 engines.
Comment 7:
The DustTrak measures scattered light from particles. The masses are only indirectly derived from
light intensity. It is not correct to express these measurements as mass determinations. They are just
relative in arbitrary units.
Response 7:
The authors agree with the reviewer`s comment. For that reason Dusttrak mass measurements were
converted to gravimetric measurements according to a procedure described in a previous study
[Jamriska, M.Diesel bus emissions measured in a tunnel study Environ. Sci. Technol. 2004, 38 ( 24)
6701– 6709]. This reference has been added to the manuscript.
Lines:119
Comment 8:
The shaded areas in figures 4, 6 and 8 needs to be explained in the caption.

Response 8:
Authors agree with the reviewer. Captions were amended to include explanations.

Comment 9:
I do not like acronyms in the title. I prefer that “ROS” is expressed Reactive Oxygen Species until it is
explained in text. I am not sure that all the readers of ACPD immediately associate “ ROS” with these
types of species.
Response 9:
Authors agree with the reviewer. The tile has been changed into: Effect of atmospheric ageing on
volatility and reactive oxygen species of biodiesel exhaust nano-particles

Reviewer 2
Major comments
Comment 1:
Very sweeping statements are made by the authors that need to be “toned down” by indicating
more specifics. For instance in starting off the Volatility measurements (section 3.1) the authors
state:
a. “It is clearly seen in the figure [Figure 2] that the volatility of the particles increased after exposure
to oxidative agents.” This is not clear to this reviewer; I see a possible increase with the C810 fuel
(pending clarification of the values and bars [spec comment #1] and then statistical analyses) but
certainly not C1875, C1618, and maybe not C1214. The authors back off of the generalization further
on in the ms text; this overstatement of a general trend needs to be eliminated.
b. Similarly the same type of overgeneralized statement are made again later in the ms: (p.6492) “In
Figure 5 it is clearly visible” and A clear trend between the fuel oxygen content and ROS
concentration is evident from Figure 6.” Any inferences from these data need to be stated more
carefully by being more specific.
Response 1:
Authors agree with the reviewer. Changes have been made: Line: 154, 165, 235, 237, 240
Comment 2:
In discussing the implications of their conclusions, the authors should also point out that these
studies were done only with one load/one engine speed and one engine type, and therefore the
findings may or may not be applicable to other engines, loads and/or speeds until tested

Response 2:
To address reviewer’s comment the following sentence has been added to the manuscript: “Tests
were not done at several different loads and speeds to avoid too many variables. This test was
designed to isolate the influence of changing fuel composition on the aging potential and related
physico-chemical changes in PM.” Line: 149
Specific comments:
Comment 1:
It is unclear how the data are expressed. Means or me- dians; are the bars (where they exist) SD or
SEM; any statistical analyses done, etc. For correlations, what are the R2 values? Until these
parameters are clearly stated it is difficult to ascertain if differences in points are truly statistically
different.

Response 1:
To address reviewer’s comment, R2 values and type of the measurement error were added to the
captions.
Comment 2:
Please increase the symbol size in the figures- they are difficult to discern.
Response 2:
All figures were regenerated using larger symbols.
Comment 3:
Is there a biodiesel fuel that has the majority of fatty acid Carbon length as C18 and C75?
Response 3:
No, according to the table provided in our previous publications referenced in this manuscript
(Rahman et al., 2014; Pourkhesalian et al., 2014) FAME labelled as C1875 has a composition
dominated by FAMEs with 18 carbons (94%) and the rest is C22 and C16 FAMEs.
Comment 4:
How variable were the ozone concentrations and UV flux values?
Response 4:
Ozone concentrations were monitored and constant during the whole sampling time with values
0.5±0.1 ppm. UV lamps are considered as a very stable source and the intensity of their light mostly
emitted at the wave length of 253 nm was not changing for the duration of experiments.
Comment 5:
Editing: ageing or aging- this is spelled two different ways in the ms; some abbreviations are
introduced appropriately ie, spelled out the first time) but others are not, eg DPM on p 6482; some
words do not need capitalization (though the abbreviation may be capitalized), eg, p6485 should be
reactive oxygen species (ROS), ditto for fatty acid methyl ester.
Response 5:
Authors agree with the reviewer. Aging is adopted through the entire manuscript.
Comment 6:

Awkward statement
p. 6483: “there are numerous studies reporting using biodiesel decreases the diesel primary
emissions.” Suggest a rewording
Response 6:

Authors agree with the reviewer. The sentence has been reworded: “Numerous studies reported the
decrease in some controlled emissions with the usage of biodiesel”. Line: 38
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Abstract

12

In the prospect of limited energy resources and climate change, effects of alternative biofuels on primary emissions

13

are being extensively studied. Our two recent studies have shown that biodiesel fuel composition has a significant

14

impact on primary particulate matter emissions. It was also shown that particulate matter caused by biodiesels was

15

substantially different from the emissions due to petroleum diesel. Emissions appeared to have higher oxidative

16

potential with the increase in oxygen content and decrease of carbon chain length and unsaturation levels of fuel

17

molecules. Overall, both studies concluded that chemical composition of biodiesel is more important than its

18

physical properties in controlling exhaust particle emissions. This suggests that the atmospheric aging processes,

19

including secondary organic aerosol formation, of emissions from different fuels will be different as well. In this

20

study, measurements were conducted on a modern common-rail diesel engine. To get more information on realistic

21

properties of tested biodiesel particulate matter once they are released into the atmosphere, particulate matter was

22

exposed to atmospheric oxidants, ozone and ultra-violet light; and the change in their properties was monitored for

23

different biodiesel blends. Upon the exposure to oxidative agents, the chemical composition of the exhaust changes.

24

It triggers the cascade of photochemical reactions resulting in the partitioning of semi-volatile compounds between

25

the gas and particulate phase. In most of the cases, aging lead to the increase in volatility and oxidative potential,

26

and the increment of change was mainly dependent on the chemical composition of fuels as the leading cause for the

27

amount and the type of semi-volatile compounds present in the exhaust.

28

2

29

1.

30

In the urban environments the most significant contributor to the overall PM burden are traffic emissions (Pey et al.,

31

2009). Harmful effects of DPM to humans and the environment have been extensively studied which resulted in the

32

classification of Diesel Exhaust (DE) as carcinogenic by International Agency for Research on Cancer (IARC)

33

(World Health Organization, 2013) in 2013. Following this, environmental agencies will tend to implement more

34

stringent regulations to meet air quality standards forcing engine manufacturers to further reduce engine emissions.

35

As biodiesel produces significantly less particulate matter (Surawski et al., 2013;Fontaras et al., 2009;Rahman et al.,

36

2014) along with other economical and environmental advantages(Tinsdale et al., 2010;Kalligeros et al.,

37

2003;Cheng et al., 2008); it may be the available option of the fuel industry in reducing PM emissions.

38

Numerous studies reported the decrease in some controlled emissions with the usage of biodiesel (Bagley et al.,

39

1998;Kalligeros et al., 2003;Knothe et al., 2006;Surawski et al., 2013;Rahman et al., 2014). It is also well

40

established that biodiesel decreases black carbon emissions and increases the Soluble Organic Fraction (SOF)

41

(Rahman et al., 2014;Sidhu et al., 2001). The decrease in particle emissions is also very often followed by the

42

emission of smaller particles (Surawski et al., 2013), while the increase in SOF results in excessive amount of

43

volatile and semi-volatile matter in the exhaust (Sidhu et al., 2001;Liu et al., 2008;Surawski et al., 2011). Both the

44

decrease in particle size and the increase in SOF are believed to be linked to the increase of OP of particles (Biswas

45

et al., 2009;Surawski et al., 2011).

46

People in urban and semi-urban environments are mainly exposed to a combination of fresh and aged primary

47

emissions and SOA. The generation of SOA occurs during aging of primary emissions, mainly through oxidation of

48

gas-phase organic compounds that can result either in the formation of new particles or condensation of these

49

compounds onto pre-existing particles (Zielinska, 2005;Jathar et al., 2013). Consequently, atmospheric fate or aging

50

of diesel exhaust has become of a great scientific interest and attracts significant attention from the researchers

51

(Chirico et al., 2010;Leskinen et al., 2007;Miracolo et al., 2011;Miracolo et al., 2010;Nakao et al., 2011;Samy and

52

Zielinska, 2010;Verma et al., 2009;Wang et al., 2011;Weitkamp et al., 2007). Although there are several studies on

53

the aging of diesel exhaust, (Geiger et al., 2002;Lee et al., 2004;Leskinen et al., 2007;Robinson et al.,

54

2007;Weitkamp et al., 2007;Li et al., 2009;Chirico et al., 2010;Miracolo et al., 2010;Nakao et al., 2011;Jathar et al.,

55

2013), still a number of questions remained unanswered. Given the fact that biodiesel produces more of semi-
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56

volatile matter and thus the contribution of biodiesels to SOA formation in urban environments could be significant,

57

the atmospheric aging of biodiesel exhaust is yet to be explored in more detail.

58

Smog chambers are extensively used to conduct aging experiments on anthropogenic aerosols and investigate their

59

potential to form SOA (Izumi and Fukuyama, 1990;Atkinson et al., 1980;Sidhu et al., 2001). Recently, flow-through

60

reactors are drawing a great deal of attention for their advantages over smog chambers. While the use of smog-

61

chambers to study the photochemical aging processes (Chirico et al., 2010;Leskinen et al., 2007;Miracolo et al.,

62

2011;Miracolo et al., 2010;Nakao et al., 2011;Samy and Zielinska, 2010;Verma et al., 2009;Wang et al.,

63

2011;Weitkamp et al., 2007) has been shown to be a valuable tool, there are some significant disadvantages

64

associated with their usage. Their size, complexity, high cost and operational time required (typically only one

65

experiment per day) make them impractical when series of experiments need to be conducted. As an alternative to

66

smog chambers, flow-through reactors or “Potential Aerosol Mass” (PAM) chambers are becoming very popular

67

among researchers (Kang et al., 2007;Lambe et al., 2011;Keller and Burtscher, 2012). PAM chambers simulate

68

atmospheric photo oxidation processes. Employment of PAM chambers is associated with high oxidant

69

concentrations and short exposure times mimicking few hours to few days of real-time atmospheric oxidation. The

70

short residence time of PAM chambers further enables better control of the oxidant concentrations and minimizes

71

wall losses, which could be significant in smog chambers (Kang et al., 2007).Also the response time in PAM

72

chambers is by far less than that of smog chambers making it easier to observe the effect of changing a control

73

variable. Moreover, experiments carried out on PAM chambers tend to be more repeatable and more reproducible

74

(Kang et al., 2007).

75

So far, the PAM chambers have been used to investigate the potential of combustion generated aerosols to produce

76

SOA including biomass burning (Keller and Burtscher, 2012) and 2-stroke engine exhaust (McWhinney et al.,

77

2011). The potential of biodiesel exhaust gases to cause SOA formation is yet to be studied.

78

This research investigates the change in volatile organic content and the potential toxicity of biodiesel exhaust

79

particulate matter after aging in a flow-through reactor. We explore the contribution of photochemical aging

80

processes on the potential transfer of the semi-volatile fraction of biodiesel exhaust from the gas phase to the particle

81

phase and the extent to which semi-volatile compounds are related to chemically active molecules that contain

82

oxygen or Reactive Oxygen Species (ROS). The study, also aims to find a correlation between the chemical

83

composition of biodiesel and the volatility and toxicity of biodiesel particulate matter while undergoing simulated

84

aging processes. Specifically the main objective of this work is to critically examine the influence of the carbon

4

85

chain length, saturation levels and oxygen content of biodiesel Fatty Acid Methyl Ester (FAME) fuel molecules. All

86

the work has been undertaken by investigating particle emissions from a common-rail engine using four palm oil

87

biodiesels at different blend percentages.

88

2.

89

Figure 1 illustrates the experimental setup. The setup was composed of an existing EURO III diesel engine which

90

was mounted on an engine dynamometer within the Biofuels Engine Research Facility (BERF) at Queensland

91

University of Technology (QUT), and was used as the test bed. The engine was a 6-cylinder, turbo-charged,

92

common-rail, Euro III, compression ignition engine with the displacement volume of 5.9 litres. More details of the

93

experimental setup, engine specifications, dilution system along with the chemical and physical properties of fuels

94

used can be found in our previous publication(Rahman et al., 2014). The main addition was that the diluted exhaust

95

was passed through a flow-through reactor (PAM reactor) where the diluted exhaust is mixed with ozone and

96

irradiated with UV light.

97

The flow-through-reactor was a 1-meter-long stainless steel cylinder which had four inlet ports and four outlet ports.

98

There were also four lengthwise sampling points to enable measurement along the reactor length. In the centre of the

99

reactor, there was space for a UV tube to irradiate the diesel exhaust. Considering the dimensions of the reactor, the

100

UV tube as well as the flow rate through the reactor (7±0.5 lpm), the residence time (treatment time) of the reactor

101

was estimated to be 60±10 seconds. The amount of time the exhaust gas was exposed to simulated atmospheric

102

conditions was much less than in the real conditions therefore the concentration of ozone and exposure to UV had to

103

be higher compared to real atmospheric conditions. Based on a previous literature, this residence time approximately

104

correlated to an exposure of at least 2 to 8 hours in the atmosphere (McWhinney et al., 2011). After aging in the

105

reactor, diesel exhaust went to a number of different devices capable of measuring a variety of physical and

106

chemical properties of gases and particles which will be explained later.

107

Purified air was drawn trough the ozone generator (Ozonizer HLO 800) and was injected into the reactor where it

108

was mixed with diluted and cooled diesel exhaust. The flow rate through the ozone generator was restricted using a

109

critical orifice and was measured to be 0.15

110

an Echotech EC9810 Ozone Analyser was used. The average concentration of ozone in the reactor was kept to be

111

around 0.5±0.1 ppm during aging experiments. OH radical formation was not monitored and reported as this was a

112

qualitative study showing the general effect without the quantification of SOA yields.

Experimental setup and methodology

. To continuously monitor the concentration of ozone in the reactor
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113

As mentioned before, to simulate sunlight and reactions induced by the irradiation of UV from the sun (Kang et al.,

114

2007;Keller and Burtscher, 2012), there was a space for a UV tube in the centre of the reactor which was suitable to

115

fit different types of UV light tubes (UV-A, UV-B and UV-C). The UV tube which was used in this study mostly

116

emitted UV light at 253nm wave length (UVC).

117

A standard set of gas analyser was used to continuously monitor the concentrations of CO, CO2 and NOx. More

118

details on the gas analyser set is described in a recent publication (Rahman et al., 2014) .

119

Using a TSI Dustrak (model 8530) and applying the procedure proposed by Jamriska {Jamriska, 2004 #323}the

120

mass concentration of particles were estimated and was used to normalize the ROS levels of the diesel exhaust. A

121

Scanning Mobility Particle Sizer (SMPS TSI 3080, with a 3022 CPC) measured the size distribution of diesel

122

exhaust. A Volatility Tandem Differential Mobility Analyser (VTDMA) consisting of an electrostatic classifier, a

123

thermo-denuder and an SMPS (in-house designed column with a 3010 CPC) measured the amount of volatile matter

124

in the diesel exhaust particles (Johnson et al., 2008). The VTDMA yielded the change in the diameter of particles for

125

six pre-selected sizes: 30, 60, 90, 120, 150, 200 and 220 nm after they have passed through the thermo-denuder with

126

the temperature set at 300° C. Using the VTDMA method, the volatility of particles was compared before and after

127

aging in the reactor. The error range for the particle sizing instruments was less than 1 percent that led to a

128

maximum 3% error for the volatility measurements (Pourkhesalian et al., 2014).

129

To measure the ROS levels of diesel exhaust of different fuel stocks before and after aging, the BPEA molecular

130

probe (bis(phenylethynyl) anthracene-nitroxide) was applied in-situ. Samples were collected by bubbling aerosol

131

through an impinger containing 20 mL of 4 μM BPEA solution which used an AR grade dimethylsulphoxide as the

132

solvent. More details on the ROS sampling methodology, theory behind its application and proof of concept in the

133

case of various combustion sources can be found in previous publications (Miljevic et al., 2010;Stevanovic et al.,

134

2012a;Stevanovic et al., 2013;Miljevic et al., 2009;Stevanovic et al., 2012b).

135

2.1. Fuel Selection

136

In this study four FAME fuels with controlled chemical compositions were tested and compared to petro-diesel. The

137

fuels differed in terms of iodine value and saponification value which correspond to saturation degree and oxygen

138

content of the fuels respectively. To differentiate the effects caused by change of saturation degree from those

139

caused by oxygen content, two of the biodiesels had very close saturation levels but different carbon chain lengths,

140

while the other two biodiesels were the same in terms of oxygen content but different in saturation levels. We used
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141

commercial petro-diesel to make 20% and 50% biodiesel blends. The FAMEs are labeled as C810, C1214, C1618

142

and C1875, based on the number of carbon atoms in the most abundant fatty acid in that particular biodiesel stock.

143

Some of the most important chemical and physical prosperities of the fuels can be found in a previous study by

144

Rahman et al (Rahman et al., 2014).

145

2.2. Operation of the engine

146

Blends of 100%, 50%, 20% and 0% of biodiesel, noted as B100 (pure biodiesel), B50 and B20 and B0 (pure petro-

147

diesel) respectively, were used to run the engine. All the tests were conducted at quarter load and at the engine speed

148

of 1500 rpm. Tests were not done at several different loads and speeds to avoid too many variables. This test was

149

designed to isolate the influence of changing fuel composition on the aging potential and related physico-chemical

150

changes in PM.

151

3.

152

Results and discussion
3.1. Volatility measurements

153

Figure 2 shows the change in Volumetric Volatile Fraction (VVF) of particulate component before and after

154

exposure to UV light and ozone. A possible increase of volatile content of the particles after the exposure to

155

oxidative agents can be seen in the figure. As the vapor pressure of the gases reduces due to photochemical

156

reactions, some of the volatile substances partition form the gas phase into the particle phase resulting in more

157

volatile particles(Leskinen et al., 2007;Donahue et al., 2006;Kroll and Seinfeld, 2008). It was observed that the

158

exposure to oxidative agents did not lead to the formation of nucleation mode particles. It is to be noted that in cases

159

when the dilution ratio is low and there is not enough surfaces available for the partitioning gas to condense on (e.g.

160

application of diesel particulate filters), then formation of nucleation mode particles can occur (Lipsky and

161

Robinson, 2006), but at high levels of dilution, semi-volatile compounds tend to partition in the gas phase (Robinson

162

et al., 2007). The reason why we did not observe any nucleation mode particles was that the dilution ratio was rather

163

large at more than 400 and there was no diesel particulate filter in use, so there were already surfaces available for

164

the condensation of gaseous matter. (Shi and Harrison, 1999;Rönkkö et al., 2006)

165

In Figure 2, it can be seen that the volatility of particles has increased with the increase of biodiesel percentage in the

166

blends (Pourkhesalian et al., 2014). While for B20, the amount of volatile matter is quite close to that of B0; the volatility

167

of particles has increased considerably with B50 and B100. These findings were in a good agreement with the previous

7

168

observations, which showed a significant increase in volatility of diesel particulate matter with increasing biodiesel

169

percentage in the blend (Pourkhesalian et al., 2014;Surawski et al., 2011). Particles produced by the combustion of C810

170

and C1214 were the most volatile; also the change in volatility of these particles was more significant with increasing

171

percentage of biodiesel in the blend; whereas, the change in volatility was almost negligible for C1875 and all of its blends

172

which was the most unsaturated biodiesel with the longest carbon chain length and lowest oxygen content.

173

The effect of oxygen content on the volatility of particles with gaseous and liquid diesel fuels was studied previously

174

(Sidhu et al., 2001;Xu et al., 2013;Pourkhesalian et al., 2014) and in our study, the increase of volatile matter in particles is

175

more significant for more saturated fuels and with more oxygen content; where for C1875 the increase is just within the

176

error range of the instrument.

177

The volatile fraction and the growth of volatile fraction for 30 nm particles were the largest in almost all cases which

178

showed that more attention is to be paid to smaller particles; not only because of their ability to suspend longer and

179

penetrate deeper in the lung (Sidhu et al., 2001;Liu et al., 2008;Surawski et al., 2011;Cheung et al., 2009), but also because

180

of their probability of carrying more oxidized volatile organics as they age.

181

In B0, apart from 30 nm particles, for all other particle sizes, the amount of volatile matter is within the error range of the

182

differential mobility analyzer (DMA), implying that B0 emits particles that are mainly composed of soot. Also after aging

183

experiments, the increase in volatile fraction in B0 particles was just small enough to be neglected showing that either the

184

amount of volatile matter in the gas phase is very small or they do not undergo photochemical reactions.

185

To be able to compare cases more easily, we have estimated the total amount of volatile matter that is in the liquid phase

186

for each case and we called it Overall Volatility (OV). To do so, particles are assumed to be spherical. The volume of

187

volatile matter is estimated using VTDMA data and the number concentration of each pre-selection size from SMPS data.

188

The quantity, OV, is expressed through percentage and means that a certain proportion of the PM in the aerosol is

189

composed of volatile matter while the rest is non-volatile (mainly elemental carbon)(Giechaskiel et al., 2009). More details

190

of the concept and the procedure of estimating OV can be found in our recent study (Pourkhesalian et al., 2014).

191

Figure 3 illustrates the OV of diesel exhaust versus blend for different biodiesel and compared to petro-diesel. As

192

previously observed(Surawski et al., 2011), the volatility of diesel particulate matter increases as the percentage of

193

biodiesel goes higher in the blends. This fact is particularly seen in more saturated fuels with higher oxygen content. Blends
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194

of C810 and C1214, which have short carbon chain lengths and high saturation degree, have produced emissions with the

195

most volatile PM; while C1618 and C1875, with longer carbon chain lengths and more carbon double bonds (more

196

saturated fuels), have produced less and less volatile PM. This can be explained by assuming that the oxygen borne with the

197

molecule of the fuel can cause more oxidized combustion products being of low volatility both in the liquid phase and in

198

the gas phase. Those volatile substances having a lower vapor pressure would condense on soot particles just after the

199

combustion while in the combustion chamber or in the exhaust system, causing the volatile fraction of particle become

200

more significant. The volatile fraction of particles produced by more oxygenated fuels increases more after aging because

201

there are more semi-volatile and volatile matter in the gas phase undergoing photo chemical reactions and transforming into

202

the particle phase and condensing onto the primary particles.

203

The two heavier biodiesel fuels which were tested in the study (C1618 and C1875) are more unsaturated, less oxygenated

204

and have a longer carbon chain length and thus are more comparable to petro-diesel. Both of them caused more volatile PM

205

comparing to B0 and their increase in volatility was not as significant as the two other biodiesel fuels in this study

206

PM due to short-length hydrocarbons blends (C810 and C1214) was more volatile before, but also after the aging process.

207

It can be seen that the carbon chain length of the fuel was a more influential factor on the volatility of PM than saturation

208

degree of the fuel. The reason would be the fact that when the carbon chain length is shorter, the weight ratio of oxygen

209

borne by the fuel molecule will be higher and thus more oxidative agent is available for the organics, so the vapor pressure

210

of the products, whether before or after the exposure, will be further lowered as a result of oxidization. To examine this

211

supposition, the oxygen content of all the fuels and blends were either measured or calculated, and then the change in the

212

volatility of PM emitted by each blend (after aging) was plotted against the oxygen content of the blends (Figure 4). The

213

effect of oxygen content of the blend on the increase of the volatile matter in the DPM is evident. Apart from two points

214

(C1618, B100 and C1875, B100) that show low volatility with higher oxygen content; all other blends showed a good

215

correlation between volatility and oxygen content.

216

The correlations between the variables were analyzed using the linear regression or generalized linear model with a log link

217

function. The validation of model assumptions was performed by the residuals versus fit values and QQ plots. Modeling

218

and visualizations were carried out using the ggplot2 package in R (Wickham, 2009)

219

3.2. ROS measurements
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220

Oxidative potential measurement, expressed through ROS concentration of PM can be used as a good estimate for its

221

reactivity and toxicity. An in-house developed profluorescent molecular probe BPEAnit was applied in an entirely novel,

222

rapid and non-cell based way to assess particulate oxidative potential. Based on the data provided in the literature so far

223

(Stevanovic et al., 2013), there are some uncertainties related to the nature of chemical species responsible for the measured

224

redox potential and overall toxicity. However, the majority of research in this field reported that organic fraction, more

225

precisely semi-volatile organic content, is in a good correlation with ROS concentration (Biswas et al., 2009;Miljevic et al.,

226

2010;Surawski et al., 2011)

227

Figure 5 illustrates the oxidative potential of particles for all three biodiesel blends at 25% load, 1500 rpm before and after

228

the aging process. The points corresponding to B0 are repeatedly presented in all blends to ease comparison of petro-diesel

229

particulate oxidative potential with that of other blends. It is evident that aging process increases potential toxicity of

230

particles by increasing ROS concentration in the case of all four biodiesel as well as petro-diesel. This result is supported

231

by volatility measurements. As stated above, particles become more volatile after aging as a result of oxidation of semi-

232

volatile compounds and their subsequent condensation onto pre-existing particles.

233

In Figure 5, the change in ROS content after exposure to UV and ozone is the most significant in the case of B100, and this

234

increase in oxidative potential decreases with the decreasing percentage of biodiesels in blends. To further explore this, the

235

change in ROS concentration was plotted against oxygen content of the fuels. A possible trend between the fuel oxygen

236

content and ROS concentration is evident from Figure 6. The actual mechanism standing behind this aging transformation

237

and subsequent partitioning remains unclear and is subject to further investigation. However, this graph is showing an

238

indication that the amount of increased ROS concentration upon oxidative aging is more significant in the case of PM

239

originating from the combustion of molecules with higher oxygen content. To get a further insight into the aging process of

240

tested aerosols, the oxidative potential of the gas phase was measured as well. The results are summarised in Figure 7 and

241

they show interesting trends. When the compounds from the gas phase are oxidized they are transferred into the particle

242

phase due to the decrease of their saturation vapor pressure. In this case one would expect a decrease in the concentration of

243

the gaseous component after aging. This is the case with long chain, unsaturated biodiesels- C1875, C1618 and to some

244

extent to C1214, as well as with petro-diesel that generally consists of around 75% of paraffins and ~ 25% of unsaturated

245

compounds (In the literature the average formula for diesel is C12H23 (Heywood, 1988), corresponding to C12 fuel but

246

with no oxygen).
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247

On the contrary fuels with higher oxygen content show an increase in the oxidative potential of the gas phase. This could be

248

due to the vapor pressure of the oxidized gas phase compounds not being low enough to lead to the condensation onto the

249

particle phase. By looking at the volatility change in respect to aging, it is obvious that the volatility increases upon

250

exposure to UV and ozone for all the fuels. This may mean that in the case of short-chain, saturated biodiesels, aging leads

251

to the condensation of certain species from the gas phase, which further increases OV, but does not carry any ROS potency.

252

The correlation between overall volatility of diesel particulate matter and the ROS can be seen in Figure 8. This figure

253

shows the measured ROS levels and volatility of particulate matter for all the modes and blends both before and after

254

aging. Blue markers are due to fresh particles and red markers are due to aged particulate matter. Particulate matter

255

produced by each fuel is specified using a symbol as can be seen in the legends. This categorization method allows us to

256

easily spot clusters of a color or a symbol. The first observation from Figure 8 is that the ROS correlates with OV. Note

257

that the correlation is not linear but it is exponential. So a small increase in volatility of particulate matter can cause a

258

significant increase in ROS levels. The symbols square and triangle are seen towards the righter and upper side of the

259

figure, which again shows that more saturated fuels with shorter carbon chain length can cause more volatile and particles

260

with a higher oxidative potential. It is also evident that blue markers tend to move toward the righter and upper side of the

261

figure underlining the exacerbating effect of atmospheric aging on the biodiesel particulate matter.

262

4.

263

The objective of this research was to shed some light on the potential of biodiesel exhaust to generate SOA and to compare

264

the potential toxicity of aged particles caused by biodiesel with that of petro-diesel. The results presented here showed that

265

chemical composition of the fuel can affect the primary emissions as well as secondary emissions. Saturated fuels causing

266

less PM also caused more volatile PM and significantly more semi volatiles in the gas phase with the potential to partition

267

between the gas phase and particle phase upon aging. Moreover, aged particles from more saturated fuels with higher

268

oxygen content have a higher oxidative potential as expressed through the increase of ROS concentration. Results of this

269

research are in contrast with a few previous studies where it was claimed that use of biodiesel did not tend to increase the

270

level of toxicity of diesel exhaust (Bagley et al., 1998;Jung et al., 2006;Jalava et al., 2012).

271

This study is not quantitative and cannot be used for SOA prediction within models. However, its qualitative analysis calls

272

for the attention of regulating authorities and contributes to the overall body of knowledge on the effects of fuel

273

composition on both engine primary as well as secondary emissions. Once emitted to the atmosphere, PM originating from

Conclusion
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274

combusted biodiesel will transform and become more toxic than its parent molecules and its overall toxicity will mainly

275

depend on the chemical properties of the fuel. Therefore categorizing all biodiesel fuels in one group, as it is in current

276

regulations, may not be the most appropriate way of classification in respect to their emissions. Various biodiesel fuels are

277

very different in terms of both physical properties and chemical compositions which combust differently causing

278

substantially diverse species in the exhaust gases, particularly in PM and the semi-volatile fraction. Moreover, the exhaust

279

gases from various biodiesel fuels behave differently when reacting with oxidative agents from the atmosphere. Perhaps

280

new regulation should take some of the most important characteristics of the biodiesel into account and classify them in

281

groups based on the oxygen content or level of saturation etc. Furthermore, current legislations only regulate the

282

nonvolatile fraction of primary particles. There are no regulations for VOCs, semi-volatile matter and the capability of the

283

emissions to form SOA (Giechaskiel et al., 2012). This study points out the necessity of redefining the legislations; and as

284

experiments with flow-through reactors are more reproducible and less costly, they could be used for introduction of more

285

stringent regulations.

286
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Fig. 1 Experiment setup HEPA: High-Efficiency Particulate Air Filter; F T reactor: Flow-Trough Reactor; O3 Gen:

458

Ozone Generator; Ozone Analyser: EC9810 Ecotech; EC: Electrostatic Classifier; TD: Thermo-Denuder; VTDMA:

459

Volatility Tandem Differential Mobility Analyser; CPC: Condesation Particle Counter; SMPS: Scanning Mobility

460

Particle Sizer; Impingers: used to collect DPM for ROS measurements.

461

Fig. 2 the volumetric volatile fraction (vvf) of particles versus particle pre-selection sizes for different biodiesels and

462

different blends before and after aging. Each column is dedicated to one of the biodiesels and each row specifies one

463

blend. Red markers represent the particles before aging and blue markers show the particles after aging. Error bars

464

show the SEM for V-TDMA. All the tests were carried out at quarter load, 1500rpm.

465

Fig. 3 volatility of particulate matter versus different blends for petro-diesel and tested biodiesels before and after

466

aging in the flow through reactor. Blue points are due to aged particulate matter and red points represent fresh

467

particles. Different tested biodiesels can be seen at the top of the figure. B0 representing petro-diesel is repeated in

468

all graphs for comparison.

469

Fig. 4 change in volatility of particles before and after aging against oxygen content of the blends. Different blends

470

are shown with colours and different shapes as can be seen in the legend show different fuels. The point

471

corresponding to C1875, B100 is excluded from the model. The grey area shows the 95% confidence interval of the

472

fit. R2= 0.66

473

Fig. 5 ROS levels of particulate matter versus different blends for petro-diesel and tested biodiesels before aging

474

(red circles) and after aging (blue triangles). Different tested biodiesels can be seen at the top of the figure. B0

475

representing petro-diesel is repeated in all graphs for comparison.
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476

Fig. 6 the correlation between the change in ROS levels and oxygen content the fuels before and after aging . The

477

point corresponding to C1875 is excluded from the model. The grey area shows the 95% confidence interval of the

478

fit. R2= 0.55

479

Fig. 7 ROS levels in gas phase before and after aging. Fresh and aged particulate matter are separated using blue

480

color for aged PM and red for fresh PM.

481

Fig. 8 the correlation between ROS of particulate matter and the volatility of particulate matter. Fresh and aged

482

particulate matter are separated using blue color for fresh PM and red for aged PM, also the shape of the markers

483

represents different fuel. The grey area shows the 95% confidence interval of the fit. R2= 0.86

484
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485
486

Fig. 1 Experiment setup HEPA: High-Efficiency Particulate Air Filter; F T reactor: Flow-Trough Reactor; O3 Gen:

487

Ozone Generator; Ozone Analyser: EC9810 Ecotech; EC: Electrostatic Classifier; TD: Thermo-Denuder; VTDMA:

488

Volatility Tandem Differential Mobility Analyser; CPC: Condesation Particle Counter; SMPS: Scanning Mobility

489

Particle Sizer; Impingers: used to collect DPM for ROS measurements.

490
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491

492
493

Fig. 2 the volumetric volatile fraction (vvf) of particles versus particle pre-selection sizes for different biodiesels and

494

different blends before and after aging. Each column is dedicated to one of the biodiesels and each row specifies one

495

blend. Red markers represent the particles before aging and blue markers show the particles after aging. Error bars

496

show the SEM for V-TDMA. All the tests were carried out at quarter load, 1500rpm.

497
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498
499

500
501

Fig. 3 Volatility of particulate matter versus different blends for petro-diesel and tested biodiesels before and after

502

aging in the flow through reactor. Blue points are due to aged particulate matter and red points represent fresh

503

particles. Different tested biodiesels can be seen at the top of the figure. B0 representing petro-diesel is repeated in

504

all graphs for comparison

505
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506

507
508

Fig. 4 change in volatility of particles before and after aging against oxygen content of the blends. Different blends

509

are shown with colours and different shapes as can be seen in the legend show different fuels. The point

510

corresponding to C1875, B100 is excluded from the model. The grey area shows the 95% confidence interval of the

511

fit. R2= 0.66
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513

514
515

Fig. 5 ROS levels of particulate matter versus different blends for petro-diesel and tested biodiesels before aging

516

(red circles) and after aging (blue triangles). Different tested biodiesels can be seen at the top of the figure. B0

517

representing petro-diesel is repeated in all graphs for comparison.

518
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519

520
521

Fig. 6 the correlation between the change in ROS levels and oxygen content the fuels before and after aging . The

522

point corresponding to C1875 is excluded from the model. The grey area shows the 95% confidence interval of the

523

fit. R2= 0.52

524
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525

526
527

Fig. 7 ROS levels in gas phase before and after aging. Fresh and aged particulate matter are separated using blue

528

color for aged PM and red for fresh PM

529
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530

531
532

Fig. 8 the correlation between ROS of particulate matter and the volatility of particulate matter. Fresh and aged

533

particulate matter are separated using blue color for fresh PM and red for aged PM, also the shape of the markers

534

represents different fuel. The grey area shows the 95% confidence interval of the fit. R2= 0.86
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