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1. Introduction

ABSTRACT

A new procedure for optimizing PAHs separation in very complex mixtures by reverse phase high per-
formance (RPLC) is proposed. It is based on changing gradually the experimental conditions all along
the chromatographic procedure as a function of the physical properties of the compounds eluted. The
temperature and speed flow gradients allowed obtaining the optimum resolution in large chromato-
graphic determinations where PAHs with very different medium polarizability have to be separated.
Whereas optimization procedures of RPLC methodologies had always been accomplished regardless of
the physico-chemical properties of the target analytes, we found that resolution is highly dependant
on the physico-chemical properties of the target analytes. Based on resolution criterion, optimization
process for a 16 EPA PAHs mixture was performed on three sets of difficult-to-separate PAHs pairs:
acenaphthene-fluorene (for the optimization procedure in the first part of the chromatogram where
light PAHs elute), benzo|g,h,i]Jperylene-dibenzo[a,h]anthracene and benzo[g,h,i]Jperylene-indeno[1,2,3-
cd]pyrene (for the optimization procedure of the second part of the chromatogram where the heavier
PAHs elute). Two-level full factorial designs were applied to detect interactions among variables to be
optimized: speed flow, temperature of column oven and mobile-phase gradient in the two parts of the
studied chromatogram. Experimental data were fitted by multivariate nonlinear regression models and
optimum values of speed flow and temperature were obtained through mathematical analysis of the
constructed models. An HPLC system equipped with a reversed phase 5 um €18, 250 mm x 4.6 mm col-
umn (with acetonitrile/water mobile phase), a column oven, a binary pump, a photodiode array detector
(PDA), and a fluorimetric detector were used in this work. Optimum resolution was achieved operating
at 1.0mL/min in the first part of the chromatogram (until 45 min) and 0.5 mL/min in the second one
(from 45 min to the end) and by applying programmed temperature gradient (15°C until 30 min and
progressively increasing temperature until reaching 40°C at 45 min).

© 2009 Elsevier B.V. All rights reserved.

for high selectivity, precision, and sensitivity [9,10]. In fact, some
of the recommended U.S. EPA methods for the analysis of PAHs

Polycyclicaromatic hydrocarbons (PAHs) are ubiquitous organic
pollutants because of their chemical stability and the multiplicity
of the emission sources [1]. They are mainly formed by incom-
plete combustion of carbon-containing fuels such as wood, coal,
garbage, gas, diesel, fat, or tobacco [2,3]. Their carcinogenicity
and their immunological damages are often regarded as the most
critical effects in humans [4-6] and their quantification and iden-
tification in a wide range of environmental matrices has been
frequently accomplished by reverse-phase high-performance lig-
uid chromatography (RPLC) with UV or fluorescence detectors [7,8]
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(i.e. method 550.1 for analysis of PAH in drinking water, Method
610 for analysis of PAH in waste water and method 8310 for anal-
ysis of PAH in ground water and solid waste) are based on RPLC
analysis with UV/vis and fluorescence detection [9,11]. However,
resolution of PAHs by RPLC is considered difficult because of their
structural and chemical similarities. Optimization procedure can be
avoided applying manufacturers’ specifications. Most of the com-
mercial procedures provide maximum efficiency (high throughput)
but not necessarily maximum resolution or sensitivity. On the other
hand, complex mixtures like soot extracts require high selectivity
and high analysis times, although this implies efficiency loss.

So far, overlapping resolution mapping procedure [12], the
sequential simplex optimization method [13,14], factorial and
response surface methodology [15], and window diagrams [16,17]
have been used in order to optimize the separation of PAHs in
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complex mixtures by RPLC. However, some authors have warned
against the use of the simplex technique without further studies
to determine if the apparent optimum is a local or global opti-
mum [13,18]. In fact, Walters and Deming [16] have stated as
early as 1985 that the use of the sequential simplex technique may
yield false local optima if the simplex is not large enough. On the
other hand, window diagrams seem to be excellent for locating the
regions of local and global optima in two or three dimensions but
they are model-dependent and somewhat inefficient for multifac-
tor optimizations [16]. In fact this chemometric procedure is often
used only for optimizing the gradient or composition of isocratic
mobile phase [17].

The optimization of PAHs separation in very complex mixtures
by RPLC analysis can be based on different criteria: sensitivity,
resolution, cost, robustness, and efficiency [13,14]. The parame-
ters influencing sensitivity, resolution, and efficiency are: column
stationary phase (type and percentage of Cloaded), diameter of sta-
tionary phase particles [19,20], separation temperature [21], type
and amount of modifier (gradient), and speed flow [22].

Cyg stationary phases are usually recommended for PAHs anal-
ysis. The diameter of stationary phase particles is fixed and also
recommended by manufacturers for PAHs analysis. The modifier is
acetonitrile because other solvents have higher viscosity (methanol
for example) causing too high pressures inside the column [23].
Thus, only the temperature, initial amount of mobile phase modi-
fier, gradient, and speed flow of mobile phase through the column
should be taken into account in order to achieve maximum resolu-
tion.

Most of the optimized separation methods found in the litera-
ture for the analysis of PAHs mixtures by RPLC involve a variation of
the starting and ending compositions of acetonitrile and water, lin-
ear gradient time, mobile phase flow rate, column temperature, and
holding time of the final mobile phase composition [14]. But so far
no paper considered the possibility of carrying out gradual changes
of experimental conditions all along the chromatographic run, as
proposed in this paper. As a matter of fact, here we introduce a new
optimization approach of RPLC methodology based on the phys-
ical properties (medium polarizability) of the compound eluted
for efficient separation of namely EPA PAHs mixtures by varying
speed flow, temperature and gradient gradually during the chro-
matographic procedure. Application to real samples as complex as
kerosene soot extracts provided highly satisfactory results.

2. Experimental
2.1. Material and reagents

An HPLC system from Shimadzu (Shimadzu Corporation,
Kyoto, Japan) equipped with a reversed phase, 5wum Cyg,
250 mm x 4.6 mm column (Grace Davidson, Belgium), a column
oven CTO-20A/20AC Prominence capable of cooling and controlling
at the levels mentioned in this work, binary pump, PDA (Photodiode
Detector Array) and a fluorimetric detectors were used.

2.1.1. Reagents

Water and acetonitrile Chromasolv plus for HPLC from
Sigma-Aldrich, PAHs (16 EPA TLC Polynuclear Aromatic Hydro-
cabons Mix, 2000 pg/mL in methylene chloride:benzene, 50:50)
from Supelco (Supelco Park, Bellefonte, PA, USA). PAHs included
in the standard were, in alphabetic order: acenaphthene (Ace);
acenaphthylene (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 16 PAHs were
considered in this paper since more information is available on
them than on others. Moreover, they are included in EPA (Envi-
ronmental Protection Agency, USA) List Priority contaminants, and
were identified at the highest concentrations in environmental
samples [24].

2.2. Software

Statistical treatment of data was carried out using the Statgraph-
ics Centurion XV (Aux. USA) program package.

3. Results and discussion

The operational parameters affecting resolution, selectivity,
sensitivity, and efficiency in HPLC are: (i) the column stationary
phase (type and percentage of C loaded), (ii) the column oven tem-
perature, (iii) the type of organic modifier in mobile phase, (iv) the
amount of modifier in mobile phase, (v) the speed flow of the mobile
phase, and (vi) the diameter of the stationary phase particles. As
mentioned in the Introduction, the operational parameters (i) and
(vi)are fixed. The analytical columnis 25 cmin length and the size of
the stationary phase particles is 5 wm, which corresponds to usual
combination according to the literature [17]. The organic modifier is
acetonitrile because for gradient separations the mixture ACN/H,0
is highly recommended on the basis of low viscosity and miscibil-
ity. So the parameters (ii), (iv), and (v) will be the critical factors in
our study. Among all the criteria for optimization of PAHs determi-
nation by RPLC, resolution is the selected criterion as mentioned in
Section 1.

Optimization of PAHs mixtures separation according to res-
olution criterion is carried out through the evaluation of
the following three sets of difficult-to-separate pairs: ace-
naphthene/fluorene (at the beginning of the chromatogram),
dibenzo[a,h]anthracene/benzo[g,h,i]perylene (at the end of the
chromatogram) and benzo[g,h,i]perylene/indeno(1,2,3-cd)pyrene
(at the end of the chromatogram). Regarding to optimization vari-
ables influencing resolution, optimization should be based on the
interaction effects rather than a single factor investigation because
the effect of one factor depends upon the value of another, that is,
the factors interact mathematically [25].

The experimental setup for studying factors interactions and
constructing surface response models can be either sequential (e.g.
simplex algorithm) or simultaneous (e.g. factorial design). A facto-
rial model was selected for the optimization of RPLC parameters,
rather than simplex methods or other search algorithms, because
the number of experiments is known in advance, an empirical
(polynomial) model can be derived, the statistical significance of
the parameters (variables) can be tested, and the optimum may
be calculated by differentiation of the model functions constructed
[26].

In factorial designs we have “n” variables which can be adjusted
at fixed levels [26]. Since interactions between variables cannot be
ruled out, full factorial designs with several levels for the following
variables must be applied:

(i) Temperature: This factor could be considered as the overlooked
optimization parameter in RPLC [21]. The use of elevated tem-
peratures to improve column efficiency reduces the column
pressure drop and separation times. Sub-ambient tempera-
tures have been less commonly used to improve the resolution
of difficult-to-separate compounds by increasing band spacing
at the expense of poor column efficiency and long separation
times [27]. Temperatures between 15 and 40 °C were checked
out here.



A. Andrade-Eiroa et al. / Talanta 81 (2010) 265-274 267

(ii) Mobile-phase gradient: Boolliet and Poole [27] reported that
changes in solvent composition are more powerful for opti-
mization than usual changes in temperature [22]. The general
trends observed for variation of composition are similar to
those observed for variation of temperature, but the magni-
tude of the changes in the system is much larger when solvent
composition is varied.

(iii) It was suggested that composition variation and temperature
interact. Consequently, a simultaneous optimization must be
done. This would be the most effective strategy for difficult
separations [28].

(iv) Flowrate (or speed flow): Flow rates higher than 1 mL/min were
not tested because the pressure inside the column increases
too much when the speed flow exceeds this value. Actually,
a speed flow of ca. 1.25mL/min yielded a column pressure
of 197 bars, close to the recommended pressure limit for this
column (200 bars).

(v) The initial concentration of ACN influences resolution too. But
the influence is not too high and the range of initial ACN con-
centrations is small because:

(a) small initial concentrations of ACN make the dead vol-
ume increase too much and consequently the band spacing
between two consecutive peaks gets shorter. Also,

(b) too high initial concentrations of ACN (higher than 50%)
entails constraint mobile-phase gradients in the last part
of the chromatogram and consequently worsen the reso-
lution at the end of the chromatogram.

We studied several initial concentrations of ACN (20%, 40% and
50%) and the best results were obtained using 50% ACN. Res-
olutions of the acenaphthene-fluorene pair obtained under the
initial concentrations aforementioned were very similar but the
dead volume is lower using an initial concentration of 50% ACN
than using other concentrations. Initial concentrations of ace-
tonitrile of ca. 20% yielded with short spacing band and large
dead volumes. Therefore, we used an initial concentration of ace-
tonitrile of 50%. On the other hand, the initial concentrations
of ACN is limited since high mobile-phase gradients for resolu-
tion of the pairs dibenzo[a,h]anthracene-benzo[g,h,i]perylene and
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Fig. 1. Graphic representation of the gradient mobile-phase (acetonitrile:water)
program selected.

benzo|g,h,i]perylene-indeno[1,2,3-cd]pyrene is needed at the end
of the chromatogram, preventing initial concentrations of ACN
higher than 50%. Application of two-level full factorial design is
only possible if linearity condition between resolution and each
of the variables to optimize is fulfilled. The experiments shown
in Figs. 1-3 were used to test it. As we can see from these fig-
ures, linearity condition of resolution with respect to each variable
(temperature, speed flow and mobile-phase gradient) is fulfilled.

Resolution versus mobile-phase gradient provides the following
linear relationship: y=-0.3885x+2.2754 (R%=0.9922). Resolu-
tion versus speed flow gives the following linear relationship:
y=0.8611x — 1.1359 (R%=0.9955). Resolution versus temperature
leads to the following linear relationship: y=-0.0519x+2.7053
(R2=0.9943). Therefore, two-level full factorial designs can be
applied. According to this kind of design, to calculate interactions
among variables, we only consider two levels for each variable: high
(+) and low (-) (Table 1). Consequently,

(i) for the temperature, 15 °C (low level) and 40 °C (high level) are
selected,

(ii) for the speed flow, 0.5 mL/min (low level)and 1.0 mL/min (high
level) are selected,
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Fig. 2. Chromatogram 1 recorded for a mixture of 16 EPA PAHs in acetonitrile, concentration of PAHs: 3.7 ppm approximately. Volume of injection 20 pL, column oven
temperature 15°C, speed flow 0.5 mL/min. Solvent gradient mobile-phase gradient: 0 until minute 50, then mobile-phase gradient 0.83 (AACN%/min). Initial concentration

of acetonitrile: 50%.



268 A. Andrade-Eiroa et al. / Talanta 81 (2010) 265-274

110
NAPH
100 -
90 1
80 1

70

ACY

mAU

50
40 4
30

20 1

" U0y

ANTHR B(b)F

CHRY

D(ah)A

B(kF

B(a)A B(a)P Bighi)P

40
min

50 60 70 80 90

Fig. 3. Chromatogram 2. It was recorded using the following experimental conditions: initial concentration of ACN 50%, speed flow 1.0 mL/min until minute 45, from then
until the end, speed flow 0.5 mL/min. Slope of solvent gradient mobile-phase gradient, 0 until minute 30 and then 0.83. Initial temperature: 15 °C, changing about minute
30, reaching 40°C in minute 45; constant temperature 40 °C from minute 45 until the end. The PDA data are presented.

(iii) for the mobile-phase gradient (AACN%/min), 0.00 (low level)
and 1.67 (high level) are selected.

Extreme values are the most suitable for this aim [25,29]. With
two-level full factorial designs, only 8 experiments are necessary
in our case to optimize the speed flow, temperature, and mobile-
phase gradient. These experiments are summarized in Table 1.

3.1. Interpretation of the results

Full factorial designs enable to build a multiple linear variable
regression model. In our case (23 design), the mathematical model
(response surface) is:

Y = bo + brXr + brXr 4 baXa + brprX1XF 4 b1paX1Xa + brpaXrXa
+ brorpaX1XFXa (1)

where bg is the medium value, by the temperature effect, br the
speed flow effect F, b, the mobile-phase gradient effect, br,r the
interaction coefficient between temperature and flow (TgF), bryq
the interaction coefficient between temperature and mobile-phase

Table 1

Resolution of acenaphthene-fluorene. Simultaneous optimization of column oven
temperature, speed flow and solvent gradient mobile-phase gradient over HPLC in
the first part of the chromatogram (n=3) o,_; =0.021.

Column oven Speed Mobile-phase Resolution
temperature flow gradient (o)

(°C) (mL/min)

15(-) 0.5(-) 0.00 () 2.35(y1)
15(-) 0.5(-) 1.67 (+) 1.54 (y2)
15(-) 1.0 (+) 0.00(—) 2.51 (y3)
15(-) 1.0(+) 1.67 (+) 2.01 (ya)
40 (+) 0.5(-) 0.00(-) 0.92 (ys)
40 (+) 0.5(-) 1.67 (+) 0.46 (ys)
40 (+) 1.0(+) 0.00 () 0.85 (y7)
40 (+) 1.0 (+) 1.67 (+) 0.77 (ys)

Note: Minus and plus signs mean lower and upper values for each variable, respec-
tively.

gradient (Tpa), bryq the interaction coefficient between speed flow
and mobile-phase gradient (Fpa), and bryry, the interaction coef-
ficient among temperature, speed flow and mobile-phase gradient
(ToFgpa).

These coefficients are calculated from both the experimental
matrix X and the response matrix Y. X is a Hadamard matrix (X
respects the condition (fXX)f1 = (1/n)I, with n=8 in this case),
thus the matrix of coefficients B can be easily calculated since
B = (1/n)XY. Applying this formula gives:

bo +1.4263
br ~0.6763
br +0.1088
s_| ba | _| 02313
| brr | T | —0.0487
brga 10.0963
brpa 10.0863
b ~0.0088

B=(bo br br by brr bra bra brorea )

=(1.4263 —0.6763 0.1088 —0.2313 —0.0487 0.0963 0.0863 —0.0088)

(2)

i. The mean value bg=1.4263 is the mean value in the centre of
the domain.

ii. Effects of two-factor interactions. The effects bryr (—0.0487),
brye (0.0963) and bpy, (0.0863) measure the influence of
each combination on the analytical response. The interaction
between mobile-phase gradient and speed flow is more impor-
tant than between temperature and mobile-phase gradient, or
between temperature and speed flow. These interactions val-
ues are very low. This indicates that the response depends on
individual values of variables rather than on combination of
variables. For example, decreasing the temperature always pro-
vides a better resolution, regardless the values of the other
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variables. Therefore, low-temperature combined with high-
speed flow increases more the resolution than low-temperature
and low-speed flow. The minus sign of the interaction effect
between temperature and flow means that optimum resolu-
tion is obtained increasing one of the variables whereas the
other one is decreased (low-temperature and high-flow pro-
vides better resolution than low-temperature and low-speed
flow). bryq (0.0963) means that temperature and mobile-phase
gradient barely interact. Thus, changing the speed flow always
gives almost the same results regardless the values for the
mobile-phase gradient. Finally, the speed flow and mobile-
phase gradient do not interact significantly either.

iii. Effects of three-factor interactions. The effect among the three
variables, namely T, F, and « is given by bryr,q (—0.0088). This
value indicates how important the interaction among the three
variables is. The obtained low value means that no significant
interaction exists among the 3 variables aforementioned.

iv. Main effects. Considering no-interactions (only main effects for
temperature, speed flow, or mobile-phase gradient flow), the
best condition seems to be low-temperature, high-speed flow
and slow mobile-phase gradient. However, this interpretation
must be modified as a function of interactions among variables.
In fact it is recommended to consider results of interaction tests
and further, main effect test because conclusions depend on the
existence of interactions [30].

Introducing numerical coefficients (3) in expression (1), the fol-
lowing mathematical relationship is deduced:
Y = 1.4263 — 0.6763X7 + 0.1088Xr — 0.2313X, — 0.0487X1XF
+0.0963X1Xy + 0.0863XrXs — 0.0088X7XrXq (3)

We can also construct mathematical models with decode values.
Assuming linear relationship between codified values Xr, Xg, X; and
decode values T, F, and a, we obtain:

Y = 2.9103 — 0.0480T + 0.5960F — 0.7712a — 0.0184TF
+0.0067Ta + 0.3207Fa — 0.0034TFa (4)

where Y is the resolution, T is the temperature in°C, F is the speed
flow in mL/min, and a is the mobile-phase gradient.

Table 2

Regarding the mobile-phase gradient, we can say that this
parameter can be optimized separately because its interaction with
the other variables is negligible. mobile-phase gradient and speed
flow can be optimized separately too, due to their negligible inter-
actions with other variables.

An isocratic mobile-phase during the first 30 min provides us
with the best resolution. Thus, considering the optimum mobile-
phase gradient in the first part of the chromatogram, 0 and
computing partial derivative of (4) with respect to the temperature
yields to a negative value for the speed flow, this has no physical
sense. Partial derivative of (4) with respect to speed flow yields a
value of temperature of ca. 32.4°C. Obviously, these values do not
provide a maximum resolution. In fact the response surface (4) does
not have a maximum, only extreme values for as low-temperature
as possible and as high-speed flow as possible. Since the resolution
obtained for 1 mL/min and 15°C is good enough, these will be the
selected values.

In the second part of the chromatogram the optimal condi-
tions are different. Actually higher temperatures and low-speed
flow seem to provide better resolution. Interactions among vari-
ables must be investigated again and the conditions optimized.
Optimization in this part of the chromatogram was performed
through the separation of the two following difficult-to-separate
pairs of PAHs, dibenzo[a,h]anthracene-benzo[g,h,i]perylene and
benzo|[g,h,i]perylene-indeno[1,2,3-cd]pyrene. Resolutions appear-
ing in Table 2 were calculated for different mobile-phase gradients
(AACN%/min, increment of acetonitrile percentage per minute)
and two different levels of temperature and speed flow. We can
see that for the last part of the chromatogram, low mobile-phase
gradients, high-temperatures, and low-speed flow favour better
resolution.

Apparently, there are interactions between the mobile-phase
gradient in the first part of the chromatogram (first 30 min of chro-
matogram) and the second part. A mobile-phase gradient equal to
0.00 in the first part provides the best resolution in the second part
for dibenzo[a,h]anthracene-benzo[g,h,i]perylene-indeno[1,2,3-
cd]pyrene. Temperature and speed flow do not seem to interact too
much. The calculation of interactions will provide the definitive
conclusions. Here the experimental matrix X' does not respect
the Hadamard criterion since there are 3 different values for the
first and the second slope. So the matrix of coefficients has to be

Resolution table for the pairs dibenzo[a,h]anthracene-benzo|g,h,i]perylene and benzo[g,h,i]Jperylene-indeno|[1,2,3-cd|pyrene for calculating interactions by factorial design.
Simultaneous optimization of column oven, speed flow, and mobile-phase gradient in the last part of the chromatogram (n=3) o,_1 =0.021.

Resolution (1) Column oven Speed flow Slope () first part of chromatogram Slope (&) second part
ﬁ temperature (°C) (mL/min) of chromatogram
0.20 3.77 15 (-) 0.5(-) 0.25 (—) conc. initial ACN 50% 1.00 (+)

1.63 1.63 40 (+)

0.40 3.45 15 (=) 1.0 (+)

0.46 1.68 40 (+)

0.00 0.00 15 (=) 0.5(-) 0.50 (+) conc. initial ACN 50% 0.70 ()

1.71 1.70 40 (+)

0.60 3.11 15(-) 1.0(+)

0.91 2.35 40 (+)

0.18 3.79 15 (-) 0.5(-) 0.50 (+) conc. initial ACN 50% 1.00 (+)

1.50 1.93 40 (+)

0.34 3.75 15 (=) 1.0 (+)

0.48 2.00 40 (+)

0.19 3.50 15(-) 0.5(-) 0.00 (—) conc. initial ACN 50% 0.83(-)

1.77 1.90 40 (+)

0.31 339 15 (-) 1.0 (+)

0.20 1.62 40 (+)

Note: (1) Resolution for dibenzo[a,h]anthracene and benzo[g,h,i]perylene and (2) for benzo[g,h,i]perylene and indeno[1,2,3-cd]pyrene.
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calculated as:
B = ('x'x) XY (5)

where Y is the response matrix (resolution matrix) and B’ the coef-
ficients of the multivariable regression model (6):

mobile-phase gradients in the second part of the chromatogram,
necessary to achieve 100% ACN and total elution of the largest
PAHs. Therefore, we selected a slope of 0.00 in the first part of
the chromatogram and a higher slope in the second part, 0.83. The

Y = bo+brXt + bpXr + ba1Xa1 + ba2Xa2 + brorXXF + brypa1 X1 Xa1 + brypaxXrXa2
+brpa1 XFXa1 + brpa2XrXa2 + ba1gpa2Xa1Xa2 + b1orpat XTXrXa1 + breFea2 XTXrXa2 (6)

+b19a10a2XTXa1Xa2 + brpa1pa2XrXa1Xa2 + broFpa1 pa2 X1 XFXa1Xa2

Eq. (5) gives for the dibenzo[a,h]anthracene and
benzo|g,h,i]perylene pairs:
bo +0.6773
br +0.4020
br -0.2421
ba1 +0.0427
ba +0.0002
bryr —-0.3706
bT(pal +0.0330
, brya2 —-0.0295
B = bpzal = | +0.1096 (7)
brga2 —-0.0004
ba1ga2 —0.0902
bT(pF(pal +0.0481
bT(pF(pgz +0.0281
bryatgaz —0.0405
brpa1paz —-0.0821
bryrgatpaz —0.0006

Then the resolution can be calculated with Eq. (8) (codified val-
ues X1, Xr, Xq1 and X2 ) or with Eq. (9) (decode values T, F, a; and
ay; linear relationship between codified and decoded values):

temperature will be 15°C during the first 30 min and 40°C in the
second part of the chromatogram. Although higher temperatures
are recommended for increasing the resolution in the second part
of the chromatogram, increasing temperature from 15 °C until tem-
peratures above 40°C and then cooling the column oven again for
starting a new chromatographic run requires very long times, so
we decided to come to a compromise between practical efficiency
and resolution by selecting 40 °C as final temperature.

Only the last six chromatographic peaks need high tempera-
tures and low-speed flow. As can be seen from Fig. 2, the pairs
benzo[a]anthracene-chrysene, dibenzo[a,h]anthracene-benzo[g,h,
iJperylene, and benzo|g,h,i]perylene-indeno[1,2,3-cd]|pyrene are
poorly separated under low temperatures (15°C). Separation of
these compounds requires high temperatures. Increased resolution
without broadening of peaks in the last part of the chromatogram
was obtained under conditions established in chromatogram 2
(Fig. 3). Temperature was increased from 15°C in the first part
of the chromatogram until 40°C in the second part (from 45 min
until the end). The time at which 40°C was reached is 45 min and
the mode gradient was chosen considering technical limitations.

Y = 0.6773+0.4020Xr — 0.2421Xg + 0.0427Xq; + 0.0002X45 — 0.3706X7XF + 0.0330X1Xq1
—0.0295XXqp + 0.1096X¢Xg1 — 0.0004XrX g5 — 0.0902X,1 Xg2 + 0.0481X7XpXa1 (8)
4+0.0281X7XeXg2 — 0.0405X7Xq1 Xa2 — 0.0821XrXq1Xa2 — 0.0006X7XrXa1Xa2

Y = —1.9449 + 0.1640T + 1.9165F — 5.6329a; + 0.0698a, — 0.1860TF

40.0346Ta; — 0.0400Ta; + 7.3842Fa; + 0.4955Fa, + 6.4330a;1a;

9)

+0.0659TFa; + 0.0612TFa, — 0.0826Taa, — 8.6165Faja, — 0.0051TFaa,

As can be seen from Eqgs. (8) and (9) there are interactions
between the mobile-phase gradient 1 and the mobile-phase gra-
dient 2, among speed flow and mobile-phase gradients 1 and 2,
and between speed flow and mobile-phase gradient 1. Consider-
ing again a mobile-phase gradient equal to 0 in the first part of
the chromatogram (a; =0) due to the reasons aforementioned and
a mobile-phase gradient in the second part equal to 0.83, since
the best results are obtained with this value. Partial derivative of
expression (9) with respect to temperature, making it equal to zero
and solving it, yields to Xp~ 1 mL/min. Partial derivative of rela-
tionship (9) with respect to speed flow, making equal to zero the
expression obtained and solving it, drives to a temperature of 17 °C.
Of course, these values define one local minimum of the function.
In fact (8) and (9) have no maximum, and resolution increases as
speed flow diminishes and temperature increases. Therefore, for
practical reasons, a maximum value of temperature (40°C) and a
minimum value of speed flow (0.5 mL/min) in the range studied
will be selected.

The following program of gradient is recommended. The first
section is isocratic (mobile-phase gradient 0.00) from O to 30 min
and then a mobile-phase gradient equal to 0.83 (AACN%/min)
is established until 90min (Fig. 1). Finally we carry out a
washing step by using 100% of acetonitrile. The last step is
a column re-equilibration with a mixture 50% acetonitrile/50%
H,0 during several minutes. Isocratic gradient in the first step
of the chromatogram provides the best resolution for the pair
acenaphthene-fluorene and facilitates the selection of higher

In fact, the column oven cannot increase the column temperature
immediately but in a gradient mode.

So far, we can draw the conclusion that interactions between
mobile-phase gradient in the first part of the chromatogram and
speed flow, and interactions between temperature and speed flow
strongly influence the resolution in the last part of the chro-
matogram. We may wonder if resolution in the second part of the
chromatogram depends on other experimental conditions estab-
lished in the first part of the chromatogram. Are there interactions
between experimental conditions in the first part of the chro-
matogram and the experimental conditions in the second part of
the chromatogram? To answer this question we use another facto-
rial design (Table 3). The results of the interaction study between
the conditions in the first part of the chromatogram and the reso-
lution in the last part (C;¢C;) are:

For the pair dibenzo[a,h]anthracene-benzo|g,h,i]perylene:

Y = 1.7675 + 0.0075X71 — 0.1275X¢; — 0.0375X11Xpq (10)
For the pair benzo[g,h,i]Jperylene-indeno|[1,2,3-cd|pyrene:
Y =1.5775 + 0.0625X11 — 0.0375Xp; — 0.0225X711XFq (11)

where Y is the resolution, Xr; is the temperature during the first
part of the chromatogram, Xg; is the speed flow during the first
part of the chromatogram.

A multiple factor Anova test was applied for stating if the
resolution in the second part of the chromatogram is influ-
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Table 3

Resolution table for the pair dibenzo[a,h]anthracene-benzo|[g,h,i]perylene and
benzo[g,h,i]perylene-indeno[1,2,3-cd]pyrene for calculating interactions between
experimental conditions in the first part of the chromatogram and in the last part of
the chromatogram by using factorial design. Column oven temperature and speed
flow were selected at two levels (n=3) o,,_1 =0.021. Combination of solvent mobile-
phase gradients: 0.00/0.83.

Experimental Experimental Resolution
condition in the conditions in the last

first 30 min 60 min (30-90")

15°C/1.0mL/min 40°C/0.5 mL/min 1.67 1.50
15°C/0.5 mL/min 40°C/0.5 mL/min 1.85 1.53
40°C/0.5mL/min 40°C/0.5 mL/min 1.94 1.70
40°C/1.0mL/min 40°C/0.5 mL/min 1.61 1.58

Note: Resolution for the pairs dibenzo[a,h]anthracene-benzo[g,h,i]perylene and
benzo[g,h,i]perylene-indeno[1,2,3-cd]|pyrene. n=3.

Table 4
ANOVA table for analysing resolution of the pair dibenzo[ah]anthracene-
benzo[g,h,i]perylene—sum of squares type III.

Source of variance  Sum of squares DF Mean square F Probability
Main effects
A: Temperature  0.000225 1 0.000225 0.04 0.8743
B: Speed flow 0.065025 1 0.065025 11.56 0.1821
Residual 0.005625 1 0.005625
Total (corrected) 0.070875 3

Note: All the F are based on the mean squares residual error. DF stands for degrees
of freedom.

enced by the experimental conditions used in the first part.
This procedure performs the variance analysis of resolution by
using several factors and it states the factors influencing sig-
nificantly resolution. Moreover, it checks for possible significant
interactions among the factors studied. A multiple factor Anova
test was applied for stating if resolution in the second part
of the chromatogram is influenced by experimental conditions
used in the first part of the chromatographic run. For both
of PAHs pairs (dibenzo[a,h]anthracene-benzo[g,h,i]perylene and
benzo[g,h,i]perylene-indeno[1,2,3-cd|pyrene) the variable to be
explained is resolution, the explanatory variables are tempera-
ture and speed flow and the number of experiments is 4. For
the pair dibenzo[a,h]anthracene-benzo[g,h,i|perylene (Table 4).
Probability values check statistical significance for each factor.
Since no probability value is lower than 0.05, no factor has sig-
nificant effect on resolution at 95.0% significance for the pair
benzo[g,h,i]perylene-indeno[1,2,3-cd|pyrene (Table 5). By using
Anova test, the variance observed is partitioned into components
or factors. Since the sum of squares of type III has been selected,
the contribution of each factor is measured after elimination of
the effects of the others. Probability values check the statistic sig-
nificance of each factor. Since no probability value is lower than
0.05, no factor is significant on resolution for a significance level
of 95%. Therefore, the results indicate that the experimental con-
ditions in the first part of the chromatogram has no influence
on the dibenzo[a,h]anthracene-benzo[g,h,i]perylene resolution

Table 5
ANOVA table for analysing resolution of the pair benzo[gh,i]perylene-
indeno(123,cd)pyrene—sum of squares type III.

Source of variance  Sum of squares DF Mean square F Probability
Main effects
A: temperature 0.015625 1 0.015625 7.72  0.2200
B: speed flow 0.005625 1 0.005625 2.78 0.3440
Residual 0.002025 1 0.002025
Total (corrected) 0.023275 3

Note: All the F are based on the mean squares residual error. DF stands for degrees
of freedom.

neither on the benzo|[g,h,i]perylene-indeno[1,2,3-cd]pyrene reso-
lution.

The experimental conditions finally selected are the following:

The slopes and program of solvent gradient are: a slope 0.00
from O min until 30 min, then a slope 0.83 from 30 min until 90 min,
and finally 100% ACN from 90 min until 100 min and 7 min of col-
umn re-equilibration (50%ACN/50%H,0). In the first part of the
chromatogram, the best mobile-phase gradient was 0.00 due to
several reasons:

i. It is the best one for good resolution of acenaphthene and fluo-
rene in the first part of the chromatogram.

ii. It allows using a long mobile-phase gradient in the second part
of the chromatogram where gradient is necessary for efficient
elution of all heavier PAHs.

In the first part of chromatogram, the combination of 15°C
and 1 mL/min provides the best resolution. The best experimen-
tal conditions (in the range analyzed) for maximum resolution in
the second part of the chromatogram are 40°C and 0.5 mL/min.
Moreover, temperature and speed flow influence the resolution of
other compounds in the last part, not only dibenzo(a,h)anthracene,
benzo[g,h,i]perylene and indeno[1,2,3-cd]pyrene resolution. In
fact, benzo[a]anthracene and chrysene can be separated with
good resolution by using a progressive increment of tempera-
ture along the chromatographic procedure, starting with 15°C and
increasing the temperature until 40°C (from 30 min until 45 min
approximately). But it is difficult-to-separate them by keeping a
temperature constant. Although according to literature, the need
of establishing experimental conditions in the first part the chro-
matogram different from those selected in the second part of
the chromatogram for proper elution of the compounds studied,
might seem to be a consequence of water content in silica-Cqg
particles [31], as there are not interactions between gradient and
temperature or between gradient and speed flow, the results afore-
mentioned are probably due to variation of physical properties of
compounds eluted.

As we can see from Figs. 3 and 4 (chromatograms 2 and 3),
although the combination 15°C and 1 mL/min (the best one for
the first part of the chromatogram) with 40 °C and 0.5 mL/min (the
best one in the last part of the chromatogram) provides quite good
resolution for dibenzo[a,h]anthracene-benzo[g,h,i]perylene and
benzo|g,h,i]perylene-indeno[1,2,3-cd|pyrene (1.61/1.58) (chro-
matogram 5), improved sensitivity could be achieved by fixing the
speed flow at 0.5 mL/min all along the chromatogram.

Under the conditions specified for chromatogram 3 (Fig. 4), we
obtain the following advantages:

Good resolution over all the time range of the chromatogram
was obtained. So, we can separate acenaphthene and fluorene and
the last three peaks (dibenzo[a,h]anthracene, benzo[g,h,i]perylene
and indeno[1,2,3-cd]|pyrene). Good sensitivity was obtained: the
intensity and sharpness of peaks are very good and higher than
in chromatogram 3 in all the cases. The Anthracene peak suffers
a slight broadening due to the change in temperature and speed
flow in the established time program (Fig. 5). Under these condi-
tions the efficiency of the column diminishes a bit since the first
peak of interest, naphthalene, appears at minute 20, but an out-
standing sensitivity is observed (comparison between the signal
for anthracene in chromatogram 2 and 3). To optimize the reso-
lution of the pair benz(a)anthracene-chrysene (about minute 67),
temperature increase can be delayed until minute 70. At minute 70,
temperature must be 40 °C according to our calculated interactions
among variables.

Usually, RPLC optimisation procedures for 16 EPA PAHs mix-
tures separation are based on criteria different of those used in this
paper. As a matter of fact, optimization is usually uses efficiency
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Fig. 4. Chromatogram 3, recorded under the following experimental conditions: initial concentrations of ACN, 50%. Speed flow during all the chromatogram 0.5 mL/min.
Column oven temperature: 15 °C from minute 0 until minute 45, then 40 °C from minute 45 until the end. Slope: 0 until minute 30, then 0.83 (A%ACN/min) until minute 90.

Order of elution: the same than in former chromatograms.

(by minimisation of elution times) or reduced-solvent consump-
tion as criteria. Although shorter analysis times than ours (about
25 min in most cases) were obtained [14,32,33], the resolution was
worse than here and the sensitivities [14,33] were lower than ours
since probably temperature was not considered for optimizing the
chromatographic procedure [33].

Modern tendencies point out to RPLC procedure optimization
based on resolution criterion [34] or selectivity and sensitivity cri-
teria [17]. Thus, Dorthe et al. [34] accomplished the optimization
of the liquid chromatographic analytical procedure for PAHs mix-
tures separation by experimental design. The procedure developed
allowed a highly satisfactory quantification of 6 PAHs in lipids. The
resolution achieved was highly satisfactory and analysis time simi-
lar to that achieved in our paper (about 70 min) but the number
of PAHs separated was only 6, as aforementioned [34]. Kuppi-
thayanant and colleagues [14] carried out the optimization of the

RPLC separation of the 16 EPA PAHs by simplex based on selectiv-
ity criteria. These authors achieved an efficient resolution of all the
PAHs in only 36 min, but their sensitivities are poorer than ours and
their RSD higher. Also, it is worthy to mention that figures in the
paper by [17] do not clarify the resolution achieved. In fact, peaks of
fluorene and acenaphthene seem to be too small compared to those
ofthe other PAHs present in the mixture and it seems almost impos-
sible drawing definitive conclusions about the resolution of some
difficult-to-separate pairs (as acenaphthene and fluorene). Height
of acenaphthene and fluorene peaks should be higher and similar
to those of the rest of compounds in the chromatogram for draw-
ing conclusions about peaks resolution because sometimes very
small peaks seem to be resolved but actually they are not when
their concentrations increase. Although we both used a PDA-UV
detector and variable wavelength program, it is known that sensi-
tivity is highly dependant on the type of detector used which makes
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Fig. 5. Chromatograms of kerosene soot extracts from open diffusion flame (pink line), and of the 17 PAHs standard mixture at concentration of 4.65 ppb (black line).
The fluorescence data are presented: (1) naphthalene, (2) Methyl-naphthalene, (3) acenaphthylene, (4) acenaphthene, (5) fluorene, (6) phenanthrene, (7) anthracene, (8)
fluoranthene, (9) pyrene, (10) chrysene, (11) benz[a]anthracene, (12) benzo[a]pyrene, (13) benzo[b]fluoranthene, (14) benzo[k]fluoranthene, (15) benzo[ghi]perylene, (16)
dibenzo[ah]anthracene and (17) indeno(1,2,3-cd)pyrene. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the

article.)
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comparison much more difficult. But if comparison between their
detection limits and ours have to be addressed, we could conclude
the following:

(i) whereas they achieved a detection limit of 40 ng/ml for fluo-
ranthene, we achieved a detection limit of 10.3 ng/ml for this
PAH,

(ii) whereas they obtained a detection limit of 10ng/ml for
anthracene, we obtained a detection limit of 5.8 ng/ml for the
same compound,

(iii) the differences are similar for indeno[1,2,3-cd|pyrene,

(iv) regarding RSD, we obtained values in the range 2-5% whereas
values in the range 1.6-13% were obtained in Ref. [17].
Furthermore, whereas Kuppithayanant and colleagues [17]
used modifiers (methanol or isopropanol), which is a serious
inconvenience because of their toxicity and consequences on
standard deviations of measurements; we did not add any
modifier. Regarding analysis time, although they achieved the
complete separation of PAHs in only 36 min as aforementioned,
we considered that for very complex mixtures this is a serious
inconvenience because there is not peak spacing enough to
detect and separate other aromatic species in the real samples.

The most outstanding contribution of our work is that opti-
mization procedure in reverse-phase high-performance liquid
chromatography should be carried out taking into account physical
properties of each target analyte. So far, all the papers published
considered the same experimental conditions all along the chro-
matographic procedure regardless of the target analyte. Thus, when
resolution of PAHs mixtures are accomplished, the same condi-
tions are fixed for the dibenzo[ah]perylene-benzo[ghi]|perylene
pair separation and for the resolution of acenaphthene-fluorene.
However, the physical properties of benzo[ghi]perylene are differ-
ent from those of acenaphthene and consequently its retention
in the analytical column requires different experimental con-
ditions for proper elution. As a matter of fact, it should be
emphasized that tailing in chromatographic procedures could be
a consequence of using indiscriminately the same conditions for
resolving the acenaphthene-fluorene pair as those for resolving the
dibenzo[ah]anthracene-benzo[ghi]|perylene pair.

3.2. Application to the analysis of a real sample of kerosene soot

A sample of 4 mg of kerosene soot was collected, extracted by
ultrasound probe during 4 min (4s on, 4s off), filtered through a
Wheatman filter and purified through a Cig column. The chro-
matogram obtained is shown in Fig. 5. As we can see, long times
are needed for analysing EPA PAHs in kerosene soot from open dif-
fusion flames, where a lot of other aromatic compounds are found
besides the 16 EPA PAHs. Not overlapping or co-eluting compounds
are obtained in that case and perfect match between standard mix-
ture chromatogram and real sample chromatogram was obtained.

4. Conclusions

Chromatograms of the 16 EPA PAHs can be divided into two
parts: the first 8 compounds and the last 8 ones. In the first part of
the chromatogram (the first 8 PAHs), we observed that tempera-
ture and speed flow are not interfering variables. Temperature and
mobile-phase gradient do not interfere either and the same con-
clusion could be drawn for speed flow and mobile-phase gradient.
Consequently, temperature, speed flow and mobile-phase gradient
can be optimized separately in the first part of the chromatogram.

Regarding interactions between the mobile-phase gradient
selected in the first part of the chromatogram and those of the

second part of the chromatogram, the mobile-phase gradient
employed in the first part of the chromatogram does not seem to
interfere significantly with that selected in the second part. There-
fore, the mobile-phase gradients can be selected separately in each
part of the chromatogram. Other experimental conditions fixed in
the first part of the chromatogram do not interfere with experi-
mental conditions applied in the second part of the chromatogram.
In the first part of the chromatogram, optimum resolution was
achieved for the combination of 15 °Cand 1 mL/min. Very good res-
olutions were obtained for a slope of 0.00 (isocratic mode) over the
first 30 min of running. Unlike what happened in the first part of
the chromatogram, in the second part of the chromatogram it could
be observed that temperature and speed flow are interfering vari-
ables. For the pair dibenzo[a,h]anthracene-benzo|g,h,i]perylene,
a low-speed flow (0.5 mL/min) provided a very good resolution
when combined with high temperatures (40 °C) whereas very poor
results were observed when 0.5 mL/min was combined with low
temperatures (15°C). As a consequence, these variables should be
optimized simultaneously.

Also, it was concluded that the slope of the mobile-phase gra-
dient is not a critical parameter. In fact, different slopes provide
very similar results and the analysis of the interactions confirms
this statement. Therefore, we could select a mobile-phase gradient
equal to 0.00 for the first part of the chromatogram and 0.83 for the
last one. Higher mobile-phase gradient are not convenient because
it must be maintained as long as possible. Of course, a slope of 0.00
is not convenient because with this mobile-phase gradient we can
never achieve 100% of acetonitrile. Finally, if we select a very small
mobile-phase gradient during long time, the broadening of peaks
may be too high, worsening the resolution.

In summary, the combination 15°C and 1 mL/min (in the first
part of the chromatogram) turned out to be the best for the resol-
ution of acenaphthene-fluorene, whereas in the last part of the
chromatogram, the combination of 40 °C and 0.5 mL/min provides
the best resolution for the pairs dibenzo[a,h]anthracene-benzo[g,h,
ilperylene and benzo[gh,i|perylene-indeno[1,2,3-cd]|pyrene
although better sensitivity can be reached by using pro-
grammed increasing temperature and 0.5mL/min all along
the chromatographic run.

Acknowledgements

Partial financial support from ESA through the contract
15091/01/NL/SH-CCN No. 002, MAP Project numbers A0O-99-001
A0-99-085, is gratefully acknowledged.

References

[1] S.R. Wild, K.S. Waterhouse, S.P. McGrath, K.C. Jones, Environ. Sci. Technol. 24
(1990) 1706.

[2] A.M. Mastral, M.S. Callen, Environ. Sci. Technol. 34 (2000) 3051.

[3] A. Christensen, PAHs in exhaust emissions of mobile sources, sampling and
determination, Doctoral Thesis, Department of Analytical Chemistry, Stock-
holm University, Sweden, 2003.

[4] IARC, Polynuclear Aromatic Compounds. Part 2. Carbon Blacks, Mineral Oils and
Some Nitroarenes, IARC Monogr Eval Carcinog Risks Hum., vol. 33, International
Agency for Research on Cancer, Lyon, France, 1984.

[5] A.D.MclIntosh, C.F. Moffat, G. Packer, L. Webster, ]. Environ. Monit. 6 (2004) 209.

[6] ATSDR, Toxicological Profile for Polycyclic Aromatic Hydrocarbons (PAHSs),
Agency for Toxic Substances and Drug Registry, Washington, DC, 1995.

[7] G.Bazylak, ]. Maslowska, Fresenius J. Anal. Chem. 336 (1990) 205.

[8] H.Lu, L. Zhu, J. Hazard. Mater. 139 (2007) 193.

[9] J.L. Perrin, N. Poirot, P. Liska, A. Thienpont, G. Felix, Lipid Fett. 95 (1999) 46.

[10] L. Sarrazin, C. Diana, T. Schembri, P. Rebouillon, Int. J. Environ. Stud. 61 (2004)
413.

[11] O. Delhomme, E. Rieb, M. Millet, Chromatographia 65 (2007) 163.

[12] C.P. Ong, M.R. Khan, S.F.Y. Li, HK. Lee, Environ. Monitor. Assess. 19 (1991) 35.

[13] J.C. Berridge, J. Chromatogr. 485 (1989) 3.

[14] N. Kuppithayanant, M. Rayanakorn, S. Wongpornchai, T. Prapamontol, R.L.
Deming, Talanta 61 (2003) 879.

[15] G.Hanrahan, K. Lu, Crit. Rev. Anal. Chem. 36 (2006) 141.



274 A. Andrade-Eiroa et al. / Talanta 81 (2010) 265-274

[16] F.H. Walters, S.N. Deming, Anal. Chim. Acta 167 (1985) 361.

[17] B.W. Wenclawiak, T. Hees, J. Chromatogr. A 660 (1994) 61.

[18] P.G. King, S.N. Deming, S.L. Morgan, Anal. Lett. 8 (1975) 369.

[19] U.D. Neue, K. van Tran, P.S. Iraneta, B.A. Alden, ]. Sep. Sci. 26 (2003) 174.

[20] F. Gritti, G. Guiochon, ]. Chromatogr. A 1132 (2006) 51.

[21] Y. Guillaume, C. Guinchard, J. Lig. Chromatogr. 16 (1993) 3457.

[22] D. Bolliet, C.F. Poole, Chromatographia 46 (1997) 381.

[23] J.A. Riddick, W.B. Bunger, Organic Solvents, Wiley-Interscience, New York,
1970, pp. 146-400.

[24] S.V. Kakareka, T.I. Kukharchyk, V.S. Khomich, Environ. Pollut. 133 (2005)
383.

[25] M. Medenica, B. Jancic, D. Ivanovic, A. Malenovic, J. Chromatogr. A 1031 (2004)
243.

[26] J.W.Einax, H.W.Zwanzinger, S. Geif3, Chemometrics in Environmental Analysis,
VCH Wiley Company, Weinheim, Germany, 1997, p. 93.

[27] D. Bolliet, C.F. Poole, Analyst 123 (1998) 295.

[28] R. Snyder, J. Chromatogr. B 689 (1997) 105.

[29] J. Ferré, X. Rius, Técnicas Lab. 274 (2002) 648.

[30] R.E. Walpole, R-H. Myers, S.L. Myers, K. Ye, Probability and Statistics for Engi-
neers and Scientists, 7th ed., Pearson Educational International, Prentice Hall,
NJ, 2002, pp. 570-580.

[31] R.G. Bogar, J.C. Thomas, J.B. Callis, Anal. Chem. 56 (1984) 1080.

[32] V.R. Meyer, Practical High-Performance Liquid Chromatography, vol. 82, third
ed., Wiley, Chichester, 1998, pp. 151-165.

[33] G.W. Lan, K.K. Chee, M.K. Wong, H.K. Lee, Y.M. Sin, Analyst 120 (1995) 281.

[34] A.M. Dorthe, J.L. Ramberti, A. Thienpont, Analusis 28 (2000) 587.



