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Summary

The results of the analysis of polycyclic aromatic hydro-
carbons (PAH) insoot and similar types of sample are often
dependent on the extraction method applied, owing to
Carbonaceous substances present in these samples.

The recoveries of three extraction methods, an ultrasonic
ether,a Soxhlet toluene and a Soxhlet extraction with liquid
CO, were compared for a typical soot sample.

Additionally the CO, extraction was optimized with re-
Spect to the necessary number of transfers during the
extraction and the proper method to remove the CO, after
€xtraction.

Finally, the liquid chromatographic pretreatment of the
extract, prior to gas chromatographic analyses of the PAH,
was improved.

Introduction

Industrial processes, traffic and many other human activi-
ties contribute to the pollution of the environment. To
study the impact of these activities reliable analytical pro-
cedures for the determination of harmful componentsshould
be available.

From an analytical point of view the main problem very
often lies in the proper isolation of the components of
interest from a complex sample prior to the final chroma-
tographic analysis. In many cases the sample pretreatment
procedure is of crucial importance to achieve reliable
qQualitative and quantitative results. This is also the case for
the determination of polycyclic aromatic hydrocarbons
(PAH) in smoke and similar samples. PAH, of which a
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number have mutagenic and carcinogenic properties, are
associated in smoke with aerosol particles up to 90 % of
which are in the respirable range [1-6].

Before PAH and other components in smoke aerosols can
be analysed, sample pretreatment must be applied to iso-
late and preconcentrate these components. Such a pre-
treatment method should meet the following conditions:
selectivity for the components of interest, high efficiency in
short time, no degradation of the sample and no losses
during the preconcentration step.

Many reliable isolation procedures, like Soxhlet, ultrasonic
extraction and vacuum sublimation techniques for PAH
fromseveral types of sample have been described {4, 7-11].
Problems arise when the sample matrix is complex and
strongly absorbs the components of interest like, for ex-
ample, PAH in carbonaceous samples.

In earlier studies it was shown that large differences in
recovery of PAH could be observed between different
extraction procedures applied to a specific sample matrix
[4,9,12]. In a number of cases the same is true when one
typical extraction procedure is applied to a sample. It was
also shown that the recovery of spiked PAH material on
carbonaceous samples is poor [12].

The above studies tend to the conclusion that qualitative
and quantitative results of PAH analysis of complex sam-
ples strongly depend on the isolation procedure applied,
which of course is a very undesirable situation. In this study
we concentrate on the comparison of a number of extrac-
tion methods applied to one specific soot sample.

Ultrasonic extraction with diethylether; Soxhlet extraction
with toluene and modified Soxhlet extraction with liquid
CO, were compared with respect to recoveries and repro-
ducibilities of the PAH under study. These methods were
also studied applying two of the selected procedures, in
different sequence, to the aerosol sample. The relatively
recent procedure with liquid CO, was investigated in more
detail concerning the necessary number of transfers for
complete extraction and the proper method to remove the
CO, after completion of the extraction process. Opening
the valve to allow evaporation of the liquid CO,, whichisin
general suggested [13, 14] showed strongly decreased re-
coveries of the PAH. An improved method will be dis-
cussed.
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The analytical procedure consists of a samplc pretreatment
step by HPLC described earlier [15] followed by final
analysis of the HPLC fractions by capillary GC. Losses of
PAH ofupto30 % sometimes observed during pretreatment
were studied. PAH standard mixtures and ambient air
samples were employed to investigate the pretreatmen
step in more detail.

From this it turned out that the loss of PAH and also the
laborious conditioning of the silica stationary phase, neces-
sary before sample treatment, could be eliminated by the
use of a diol-modified silica.

Experimental

Samples and Chemicals

Inorder to compare the extraction procedures properly, all
experiments were carried out with a specific soot sample
from a domestic stove with wood as a fuel. The sample was
passed through a 175 umsieve and homogenized by intensive
mixing, It was stored in a refrigerator at 253 °K.

For the qualitative and quantitative measurements of 16
Priority Pollutant PAH were used as standards (Serco Inc.,
Roseville, M1, USA). Carbon dioxide for extraction was
from Hoekloos (Amsterdam, NL). All other chemicals
were of analytical grade (Merck, AG, Darmstadt, FRG).

Todetermine therecovery of PAH after HPL Cpretreatment
(with silica and diol modified silica stationary phases) a
PAH-mix (TNO Environmental and Energy Rescarch,
Dept. of Analytical Chemistry, Delft, NL) and an ambient
airsample were used. The organic solvents for extraction of
the ambient air samples (methanol), HPLC pretreatment
(hexane, dichloromethane, acetonitrile and 2,2-dimethox-
ypropane) and analysis by reversed-phase HPLC (water
and methanol), were of HPLC-grade (Rathburn, Walker-
burn, UK).

Extraction Procedures

Extraction procedures for soot samples. The Soxhlet ex-
traction for PAH by liquid CO, from the aerosol samples
were performed in equipment described carlier [14]. The
thermocouple sensor, situated above the extraction tube,
detected the number of transfers during the extraction
process. The cold finger condensor was cooled with a
stream of nitrogen at 253 °K.

Alter extraction the extractant was removed by either
direct evaporation, opening the needle valve in the contain-
er or by sublimation. In the latter case the CO, was frozen
by putting the container in liquid N,. Then the container
was opened and the solid CO, permitted to sublimate from
the glass Soxhlet vessel. To study the efficiency of both
methods known amounts of toluene and n-decylbenzene as
test componentsin n-hexanc were putin the Soxhlet vessel.
Alter some transfers, to mimic the extraction, the CO, was
removed by one of the methods. The 4-step ultrasonic
extraction with dicthylether as an extractant was as de-
scribed earlier [15].
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The Soxhlet extraction with toluene took 8 h. Subsequently,
the toluene was removed by a rotating vacuum evaporator.

For the extractions 0.25-1.5 g samplc was used.

Extraction of ambient air sample. The particles [rom ambi-
ent air were collected with a Sartorius HV100 ,Staubsam-
melgerit* (high-volume samplers) on Sartorius SM13400
glass fibre filters (@ = 25.7 cm); flow rate 100 m* - h™!, cal-
ibrated with a flowmelter. The [ilter was extracted with 170
ml methanol for 8 h under nitrogen and solvent removed
with a rotary evaporator at 30 °C under reduced pressure.

HPLC Pretreatment

HPLC fractionation of soot samples. HPLC fractionation
was as described earlier [15]. To overcome the problems of
the necessary {requent activation of the silica columns, a
diol-modified silica column (250 x4 mm id.; d, =5 pm;
Merck AG, Darmstadt, FRG) with n-hexane as eluent was
also investigated.

The PAH sample gave six distinct [ractions on both col-
umns silica and diol. The (ractions were collected manually
and consisted of 1-3 ml of ¢luent, (Figure 1) which were
subjected dircctly to capillary GC analysis.

Fractions
1

inj.

time —————
No Component Fractions

1 2 3 4 5 6
1 Naphthalene X
2 Acenaphthylene
3 Acenaphthene X
4 Fluorcne
5 Phenanthrene X
6  Anthracene
7  Fluoranthene X
8§ Pyrene X
9 Benz(a)anthrene
10 Chrysene
11 Benzo(b)fluoranthene X
12 Benzo(k)fluoranthene X
13 Benzo(a)pyrenc X
14 Dibenzo(a,h)anthracene b
15 Benzo(g,h,i)perylene X
16  Indeno!(1,2,3-c,d)pyrene X
Figure 1

Chromatogram from HPLC-fracticnation of 16 parent PAH, includ-
ing occurrence in different fractions.

Column: diol medified silica, 250 x 4 mm,; eluent: n-hexane; flow: 0.7
ml min™!,
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HPLC fractionation of ambient air sample. HPLC frac-
tionation of the ambient air sample was employed with a
Model 655A LC-pump (Hitachi; Merck AG, Darmstadt,
FRG) controlled by a Model L-5000 gradient controller
(Hitachi, Merck). A Model 770 variable UV-absorption
detector was used at 254 nm (Schoeffel, Applied Biosystems,
Maarssen, NL).

The fractions (7 m!) were collected with the Model FRAC-
300 collector (Pharmacia, LKB Biotechnology, Uppsala,
Sweden). Injections of 250 pl sample were made with a
Model AH60 pncumatic injcctor (Valco, Houston, TX,
USA). Fractions 5, 6 and 7 were collected for the PAH-
analysis by RP-HPLC.

In this study a RSIL-silica column (250 x 10 mm i.d.,
dp =10 pm, Alltech Ass. Inc., IL, USA) as well as a diol-
modified silica column, Hibar Lichrosorb Diol
(250 x 10 mm i.d., dp = 7 um, Merck, Darmstadt, Germa-
ny) were investigated.

The activation and separation conditions tor the silica
column are in Table L.

PAH-Analysis

PAH analysis of soot samples. HPLC-fractions were ana-
lyzed by capillary gas chromatography. The instrument
consisted of a Carlo Erba Gas Chromatograph equipped
with FID, controller 490, on-column injection device and
temperature programmer model 430 (Carlo Erba Stru-
mentazione, Milan, Italy).

Injections of 3 ul samples were made in a retention gap
(3 x0.35 mm) connected to the separation column with
CP-SIL 8CB stationary phase (Chrompack, Middelburg,
NL).

After injection a temperature program was employed for
optimum separation. The program included: t; = 70 °C
constant 2 min; t, =230°C,8°C min™}; t, =278°C,4°C
min™; t, = 278 °C constant, 3 min.

The data were collected and processed by a Spectra Physics
4000 system using an ADC interface, model 2 SP-4020
(Spectra Physics, Santa Clara, CA, USA).

PA H-analysis of ambient air sample. The LC-fractions 5, 6
and 7 collected were analyzed by RP-HPLC. The LC
system comprised two Millipore-Waters (Etten-Leur, NL)
Model 6000A solvent delivery modules, controlled by a
Millipore-Waters automated Gradient controller. Injec-
tion was with a Millipore-Waters model WISP 710B autoin-
jector. Column effluent was monitored with a Schoeffel
(Applied Biosystems, Maarssen, NL) model FS 970 LC
fluorimeter. Data were recorded with the Beckman Peak-
Pro software system. For separation an LC-PAH (250 x 4.6
mm i.d., dp = 5 um) (Supelco Inc., Bellefonte, PA, USA)
column was used at ambient temperature under the follow-
ing conditions: injection volume =20 pl; flow =1 ml min™’;
excitation wavelength =250 nm and emission wavelength >
389 nm: eluent A =70 v/v % methanol in water; eluent B =
methanol. The elution program included: from 85 % A/15
% B linear to 45 % A/55 % B in 80 minutes, from 45 % A/
55 % Blinear to 100 % B in the next 40 minutes, and during
the next 30 minutes 100 % B constant.

Table I Activation and separation conditions on silica columns.

Program for the activation of silica
time (min) % hexane % dichloromethane % acetonitrile % DMP"
0,0 0 0 0 100
15,0 0 0 0 100
15,1 0 100 0 0
22,1 0 100 0 0
2272 0 0 100 0
292 0 0 100 0
293 0 100 0 0
343 0 100 0 0
344 100 0 Q 0
494 100 0 0 0
Separation conditions
Time (min) % hexane % dichloromethane Y% acetonitrile % DMP")

0,0 100 0 0
20,0 20 80 0
20,1 0 100 0
25,1 0 100 0
252 0 S0 50
352 0 50 50
353 0 0 100
50,3 0 0 100
553 0 100 0
60,3 100 0 0

*} DMP = hexane/acetic acid/2,2-dimethoxypropane: 90:10:2.5 v/v/v.

*¥) flow = 3.5 ml min™!
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Results and Discussion

For both columns used for the HPLC--prefractionations
mass balances of PAH were made by injecting and subse-
quently analysing known amounts of these components.

Figure 2 shows the results of the HPLC pretreatment of a
sootsample withsilica and diol modificd silica as stationary
phase. Table II shows similar results for an ambient air
sample. )

From these results it can be concluded that, using a silica
column, the recovcrics of PAH vary between 0-100 %.
Especiallyimportant PAH such as perylene, benz(a)pyrene,
3-methylcholanthrene and anthanthrene show low recov-
eries. Although the reason for these losses is not clear, it
might be assumed that they are duc to degradation and/or
absorption of the PAH on the highly actived silica. The
assumption ol absorption is supported by the observation
that decreased yields of PAH arc less pronounced when
realsamplesare used rather than testsolutions (see Table 1T).
The interfering components from the sample are absorbed
onthe most active siles so inhibiting irreversible absorption
of PAH.

Moreover, it turned out that the silica column has to be
reactivated and rinsed frequently, while for the diol-column
asimple rinsing procedure with dichloromethane proved to
be suflicient. In this study thc HPLC-fractionation was
continued on the diol. column,

Efficient removal of CO,, aller cxtraction, by direct evap-
oration and by sublimation was investigated.

For toluene and n-decylbenzence as test substances, effi-
ciencies of 96 and 100 % wcre observed removing the CO,
bysublimation, while the corresponding values were 65 and
86 %, respectively lor the direet evaporation method. The

recovery (%)

losses observed in the laticr method may be caused by the
strong turbulence of the cvaporating CO,, displacing the
substances. Removal of the CO, was therefore continued
by the sublimation method.

The extraction yields of PAH depend in part on the number
of extraction steps or transfers in the different extraction
methods. For both ultrasonic and Soxhlet extraction, the
procedures applied here proved 1o isolate completely from
the soot sample PAH accessible under the experimental
conditions. '

The number of transfers to completc the extraction by CO;
was studied by extracting 1 g of the soot sample 4 times, 25
transfers each in succession. The results are shown in
Table I11. From these data, it [ollows that at least 50 trans-
fers are necessary to obtain sufficient yields of extraction.
This relatively high number may be due to the complex
structure of the sample matrix and the limited solubility of
the PAH in liquid CO,. However, supplementary studies

@ silica =&- diol
1 T s Ty
oo = R Sy VS N B TR,
ao ‘\Aa’
b ... ®...
$ e - s . e . . 4
e e -
80 - o
a0
20
fo) 1 1 _ 1 L 1 | | ] —
5 6 7 8 9 10 11 12 13 14 15 16
PAH number
Figure 2

Recoveries of PAH in HPLC-fractionation for silica and diol columns.

Table II Recoveries (%) of PAH in HPLC-pretreatment step for silica and diol columns.

-
Component PAH-Mix (silica) Air sample (silica) PAH Mix (diol) |
Fenanthrene 95: 50° 100
Anthracene 87 82 103
Fluoranthene 105 104 112
Pyrene 102 109 109
3,6-dimethylfenanthrene 100 58" 104
Trifenylene 105 103" 109
Benz(b)fluorene 104 110 109
Benz(a)anthracene 100 107 110
Chrysene 101 93 110
Benz(e)pyrene 102 94 m
Benz(j)fluoranthene 107 110 112
Perylene 0-92 86 109
Benz(b)fluoranthene 104 95 111
Benz(k)fluoranthene 103 96 111
Benz(a)pyrene 65 99 111
Dibenz(a,j)anthracene 97 - 113
Dibenz(a,l)pyrene 66 " 109
Benz(g,h,i)perylene 96 95 13
Dibenz(a,h)anthracene 97 = 118
Indenol(1,2,3,-c,d)pyrene 107 84 118
3-Methylcholanthrene 8-86 88 108
Anthanthrene 0-19 69 111

*) Since peak in chromatogram is not efficicntly scparated (rom other (unknown) compounds, maximum

amount of analyzed compound is given.
**) These compounds not found in analyzed sample.
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showed that extraction could be completed in 25 transfers
by decreasing the sample to about 0.3 g. An example of the
Tecoveries of PAH using liquid CO, is given in Figure 3. A
Number of tests were carried out on the soot sample by the
three extraction methods; the results are summarized in

Figure 4.

The data show that CO, cxtraction gives increased yields
for the PAH to chrysene, while for the PAH from
benzo(b)fluoranthene the other two methods are betler.

Table I11 Yields (%) of PAH from 1 g of soot sample after liquid
CO, extraction. Numbers 1-4 represent 25 transfers each.

Complete performance of the threc extraction procedures
takes for the ultrasonic, the CO, and the Soxhlet extraction,
about 2h, 6h and 16h, respectively, including the evapora-
tion/sublimation time in both the toluene and CO,-Soxhlet
procedures, which took at least 3h.

From the above it can be concluded that CO, extraction is
rather time consuming and is not significantly more effi-
cientcompared to the other methods, within the framework

of these experiments.

On the other hand CO, cxtraction, being carried out in an
oxygen-free and dark environment, may contribuie 16 im-
proved efficiencies in the casc of volatile and unstable

substances.
Moreover, in both the ultrasonic and Soxhlet procedures,

Component Yields (% : ' :
P (%) the removal of the cxtractanl may easily give rise to losses
1 2 3 4 due to evaporation, Evaporation of CO, by sublimation is

5 ] 18 5 1 superior in this respect.

6 78 22 ? (1) Since the three extraction methods gave different yields of

; ;’g ié 5 i PAH, combinations of two of these procedures were applied

9 78 14 8 0 successively to the soot sample in order to study to what

10 77 15 7 0 extent recoveries might be incrcased.

g Zj ig 3 (1) The soot sample was therefore subjected to ultrasonic

13 69 2 10 0 extraction and aflter that the sample residue to a CO,

14 75 25 0 0 extraction and vice versa. An example is given in Figure 5.

15 100 0 0 0 . .

16 7 23 0 0 -From these data it is seen that the recoveries from extrac-
tions carried out in the sequence COy/ether and CO,/tol-
uene were significantly higher than for the reversed se-
quences ether/CO, and toluene/CO,.

- liquid GO,
extraction
100
20 A
é 8o /l \\\ @ toluene~ ——&- liquid COp
8 70 | ',‘ “a extraction extraction
5 60 J N
5 504: / AN A 100
& \ ! AN SN
2 40 r\\\ ! N ‘\ A
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\ ! \ 2
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PAH number : PAH number
Figure §

Figure 4

Comparison of yields of PAH of soot sample by three extraction

procedures; results normalized to data of CO, extraction (100 %).
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Toluene (B) of soot sample.

Recoveries of extractions in sequences toluene/CO, (A) and CO,/
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The total amounts of the extracled PAH were for the
combinations CO,/cther; cther/CO,; toluene/CO, and CO,/
toluene: 403, 315, 211 and 488 g PAH/g, respectively.

From these results it can be concluded that the extraction
yields are not only dependent on a specific extraction
method and extractant, but also on the conditioning of the
sample by the first extraction.
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