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Polycyclic aromatic compounds (PACs) with molecular weights
lower than 300 were not considered in the past to be analyzable
using an evaporative light-scattering detector (ELSD) due
exclusively to their supposed volatility. We demonstrate that a
variety of small, low-boiling, 3-6-ringed PACs (which include
condensed PAHs, heteronuclear polycyclic compounds, and
hydroxy-PAHs) can be analyzed using ELSD under mild working
conditions without significant volatilization. Although area counts
versus sample load can be linearized with adequate regression
coefficients in the mass range studied, results obtained from the
injection of pure and binary mixtures of PACs indicate that ELSD
behaves nonlinearly at low sample loads, regardless of the volatility
or involatility of each compound. Quite uniform response factors
are obtained on the linear zone for the studied PACs, and analyses
of mixtures are carried out with errors generally lower than 6%.
Experimental data are better fitted to logarithmic regressions,
which provide similar slopes for the studied PACs, which in turn
suggest that ELSD operates in similar scattering domains for these
compounds under our working conditions. The use of a
mathematical simulation of particle size distributions after
nebulization and evaporation confirms this and explains why
response factors of PACs are similar.

Introduction

An important drawback in the high-performance liquid chro-
matographic (HPLC) analysis of samples containing complex
mixtures of polycyclic aromatic compounds (PACs) and related
compounds (e.g., fossil fuels) is quantitation using conventional
detectors. This problem becomes more serious in the case of
heavy fossil fuels (coal-tar pitches, heavy oils, etc.), in which
unknown components are present. It is well-known that the re-
sponse factors for the components in these kinds of mixtures can
be very different using ultraviolet (UV) detection (1). In the same
manner, responses derived from refractive index (RI) detection
were found to depend on the functional groups present as well as
their molecular weight (MW) (2). Although the RI detector is uni-
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versal, it is less sensitive than UV, and it is incompatible with elu-
tion gradients. Likewise, flame-ionization detection (FID) for
HPLC presents technical problems that cause the responses to
vary due to a nonuniform deposit of the effluent (3); FID is better
adapted to thin-layer chromatography (TLC) (4).

An ideal detector for chromatography of fossil fuels should
give uniform response factors (no more variable than an FID for
gas chromatography) for each separated compound or class of
compounds.

It has been reported since the 1970s that the evaporative
light-scattering detector (ELSD) enables all types of nonvolatile
solutes to be detected and can be used as a mass detector over
a substantial range of operating conditions and sample prop-
erties (5-10). The analysis of some semivolatile solutes that
have a lower volatility than the mobile phase has been reported
(11). ELSD response is quite independent of the chemical com-
position of the solute, so it provides reasonably uniform
response factors (12). It has also been pointed out that ELSD
allows for a good approximate quantitation of the constituents
of a complex mixture, even if there are unknown compounds
(6,13). Other advantages of this detector have been reported
with respect to RI, such as the possibility of using solvent gra-
dients, good sensitivity, and elimination of typical solvent front
interferences caused by RI (14).

ELSD is and has been mostly applied to low UV-absorbant,
nonvolatile solutes. Likewise, despite the relatively theoretical
independence of ELSD response with regard to chemical com-
position, most papers in the literature refer to samples with a
high degree of chemical homogeneity. ELSD has also been
applied to fossil fuels since the 1980s. Pioneering work con-
cerning the application of ELSD to products derived from fossil
fuels was published in 1983 by Bartle et al. (15), in which they
studied the variations of response with MW for coal extracts and
their fractions. Later, Larsen et al. (16,17) applied ELSD to
coal-pyridine extracts. In that work, the obtained MW distri-
butions underestimated the amount of very low MWs present.
A more recent work stressed the fact that ELSD is an adequate
detector for evaluating the heaviest part of a heavy coal
extract with regard to other conventional detectors (18).

The study of the chromatographic responses of PACs has
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been mainly due to their presence in coal and petroleum-
derived products. Because of the complexity of these products,
standards are usually studied previous to the analysis of real
samples, when a chromatographic technique is to be devel-
oped. However, few systematic and detailed works can be found
in the literature that deal with the viability of analyzing PACs
and related compounds using ELSD.

It has been reported that the ELSD responses of PACs and
other related compounds were almost uniform for MWs above
300 (15). For compounds with lower MWs, authors concluded
that solutes were volatilized at work temperature (40°C). Sev-
eral years later, another work (3) also questioned the analysis of
different PACs and heavy oil-related compounds with MWs
lower than 300. Even without heating, significant differences
were obtained with regard to response factors using the nebu-
lization technology of the time. However, response factors have
been reported at a given arbitrary mass, and mostly single stan-
dards have been studied.

Given that the volatility of a compound under particular
ELSD working conditions cannot be predicted merely by its
boiling point or its MW (5), this work was intended to evaluate
in detail the possibility of using ELSD for the chromatographic
analysis of semivolatile PACs, emphasizing some of the PACs
considered by Environmental Protection Agency methods (3-6
rings). The analysis of these compounds also holds relevance to
coal-tar pitch characterization and environmental analysis.
For this purpose, differences between area percentages from
ELSD and known mass percentages for binary mixtures of PACs
were evaluated, and their evolution with the mass was studied.
Also, absolute response factors were determined at different
masses and two evaporation temperatures.

Experimental

Chromatographic system and procedure

The solvent delivery system used in this work consisted of
a Waters model 510 HPLC pump (Waters, Milford, MA). Sample
injection was performed by using a 7725i Rheodyne sample
injector (Rheodyne, Cotati, CA). The column was a polystyrene—
divinylbenzene-based PL-Gel Mixed-E column (30 cm in length,
0.75 cm in diameter) with mixed pore distribution and 3-pm
particle size (Polymer Laboratories, Shropshire, UK). GPC-
grade tetrahydrofuran (THF) stabilized with 2,6-di-tert-butyl-4-
methylphenol (BHT) from Scharlau (Barcelona, Spain) was
used as the mobile phase. The flow rate was 1 mL/min, which
was considered a good compromise for both elution and de-
tection (10,19).

A PL-EMD 950 mass ELSD (Polymer Laboratories) was used
thoughout this work. The operating mode of the detector was as
follows. The effluent from the chromatographic column
entered a Venturi nebulizer and was converted into aerosol by a
stream of air. The Venturi consisted of a stainless steel capillary
tube (0.25-mm i.d., 1.59-mm o0.d.) carrying the column effluent,
which was surrounded by a larger tube (2-mm i.d.). The fine
droplets that were formed were then carried out through a tem-
perature-controlled drift tube which caused evaporation of the
mobile phase to form small particles of nonvolatile solute. This
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cloud of solute passed through a white light in the broad band
400-700 nm (generated from a tungsten light source), which
produced light scattering, which in turn was detected by a pho-
tomultiplier at a 45° angle. The studied evaporation tempera-
tures were 30 and 40°C, and the photomultiplier sensitivity used
was usually 3. (Sensitivity is in arbitrary units, from 1 to 6). The
output signal from the detector was fed into a Fluke Hydra 2620
multichannel data acquisition unit (Fluke Europe, Eindhoven,
Netherlands) and stored in an HP 95LX computer (Hewlett-
Packard, Corvallis, OR) for data acquisition. Raw data were further
reprocessed using an adequate spreadsheet in a 486 PC clone.

Standards

The standards used, as well as some of their chemical and
physical properties, are listed in Table I. Standards were supplied
by Acros Chimica (Geel, Belgium). The properties detailed for
these compounds were mainly found in the Thermodynamics
Research Center database (Texas A&M University, College Sta-
tion, TX).

Solutions of standards were prepared in stabilized THF. The
amounts (ng) reported throughout the text correspond to the
mass effectively injected. Single standards or binary mixtures of
PACs were injected. In the latter case, each standard was
injected together with a reference compound: coronene (CRN)
or 2-hydroxycarbazole (HCBZ). The use of CRN or HCBZ as a
reference compound depended on which retention time was
more adequate for each particular standard. Each sample was
injected at least in duplicate.

The response factor of each standard was defined as its cor-
responding area (counts as pV x s-1) per mass unit (pg). Only
absolute response factors were used throughout this paper.

Tools for the mathematical calculations

Differential equations involved in the calculations of droplet
and particle size distributions obtained after nebulization and
evaporation, respectively, were solved using PSI-Plot software
(Poly Software International, Salt Lake City, UT). The two
methods for solving equations (fourth-order Runge-Kutta and
Bulirsch-Stoer) were in agreement.

Results and Discussion

Repeatability of chromatographic analyses using ELSD

Relative standard deviations (RSDs) of analyses at the condi-
tions used (12 L/min of air for nebulizing and 30°C for evapo-
rating the mobile phase) were calculated (Table II). RSD is
defined here as follows.

RSD=<S><M Eq1l
uw

where o is the sample standard deviation, and p is the average
of the measurements.

Similar RSDs (close to 10) of the corresponding response
factor were obtained at 40 pg for single compounds such as
CRN or HCBZ, which are chemically different. CRN is hardly
volatile at relatively high temperatures and has been considered
nonvolatile in previous works (15) (Table I).
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Given that the sensitivity of compounds is not the same with
regard to the nebulization and evaporation conditions, the
repeatability of some semivolatile compounds was tested. Thus,
RSD values of response factors and area percentages were
obtained for binary mixtures; each included a semivolatile PAC
and a nonvolatile reference compound (either HCBZ or CRN).
Table II shows the RSDs for anthracene, phenanthrene, chry-

sene, 2-naphthol, 9-hydroxyfluorene, and carbazole. Repeata-
bilities for these semivolatile compounds were, in general,
lower than 10% RSD.

Chromatographic quantitation of PACs using ELSD
The main purpose of this work was to evaluate (a) whether
ELSD truly underestimates compounds with MWs lower than

Table I. Properties of the Studied Standards
Boiling Vapor pressure (mm Hg) at different temperatures’
Standard Formula MW point (°C) 30-149°C 150-199°C >200°C
Planar, cata-PAH
Anthracene CisHio 178 340 44.85 (221)
Phenanthrene CisHio 178 336 0.687 (108)
Fluoranthene CieHio 202 384 17.61 (220)
Crysene CigHig 228 448 6.49 x 10-3 (100) 5.79 x 103 (150)
Planar, peri-PAH
Pyrene C](,H]O 202 2601' 13.79 (230)
Perylene CyoH1z 252 350 3.12x10°(100) 6.21 x 10 (150)
Benzo[alpyrene CyoHz 252 495 8.27 x 10 (100)
Coronene CyHiy 300 525 1.63 x 10~ (150) 0.019 (245)
Non-planar PAH
Acenaphthene CioHyg 154 279 3.371(105)
Fluorene CisHio 166 298 3.592 (119)
1,2-Dihydronaphthalene CioHio 130 89
2,3-Benzofluorene Ci7Hpp 216 —
Alkyl-PAH
2-Methylnaphthalene CiiHyg 142 241 44.1 (141) 288.3 (200) 920.3 (250)
Hydroxy-PAC
2-Naphthol CioHgO 144 285 11.1(150) 137.2 (220)
9-Hydroxyfluorene Ci3H100 182
9-Phenanthrol Ci4H100 194
N-Heterocycles
Carbazole CipHoN 167 355 71.42 (220)
2-Hydroxycarbazole CyoHgNO 183
Acridine Ci3HoN 179 346 0.459 (115) 2.538 (150) 34.63 (220)
7,8-Benzoquinoline Ci3HgN 179 338¢ 3.93 x 10 (30)
O-Heterocycles
Dibenzofuran Ci,HgO 168 1558 6.44 (120) 80.51(190) 233.7 (230)
N,O-Heterocycles
Phenoxazine C;,HNO 183
S-Compounds
Dibenzothiophene CioHsgS 184 333
Phenyldisulfide CioHqoS 218
Tianthrene CioHgS; 216 366
* Ranges of temperature (°C) studied for each standard: anthracene, 221; phenanthrene, 108; fluoranthene, 220; crysene, 75-200; pyrene, 230; perylene, 100-190; benzo[alpyrene,
75-168; coronene, 144-247; acenaphthene, 105; fluorene, 119; 2-methylnaphthalene, 140-252; 2-naphthol, 144-308; carbazole, 253-358; acridine, 115-360; 7,8-benzoquino-
line, 20-50; dibenzofuran, 120-296. Between parentheses, temperature at which the vapor pressure is given (°C).
 at60 mm Hg.
* at 719 mm Hg.
at 20 mm Hg.
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300, and (b) whether ELSD can effectively be considered a mass
detector for the analysis of the compounds studied. In other
words, we intended to evaluate whether area percentages of
peaks in mixtures are equal to mass percentages that are injected
so that we could avoid previous calibration. In the first step of
the research, samples that corresponded to different amounts of
a binary mixture of HCBZ (5-50 pg) and CRN (5-50 pg) were
injected. Differences between the obtained area percentages
from ELSD and the known mass percentages (hereafter referred
to as A-m differences) were evaluated as a function of the
amount injected and as a function of the absolute response fac-
tors. HCBZ and CRN were chosen due to their different physical
and chemical properties and very low volatility at working con-
ditions (Table I).

When area counts (4) versus sample mass injected (m) for a
given compound can be linearized with adequate regression
coefficients, the slope of the regression represents the theoret-
ical response factor (4/m) of the compound. In the case of an

ideal linear detector, the response factor should be constant,
regardless of the mass injected. Moreover, between the detectors
commonly considered as linear, slopes vary for each different
compound to an extent that depends on each particular detec-
tion system. If an ideal detector existed for which the slopes of
all the detected compounds were equal, it would be a true mass
detector.

Table III shows that the lower the amount injected (for each
component of the mixture), the greater the A-m difference.
This was lower than 1.5% for the amounts greater than 40 pg.
(It must be remembered that each sample was injected in du-
plicate, and results were always within 1.7% of the area per-
centage for 99% of the confidence level.) Obviously, the evolu-
tion of A-m differences for different sample loads was also
reflected in the evolution of the response factor ratio between
the mixture components. Likewise, significantly lower response
factor values were found in the cases of lower masses. As the
amount injected increased (see Table III), the response factors
for both HCBZ and CRN progressively

Table I1. RSD of Chromatographic Analyses of Single Compounds (40 pg) and increased, and relat!ve differences between
Binary Mixtures (40 pg of Each Component) Using ELSD at 30°C them were progressively smaller. Thus, the
estimated response factors at 40 pg were

No. of samples RSD% of area% RSD% of A/m | quite similar for HCBZ and CRN.
The above-mentioned response factor
2-Hydroxycarbazole* 19 - 9.3 values at the lowest masses suggested a
Coronene* 14 - 9.8 deviation of ELSD from linearity, although
Anthracene 5 6.5 9.2 results can be linearized with adequate
2-Hydroxycarbazole 6.1 9.9 regression coefficients (Table IV). Results
Phenanthrene 5 6.0 6.7 similar to those found in this work were
Z'Fé{ldmxycarbamle 4.2 30 recently reported by Dreux et al. (11) con-
2-Hy(;:,3i;iarbazole 3 i:g g? cerning dg’gection of glucose on an octadecyl
2-Naphthol 4 77 5 bonded-silica column; pure water was the
Coronene 9.7 103 mobile phase, and either ELSD or RI detec-
9-Hydroxyfluorene 3 16 34 tion was used. This work demonstrated large
Coronene 2.1 39 deviations from linearity for both detectors at
Carbazole 3 43 9.6 low sample loads despite good regression
Coronene 6.0 10.6 coefficients. Even larger deviations were
+ Single compound. found for RI detection than for ELSD; the
former is usually considered to be a linear

Table IIl. Evolution in Function of Injected Mass,
Response Factors (A/m), and Area Percentages from
ELSD (30°C) of a Mixture Containing HCBZ and CRN
Mass injected (pg)* Mass % Area % A/m
5 HCBZ 57.4 68.2 0.790
CRN 42.6 31.8 0.495
20 HCBZ 55.5 63.7 1.220
CRN 44.5 36.3 0.870
30 HCBZ 50.6 56.0 1.17
CRN 49.4 44,0 0.942
40 HCBZ 46.4 47.9 1.390
CRN 53.6 52.1 1.308
50 HCBZ 50.0 50.1 1.404
CRN 50.0 499 1.400
* Of each component.
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detector. Data were much better fitted to a
logarithmic regression: log A = b log m + log a, from A = a mb,
where a and b are ELSD coefficients that depend on the nebu-
lization and evaporation conditions, chromatographic system,
and the concentration and some properties of the solute. This
expression is general and is applied to any detection system in
which a and b are constants of each particular detection system
(20). According to this, no detector has been manufactured so
far that has a value of b equal to 1 over more than two orders of
the concentration range. In LC, detectors rarely have b values
between 0.98 and 1.02 over a range much greater than 3 orders
of magnitude. From the point of view of quantitative accuracy,
b values do not have to be equal or close to 1 as long as an
accurate value of b is known (20).

Theoretical values of b between 0.66 and 2 have been
reported for ELSD (11). This is because ELSD presents dif-
ferent sensitivities with regard to the scattering domain of
work (reflexion-refraction, Mie, and Rayleigh). These domains
are determined by the ratio of a characteristic dimension (i.e.,
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diameter, d) of the solute particle to the wavelength of the
incident light beam (A). It is very important to work in similar
d,/\ ranges in order to have homogeneous response factors
for the components of a complex mixture. Rayleigh scattering
is predominant when d,/A values are smaller than 0.1. In this
domain, the intensity (/) of Rayleigh scattering depends on d,5,
among other parameters. In general, / is a complex function not
only of d,, but of A, n (refractive index of solute), polarization
of the light source, collection angle, and aperture of the detec-
tor. Despite the above-mentioned dependence on diameter, /
values for particles within the Rayleigh domain are lower (sev-
eral orders of magnitude) than for other domains (21). Mie
scattering becomes preponderant when dg/A is greater than
0.1. In this domain, I depends on the fourth power of the dia-
meter. For greater d,/A ratios (approximately 2), reflexion and
refraction become dominant and sensitivity increases. (/ is a
function of diameter squared). Regardless of the diameter
dependence of I within each scattering domain, I values gen-
erally increase with particle size. I values from spherical parti-
cles can be calculated for any size using Mie’s theory (22).

In ELSD, the diameter of solute particles after evaporating
(dy) can be related to the concentration (C) through the fol-
lowing equation:

13
£) Eq 2

Ps

where p; is the solute density, and d;, is the droplet diameter
after nebulization, which depends on the mobile phase proper-
ties and flow rate, nebulizer geometry, and nebulization condi-
tions (10). Therefore, when [ is expressed as a function of the
concentration (23), I = f(C2), f(C133), or f(C66) for Rayleigh,
Mie, or reflexion-refraction domains, respectively. Thus, ELSD
response is not linear regardless of the volatility or nonvolatility
of the compounds. Likewise, homogeneity in response factors for
different solutes is determined to some extent for some
solute properties (mostly p;) and nebulization and chromato-
graphic conditions.

Table IV presents results for some studied PACs. It shows
linear and logarithmic regressions for CRN, HCBZ, and chry-
sene. In the case of linear regressions, error (E) was calculated
in this table for each experimental point as follows:

E=Y4)) 100
A

d;=d, (

Eq3

In the case of logarithmic regressions, error was calculated as
follows:

Table V. Fitting of Experimental Data to Linear and Logarithmic Regressions for HCBZ, CRN, and Chrysene

Sample Linear regression Logarithmic regression

Mass (m) (pg) A At E%t log A (log A)* E%*

HCBZ A=1.542m-6.887 log A=1.291 x log m-0.340
(r=10.9995) (r=0.9984)

7.8 6.1610 5.1387 16.59 0.7897 0.8122 -2.85
23.0 28.3028 28.5727 -0.95 14518 1.4185 2.29
27.0 32,9721 34.7395 -5.36 1.5181 1.5086 0.63
40.0 55.5859 54.7818 1.45 1.7450 1.729 0.92
50.0 70.1714 70.1989 -0.04 1.8462 1.8542 -0.43
63.6 91.4047 91.1662 0.26 1.9610 1.9891 -1.43
COR A=1.537m-10.070 log A=1.474 x log m-0.668

(r=0.9923) (r=0.9999)
5.8 2.8687 -1.154 140.23 0.4577 0.4575 0.04
18.4 16.0004 18.2182 -13.86 1.2041 1.1905 113
26.4 26.0343 30.5177 -17.22 1.4155 1.4276 -0.85
46.2 60.4614 60.9591 -0.82 1.7815 1.7858 -0.24
50.0 69.978 66.8013 4.54 1.845 1.8365 0.46
CRS A=0.9940m - 3.65 log A=1.343 x log m-0.59
(r=0.9990) (r=0.9962)
4.1 1.6233 0.4083 74.85 0.2104 0.2325 -10.5
5.5 2.7594 1.8561 32.74 0.4408 0.4102 6.94
7.3 3.2515 3.5741 -9.92 0.5121 0.5685 -11.01
9.6 4.8673 5.9253 -21.74 0.6873 0.7328 -6.62
11.5 7.7914 7.8242 -0.42 0.8916 0.8383 5.98
15.4 11.4256 11.6221 -1.72 1.0579 1.0051 4.99
18.5 13.6113 14.6965 -7.97 1.1339 1.121 1.92
35.6 32.1152 31.7872 1.02 1.5067 1.4963 0.69
57.5 53.7382 53.4893 0.46 1.7303 1.7751 -2.59
* Calculated using the corresponding linear regression equation.
Error % according to Equations 3 and 4.
* Calculated using the corresponding logarithmic regression equation.
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(log A-[log A].)
log A

where A, and (log A). are the values of A and log A, calculated
using the corresponding fitting curve.

It can be seen from Table IV that both linear and logarithmic
regressions showed adequate regression coefficients (r), although
logarithmic regressions provided lower errors at low sample
loads. In addition, intercepts from logarithmic regressions were
nearer to zero than those from linear ones. Therefore, inter-
cepts from logarithmic regressions have more physical meaning
than intercepts from linear regressions. Moreover, values of b
(slopes of logarithmic regressions) were quite close for CRN,
HCBZ, and chrysene, despite having different chemical natures
(an N-PAC and two PAHs). Furthermore, b values were near the
theoretical exponent corresponding to the Mie domain. In order
to demonstrate that the diameters of PAC particles are effec-
tively in similar domains under the chromatographic and neb-
ulization conditions used, a mathematical simulation, pre-
sented later in this work, was carried out to calculate particle
size distributions.

Other binary mixtures containing a PAC and either HCBZ or
CRN as a reference were studied apart from the above-men-
tioned case of HCBZ and CRN mixtures. Table V shows A-m
differences for 20 mixtures as well as response factors for each
PAC and its corresponding reference at different sample loads
(20 and 40 pg). This table also gives the response factors for the
studied PACs at 8 pg.

E=| ] x 100 Eq4
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As expected, significantly lower response factors for lower
masses were obtained for each studied compound, which con-
firmed a deviation from linearity of ELSD at the lowest masses,
regardless of the studied standard. However, the evolution of
A-m differences with the mass is not the same for all the stan-
dards and depends on each particular one. In other words, the
nonlinearity pattern of A-m data at low sample loads is different
for the studied compounds. This is particularly important for
some standards, such as phenanthrene, 7,8-benzoquinoline,
dibenzothiophene, and diphenyldisulfide, which presented high
A-m differences when a 20-ug sample load was used (Table V).

Results from Table V (at 40 pg, in the linear zone of ELSD)
show that most of the 3-6-ringed semivolatile PAHs studied,
such as anthracene, fluoranthene, 2,3-benzofluorene, pyrene,
perylene, benzo[a]pyrene, and CRN, can be analyzed using
ELSD under the described conditions; differences between mass
and area percentages were generally lower than 6% (w/w). The
same can be said for other analyzed PACs (HCBZ, acridine, 7,8-
benzoquinoline, phenoxazine, diphenyldisulfide, tianthrene,
9-phenanthrol, and 2-naphthol). All these standards presented
quite uniform absolute response factors despite their different
chemical nature. This means that the studied PACs were not
significantly volatilized under the mild conditions used despite
having MWs lower than 300 and boiling points lower than
285°C. Small N-heteronuclear PACs and hydroxy-PACs pre-
sented more similar response factors than nonvolatile CRN.

Boiling point and MW are not the only properties to consider
with regard to the volatility of samples. This is illustrated by the

Table V. Response Factors (A/m) and A-m Differences (A) of PAC Standards in Binary Mixtures at Several Sample Loads
Using Either HCBZ or CRN as References
40 pg 20 pg 8pg

Standard A* A/m A/mt A* A/m A/mt A/mS
7,8-Benzoquinoline 0.8 1.188 1.226 15.7 0.475 0.908 0.213
Diphenyldisulfide 1.0 1.187 1.227% 7.0 0.621 0.821% 0.347
2-Hydroxycarbazole 1.5 1.390 1.308* 8.2 1.220 0.870% 0.565
Coronene 1.5 1.308 1.390 8.2 0.870 1.220 0.321
Perylene 1.5 1.383 1.303 7.2 0.754 1.010 0.410
Benzo[alpyrene 2.5 1.407 1.273 5.2 0.794 0.979 0.435
Tianthrene 2.5 1.291 1.272 1.3 0.974 0.924 0.446
Anthracene 2.6 1.002 1.113 7.0 0.733 0.972 0.536
Acridine 2.6 1.523 1.380 47 1.138 0.942 0.319
Phenoxazine 3.4 1.584 1.381% 10.1 0.994 0.639* 0.562
2-Naphthol 4.2 1.301 1.150% 34 0.782 0.749* 0.243
9-Phenanthrol 44 1.090 1.300% 1.7 1.166 1.096* 0.573
Pyrene 4.7 1.478 1.223 5.1 1.147 0.922 0.563
Fluoranthene 5.8 1.436 1.133 6.5 0.941 1.227 0.390
2,3-Benzofluorene 6.1 0.850 1.178 8.3 0.638 0.906 0.320
9-Hydroxyfluorene 6.7 1.454 1.109* 5.8 1.083 0.883¢ 0.550
Carbazole 8.7 0917 1.305* 7.6 0.634 0.843* 0.389
Phenanthrene 9.0 0.775 1.116 22.2 0.419 1.093 0.225
Chrysene 9.7 0.857 1.288 9.2 0.647 0.938 0.345
Dibenzothiophene 12.4 0.866 1.444 24.4 0.290 0.813 0.109
* A-m differences in absolute value.

Response factors of the corresponding reference compound in each experiment.

Indicates A/m of CRN; the remaining refer to HCBZ.

Injection of single standards.
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fact that, although acenaphthene and 2-naphthol have similar
boiling points and MWs, acenaphthene showed no signal,
whereas 2-naphthol gave a high response factor. Likewise, the
simple introduction of a hydroxy group in a molecule can
sometimes increase the response factor (e.g., naphthalene,
which gave no signal, and 2-naphthol; carbazole and HCBZ; flu-
orene, which hardly gave any signal, and 9-hydroxyfluorene).
According to Charlesworth (5), the relative volatilities of solutes
can be assessed by comparing the temperatures at which a
vapor pressure of 1 mm Hg is achieved. Given that these data
are not available for many PACs, some data about vapor pres-
sures at different temperatures for the studied PACs are given
in Table I. Because of the different range of temperatures
studied in each case, similar temperatures were chosen as far as
possible in order to carry out relative comparisons between
the most studied PACs. However, relative comparisons should
be taken with caution due to the different evaporation condi-
tions compared: evaporation at 30°C in an air stream (ELSD)
and evaporation at temperatures higher than 100°C (literature
data).

Although most analytes are less volatile than HPLC mobile
phases, ELSD does not provide a universal response. Thus,
there must be a value of vapor pressure for a given temperature
over which PACs cannot be analyzed using ELSD, even under
mild conditions. Two-ringed PACs (naphthalene and 2-methyl-
naphthalene); small, nonplanar, hydrogenated PACs (acenaph-
thene and fluorene); and O-heterocyclic dibenzofuran showed
either no signal or an important loss of response at 30°C, as ex-
pected from their higher vapor pressures (Table I), compared
with those of the compounds given in Table V.

2-Naphthol had the highest relative volatility (Table I) from
among the analyzable compounds; A-m differences were lower
than 6% (Table V). Likewise, phenanthrene, which had a 9%
A-m difference, had a high relative volatility. Unfortunately,
vapor pressures for both compounds were not estimated at the
same temperature. This may allow the establishment of a max-
imum value of vapor pressure to discriminate between analyz-
able and nonanalyzable compounds for a given A-m difference.

As mentioned in the introduction, very different response fac-

0.8
£ 061
=<
S
Q
S04 1
2
c
g
L
& 02
0 T T
30 40
Temperature (°C)
Figure 1. Response loss of some PACs with an increase in temperature
setting. 20-pg sample load; photomultiplier sensitivity, 4. B = benzola]
pyrene; A = acridine; ® = 2,3-benzofluorene; X = diphenyldisulfide;
v = dibenzotiophene.

tors for PACs were reported in the literature. Therefore, the
impossibility of analyzing PACs by using ELSD was exclusively
attributed to the supposed volatility of these compounds.
Although this should not be discarded in some cases, the results
presented here suggest that the values of the corresponding
response factors reported in the literature were estimated at low
loads and at temperatures higher than those used here. Also,
there have been changes in the configuration of nebulizers in
the newer models with respect to the older ones. As previously
mentioned, nebulization directly influences particle
diameter, which in turn affects the sensitivity of ELSD for dif-
ferent solutes. Figure 1 shows the different response loss of sev-
eral studied compounds with an increase in the temperature
setting (from 30 to 40°C). The important response loss of the
studied sulfur compounds with this increase in temperature is
important to note.

Mathematical calculations of droplet and
particle size distributions

In this section, theoretical calculations demonstrate that
PACs present similar distributions of d,/A values and, therefore,
similar responses under our working conditions. Also, there is
an agreement between experimental and theoretical data be-
cause b values (experimental) and d,/A values (theoretical) sug-
gest similar scattering working domains for the studied PACs.
Calculations of particle size distributions imply simulation of
both nebulization and evaporation steps.

Nebulization
Simulation of nebulization is performed using the droplet
size distribution of Mugele and Evans (10,24):
dn _y S d .«
ddpy (e~ )

where dn/dd,,, is the number of droplets with diameter d,, cre-
ated per unit of time, and d,, represents the diameter of the
effluent droplets. Details of the calculations, such as the values
of @ and 8 constants, which depend on the nebulizer geometry,
were performed as reported by Van der Meeren et al. (10). Yis
a normalization factor, and d,,, is the maximum diameter of
the distribution:
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Figure 2. Droplet size distribution (in volume) from the nebulization of the
chromatographic effluent in a Venturi.
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where d_, is the surface volume mean diameter. This parameter
is calculated from the Nukiyama and Tanassawa equation (10),
which depends on the mobile phase properties according to the
following:

\/; n 45, Qy {15
+53.220 — =" [H " Ea 7

(V= VP ©p,)" g

where o, p,, and p are the surface tension (26.5 x 103 N m1),
density (888 kg m3), and viscosity (4.6 x 10~ Pa s) of the
mobile phase (THF), respectively. Q is the volumetric flow rate
(m3 s71), and v is the linear velocity (m s-1). Subscripts g and /
refer respectively to the carrier gas and mobile phase. As indi-
cated by Van der Meeren et al. (10), linear velocities were
derived from the volumetric flow rate divided by the cross-sec-
tional area, according to the dimensions of the Venturi. Our
system meets the requirements for the application of Equation
8 with regard to physical properties of the solvent and d,, as
reported by Righezza and Guiochon (25).

In our case, values for dg, and d,,,, were 19.15 and 31.72 pm,
respectively. In order to solve Equation 5, the diameter was dis-
cretely increased in steps of 0.1 x 10-7 m. Thus,

d,, =0.585

dn -7
=P 01 %10 Eq8
"= d

The Y value in the Mugele and Evans equation was calculated
from the boundary condition that the integrated volume dis-
tribution (V; = n; [nd,,,%/6]) over a unit of time must equalize the
flow rate. In this way, the volume droplet size distribution after
nebulization was obtained for our system (Figure 2).

Fvaporation
After evaporation, the diameter of the resulting particles (d)
depends on the diameter of the incoming droplet (d,), solute

Relative frequency
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d; (um)
Figure 3. Nine particle size distributions (in number) corresponding to

chrysene elution (5-pig load) from the start () of the chromatographic peak
to the maximum (@) of the chromatographic peak (t= t).

Journal of Chromatographic Science, Vol. 35, April 1997

concentration (C), and solute density (p) through Equation 2.
According to this, for a given set of experimental conditions,
there is no change in the number of droplets, but merely a
change in their diameter. This hypothesis has generally been ac-
cepted and seems realistic in the working conditions of ELSD.
Solute concentration depends on sample load (X), time (£),
and chromatographic conditions according to Equation 9:

_ X/10° exp [ (6, - 1)/ (2 SD)]

C
Q @n)2SD

Eq9

where SD and £, are the standard deviation and retention time

of the chromatographic peak, respectively. Peak width at half

peak height (W) is related to SD, according to the following:
- W1/2 - W1/2

2(In4)'"? 235482

Eq 10

Peak width depends to some extent on the retention time for
a given column. However, this parameter is very similar for the
studied PACs in our case because they elute within a small
interval of retention time using the PL-Gel mixed E column.
Calculations demonstrated that its influence on the variation of
particle size was very small here.

Particle size distributions (in number and volume) were cal-
culated for different studied PACs. For a given compound and
wavelength, the intensity of scattered light is the summation of
the scattered intensities produced by every particle from every
particle size distribution for all time intervals considered
throughout the chromatographic peak. Theoretically, the total
intensity will be obtained by integrating the intensities over the
wavelengths used. It should be remembered that a multiwave-
length source (400-700 nm) was used throughout this work. It
is important to note that, for particles of a given diameter, the
working domain of ELSD will pass progressively from Mie to
Rayleigh or from reflexion-refraction to Mie as the wavelength
increases. Therefore, the limit between Rayleigh and Mie will
depend on the considered wavelength (from 0.04 um for a
wavelength of 400 nm to 0.07 pm for a wavelength of 700 nm).
In the same manner, the limit between Mie and reflexion—
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Figure 4. Nine particle size distributions (in volume) corresponding to
chrysene elution (5-pg load) from the start (¥) of the chromatographic peak
to the maximum (@) of the chromatographic peak (t = t). Values of dy/A for
a wavelength of 400 nm.
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refraction will be from 0.8 pm for a wavelength of 400 nm to 1.4
pm for a wavelength of 700 nm.

In order to perform the calculations, peaks were assumed
to be Gaussian. According to Equation 9, the particle size
distribution corresponding to the maximum of the chromato-
graphic peak (¢, — f = 0) presents the highest diameters. There-
fore, several size distributions (nine, corresponding to eight
time intervals) only along the first half of each chromato-
graphic peak were considered. (The second half of the peak
presents the same size distributions.) Figure 3 shows nine
size-number distributions for the chrysene peak (5-ug sample
load), and Figure 4 shows their corresponding size-volume
distributions. It can be seen from these figures that most par-
ticles are in the Rayleigh domain, although a far lower number
of particles in the Mie domain make the greatest contribution
to volume. As previously mentioned in this work and reported
in the literature (21), particles in the Mie domain mainly con-
tribute to total intensity of light scattering with regard to those
in the Rayleigh domain. Figure 4 also includes d/A values for
size distributions corresponding to the start and maximum of
the chrysene peak. At the sample load used (5 ng), the quasi-
totality of the particles presented d/A values lower than 2
(reflexion—refraction), even when a wavelength of 400 nm was
used for the calculations. However, sample load (X) influences
particle size (d;) through solute concentration, according to
Equation 9. Figure 5 shows size-volume distributions corre-
sponding to the maxima of the chromatographic peaks for dif-
ferent chrysene loads (5, 20, and 40 pg). Lower sample loads
imply lower diameters and, hence, a higher proportion of par-
ticles in the Rayleigh domain. This could explain the nonlin-
earity of ELSD at low sample loads, although quantitative con-
firmation should be performed by calculating total intensities
from Mie’s theory (21).

Nevertheless, for a given sample load and working condi-
tions, particle size distributions for the studied PACs are sim-
ilar because their densities are not very different. As an illus-
trative example, Figure 6 shows similar particle size distributions
at the maxima of each corresponding chromatographic peak for
chrysene (p; = 1274 kg m3) and CRN (p, = 1371 kg m3). This
explains the homogeneous response of both compounds. More-
over, it can be seen in Table IV that the experimentally obtained

* Sug
* 20pg
= 40 ug
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Figure 5. Particle size distributions (in volume) corresponding to the maxima
of chromatographic peaks for different chrysene loads.

b values for chrysene and CRN are 1.34 and 1.47, respectively.
These experimental values are near the theoretical value for the
Mie domain (1.33). Calculations of d,/A values from particle size
distributions are in agreement with this. According to Figure 6,
taking into account the diameters involved in the other distri-
butions along each chromatographic peak, a substantial pro-
portion of particles are mainly in the Mie domain.

Conclusion

Small PACs were not considered in the past to be analyzable
using ELSD due exclusively to their volatility. Although there
must be a value of vapor pressure for a given temperature over
which PACs cannot be analyzed using this detector (approxi-
mately corresponding to 2-ringed molecules), a variety of
3-6-ringed PACs with very different chemical natures were
quantitatively determined using mild and adequate working
conditions.

ELSD is usually compared to RI detection and, like the latter,
shows a nonlinear behavior at low sample loads, although area
counts versus sample load can be linearized in the whole mass
range studied with adequate regression coefficients. Data are
better fitted to a logarithmic regression.

Therefore, at low sample loads, ELSD needs a calibration
step and can be useful for mixtures of known PACs in the same
manner as an RI detector. However, on the linear zone of ELSD,
similar response factors were obtained for chemically different
PACs, unlike other conventional detectors. Thus, ELSD can be
used for the analysis of complex mixtures of PACs in which
there are unknown components, avoiding any calibration step.

The slopes of logarithmic regressions give information about
the scattering working domains for each solute, which define
the sensitivity ranges of ELSD. Thus, quantitative working con-
ditions can be found for very different solutes as a function of
their differences in density and nebulization and chromato-
graphic conditions. In our case, response factors of PACs are
similar because their densities are similar, and working condi-
tions were adequate. Under the conditions used, PACs present
d,/A values mainly in the Mie scattering domain.

Relative frequency
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Figure 6. Particle size distributions at the maxima of the chromatographic
peaks for chrysene (*) and CRN (M) (40-pg load). Continuous lines delimit
Rayleigh and Mie zones for a wavelength of 400 nm, and dashed lines de-
limit Rayleigh and Mie zones for a wavelength of 700 nm.
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