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ABSTRACT 17 

This paper introduces the generalization of Reverse-Phase HPLC fundamentals to 18 

Normal-Phase Liquid Chromatography and Automated Solid Phase Extraction (A-SPE). 19 

This paper upholds that the same fundamentals and principles of reverse-phase HPLC 20 

are also applicable in Normal Phase HPLC and A-SPE. Based on these fundamentals, 21 

we could overlook the error-trial method and accomplish a rational and fast selection of 22 

the most suitable SPE procedure for analyzing aromatic hydrocarbons and polar-23 

aromatic-hydrocarbons in soot from methyloctanoate-kerosene blends. These 24 

fundamentals and procedure could be applied to any sample. Application to soot 25 

samples was carried out for demonstrating the high efficiency of the procedure to very 26 

complex matrices. 27 

The analytical methodology introduced here consists of: (i) Solution of the soot sample 28 

into hexane, (ii) extraction of the target analytes by filtration twice through PTFE filters, 29 

(iii) A-SPE fractioning through silica column by using an HPLC pump and hexane at 30 

flow rate of 0.05 ml/min as mobile phase, and (iv) analysis of the fractions collected by 31 

Reverse-Phase HPLC with Photodiode Array Detector (PDA). The methodology 32 

developed was successfully applied to the identification of 56 PAHs and 44 PAHs-33 

derivatives (belonging to 14 different chemical classes) in soot from methyloctanoate-34 

kerosene blends in a reproducible, simple, and environmental friendly way. The 35 

aforementioned procedure can be implemented in any lab having an HPLC system. 36 

 37 

 38 

39 
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1. INTRODUCTION 40 

HPLC is the most widely used analytical technique for the separation, identification and 41 

quantification of a huge variety of compounds in biomedical1, forensic2, environmental, 42 
3,4 wastewater5, pharmaceutical,6 phytochemical,7 and food8 samples. However, in spite 43 

of the advantages of HPLC, before a successful application of chromatographic 44 

methods, clean-up and fractioning are crucial and frequently required in order to 45 

separate analytes from the interfering matrix components and separate them into 46 

families.9 Particularly, complexity of soot samples hampers their direct injection in 47 

instrumental systems and makes clean-up and fractioning crucial and mandatory steps 48 

of their pre-treatment. Both of these procedures (clean-up and fractioning) are also some 49 

of the most time and solvent-consuming steps out of the analytical procedure.10 50 

Moreover, a significant amount of the target analytes can be lost during this stage and 51 

any mistake occurring in collecting and processing of an analytical sample could lead to 52 

a substantial error in the final results regardless the excellent performance of the 53 

analytical technique applied subsequently.11  54 

 55 

SPE is the most commonly used method for the extraction from matrix, clean-up, 56 

concentration and fractioning of organic compounds from clinical, biological, industrial, 57 

environmental and food samples.12-17 However, the SPE procedures reported in 58 

literature are still poorly developed with little consideration to the physics involved in 59 

the process and are described as a largely empirical, labour intensive and time 60 

consuming trial and error processes.11 In the aim of overcoming the limitations 61 

aforementioned and achieving some kind of systematization, we addressed the 62 

following tasks: 63 

 64 

a) To gain deeper knowledge on the Normal-Phase and A-SPE principles and 65 

fundamentals. Studying if the fundamentals and principles published by our 66 

group on the Reverse-HPLC are also applicable to normal phase HPLC and A-67 

SPE.18,19 68 

b) Rational application of the qualitative information obtained to the development 69 

of new optimization strategies of SPE methodologies dismissing the traditional 70 

trial-error procedure. The SPE methodology developed should demonstrate great 71 

efficiency for cleaning-up and fractioning of PAHs and PAHs derivatives in 72 

soot. 73 

 74 

The analytical methodology developed consists of the following processes: a) filtration 75 

of the soot extracts twice through PTFE membranes, b) A-SPE for isolation and 76 

fractioning the target analytes and c) analysis of the fractions collected by HPLC. This 77 

analytical methodology turns out being an efficient, time-, cost- and solvent-saving 78 

procedure for analysing PAHs and PAHs-derivatives in soot from methyloctanoate-79 

kerosene blends. Other advantages of the method developed are the simplicity, the 80 
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reliability and reproducibility and certainly its applicability because it can be 81 

implemented in any lab having an HPLC. No expensive facilities are needed for 82 

accomplishing the procedure. Moreover, the entire procedure can be monitored (with 83 

PDA detector) and the volume of solvents used is small and safe (hexane at flow rate of 84 

0.05 mL/min is used as mobile phase in the fractioning procedure). The silica column 85 

used for clean-up and fractioning the samples can be reused up to 25 times, which 86 

makes the procedure environmentally friendly. And finally, the procedure might be 87 

easily adapted and applied to analyse PAHs and PAHs-derivatives in other samples.  88 

 89 

To the best of our knowledge, this methodology is totally original, because although 90 

some previous fractioning processes relying on an HPLC pump have already been 91 

reported in the literature, the optimization strategy and the experimental conditions were 92 

totally different. Namely, Bamford and coll. (2003)20 applied SPE followed by 93 

chromatographic separation for analysis of nitro-PAHs. These authors employed an 94 

amino/cyano column combined with a moderately mobile phase consisting of 20% 95 

dichloromethane in hexane at high flow rate (5 ml/min) for separating PAH and Nitro-96 

PAHs. By applying the aforementioned procedure, a mono-nitroPAH fraction followed 97 

by a di-nitroPAH fraction was obtained. In this case, each chromatographic run took 98 

about 35 minutes, which implies that a volume of 160 ml of mobile phase (32 mL out of 99 

these 160 mL are dichloromethane, a toxic solvent) is consumed and consequently the 100 

dilution of the target analytes is high. On the other hand, our methodology allowed us to 101 

fraction 14 different families of compounds in soot samples within 70 minutes, by using 102 

only 3.5 mL of hexane as mobile phase (flow rate of 0.05 ml/min) and silica as 103 

stationary phase, which leads to save solvents and improve the sensibility of the 104 

method. 105 

 106 

2. EXPERIMENTAL SECTION 107 

2.1. Material and reagents 108 

A mixture of 18 PAHs (2000 µgmL-1 each component in dichloromethane: benzene 109 

(1:1)) from Sigma–Aldrich was used for preparation of standards by dilution. 110 

Components in the mixture were: acenapthene, acenaphthylene, anthracene, 111 

benzo[a]anthracene, benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[g,h,i]perylene, 112 

benzo[a]pyrene, chrysene, dibenzo[a,h]anthracene, fluoranthene, fluorene, indeno[1,2,3-113 

cd]pyrene, 1-methylnaphthalene, 2-methylnaphthalene, naphthalene, phenanthrene and 114 

pyrene. Solid coronene was also supplied by Sigma–Aldrich. Final solutions into 115 

hexane or isopropanol were prepared by dilution. 116 

 117 

HPLC grade hexane, water, 2-propanol (isopropanol) and acetonitrile were purchased 118 

from Sigma Aldrich, whereas acetic acid glacial was purchased from Carlo Erba. 119 
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Kerosene used for soot generation was a commercial Jet-A1. A 80/20 mixture of Jet-A1 120 

and methyloctanoate was used as bio-kerosene.21 Methyloctanoate was used as a simple 121 

surrogate of rapeseed oil methyl ester (RME) consisting of a complex mixture of C14–122 

C22 methyl esters with highly saturated carbon chains.  123 

 124 

0.2 µm sealed hydrophobic PTFE membrane filters with PTFE housing from Alltech 125 

and Durobax glass syringes of 5 mL from Poulten & Graf were used for filtering soot 126 

extracts before A-SPE. A Spherisorb Phenyl column (12.5x4.6 mm ID, 10 µm) from 127 

Waters and an Ascentis silica column (25 cm x 2.1 mm ID, 5µm) from Supelco were 128 

employed for A-SPE. Empty stainless-steel casing pipes were also used for hosting 129 

different stationary phases in the preliminary studies. 130 

 131 

2.2 Production of soot samples 132 

Methyloctanoate-kerosene (20:80, v/v) blends were burned under well characterized and 133 

controlled conditions using a flat-flame burner. A simplified scheme and a detail 134 

description of the soot production and collection system have been presented 135 

elsewhere.22-24 The soot was collected on the outer surface of a Pyrex rod tube at height 136 

4 cm above the head of the burner and removed mechanically from the glass tube. The 137 

mass of soot (15.8 mg/2ml n-hexane) was measured with a high accuracy mass balance, 138 

diluted in 2 ml of n-hexane and driven for further analysis. 139 

 140 

2.3 Extraction of the target analytes from the soot matrix 141 

Selection of the methodology for extraction of PAHs and PAHs derivatives from soot is 142 

a crucial issue. The thermal instability of most polar-PAHs (namely nitro-PAHs), makes 143 

methodologies such as thermal extraction, not suitable for pulling out target analytes 144 

from premixed-flames soot even though this procedure seems to be needed for 145 

extraction of analytes from diesel soot samples.25 146 

On the other hand, we found out that up to 25% of some PAHs can be destroyed by the 147 

probe during assisted-ultrasound extraction (one of the most used methodology for 148 

extraction PAHs and PAHs-derivatives from soot, Table S1). As a consequence, 149 

extraction procedure was simplified and only filtration twice through two PTFE filters 150 

was accomplished in order to remove the soot particles and extract the aromatic material 151 

from the soot matrix. 152 

 153 

2.4 Selection of stationary and mobile phase for purifying and fractioning the 154 

soot extracts 155 

 156 

Page 4 of 37RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



5 

 

As families of PAHs and PAHs derivatives differ mainly in polarity, their fractioning 157 

should be accomplished as a function of this physical property rather than as a function 158 

of their polarizability as in reverse-phase HPLC occurs.  159 

 160 

In the aim of simplifying the SPE methodology and gaining comprehension on this 161 

issue, besides fundamentals published in previous papers,19,26 some additional 162 

preliminary essays were carried out. 163 

 164 

Briefly, in the aforementioned papers the following statements have been published: 165 

 166 

1. Retention times of target analytes depend on the difference between the relative 167 

permittivity (also called dielectric constant) of the stationary and the mobile 168 

phases. The greater this difference, the greater the retention times for the probe 169 

molecules. When a great ∆ε occurs, such in the case of Reverse-HPLC, 170 

compounds elute mostly as a function of their medium polarizability. 171 

2. In Reverse-Phase HPLC, the higher the pressure, the higher retention times for 172 

very polarizable compounds and the lesser the retention times for non 173 

polarizable compounds. Retention times of dipoles (such as nitro-PAHs) are 174 

more dependent on pressure than neutral molecules, and under very low pressure 175 

they elute before other compounds more polarizable. 176 

 177 

Could these achievements be generalized to Normal-Phase HPLC and A-SPE 178 

procedures? 179 

 180 

For answering this question, some preliminary studies were carried out combining 181 

different mobile phases and different stationary phases. The empty stainless steel casing 182 

pipe (250x4.6 mm ID) was successively filled with silica, alumina and phenyl 183 

commercial phases. Amino-packings are discarded because the primary amino groups 184 

can easily form Schiff-bases (imines) with aldehydes and ketones under typical normal-185 

phase chromatographic conditions. On the other hand, cyano columns are quite stable in 186 

non-polar solvents but often exhibit the curious phenomenon of bed collapse when 187 

exposed to solvents of intermediate polarity like neat acetonitrile, THF or methanol.27,28 188 

Methanol, n-hexane, isopropanol, acetonitrile, acetone, dichloromethane and water were 189 

selected and tested as mobile phases at different flow rates. Dependence of the 190 

Retention Times on pressure (related to dimensions of the column) and ∆ε, were 191 

investigated.  192 

 193 

Hundreds of experiences (combining different stationary and mobile phases at different 194 

flow rates) confirmed that the retention times of the target analytes (PAHs) exhibit the 195 

same dependence on ∆ε in Normal-Phase HPLC and in HILIC (Hydrophilic Interaction 196 

Chromatography) and in SPE as in Reverse-Phase HPLC.19 Thus, under the 197 

experimental conditions aforementioned, retention time of light PAHs in the silica 198 

column was 76 min; whereas in phenyl column was about 49 min. In the phenyl column 199 
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case, retention is lesser (smaller ∆ε, ~∆εcrit), whereas in silica column higher retentions 200 

were achieved for light and for heavy PAHs (higher ∆ε). Also alumina was used for 201 

filling with the same steel casing pipe. In this case retention time was higher for PAHs, 202 

especially for light PAHs. This matches with the fact that relative permittivity is higher 203 

for alumina than for silica (here the size particle of stationary phase is very important). 204 

Besides, when silica is combined with solvents exhibiting high relative permittivity 205 

(such as acetonitrile or dichloromethane), retention times of PAHs increase. As a 206 

conclusion, under the same backpressure, the higher the difference between the relative 207 

permittivity the higher the retention of the analyte, as in the Reverse-Phase HPLC 208 

occurs. 209 

 210 

All the results are summarized in Figures 1 and 2 where: 211 

∆ε is the difference between the relative permittivity of mobile phase and that of the 212 

stationary phase, and  213 

∆εcrit is the critical value of ∆ε, below which no retention occurs. 214 

 215 

Figure 2 depicts as polarizability gains importance in the case of high ∆ε, but solubility 216 

accounts for the elution of most of compounds when the value of ∆ε falls down. On the 217 

other hand, repulsion forces (those among dipole molecules as nitro-PAHs) are 218 

important for weak values of ∆ε and also for very high ∆ε values when pressure falls 219 

down dramatically. 220 

 221 

Another very important parameter for efficient fractioning is the backpressure. In this 222 

case, best experimental conditions might be selected according to the following 223 

information: 224 

 225 

a) If ∆ε< ∆εcrit (for example, C18-hexane), then, no matter the backpressure or the 226 

flow rate, compounds cannot be eluted separately. Retention is very low. 227 

b) If ∆ε~ ∆εcrit (for example phenyl phase-hexane), then the following options can 228 

be observed: 229 

b.1) High Backpressure. In this case, compounds elute together. No 230 

discrimination is possible. 231 

b.2) Medium Backpressure. Compounds elute as a function of their 232 

solubility although polarizability exhibits some relevance. 233 

b.3) Low backpressure. Compounds elute mainly as a function of their 234 

polarity (that is, their solubility in the mobile phase). 235 

c) If ∆ε>∆εcrit (as in the case of silica column, 250 mm length, 2.1 ID, 5 µm size 236 

particle), then the following options can be observed: 237 

c.1) Low backpressure (lesser than 4 bar). In this instance, elution takes a 238 

very long time. 239 

c.2) Medium backpressure (about 5 bar). Solubility accounts for most of 240 

compounds but there are some analytes as phenalen-1-one, hydroxy-acids 241 
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of naphthalene and di-acids of naphthalene eluting as a function of their 242 

polarizability rather than as a function of their solubility (or polarity). 243 

c.3) High backpressure (>5 bar). Some groups of compounds elute 244 

together. Efficiency of the columns for fractioning gets poorer. 245 

d) If ∆ε>>∆εcrit (for example silica-alumina column as stationary phase and 246 

acetonitrile/water as mobile phase, or C18 as stationary phase and 247 

acetonitrile/water as mobile phase). Two possibilities can be seen: 248 

 249 

d.1) Low backpressure (under 11 bar). In this case repulsion forces take 250 

on importance for neutral dipole molecules (such as nitro-PAHs)19 251 

d.2) High backpressure (above 11 bar, as usual in Reverse-HPLC). In this 252 

case only polarizability takes on importance and influence. 253 

 254 

What is considered backpressure depends on the dimensions of column selected. For 255 

instance, for a column of 10 cm length x 4.6 mm I.D. and 10 µm of size particle, more 256 

than 2 bar can be considered high backpressure. So, for achieving a high backpressure, 257 

small diameters, long column and small particle size are recommended. 258 

 259 

Therefore, for eluting the target analytes as a function of their polarity rather than their 260 

polarizability, a medium ∆ε value is desirable. For achieving a medium value of ∆ε, two 261 

different stationary phases (phenyl and silica) and n-hexane as mobile phase were 262 

selected. As home-made columns provide a poor reproducibility, commercial columns 263 

were preferred from now on. We selected two different commercial columns: 264 

 265 

a) A commercial phenyl phase column. Dimensions: 125 mm length, 4.6 mm I.D, 266 

10 µm particle size. 267 

b) A commercial silica column. Dimensions: 250 mm length, 2.1 mm ID, 5 µm 268 

particle size. 269 

 270 

Dimensions were selected based on the backpressure expected to develop inside them 271 

(very low in the first case and high in the second one) and on their dead volume (for 272 

phenyl column, it is estimated to be approximately 2.4 times that for silica column). 273 

Note that the ∆ε value for phenyl column combined with hexane is lower than that of 274 

silica combined with hexane. Consequently, lower backpressure will be required inside 275 

the phenyl column; otherwise, no separation of compounds would be achieved. The 276 

small length of the phenyl column, combined with large inner diameter and large 277 

particle size, makes the backpressure developed by using this column very low. In this 278 

case, compounds are expected to elute strictly in order of their polarity. On the contrary, 279 

the length of the silica column and its very small inner diameter makes the backpressure 280 

developed in this column higher than in the phenyl column. In this case, polarizability 281 

gains importance (Figures 1 and 2), and consequently some very polar compounds such 282 

as hydroxy-acids and small di-acids might be easily eluted, whereas they could not be 283 
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eluted from phenyl phases, where the elution occurs strictly in order of polarity (these 284 

compounds are not soluble into hexane). 285 

 286 

2.5 Pretreatment of the extracts after A-SPE 287 

 288 

Unburned ester from the combustion of methyloctanoate-kerosene as well as aromatic 289 

acids and hydroxy-acids (see Table 2) found in the extracts of soot samples could 290 

impair the determination of PAHs and PAHs-derivatives in our samples unless the 291 

extracts were conveniently pre-treated. For unburned ester, because this compound co-292 

elutes with the aromatic fraction from the fractioning columns, fractions collected must 293 

be pre-treated before injection into the HPLC column by adding some µL of acetic acid 294 

glacial. In acidic medium, esters undergo hydrolysis and convert into acids and 295 

alcohols, which easily elutes from the C18 column. Otherwise, if esters are injected 296 

along PAHs into the C18 column, they quench the spectroscopic signals of PAHs and 297 

prevent their efficient identification and quantification. 298 

Moreover, pre-treatment of fractions containing aromatic acids and hydroxy-acids is 299 

mandatory because of the insolubility of some of these compounds into water. In this 300 

case, acetic acid (added to the fraction) is also efficient for facilitating the elution of 301 

these compounds from C18 column during the HPLC analysis of fractions. 302 

 303 

2.6 Chromatographic Analysis 304 

Chromatographic experiments were performed by using a HPLC system from 305 

Shimadzu. The instrument consisted of a system controller CBM-20A/20 Alite 306 

Prominence, a solvent delivery module LC-20AB Prominence, an autosampler SIL-307 

20A/20AC Prominence, a column oven CTO-20A/20AC Prominence and a UV/Visible 308 

photodiode array detector SPD-M20A Prominence. A Vydac column 201TPC18, 5 µm, 309 

250 mm length x 4.6 mm ID (Grace Davison Discovery Sciences), was used for the 310 

analysis of each fraction collected. 311 

 312 

3. RESULTS AND DISCUSSION 313 

 314 

Both of the columns detailed in the experimental section (phenyl column, 12.5 cm 315 

length, 4.6 mm ID, 10 µm particle size) and silica column (25 cm length, 2.1 mm ID, 5 316 

µm particle size) combined with hexane at flow rate of 0.05 ml/min as mobile phase 317 

were studied and their efficiency for fractioning PAHs and PAHs derivatives in soot 318 

from methyloctanoate-kerosene blends and from fossil kerosene. 319 

 320 

3.1. Elution order from the silica column. 321 

 322 

As we can see from Figure 3 and from supplementary information (S1-S24), fractioning 323 

through silica column by using hexane as mobile phase is efficient and even the most 324 
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polar compounds (dicarboxylic acids) elute from the stationary phase. The elution order 325 

of analytes from silica columns is: 326 

 327 

1. Alkanes, alkenes…. 328 

2. Light PAHs (indene, naphthalene, isomers of methyl-naphthalene, acenaphthene, 329 

acenaphthylene…). 330 

3. Medium-size PAHs (anthracene, phenanthrene, fluoranthene, pyrene, 331 

benzo[a]anthracene…). 332 

4. Heavy PAHs (perylene, benzo[ghi]perylene, benzo[b]fluoranthene, 333 

benzo[k]fluoranthene, anthranthrene, coronene…)+nitro-PAHs. 334 

5. Oxa-PAHs such as xanthenes and benzoxanthenes. 335 

6. 9-fluorenone, isomers of naphthalene-carboxaldehyde. 336 

7. Other ketones (benzanthrone, etc) 337 

8. 1-Naphthol 338 

9. 2-Naphthol 339 

10. Phenalen-1-one. 340 

11. Quinones (9,10-anthraquinone, 9,10-phenanthrene-quinone…) 341 

12. Naphthalen-carboxylic acids. 342 

13. Hydroxy-acids of naphthalene. 343 

14. Naphthalene-dicarboxylic acis. 344 

 345 

From the observed elution order, we can affirm that, although polarizability is more 346 

important in silica columns than in phenyl columns, compounds elute mostly as a 347 

function of their polarity when hexane is used as mobile phase. Thus, although 348 

phenalen-1-one (a light ketone-PAH) elutes after 1-naphtol and 2-naphthol (much more 349 

polar than ketones) due to its higher polarizability than those of naphtols, most of 350 

compounds elute from the silica column as a function of their solubility into n-hexane. 351 

 352 

a. Elution from phenyl column 353 

 354 

From phenyl column the elution order is the following: 355 

 356 

1. Alkenes, alkenes 357 

2. Light PAHs (indene, naphthalene, methyl-naphthalene, acenaphthene, 358 

acenaphylene…). 359 

3. Medium-size PAHs (fluoranthene, pyrene…) 360 

4. Heavy PAHs (benz[b]fluoranthene, perylene, benzo[ghi]perylene,...) 361 

5. Very heavy PAHs (coronene, naphtha(2´.3´:1.2)coronene,…)+nitro-PAHs. 362 

6. Oxa-PAHs such as xanthenes and benzoxanthene. 363 

7. 1-Naphthalene-carboxaldehyde. 364 

8. 9-Fluorenone+2-Naphthalene-aldehyde. 365 

9. Phenalen-1-one 366 

10. Other ketones (heavier than phenalen-1-one) such as benzanthrone. 367 

Page 9 of 37 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



10 

 

11. 1-naphthol, 2-naphthol, quinones. 368 

 369 

Figure 4 shows some classes of compounds eluting along with others. The fractioning 370 

becomes less efficient than with a silica column (Figure 3). Contrary to what happens in 371 

silica columns, the elution of carboxylic-acids of naphthalene and hydroxy-carboxylic 372 

acids from phenyl columns turns out really difficult, most likely due to the very low 373 

value of ∆ε compared to that of silica column which makes elution of the target analytes 374 

dependent on the polarity (hydroxy-acids of naphthalene and di-acids are not soluble 375 

into hexane) rather than on polarizability.19  376 

 377 

As shown in Figures 3 and 4 and in Table S2, in general, compounds elute in increasing 378 

order of solubility for both columns studied, although polarizability becomes more 379 

important in the case of silica column than in the case of phenyl-column. So, although 380 

the polarity of phenalen-1-one is similar to that of 9-fluorenone, the first compound 381 

elutes after hydroxy-PAHs from silica column likely because of its high polarizability 382 

(22.2±0.5x10-24cm-3).29 Furthermore the elution from silica columns depends on both 383 

polarizability and polarity, even if the later is more influential. Otherwise, compounds 384 

strictly elute in increasing order of polarity from phenyl column. So, phenalen-1-one 385 

elutes from phenyl column before other heavier PAH-ketones and far sooner than 386 

hydroxy-PAHs.  387 

 388 

Finally for HPLC analysis of PAHs and PAHs derivatives, silica column was selected 389 

not only due to its higher efficiency compared to that of phenyl column, but also due to 390 

diffusion problems occurring in phenyl colums. In particular, silica column 391 

backpressure (5 atm) is high enough for minimizing diffusion inside the tubes driving 392 

the liquid from the column to the fraction collector. Too low backpressures as those 393 

developed in phenyl column make mass transfer inside the tubes driving the liquid to 394 

the fraction collector be significant and consequently the mixing of fractions (diffusion 395 

phenomenon). 396 

 397 

As a very small flow rate is used, there is a gap between the instant when the UV-398 

visible signals are detected and the moment when the compounds reach the fraction 399 

collector. This gap is about 15 min for our HPLC system; as a consequence, fractioning 400 

must start about 13 minutes after the UV-PAHs signal is detected (very concentrate 401 

samples elute a bit before more dilute ones). This is the reason why if aromatic 402 

compounds elute at 15 minute, we should start their collection at 28 minute. Reduced 403 

time intervals (about 3 or 4 minutes at the beginning) should be collected to avoid 404 

collecting PAHs and some polar PAHs together. 405 

 406 

Based on the information aforementioned, we propose the following fractioning 407 

program: 408 

 409 
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1. 28-32 min. Alkanes, alkenes and other aliphatic hydrocarbons can be usually 410 

found in this fraction. 411 

2. 32-35 min. Light and medium PAHs can be found in this fraction. 412 

3. 35-38.5 min. Heavy PAHs elute now and nitro-PAHs elute in this fraction. 413 

Some oxa-PAHs (xanthenes…) elute also now. 414 

4. 38.5-42.5 min. Some oxy-PAHs (fluorenone and other ketones, some 415 

aldehydes…) are found in this fraction. 416 

5. 42.5-48 min. Quinones elute in this fraction. 417 

6. 48-55 min. Hydroxy-PAHs and perinaphthone elute at this time. 418 

7. 55-65 min. Acids, hydroxy-acids and anhydrides elute in this fraction. 419 

8. 65-85 min. Isopropanol is passed at 0.1 ml/min for cleaning-up the column. 420 

 421 

b. Chromatographic Analysis 422 

Injection of the polar fractions is done in n-hexane (in this case flow rate of the mobile 423 

phase is 1.0 ml/min) whereas injection of the unpolar fractions was carried out in 424 

isopropanol and the flow rate of the mobile phase is 0.5 ml/min. The isocratic gradient 425 

was 50% acetonitrile: water for 30 min, then the linear gradient elution from 50% 426 

acetonitrile at 30 min to 100% acetonitrile at 90 min was applied followed by isocratic 427 

elution with 100% acetonitrile for 15 min to remove possible impurities adsorbed onto 428 

the column. Each run concluded with a conditioning step (50% water/Acetonitrile) for 429 

20 min. The column oven temperature was maintained at 30 ºC throughout the analysis. 430 

 431 

The compounds (PAHs and PAHs-derivatives) identified in soot from methyloctanoate-432 

kerosene soot are shown in Tables 1 and 2. In summary, 100 compounds (56 PAHs and 433 

44 PAHs-derivatives) were found and identified in the extract of methyloctanoate soot 434 

(Tables 1 and 2). 435 

c) Validation of the methodology 436 

Validation of the methodology was accomplished in the following way: Real samples of 437 

kerosene-methyloctanoate soot were spiked with a standard mixture of 18 PAHs (EPA 438 

PAHs, 1-methylnaphthalene and 2-methylnaphthalene) at concentration levels similar to 439 

that of real samples and submitted to the same procedure as soot samples for analyzing 440 

PAHs and PAHs derivatives. Results from Table S3 shows that recoveries of the PAHs 441 

studied are satisfactory in all the cases (within the range 93-100%), except in the case of 442 

naphthalene, 1-methylnaphthalene and 2-methylnaphthalene (whose recoveries were 443 

75.0%, 81.6% and 83.9%, respectively, Table S3) most likely due to its high volatility. 444 

We think that part these compounds can be lost during the fraction collection of 445 

samples. All the PAHs analyzed show recoveries higher than those of manual SPE 446 

procedure for similar samples. A-SPE greatly improves the recoveries of naphthalene, 447 

acenaphthene and acenapthylene compared to those obtained by manual SPE (Andrade-448 

Eiroa and coll., 2010a). 449 
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 450 

The main advantages of the analytical methodology introduced here are compared to 451 

manual SPE procedures and the trial-error method in Table 3. The new methodology is 452 

cost- and time-saving and much more reproducible than traditional methodologies. On 453 

the other hand, automated-SPE can be easily implemented in any lab having an HPLC, 454 

no big facilities are needed for implementing this methodology. 455 

 456 

2. CONCLUSIONS 457 

 458 

Based on the present results and phenomena observed, we can state that: 459 

 460 

1. A minimum value of ∆ε (difference between the relative permittivity of 461 

stationary and mobile phase) is required for optimal functioning of SPE and 462 

chromatographic columns. The minimum value of ∆ε for fractioning organic 463 

aromatic compounds is approximately that existing between phenyl phase and n-464 

hexane. Medium ∆ε (like that between silica and n-hexane) are recommended 465 

for efficient fractioning of aromatic organic material.  466 

2. For chromatographic Reverse-phase separations, maximum ∆ε (like that 467 

between C18 and acetonitrile:water) is recommended in order to elute the 468 

compounds as a function of medium polarizability rather than in order of 469 

solubility like in SPE procedures. 470 

3. Fundamentals published for Reverse-Phase HPLC19 can be extended and applied 471 

to Normal-Phase HPLC, HILIC and even to A-SPE. Under the light of the 472 

present results, we can state that fundamentals of these procedures can be 473 

unified under the same theory, simplifying the optimization of SPE and 474 

chromatographic procedures. 475 

4. Trial-error method should be disregarded in the case of automated SPE and 476 

Liquid Chromatography.  477 

5. Even if relative permittivity data are not always available, a qualitative 478 

description of the situation is possible and useful for selecting the best SPE 479 

procedure (dimensions of the column, flow rate, stationary and mobile phases). 480 

 481 

Acknowledgements 482 

Page 12 of 37RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



13 

 

This research was supported by the European Research Council under the European 483 

Community's Seventh Framework Programme (FP7/2007-2013)/ERC grant agreement 484 

n° 291049−2G-CSafe. We are also grateful to Éléonore Heitz for her efficient 485 

bibliographic assistance and to Dr. Valerie Cancellieri-Leroy from Laboratoire des 486 

Systèmes Pour l’Environnement (SPE) (CNRS-Corte, France) for her technical 487 

assistance in the development of the methodology. 488 

 489 

6. REFERENCES 490 

 491 

1.G. Ma, J. Lin, W. Cai, B. Tan, X. Xiang, Y. Zhang, P. Zhang, J. Pharmac. Biomed. 492 

Anal., 2014, 92, 149. 493 

2.G. Floriani, J. C. Gasparetto, R. Pontarolo, A. G. Goncalves, Forensic Sci. Int., 2014, 494 

235, 32. 495 

3.A. Andrade-Eiroa, V. Leroy, Y. Bedjanian, P. Dagaut, Chemosphere, 2010a, 78, 496 

1342. 497 

4.Y. Bedjanian and M. L. Nguyen, Chemosphere, 2010, 70, 387. 498 

5.M. S. Diniz, R. Mauricio, M. Petrovic, M. J. López De Alda, L. Amaral, I. Peres, D. 499 

Barcelo, F. Santana, J. Environ. Sci., 2010, 22, 1613. 500 

6.H. X. Li, H. L. Zhang, N. Zhan, N. Wang, Y. Yang, Z. Z. Zhang, Food Sci. Technol., 501 

2014, 57, 446. 502 

7.L. Riffault, E. Destandau, L. Pasquier, P. André and C. Elfakir, Phytochem., 2014, 99, 503 

127. 504 

8.V. Sele, J.J. Sloth, B. Holmelid, S. Valderness, K. Skov and H. Amlund, Talanta, 505 

2014, 121, 89. 506 

9.B. Buszewski and M. Szultka, Crit. Rev. Anal. Chem., 2012, 42, 198. 507 

10.R.E. Majors, LC–GC Int., 1991, 4, 10. 508 

11.M. C. Hennion, J. Chromatogr. A, 1999, 856, 3. 509 

12.J. A. Erustes, A. Andrade-Eiroa, A. Cladera, R. Forteza and V. Cerdà, Analyst, 510 

2001,126, 451. 511 

13.I. Liska, J. Chromatogr. A, 2000, 885, 3. 512 

14.T. Okuda, D. Naoi, M. Tenmoku, S. Tanaka, K. Be, Y. Ma, F. Yang, Y. Lei, D. 513 

Zhang, Chemosphere, 2006, 65, 427. 514 

Page 13 of 37 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



14 

 

15.C. Baggiani, P. Baravalle, G. Giraudi, C. Tozzi, J. Chromatogr. A, 2007, 1141, 158. 515 

16.R. López-Roldán, M. López de Alda, M. Gros, M. Petrovic, J. Martín-Alonso, D. 516 

Barceló, Chemosphere, 2010, 80 1337. 517 

17.X, Liu, X. Lua, Y. Huang, C. Liu, S. Zhao, Talanta, 2014, 119, 341. 518 

18.A. Andrade-Eiroa, V. Leroy and P. Dagaut, Anal. Methods, 2010b, 2, 2017. 519 

19.A. Andrade-Eiroa, T. Le-Cong, M. Nguyen, P. Dagaut, CheM, 2011, 1, 62. 520 

20.H.A. Bamford, D.Z. Bezabeh, M.M. Schantz, S.A. Wise and J.E. Baker, 521 

Chemosphere, 2003, 50, 575. 522 

21.P. Dagaut, S. Gail, J. Phys. Chem. A, 2007, 111, 3992. 523 

22.Lelievre, S.; Bedjanian, Y.; Pouvesle, N.; Delfau, J.-L.; Vovelle, C.; Le Bras, G., 524 

Phys. Chem. Chem. Phys., 2004, 6, 1181. 525 

23.Guilloteau, A.; Nguyen, M. L.; Bedjanian, Y.; Le Bras, G., J. Phys. Chem. A, 2008, 526 

112, 10552. 527 

24.M. N. Romanias, Y. Bedjanian, A. M. Zaras, A. Andrade-Eiroa, R. Shahla, Dagaut, 528 

P.; Philippidis, J. Phys. Chem. A., 2013, 117, 12897. 529 

25.R. Ballesteros, J.J. Hernández, L.L. Lyons, Atm. Environ., 2009, 43, 655. 530 

26.A. Andrade-Eiroa, P. Dievart, P. Dagaut, Talanta, 2010c, 81, 265. 531 

27.http://www.columnex.com/hilic.php;  532 

28.http://www.waters.com/webassets/cms/library/docs/wa20769.pdf 533 

29.http://www.chemspider.com/Chemical-Structure.10582.html. 534 

 535 

536 

Page 14 of 37RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



15 

 

FIGURES 537 

 538 

 539 

 540 

 541 

 542 

 543 

 544 

∆ε values  545 

 546 

 547 

 548 

Figure 1. Summary of the importance of each factor depending on the value of ∆ε. 549 

 550 

 551 

 552 

Figure 2. Relative importance of solubility, polarizability and repulsion forces on the retention 553 

times depending on ∆ε values. 554 

 555 

a) |∆ε|< |∆εcrit|. In this case, compounds can be neither discriminated as a function of their polarity, 
nor as a function of their solubility. They elute all together from the SPE column. 

b) |∆ε|~ |∆εcrit|. In this case, compounds elute mainly as a function of their solubility. Polarizability 
is a non significant factor. 

c) |∆ε|> |∆εcrit|. In this case, compounds elute mainly as a function of their solubility and 
polarizability takes on importance. 

d) |∆ε|>> |∆εcrit|. In this case compounds elute mainly as a function of their medium polarizability. 
If Pressure falls dramatically, dipole molecules elute very fast (Andrade-Eiroa and coll., 2011). 
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 556 

Figure 3. Fractioning of the methyloctanoate-kerosene (20% v/v methyloctanoate) soot extract into 557 

hexane blends through the silica column described in the experimental part. Experimental 558 

conditions: Vinj=50µL of the pure extract of soot (15.8mg/2mL). Mobile phase: 100%hexane at flow 559 

rate of 0.05ml/min. 560 

 561 
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 562 

Figure 4. Fractioning of methyloctanoate-kerosene soot (19.3 mg soot/2mL hexane) extract through 563 

phenyl column. Mobile phase: 100% hexane. Flow rate= 0.05 ml/min. Vinj=30µL. 564 

 565 
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TABLES 567 

Table 1. PAHs found in soot from methyloctanoate-kerosene soot (15.8 mg/2mL of hexane). 568 

PAHs 

< 5 rings 

Styrene 

Indene 

Naphthalene 

1-methyl naphthalene 

2-methyl naphthalene 

1-ethynyl-naphthalene 

Acenaphthylene 

Acenaphthene 

Phenanthrene 

Anthracene 

4,5-methylene phenanthrene 

Fluoranthene 

Pyrene 

Acephenanthrylene 

Benzo[a]fluorene 

1-methylpyrene 

3-methylpyrene 

4-methylpyrene 

Benz[a]anthracene 

Chrysene 

Triphenylene 

1,2,3,4-tetrahydrochrysene 

2-methylbenz[a]anthracene 

6-methylbenz[a]anthracene 

2,2'-binaphthalene 

Benzo[e]indene 

Benzo[f]indene 

Benzo[g]indene 

2-phenyl-naphthalene 

5 rings 

Cyclopenta[hi]acephenanthrylene 

3,4-Dihydrocyclopenta[cd]pyrene 

Cyclopenta[c,d]pyrene 

Dibenzo[a,i]fluorene 

Naphtho[1,2-a]fluorene 

Benzo[b]fluoranthene 

Benzo[k]fluoranthene 

Benzo[e]pyrene 

Perylene 
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Benzo[a]pyrene 

Dibenzo[a,c]anthracene 

Dibenzo[a,j]anthracene 

6 rings 

11-H-Indeno[2,1,7-cde]pyrene 

Corannulene 

Benzo[g,h,i]perylene 

Indeno[1,2,3-cd]pyrene 

Anthanthrene 

Dibenzo[a,h]pyrene 

7 rings and above 

Dibenzo[e,ghi]perylene 

1.12-2.3-dibenzoperylene 

2.3,8.9-dibenzoperylene 

2.3,10.11-dibenzoperylene 

Coronene 

3.4,9.10-Dibenzopentaphene 

Naphtho-(2´.3´:1.2)-coronene 

Methylcoronene 

 569 

570 
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Table 2. PAHs-derivatives found in soot from methyloctanoate-kerosene soot (15.8 mg/2mL of 571 

hexane). 572 

hydroxy-PAHs 

Phenol 

1-naphthol 

2-naphthol 

2-hydroxyfluorene 

2-hydroxy phenanthrene 

1-hydroxypyrene  

2-Hydroxy-9H-fluoren-9-one 

3-hydroxypyrene 

aldehydes/ketones 

1-naphthaldehyde 

2-naphthaldehyde 

Benzaldehyde 

p-tolylaldehyde 

pyrene-3-carboxaldehyde 

P-terphenyl-2,2',5',2"-tetracarboxaldehyde 

9H-fluoren-9-one 

1H-Phenalen-1-one 

Benzanthrone 

1-keto-1,2,3,4-tetrahydro phenanthrene 

Carboxylic acids 

1-Naphthalen-carboxylic Acid 

2-naphthalene-carboxylic acid 

2-hydroxy-1-naphthoic acid 

[…]hydroxy-1-naphthoic acid 

Naphthalene-2,7-dicarboxylic acid 

Naphthalene-1,6-dicarboxylic acid 

Naphthalene-1,7-dicarboxylic acid 

Quinones 

9,10-anthraquinone 

Phenanthrene-9,10-quinone 

Benzo[a]pyrene-6,12-quinone 

2,9-Diketo-1,2,9,10,10a,10b-hexahydro,3,4-benzphenanthrene 

Benz[a]pyrene-3,6-quinone 

6-(4-methoxy)-5,12-Naphthacene-quinone 

Ethers cyclics, oxides and lactones/coumarins, methoxy- 

9H-xanthene 

9H-xanthone 

Benzo[]xanthenes 

Benzo[c]cinnoline-5-oxide 

Methoxy-1-naphthalen-carboxaldehyde (tentative identification) 
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Nitrogenated 

Acridine (Acridinylium or Acridinium Ion in water/acn) 

Benzo[f]quinolone 

Carbazole 

Benzo[c] phenanthridine 

Naphtho[2,1-c]cinnoline 

Naphtho[f]naphtho[2,1,c]cinnoline 

Phenanthridine 

Benzo[c]cinnoline 

 573 

 574 

Table 3. Compararison between our analytical method and conventional solid phase extraction 575 

Our A-SPE methodology Manual SPE 

Analysis time* 50 min 240 min 

Reagents 

a) 2.5 ml of Hex+2.5 mL for 

cleaning up the column=5 

mL of organic solvents. 

b) Silica column (re-usable) 

 

a) 4 ml ACN, 3 ml methanol or 2.5 mL of acetone and 11 

ml mixture hexane:isopropanol (2:5). TOTAL: 20.5 mL 

of organic solvents 

b) SPE cartridge (not re-usable) 

c) Vacuum Pump (Andrade-Eiroa and coll., 2010a) 

Recoveries 

HIGH (most of compounds show 

recoveries between 93 and 100%, 

except naphthalene, 1-

methylnaphthalene and 2-

methylnaphthalene which 

recoveries are about 75% and 82% 

and 84%respectively, Table S3) 

MEDIUM (although the recovery of most of the PAHs is 

higher than 75%, acenaphthene recovery is only 50%, and the 

recovery of fluorene is only 64%)3 

Reproducibility VERY HIGH (RSD % about 3.2 %) VERY LOW (RSD % between 19.2 and 2.7%) 

Convenience HIGHLY CONVENIENT NOT CONVENIENT 

*Analysis Time: clean-up+ 18 quantification of PAHs. 576 
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 577 

 578 

579 
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SUPPLEMENTARY INFORMATION 580 

 581 

200 250 300 350 400 450 500 nm

0

250

500

750

1000

1250

1500

1750

2000

2250

mAU
 15.79/ 1.00

2
0
2

2
5
5

4
8
4

4
4
1

 582 

 583 

Figure S1. UV spectrum of the fraction eluting at 15.79 min. Spectral features belonging to Indene 584 

can be distinguished. 585 

 586 
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 589 

Figure S2. UV spectrum of the fraction eluting at 16.27 min. Spectral features belonging to light 590 

PAHs (i.e. naphthalene, fluoranthene and anthracene) can be distinguished. 591 

 592 

 593 
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 595 

Figure S3. UV spectrum of the fraction eluting at 16.81 min. Spectral features belonging to 596 

medium-size PAHs (i.e. acenaphthene, fluoranthene, pyrene…) can be clearly distinguished. 597 
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 600 

Figure S4. UV spectrum of the fraction eluting at 19.74 min. Spectral features belonging to heavy 601 

PAHs (i.e. perylene, benzo[ghi]perylene, anthranthrene, coronene) can be distinguished. 602 

 603 
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 605 

Figure S5. UV spectrum of the fraction eluting at 20.54 min. Spectral features belonging to heavy 606 

PAHs (i.e. coronene, naptho(2´.3´:1.2)-coronene) can be distinguished. 607 
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 610 

Figure S6. UV spectrum of the fraction eluting at 20.15  min. Spectral features belonging to oxa-611 

PAHs can be clearly distinguished. 612 

 613 
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 615 

Figure S7. UV spectrum of the fraction eluting at 23.02 min. Spectral features belonging to 616 

fluorenene and 2-naphthalenecarboxaldehyde can be clearly distinguished. 617 
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 621 

Figure S8. UV spectrum of the fraction eluting at 23.79  min. Spectral features belonging to 1-622 

naphthalenecarboxaldehyde and 2-naphthalenecarboxaldehyde can be clearly distinguished. 623 

 624 
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 626 

Figure S9. UV spectrum of the fraction eluting at 23.79  min. Spectral features belonging to 1-627 

naphthalenecarboxaldehyde can be clearly distinguished. 628 
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 631 

Figure S10. UV spectrum of the fraction eluting at 25.48  min. Spectral features belonging to 632 

benzanthrone can be clearly distinguished. 633 

 634 
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 636 

Figure S11. UV spectrum of the fraction eluting at 29.47 min. Spectral features belonging to 1-637 

naphthol can be clearly distinguished. 638 
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 641 

Figure S12. UV spectrum of the fraction eluting at 31.27 min. Spectral features belonging to 2-642 

naphthalenecarboxaldehyde can be clearly distinguished. 643 

 644 
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Figure S13. UV spectrum of the fraction eluting at 34.10 min. Spectral features belonging to 646 

phenalen-1-one can be clearly distinguished. 647 
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Figure S14. UV spectrum of the fraction eluting at 35.93 min. Spectral features belonging to can be 651 

clearly distinguished. 652 

 653 
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 655 

Figure S15. UV spectrum of the fraction eluting at 37.53 min. Spectral features belonging to can be 656 

clearly distinguished. 657 
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Figure S16. UV spectrum of the fraction eluting at 39.72 min. Spectral features belonging to 662 

phenanthrene-9,10-quinone can be clearly distinguished. 663 
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 666 

Figure S17. UV spectrum of the fraction eluting at 39.72 min. Spectral features belonging to 667 

acenaphthoquinone can be clearly distinguished. 668 
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 671 

Figure S18. UV spectrum of the fraction eluting at 42.48  min. Spectral features belonging to 1-672 

naphthalencarboxilic acid can be clearly distinguished. 673 
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 677 

Figure S19. UV spectrum of the fraction eluting at 46.49  min. Spectral features belonging to 2-678 

naphthalencarboxilic acid can be clearly distinguished. 679 
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 683 

Figure S20. UV spectrum of the fraction eluting at 48.63  min. Spectral features belonging to 2-684 

hydroxy-1-naphthoic acid can be clearly distinguished. 685 
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 688 

Figure S21. UV spectrum of the fraction eluting at 49.44  min. Spectral features belonging to 689 

another isomer of hydroxy-1-naphthoic acid can be clearly distinguished. 690 
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 693 

Figure S22. UV spectrum of the fraction eluting at 51.57  min. Spectral features belonging to 694 

naphthalene-1,6-dicarboxylic acid can be clearly distinguished. 695 

 696 
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 699 

Figure S23. UV spectrum of the fraction eluting at 53.85  min. Spectral features belonging to 700 

naphthalene-2,7-dicarboxylic acid can be clearly distinguished. 701 
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Figure S24. UV spectrum of the fraction eluting at 55.65 min. Spectral features belonging to 705 

naphthalene-1,7-dicarboxylic acid can be clearly distinguished. Ref. Davies, 1973. 706 

 707 

708 

Page 33 of 37 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



34 

 

Table S1. Comparison of recovering percentages for several PAHs and several nitro-PAHs with 709 

and without ultrasound probe. Sample: Kerosene soot treated with NO2 during 1,5 hours. Mass: 8.2 710 

mg/4 mL ACN. 711 

COMPOUND λ (nm) PDA Signals (mAU) after 

Ultrasound Probe UV-Visible 

Intensity Signal (1.5 min, 2 s 

on, 2 s off) 

PDA Signals (mAU) 

Without Ultrasound 

Probe UV-Visible 

Intensity Signal 

% 

Variation 

Naphthalene+other light 

PAHs 

220 ND ND - 

Ethynyl-acenaphthylene 220 17.96 22.34 19.61 

9,nitroanthracene+phenanthr

ene 

254 57.8 58.42 1.96 

Alkylphenanthrene 254 39.44 41.94 5.96 

Nitrofluoranthenes+fluorant

hene 

236 158.07 175.20 9.78 

1,Nitropyrene+pyrene 236 338.72 363.55 6.83 

Benzo[b]fluorine 262 23.07 27.76 16.85 

Cyclopenta[cd]pyrene 220 177.77 223.10 20.32 

6,Nitrochrysene+Chrysene 254 64.17 72.78 11.83 

Benzo[a]fluoranthene+Benz

o[b]fluoranthene+ 

Perylene 

220 17.30 19.82 12.71 

Benzo[k]fluoranthene 220 8.25 9.01 8.44 

Benzo[e]pyrene+Benzo[a]py

rene 

254 31.97 38.91 17.84 

Nitrocorannulene+Corannul

ene 

254 25.85 28.48 9.23 

Benzo[ghi]perylene+Unkno

wn 

220 85.28 105.34 19.04 
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Indeno[1,2,3-cd]pyrene 254 34.89 42.09 17.11 

Dibenzo[a,e]pyrene 220 17.84 21.44 16.79 

Coronene 300 98.77 115.59 14.55 

Dibenzo[ah]coronene 300 21.31 25.94 17.85 

ND. Not detected (below Detection Limit).  712 

713 
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Table S2. Polarizability data of the most representative compounds found in soot from 714 

methyloctanoate-kerosene blends. 715 

 716 

Compound Polarizability (cm
3
) 

Alkenes  8.1±0.5 10-24 

Naphthalene  17.5±0.5 10-24 

Pyrene 28.7±0.5 10-24 

1H-Phenalen-1-one 22.2±0.5x10-24 

9-Fluorenone 21.6±0.5x10-24 

2-Naphthol  18.2±0.5 10-24 

1-Naphthol  18.2±0.5 10-24 

1-Naphthalene-carboxaldehyde  20.2±0.5 10-24 

2-Naphthalene-carboxaldehyde  20.2±0.5 10-24 

1,4-chrysene-quinone  31.2±0.5 10-24 

5,6-chrysene-quinone  30.3±0.5 10-24 

1-naphthoic acid  20.2±0.5 10-24 

 717 

Table S3. Table 4. Recoveries of 17 PAHs in soot from kerosene-methyloctanoate (20% v/v) 718 

blends premixed flames. 719 

Compound  Recovery (%) 

Naphthalene 58.5 
Acenaphthylene 99.2 
1-Methylnaphthalene 81.6 
2-Methylnaphthalene 83.9 
Acenaphthene 98.7 
Phenanthrene 94.9 
Anthracene 98.0 
Fluoranthene 98.3 
Pyrene 100.9 
Benz[a]anthracene 86.4 
Chrysene 99.8 
Benzo[b]fluoranthene 97.6 
Benzo[k]fluoranthene 98.9 
Benzo[a]pyrene 99.2 
Dibenzo[ah]anthracene 98.3 
Benzo[ghi]perylene 95.1 
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Indeno[1,2,3-cd]pyrene 98.7 
n=3, standard deviation within the range 3-7% 720 

 721 

 722 

 723 

 724 

 725 
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