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The aim of this work was to develop an efficient methodology for the reliable fractioning of nitrated-

polycyclic aromatic hydrocarbons (nitro-PAHs) and polycyclic aromatic hydrocarbons (PAHs).

Unlike what usually occurs under pressures developed by HPLC (high performance liquid

chromatography) systems (above 11 bar) we observed that when normal phase chromatographic

fractioning procedures are accomplished under very low pressures (about 1 bar), dipole molecules

(nitro-PAHs) elute much faster than non-polar organic molecules (PAHs). This finding allowed

developing an original and very efficient methodology for fractioning nitro-PAHs and PAHs. This

method is based on normal-phase liquid chromatography through a home-made phenyl column by

using hexane as mobile phase at very low speed flow (0.05 ml min�1). Unlike typical HPLC

methodology, the fractioning of nitro-PAHs and PAHs was accomplished as a function of their

polarity (first the polar compounds as a unique peak and further, the non-polar compounds, PAHs)

rather than as a function of their medium polarizability.
1. Introduction

The detection and characterization of polycyclic aromatic

hydrocarbons (PAHs) and nitrated polycyclic aromatic hydro-

carbons (nitro-PAH) in environmental samples is a priority since

both classes of compounds are ubiquitous and well known

mutagenic and carcinogenic agents.1,2 Nitro-PAHs are the class

of aromatic compounds with at least one (–NO2) functional

group on one aromatic ring of a PAH. They are usually

produced by incomplete combustion of carbon-containing

fuels.3–5

As PAHs and nitro-PAHs are frequently produced together,

efficient methods are needed for separation and fractioning of

both classes of compounds. Most of the analytical methods

proposed are based on solid-phase extraction procedures (SPE),

using silica or silica-alumina sorbents and hexane or dichloro-

methane as elution solvents.6 However, recent papers queried

the efficiency of these methods7,8 and we have found that frac-

tioning of PAHs and nitro-PAHs is not possible by using the

conventional methods aforementioned. Moreover, all the

traditional methodologies are time and solvent consuming and

silica might adsorb irreversibly PAHs reducing significantly

their recoveries.9 Alternatively, liquid chromatographic separa-

tion procedure after SPE purification can be applied for frac-

tioning nitro-PAHs and PAHs.10 Thus, Bamford and

colleagues11 reported that the combination of SPE followed by

chromatographic separation for isolation of nitro-PAHs

provides much better results in terms of cleaned extracts than

only SPE. These authors employed an amino/cyano column

combined with a moderately polar mobile phase consisting of

20% dichloromethane (DCM) in hexane at high speed flow (5 ml

min�1). This process allows to obtain a PAH fraction, and
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cedex 2, France. E-mail: eiroa_2000@yahoo.es; andrade@cnrs-orleans.fr;
Fax: (+33) 238 696004; Tel: (+33) 238 255466

This journal is ª The Royal Society of Chemistry 2010
a mono-nitro-PAH fraction followed by a di-nitro-PAH frac-

tion. The chromatographic run takes about 35 min, which

means that a volume of 160 ml of mobile phase is consumed and

consequently the dilution of initial sample is high.

One of the main handicaps in this kind of research, is that

although liquid chromatography (LC) and solid-phase extrac-

tion (SPE) have become the most powerful and commonly used

techniques for the identification, quantification and fractioning

of organic compounds in all kinds of samples,12 the real retention

mechanism of chromatographic and SPE columns is yet

unknown.13–15 Anyway, some helpful conclusions have been

stated in literature.

Thus, it has been found that the order of elution of nitro-

PAHs and PAHs is supposed to be dependant on the mobile

phase and the stationary phase. In fact, when phenyl or phenyl

modified phases are used along with polar mobile

phases (usually methanol or methanol–water), under usual

chromatographic conditions (high pressure and speed flow

medium or higher than 0.5 ml min�1) polar-PAHs compounds

elute before non polar PAHs.16 Otherwise, when phenyl phases

are used in the normal phase mode (i.e, by using unpolar mobile

phases such as hexane), unpolar compounds are supposed to

elute before (i.e, PAHs before nitro-PAHs). However, we found

out that this apparently very well established fundamental of

liquid chromatographic fractioning is somewhat inaccurate.

Thus, we observed that when the pressure falls under 1 bar the

elution order established switched and hence, nitro-PAHs elute

before PAHs from the aforementioned columns. Besides elution

order, the efficiency of separation can be improved by lowering

the pressure under 1 bar.

The proposed method allows to fraction PAHs and nitro-

PAHs in a reproducible, automated and easy way. This one step

process needs home-made phenyl columns, hexane as the mobile

phase and low speed flow (0.05 ml min�1). In these conditions, the

consumption of organic solvents is reduced, and recoveries and

sensitivity are increased.
Anal. Methods
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2. Experimental

2.1. Material and reagents

An HPLC system from Shimadzu (Shimadzu Corporation,

Kyoto, Japan) equipped with different phases, 5, 4.5, 45 and

50 mm sizes, 250 � 4.6 mm column, a column oven CTO-20A/

20AC Prominence, binary pump, PDA (photodiode detector

array) and a fluorimetric detector was used.

The reagents used were: Acetonitrile, methanol, dichloro-

methane, water and n-hexane for residue analysis (Fluka,

Riedel-de Ha€en), PAHs (16 EPA TLC Polynuclear Aromatic

Hydrocabons Mix, 2000 mg mL�1 in methylene chlor-

ide : benzene 50 : 50) and solid nitro-PAHs from Supelco

(Supelco Park, Bellefonte, PA, USA). PAHs included in the

standard were, in alphabetic order: Acenaphthene (Ace); ace-

naphthylene (Acy); anthracene (Anthr); benz[a]anthracene

(B[a]A); benzo[a]pyrene (B[a]P); benzo[b]fluoranthene (B[b]F);

benzo[g,h,i]perylene (B[ghi]P); benzo[k]fluoranthene (B[k]F);

chrysene (Chry); dibenz[a,h]anthracene (D[a,h]A); fluoranthene

(Flura); fluorene (Flu); indeno[1,2,3-cd]pyrene (IP); naphthalene

(naph); phenanthrene (Phen); pyrene (Pyr). These PAHs are

included in EPA (Environmental Protection Agency, USA) List

Priority contaminants, and were identified at high concentrations

in environmental samples.17

Nitro-PAHs included in the study were: 1-nitronaphthalene, 2-

nitrofluorene, 1-nitropyrene, 3-nitrofluoranthene, 9-nitro-

anthracene and 6-nitrochrysene from Supelco (Bellefonte, PA,

USA).

Solid phases used were: Discovery-Cyano (DSC-CN), DSC-

Diol, DSC-18, DSC-NH2 DSC-Ph, and alumina and silica from

Sigma-Aldrich. Table 1 summarizes the physical properties of the

phases according to the information provided by Sigma-Aldrich.

Preparation of standards. Although PAHs and nitro-PAHs

standards are usually prepared in dichloromethane,18–20 we found

that degradation of nitro-PAHs (especially 9-nitroanthracene,

1-nitropyrene and 1-nitronaphthalene) is rather fast in this

solvent. Therefore, this solvent was replaced with methanol or

acetonitrile for the preparation of standards as well as for the

elution from SPE columns.

Packing the analytical columns. Stainless steel casing pipes

analytical columns were filled with the phenyl phase (Table 2)

avoiding compacting in such a way that under low speed flows

the average pressure was really low as can be seen from the

results and discussion section. In general a slurry packing

procedure at high pressure is applied to pack the analytical

columns.21 However, we decided to employ a dry packing tech-

nique, which requires adding the material slowly while simulta-

neously bouncing, tapping and rotating the column. Every

column was used only once for the purpose of avoiding mis-

judging the results and estimating the precision of the procedure

(including the packing step). Upon this, the stainless steel casings

pipes were refilled with new stationary phase.

Pressure. Although papers dealing with isolation of nitro-

PAHs and PAHs use low pressure pumps, these pumps achieve

1000 psi (ca. 70 bar) at a speed flow of 1 ml min�1. Considering
Anal. Methods This journal is ª The Royal Society of Chemistry 2010
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that the authors worked under high speed flows (3 ml min�1),

even with big columns (25 cm length and 8.0 mm inner diameter),

the pressure inside the column should be higher than that reached

in our experiments (i.e. 1 to 3 bar) yet considering that the

authors have used two in series columns.19,22,23
3. Results and discussion

SPE, open chromatography and preparative chromatography

are the most commonly used procedures for fractioning nitro-

PAHs and PAHs. The usual SPE fractioning procedure is as

follows: An extract dissolved in the minimum volume of

dichloromethane is applied at the top of the SPE cartridge. The

cartridge is eluted stepwise with hexane, dichloromethane and

finally methanol. The hexane eluate is expected to contain

aliphatic hydrocarbons and PAHs, the dichloromethane fraction

is expected to contain the oxy- and nitro-PAH fraction and

methanol contains the most polar compounds of the extract.17,22

However we found that the efficiency of the SPE methodology

described is limited. In fact, when a mixture of 6-nitrochrysene

and 16 EPA PAHs was passed through alumina-silica or silica

phase, a high percentage of 6-nitrochrysene is obtained in the

extract containing PAHs, even if large silica columns are used.

The same results were obtained by using alumina-silica (50%

w:w), different formats of columns (10 cm, 20 cm and 25 cm

length and 0.5 cm and 1 cm inner diameter) and different

percentages of silica activation. Other authors also found that the

dichloromethane extract from alumina columns contains PAHs

and nitro-PAHs and further HPLC fractioning (usually through

silica) is required for the fractioning of PAHs and nitro-PAHs.24

As a summary, SPE methodology is time and solvent

consuming11,24,25 and sometimes provides recoveries too low. As

a consequence, SPE was ruled out as fractioning methodology

for separating nitro-PAHs and PAHs.

Nevertheless, preparative chromatography has important

advantages over SPE. Indeed, on-line monitoring of the elution

fractions makes the procedure more feasible, and on the other

hand, speed flow can be controlled and the separation can be

carried out against the gravity. This last point is extremely

important because we think that sometimes separations are not

possible due to the compounds being swept out all together when

the mobile phase passes through the column in favour of gravity.

With regards to column chromatographic fractioning draw-

backs, some authors have reported that normal and reverse

liquid chromatographic methods are suitable for fractionating

components in environmental samples because they are fast and

provide higher efficiencies than open column chromatographic

fractionating.26,27,28 However, as early as 1991, Claessens and

colleagues9 reported that the recoveries of some PAHs from diol

and silica columns in an HPLC fractioning procedure were poor.

In this paper, the authors concluded that using a silica column,

the recoveries of PAHs can vary between 0–100% and PAHs such

as perylene, benz(a)pyrene, 3-methylcholanthrene and anthan-

threne showed very low recoveries. The authors explained that

although the reason for these losses is not clear, it might be

assumed that these PAHs are degraded and/or absorbed on the

highly active silica. Navarro and colleagues25 also found low

PAHs recoveries in a SPE fractioning procedure. As
This journal is ª The Royal Society of Chemistry 2010
a consequence of the drawbacks aforementioned, we decided to

modify the preparative HPLC methodology reported in litera-

ture.

The first handicap is that the chromatographic mechanism is

still unknown. If the chromatographic procedure was under-

stood, it could be efficiently optimized avoiding the trial and

error method. In the aim of gaining comprehension about the

behaviour of nonpolar and dipole analytes in analytical columns,

PAHs and nitro-PAHs retention times were studied under

different experimental conditions. The methodology developed is

based on the knowledge and conclusions drawn up in the

aforementioned experiences.

As the main difference between nitro-PAHs and PAHs is their

polarity, the separation methodology developed should not

fractionate these compounds according to their medium polar-

izability as the HPLC procedures usually does but as a function

of their polarity. How to get the separation of nitro-PAHs and

PAHs as a function of their polarity? Under usual chromato-

graphic conditions (pressures about 30 bar, 0.5 ml min�1 and

mobile phase acetonitrile : water gradient onto C18 columns),

nitro-PAHs elute mixed with PAHs. The elution order in this

case is according to the medium polarizability of the analytes.

Consequently, new experimental conditions should be found

for efficient fractioning of nitro-PAHs and PAHs. In this aim, the

most commonly used stationary phases and mobile phases were

selected and studied under different experimental conditions.

DSC-C18, DSC-NH2, DSC-diol, DSC-CN and DSC-Ph, silica,

alumina and silica-alumina phases (Table 1) were tested as

stationary phases. All these phases were used for filling in

stainless steel casings pipes according to the procedure described

in the experimental part. Hexane, dichloromethane, methanol,

acetonitrile and water were tested as mobile phases.

DSC-C18 was combined with hexane, dichloromethane,

methanol, acetonitrile and acetonitrile–water (from 0% to 90%

water) under different speed flows. In most of cases (especially

when dichloromethane and hexane were used), nitro-PAHs and

PAHs elute together. Surprisingly, combination of DSC-C18 with

polar mobile phases (acetonitrile–water 70 : 30 v/v at a speed

flow of 0.25 ml min�1, onto home made columns) almost

provided a separation of nitro-PAHs and PAHs. In fact, very

similar retention times were achieved for the less retained PAH

(naphthalene) and for the one of the most retained nitro-PAHs

(6-nitrochrysene), but the separation was not satisfactory. The

experiences carried out by using acetonitrile : water onto

commercially available columns as well as onto home made

columns (non-compacted) provided the most interesting

conclusions of this paper. Indeed, the results indicate that the

retention times of 6-nitrochrysene decrease when the pressure

inside the column falls (Table 3). Thus, as can be seen from

Table 3, the retention time of 6-nitrochrysene increases when

pressure increases under constant speed flow (10–89 bar, 0.25 ml

min�1). The increase in retention times seems to achieve a plateau

at 70 bar. Otherwise, PAHs are not significantly sensitive to

pressure changes under constant speed flow (0.25 ml min�1, data

not shown). All the data shown in Table 3 were obtained in

commercially available columns (highly compacted).

In our opinion and according to the data obtained, nitro-

PAHs retention is strongly sensitive to pressure. PAHs are

sensitive to speed flow changes but not to pressure changes under
Anal. Methods
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Table 2 Physical properties of the two phenyl phases used

General description Retention mechanism: Reversed-phase
Sample matrix compatibility:
Aqueous solutions
(biological fluids, water).
Similar in polarity to DSC-8.
It offers improved retention of
conjugated ring structures over
aliphatic functional groups.

Type DSC-Ph SPE Bulk Packing (45 mm) DSC-Ph SPE Tube (50 mm)
Extent of labelling Monomerically bonded, phenyl

(7%C), end-capped
7% C loading, end-capped

Matrix Silica gel base material (irregularly
shaped, acid washed)

Matrix active group 45 mm 50 mm
Pore size — 0.9 mL g�1 pore volume, 70 �A pore

diameter
Surface Area — 480 m2 g�1
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constant speed flows. Given that the separation achieved by

using DSC-C18 was not enough, as a consequence we are

working with other phases and other mobile phases under

different speed flows.

Silica alone and silica-alumina (Acid, Basic and neutral) were

used combined with hexane and dichloromethane in different

proportions at low speed flows (0.25, 0.2, 0.1, 0.05 ml min�1).

When hexane was employed, compounds eluted separately into

groups according to their medium polarizability even at low

speed flow, that is, nitro-PAHs elute mixed with PAHs. There-

fore, these sorbents are not useful. When silica was mixed with

alumina, similar results were obtained but the capability of the

phase for discriminating PAHs and nitro-PAHs as a function of

their medium polarizability got poorer. When dichloromethane

was used, all the compounds eluted together from both silica

columns as well as from silica-alumina columns (50% weight).

One of the main findings of this work is that when the retention

on the stationary phase is too strong the elution occurs according

to the medium polarizability of the analytes. Otherwise, if the

retention is too weak, all the analytes elute together. As

a consequence, the main goal from now on was getting adequate

retention onto the analytical column for fractioning nitro-PAHs

and PAHs as a function of their polarity.

High pressures combined with high differences between the

dipole moments of stationary phase and mobile phase provide

strong retentions onto the analytical columns. As a consequence,

DSC-C18 combined with acetonitrile or water and silica

combined with hexane under high pressure should be avoided.

Otherwise, DSC-NH2, DSC-Ph, DSC-Diol or DSC-CN

combined with hexane at slow speed flows might work out.
Table 3 Dependence of 6-nitrochrysene retention times on pressure in
the HPLC column (70 : 30 ACN/Water in conditioning and elution steps,
stationary phase C18, 5 mm commercially available columns)

Speed Flow/ml min�1 Pressure/bar
Retention time/min
(n ¼ 3, SD 7%)

0.25 10 17.6
0.25 19 39.0
0.25 21 42.6
0.25 65 46.9
0.25 89 51.0

Anal. Methods
Decreasing the speed flow is the easiest way of decreasing the

pressure and at the same time saving solvents. This is the reason

why low speed flows were preferred.

DSC-NH2, DSC-CN and DSC-Diol were used combined with

hexane and dichloromethane as mobile phases at the same speed

flows as those used with the other stationary phases. In all cases

similar retention times were achieved for nitro-PAHs and PAHs.

So, they are not useful for fractioning nitro-PAHs and PAHs.

With regard to the phenyl phase, two different types of phases

were studied (Tables 1 and 2). The only difference between both

of them lies in the size particle. DSC-Ph bulk packing has a 45 mm

size particle whereas the DSC-Ph tube packing has a 50 mm size

particle. On the other hand, DSC-Ph tube packing is 0.9 mL g�1

pore volume, 70 �A pore diameter and has a surface area of 480 m2

g�1, whereas data about surface area or pore diameter for DSC-

Ph bulk packing (monomerically bonded phase) were not

available.

Phenyl phase is usually employed as a reversed-phase

sorbent,29 however hexane exhibits a lower toxicity, lower

dielectric constants and a lower viscosity than most of the polar

solvents used in reversed-phase chromatography. As a conse-

quence of its low viscosity it yields low pressure inside the

column. In addition to this, it is well known that dielectric

constants account for the retention time of compounds,29,30 being

solvents with low dielectric constants highly recommended for

shortening the retention times of non-polar compounds.

Unlike the other phases included in this work and as we

expected, DSC-Ph phase combined with hexane at low speed

flow provided good results and allowed the efficient fractioning

of nitro-PAHs and PAHs (Fig. 1 and 2; Tables 4 and 5). As can

be seen from Fig. 1 and 2, the separation is much improved when

the fractioning is accomplished by using 50 mm particles. In fact,

we found that it is possible to elute nitro-PAHs all together

rather than grouped in different peaks as in former papers.22

Fig. 1 shows the results of the separation between nitro-PAHs

and PAHs through a bulk phenyl phase without previous

conditioning and under a speed flow of 0.1 ml min�1. The sepa-

ration of nitro-PAHs and PAHs is not satisfactory (Table 5).

NitroPAHs elute after PAHs but the time gap is too short and

separation is inaccurate. However, separation could be improved

by lowering the speed flow until 0.05 ml min�1 and using 50 mm

particles (Fig. 2).
This journal is ª The Royal Society of Chemistry 2010
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Fig. 2 Fractioning of 16 EPA PAHs and 6 nitro-PAHs (1-

nitronaphthalene, 2-nitrofluorene, 1-nitropyrene, 3-nitrofluoranthene, 6-

nitrochrysene and 9-nitroanthracene) using phenyl phase (50 mm) and

hexane as mobile phase. Speed flow: 0.05 ml min�1, column oven

temperature: 30 �C. 16 EPA PAHs (12 ppm), ca. 2 ppm of nitro-PAHs.

PDA data. Column without previous conditioning.

Fig. 1 Fractioning of PAHs and nitro-PAHs with hexane on a phenyl

column. Speed flow: 0.1 ml min�1, mobile phase: hexane, column oven

temperature: 30 �C. 16 EPA PAHs (12 ppm), 20 ppm of 2-nitrofluorene,

2 ppm of 6-nitrochrysene. PDA data. Bulk phase (45 mm) column without

previous conditioning.
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Discussion

The application of HPLC to nitro-PAHs and PAHs fraction-

ation has become very popular due to its high efficiency, ease of
Table 4 Retention times of naphthalene and 6-nitrochrysene as a function o
column was carried out)a

Speed flow/ml min�1 Pressure/bar Rtime naphthalene/min

0.05 0–1 70.5
0.1 1 35.7
0.2 2 19.7
1.0 10b —
0.5 5 7.90
0.1 2–3 34.3
0.05 1–2 77.7

a n ¼ 3, RSD, 7%; Rtime: retention time. b Column compacted.
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automation, potential for column switching techniques and on-

line coupling with other techniques including gas chromatog-

raphy.11,20 Therefore, it is not the first time an HPLC system is

proposed for the fractioning of PAHs, nitro-PAHs and other

PAHs derivatives. In fact, one of the first famous HPLC nitro-

PAHs/PAHs fractionation procedures was developed by Niel-

sen22 and it is still frequently applied in recent papers.20 This

system consisted of a low pressure gradient pump, an array UV-

visible detector, a thermostated oven and a column (25 cm � 8.0

mm) packed with Nucleosil Si-50-5. The mobile phase program

used was cyclohexane/toluene (9 : 1) for 10 min followed by

a linear gradient to 100% toluene and a 30 min plateau (flow rate

of 3 ml min�1). The PAH fraction was collected after 6.00–12.0

min, the nitro-PAH fraction was collected after 18.5–26.0 min

and the oxy-PAH fraction was typically collected after 37.5–45.0

min.

Other HPLC methodologies for fractioning nitro-PAHs and

PAHs were developed by Fern�andez and Bayona31 or by Bam-

ford and colleagues.11 These methodologies are normal-phase

liquid chromatography fractionating procedures. However, as

can be seen from Table 6, most of these methods consume high

amounts of toxic organic solvents and the recoveries are

frequently unsatisfactory.

The main goal was to achieve the fractioning of nitro-PAHs

and PAHs as a function of their polarity. Relating to this, we

found that fractioning as a function of the polarity is easier when

the retention becomes weaker than that achieved by using DSC-

18/polar mobile phases or silica/alumina with hexane as mobile

phase and stronger than using DSC-18 with hexane or silica with

dichloromethane.

With regards to literature conclusions, important contradic-

tions have been found. Thus, it has been recognized that the

phase type, the presence or absence of end-capping32 or mobile

phase29 seem to be the most important factors affecting the

separation. However, in spite of the extremely high importance

given in literature to the stationary phase, Smith and Cooper30

found that some nitro-PAHs exhibit a similar behaviour

regardless to what type of column was used (amino, diol, cyano)

and was only dependant on the mobile phase. Kayillo and

colleagues29 also established that one of the phenyl columns

investigated (Synergy polar-RP column) exhibited similar

behaviour to C18 columns. The only difference between both

phases was the particle size. Thus, Synergy Polar-RP column has

a particle size of 4 mm, whereas the other phases considered by

Kayillo and colleagues29 were 5 mm in size. We think that these
f speed flow and type of the phase used (no previous conditioning of the

Rtime 6-nitrochrysene/min Type of phase

31.8 Tube phenyl phase (50 mm)
29.0
29.5
—
11.2
51.3 Bulk phenyl phase (45 mm)
124
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Table 5 Separation of nitro-PAHs and PAHs using a home-made phenyl column (bulk phase 45 mm, 25 cm length � 4.6 mm inner diameter) and
hexane as mobile phase

Speed flow/
ml min�1

Pressure/
bar

Rtime 16 EPA PAHs/
min (n ¼ 3)

Rtime 2-nitrofluorene/
min (n ¼ 3)

Rtime 6-nitrochrysene/
min (n ¼ 3)

0.1 0–1 32.5–43.5 44.9–52.5 57.2–62.1
0.2 1–2 16.0–22.1 21.7–26.9 22.3–28.41
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results provide evidence that no specific interactions occur

between the stationary phase and the target analytes. Although

no specific interactions seem to occur between the stationary

phase and the target analytes and between the mobile phase and

the analyte, physical properties (especially electrical properties)

of the materials used seem to determine the retention mechanism

of the analytes. The retentive capacity of the DSC-Ph phase in

reverse-phase chromatography is weaker than that of DSC-18,

but the smaller particle size in case of DSC-Ph (and consequently

the higher pressure developed inside the column) makes its

retention capacity increase. These conclusions support our

statements about the importance of particle size.

On the other hand, papers dealing with the isolation of PAHs

and nitro-PAHs by chromatographic procedures through phenyl

columns have tried unsuccessfully to explain the mechanism of

retention based on the formation of p-bonding complexes

between the target aromatic compounds and phenyl groups

attached to the silica surface.22 However, we found that the data

could be successfully explained based on the dielectric properties

of both the mobile phase and the stationary phase as well as on

the viscosity of the solvent (directly related with the pressure

developed inside the column) confirming that non specific

interactions exist between the solid phases and target analytes

but that the physical properties of the mobile and stationary

phases account for the retention mechanism.

Particularly, the dielectric constant of the DSC-Ph phase is

expected to be higher than that of the DSC-18 and lower than

that of underivatized silica. High dielectric constant phases (silica

or alumina) usually require solvents with a low dielectric constant

(i.e. hexane); otherwise low dielectric constant phases (DSC-18)

are usually applied in combination with high dielectric constant

solvents (i.e. water or acetonitrile). The higher the difference

between the dielectric constants of the mobile and those of the

stationary phase, the stronger the retention onto the analytical

column. Thus, the retention strength of any analyte seems to

depend on the difference between the dielectric constants of the

mobile phase and that of the stationary phase. When this strength

is too high, the analytes elute according to their medium polar-

izability. Otherwise, when this difference is medium, the retention

times occurs mostly as a function of the polarity of the target

analytes. Indeed, our experimental work showed up that for

fractioning nitro-PAHs and PAHs in an efficient way, DSC-18

should be avoided because this phase combined with acetonitrile

and water, retains strongly the compounds and the separation on

this column is carried out according to the medium polarizability

of the analyte. In this case, 6-nitrochrysene elutes after pyrene

and before chrysene. Even using low pressures, the results were

unsatisfactory. Similar results were achieved by using silica (and/

or alumina) combined with hexane.
Anal. Methods
On the other hand, normal phases (with retention capacity

similar to silica) such as DSC-Diol and DSC-NH2 employed with

hexane did not provide satisfactory results. With regard to DSC-

CN, it is supposed to have a polarity between silica and DSC-18

and it can be used as a normal or reversed phase, but satisfactory

results were not obtained (nitro-PAHs and PAHs elute together

in normal phase). And finally, DSC-Ph is supposed to have

a polarity similar to that of DSC-8 and is recommended to be

used in the reverse phase, but used as normal phase (as in this

paper) the retentive capacity falls significantly and it make

possible the efficient fractioning of nitro-PAHs and PAHs into

two well differentiated groups.

As we can see from Table 4, when 45 mm particles of DSC-

Ph phase are used, the 6-nitrochrysene retention times

increased outstandingly compared to the 50 mm particles

probably due to the fact that in this case the pressure inside the

column is higher (although this increase can not be clearly

noted in Table 4 due to the inaccuracy of so low pressure

measures). We should take into account that measuring so low

values of pressure is not easy due to the accuracy of this

variable being 1. As a consequence, when we say the pressure is

1, the pressure may actually be 1.5, or 0.5. In fact, for the case

of 45 mm particles although pressure most of time is 1 bar, it

was actually 2 bar during some instants of the running. This

could explain why when 45 mm particles are used the retention

times are much higher than when 50 mm particles are used.

Note that when 45 mm DSC-Ph particles are used as stationary

phase, the pressure achieved at a speed flow of 0.1 ml min�1 is

about 3–4 fold higher than when 50 mm silica-phenyl particles

are used under the same speed flow (1–2 bar versus 0–1 bar),

and consequently retention times are expected to be about 3–4

fold higher (about 120 min vs. 30 min achieved by using 50 mm

particles). With regards to the values of retention times for 6-

nitrochrysene at pressure 3 bar and a speed flow of 0.1 ml

min�1 achieved by using 45 mm particles as the stationary phase

(53.9 min), the correlation between retention time and pressure

is also good. Thus, the retention time is almost twice that one

achieved using 50 mm particles under the same speed flow

(29.0 min, pressure 1–2 bar).

The comparative between our methodology and other

methodologies is shown in Table 6. As can be seen, our method

consumes much less volume of solvent and does not use

dichloromethane (much more toxic than hexane). On the other

hand, the separation between both classes of compounds is

much clearer than in other methods and the recoveries, higher.

The only drawback of our methodology is that the analysis

time is a bit higher, however the dilution is less and conse-

quently the sensitivity higher, avoiding further preconcentra-

tion steps.
This journal is ª The Royal Society of Chemistry 2010
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Important differences between our methodology and the meth-

odology reported in literature were found. Thus,

1. In general, literature stated that hydrophobicity is the

main interaction force in RPLC. Hydrophobicity includes

a group of repulsive interactions between non-polar compounds

and a polar environment, such as water. These forces include

electrostatic interactions such as ion–ion, ion–dipole and dipole–

dipole interactions and they are strongly depending on the

dielectric constant of the solvent.29,33 However, here some

evidence is provided in favour of electrostatic interactions

occurring inside normal-phase chromatographic procedures too.

In fact, this kind of repulsion among dipole molecules such as

nitro-PAHs could account for the very anomalous behaviour of

those analytes inside chromatographic columns compared to

their PAHs homologues.

2. According to the papers aforementioned, nitro-PAHs

elute after PAHs from cyano and phenyl columns.11, 34 Literature

reported that unlike PAHs, polar compounds (like nitro-PAHs)

seem to be less retained using polar mobile phases (e.g. hex-

ane : metyl-tert-butyl ether) than using unpolar solvents,

although the difference of retention times is not outstanding due

to the low retention capability of phenyl phases in general.30

However, we found that when hexane is used as mobile phase at

low pressures, nitro-PAHs are less retained than using polar

solvents. On the other hand, we observed that when the pressure

falls below 1 bar (Table 4) and under low speed flow (below

0.1 ml min�1), the order of elution of these classes of compounds

was switched.

3. The proposed methodology consumes a reduced volume

of low toxicity solvents (hexane vs. toluene or DCM), and allows

a more accurate separation of nitro-PAHs and PAHs (Table 6).

The sample injected in the paper by Nielsen22 is 500–1000 fold

diluted (providing an injection volume in the range of 20–50 mL

as usual in HPLC) whereas in this paper the initial sample would

be only 12.5 fold diluted (volume of injection: 20 mL). Conse-

quently, sensitivity increased.
Recoveries

Pressure affects differently PAHs and nitro-PAHs retention in

chromatography procedures. In fact, whereas increasing column

pressure does not affect significantly the elution of PAHs, the

retention times of nitro-PAHs significantly increase with

increasing pressure (Table 3). Under extremely low pressures (�1

bar), nitro-PAHs and PAHs elute as a function of their polarity

into two well differentiated groups of compounds (first the polar

compounds, that is, nitro-PAHs and then, PAHs).

The methodology developed here (under low pressure)

provided higher recoveries than the traditional methodology

(under high pressures). In fact, recoveries of nitro-PAHs are

about 50% when they elute after PAHs at high pressures (45 mm

phenyl phase) and about 100% when they are eluted before PAHs

under low pressures (50 mm phenyl phase). The results obtained

for 50 mm phenyl phase were more satisfactory than those

reported in the literature11 and the low dilution avoids further

concentration steps and consequently shorter and more feasible

analytical methodology is achieved (no loses of volatile or

degradable compounds occurs).
Anal. Methods
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4. Conclusions

This paper provides a very efficient alternative for the separation

of nitro-PAHs and PAHs. Based on the following conclusions

drawn about the behaviour of nitro-PAHs and PAHs inside

analytical columns, a new separation methodology for frac-

tioning PAHs and nitro-PAHs was developed:

1. Under very low pressures, dipole molecules (nitro-PAHs)

exhibit a very different behaviour from that showed by PAHs in

liquid chromatographic systems.

2. Pressure influences separation processes. In fact, high

pressures do not influence significantly the retention of PAHs but

make difficult the elution of dipole molecules. As a consequence,

decreasing the speed flow (and consequently the pressure devel-

oped inside the column) makes nitro-PAHs elute before PAHs.

3. Traditional chromatographic procedures can be adapted

and modified to separate groups of compounds as a function of

their polarity rather than according to their medium polariz-

ability as is usual in HPLC.

This paper proposed a faster and more feasible way for frac-

tioning nitro-PAHs and PAHs by reducing the pressure under

1 bar, using 50 mm DSC-Ph phase, hexane as mobile phase and

a speed flow of 0.05 ml min�1.
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