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a  b  s  t  r  a  c  t

The  evaluation  of  compound-independent  calibration  (CIC)  using  gas  chromatography  (GC)  with atomic
emission  detection  (AED)  is  demonstrated  by the  identification  of  several  sulfur  or  nitrogen  compounds.
Among  other  GC detectors,  the  advantage  of  using  the  AED  is  the selectivity  of  detection.  Because  con-
tradictory  results  have  been  reported  for  the  determination  of  numeric  atomic  ratios  of  elements,  we
set  up  a study  with  the  objectives  not  only  of  applying  these  techniques  but  of  determining  under
which  conditions  they  will  yield  satisfactory  results.  The  column  pressure  dependence  of  AED  response  is
demonstrated  through  studies  performed  with  constant  pressure  of  20, 30,  and  40  psi.  Moreover,  the  data
nter-elements  response factor ratios
aw-formula determination

collected  in  this  study  are  evidence  that  inter-elements  response  factor  ratios,  particularly  for  the C/S, is
very  dependent  on  the  molecular  mass  and  concentration  of  the  chemicals  analysed  whereas  molecular
structure  seems  to  have  less  effect  on the  AED  signal.  We  therefore  suggest  the  use of  a  reference  set  of
compounds  covering  a large  chromatographic  window,  which  enables  the  selection,  within  this  set,  of
the  most  appropriate  reference  compound  for calibration  and  for determination  of  the  raw  formula  of an
unknown  analyte.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

Gas chromatography (GC) is widely used for the separa-
ion of mixtures. Many selective and sensitive detectors have
een developed which are useful for qualitative and quantitative
etermination of sample components [1–4]. Quantification of indi-
idual sample components requires determination of the detector
esponse factor for each compound of interest. Typically, this is
chieved by producing calibration curves using standard solutions
aving known concentrations of each component. Practically, how-
ver, this is not always a viable approach, e.g., when the analytes
re toxic, carcinogenic, mutagenic, or environmentally hazardous,
r when standards for the compounds of interest simply are not
vailable.

Compound-independent calibration (CIC), the use of a single
ompound to quantify other components present in the sam-

le, is an attractive alternative which could potentially eliminate
hese problems, as well as speed up analyses by reducing stan-
ard preparation and analysis time [5–7]. One technique to which

∗ Corresponding author. Tel.: +86 21 65643983; fax: +86 21 65643983.
∗∗ Corresponding author. Tel.: +86 21 65649403; fax: +86 21 61669950.

E-mail  addresses: xminzhang@fudan.edu.cn (X. Zhang), Liubz@sh.tobaco.com.cn
B.  Liu).

039-9140/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.talanta.2012.03.044
CIC can theoretically be applied is gas chromatography (GC)
with microwave-induced plasma atomic emission detection (AED)
[8–10]. Its principle was  described by McCormack et al. [11]
and has been marketed by Hewlett–Packard. Briefly, this detec-
tor uses microwave-induced plasma in which molecules eluting
from the chromatographic system are atomised in excited states;
relaxation of excited atoms results in emission of photons at char-
acteristic wavelengths which are, in turn, detected by means of
a spectrometer. The ability to detect specific-element-containing
components  while discriminating any other possible complica-
tions is the key point of this effective detection. Virtually all
atoms are detectable by AED, albeit with very different limits
of detection. Unfortunately, numerous factors can affect the AED
response at any particular wavelength [12,13]. Among these are
the nature and concentration of reagent gases in the plasma,
the flow rate of makeup gas into the detector and the presence
of very large concentrations of carbon containing species in the
plasma. Unlike the mass spectrometric detection, the AED does
not have direct identification capability for the compound struc-
ture. However, the AED can still be used as an identification tool
by a peak pattern recognition approach. An important advan-

tage of the GC–AED systems appears to be the possibility of a
highly selective registration of target elements in molecules of
the components [14–17]. Depending on the specific atomic emis-
sion lines chosen, the AED will detect the components, which
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ontain the specific element of interest (such as nitrogen or sul-
ur).

Due to the complexity of the detector, it is not surprising that the
iterature contains conflicting reports concerning the compound
ndependence of AED response. Some studies support the concept
f CIC with the GC–AED [18,19], while others indicate an appar-
nt dependence of AED response on compound structure [20–22].
his suggests the effects could depend on concentration, molecular
ass, and structural features of the chemicals analysed. However,

he potential of AED for CIC is of still particular interest, because
tandards may  not always be available or because avoiding the
anipulation of highly toxic chemicals is desirable when possible.
In view of this, the major goal of the present work is to eval-

ate CIC using the GC–AED technique. In order to understand
ore precisely the factors determining the feasibility of CIC and

aw-formula determination, we undertake a comprehensive study
o determine carbon-to-hydrogen (C/H), carbon-to-nitrogen (C/N),
nd carbon-to-sulfur (C/S) response ratios for several nitrogen or
ulfur-containing compounds. Effects of different factors (column
ead pressure, molecular structure, concentration of analytes, and
olecular mass) on the performance of CIC using GC–AED tech-

ique are thoroughly discussed.

.  Experimental

.1. Instrumentation

All  analyses were performed with GC-AED coupled with Deans
witching devices and this technique was reported by our research
roup [23]. Briefly, a 7890 Series gas chromatograph (Agilent Tech-
ologies, USA) hyphenated to a G2350A atomic-emission detector
Joint analytical systems, GmbH, Germany). The GC was equipped
ith a split/splitless inlet and a capillary flow technology based
eans switching system (Agilent Technologies, USA). The primary
nd the second columns were both 30 m × 0.25 mm  I.D. × 0.25 �m
P-5 installed in the GC oven. A restrictor, (3 m × 180 �m I.D. deac-

ivated fused silica), was  connected between the second output of
he Deans switch and a monitoring flame ionisation detector. A VICI

odel I-23572-HP2 (USA) helium purifier was used inline between
he helium tank and the plasma cavity.

.2. Reagents

Analytical standards used for universal calibration were
itrogen-containing compounds, 1-pentylamine, heptylamine,
onylamine, n-undecylamine, tridecylamine and tetradecy-

amine, and sulfur-containing compounds, 1-pentanethiol,
-octanethiol, 1-nonanethiol, 1-undecanethiol, 1-tetradecanethiol,
-pentadecanethiol, cyclopentanethiol, thioanisole, and 1,2-
enzenedithiol. Application of the methodology implemented
as performed with ethyl disulfide, dipropyl disulfide, dibutyl
isulfide, cyclopentanethiol, thioanisole, 1,2-benzenedithiol,
yosmine and anabasine. All of them were used as received from
r. Ehrenstorfer GmbH (Augsburg, Germany). Tert-butyl methyl
ther used as solvents from Merck (Darmstadt, Germany) was  of
nalytical grade quality. It was used without further purification.

Caution!  Some of the chemicals used in this study, especially
yosmine and anabasine are highly toxic agents which should be
anipulated only by experienced staff under proper safety condi-

ions.

.3. Sample preparation
Standard  solutions of nitrogen-and sulfur-containing com-
ounds were prepared in tert-butyl methyl ether and stored in the
efrigerator at 2–4 ◦C. For calibration experiments these mixture
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solutions  were diluted stepwise with the same solvent to con-
centrations suitable for GC analysis. To accurately subtract carbon
background from the nitrogen and sulfur signals, at least one com-
ponent of the solution had to be a carbon-containing compound
that did not contain nitrogen or sulfur. Thus, each standard solu-
tion also contained 2-hexanone at a concentration comparable to
the amine and thiol series. The nitrogen and sulfur background
amount was set by suppressing the 2-hexanone peak in each chro-
matogram. Each data point on the calibration plots represented the
average peak area from five replicate injections.

2.4. GC conditions

The  carrier gas was  helium (99.9999% purity). All injections were
1 �L in volume. The splitless injector was maintained at 280 ◦C. The
GC oven temperature was  held at 45 ◦C for 1 min  and then was taken
to 280 ◦C at 15 ◦C min−1, where the temperature was held for 4 min.

2.5. AED conditions

Transfer line and cavity block were both maintained at 280 ◦C.
In order to vent the solvent before entering the plasma and pre-
vent carbonaceous deposition on the wall of the discharge tube,
the analyses were carried out on the GC–AED coupled with Deans
switching device combination [23]. The detector was  operated at
emissions wavelengths of 193 nm for carbon, 174 nm for nitrogen,
181 nm for sulfur, and 486 nm for hydrogen, with reagent gases
recommended by the manufacturer (Shanghai No.5 Steel Works,
Shanghai, China). According to the closeness of carbon, nitrogen
and sulfur lines, the three elements were monitored by the diode
array during the same analytical run. Helium flow through the
cavity was set to 60 mL  min−1 and the scavenger gases were hydro-
gen and oxygen at 11.5 and 21 psi, respectively. The spectrometer
was purged with nitrogen at 400 mL min−1. Filter and back amount
adjustments were set according to the default specifications.

2.6.  Procedures

Inter-element response factor ratios were calculated from the
average peak area for each compound by use of Eq. (1), where C,
X and C/X were carbon, any element other than carbon (hydrogen,
nitrogen, or sulfur) and the inter-element response factor ratios,
respectively [24]. C-area and X-area were the chromatographic
peak areas from the chromatograms of an element X. C-moles and
X-moles was  the number of moles of an element C and X in a given
compound.

C
X

= Carea

Xarea
× Xmoles

Cmoles
(1)

The  number of atoms of an element X in an unknown compound
could theoretically be determined from a reference element ratio
by use of Eq. (2), where Xu was the number of atoms of an element
X and Cu was  the number of atoms of an element C in an unknown
compound.

Xu = Carea, unknown

Carea, known
× Xarea, unknown

Xarea, known
× Xmoles, known

Cmoles, known
× Cu (2)

Eq.  (3) could also easily provide the number of carbon atoms in an
unknown compound.

Cu  = Carea, known × Xarea, known × Cmoles, known (3)

Carea, unknown Xarea, unknown Xmoles, known

This  principle was  used for determination of C/H, C/N and C/S ratios
to obtain partial empirical formulae for the compounds. The max-
imal precision of the determination of the C/X ratios was attained
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Table  1
Comparison of AED response factor using various column flow conditions.

ERFa

Constant pressure (psi) C (193 nm) H (486 nm)  S (181 nm)

Rangeb Averagec RSDd Range Average RSD Range Average RSD

20 283–337 301 4.1 11–31 20 16 48–145 93 4.6
30  400–447 402 3.2 121–170 136 4.4 63–175 110 3.3
40  325–401 337 3.3 108–169 125 3.4 54–140 91 2.6

a Elemental response factor, peak area per nanogram of element injected.
b Minimum and maximum values of the ERFs for the 12 compounds (1-pentanethiol, 1-octanethiol, 1-nonanethiol, 1-undecanethiol, 1-tetradecanethiol, 1-
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entadecanethiol, ethyl disulfide, dipropyl disulfide, dibutyl disulfide, cyclopentane
c Average of the ERFs for the 12compounds.
d Relative standard deviation of the ERFs for the 12 compounds.

nly if the chromatograms in the carbon and the element’s chan-
els were recorded simultaneously, and the selectivity was  rather
igh, so the presence of other elements did not affect the signals for
arbon and the other element. Owing to the low sensitivity of AED
or oxygen calibration on this element was not extensively stud-
ed; calculations were, however, performed where possible using
he CIC module of the instrument.

.  Results and discussion

.1.  Column flow conditions

The  relationship between elemental response factor (ERF, peak
rea per nanogram of element injected) [25] and column pressure
as studied in this work. Constant column head pressure of 20,

0, and 40 psi were investigated. Table 1 showed the results from
hese experiments for three detection wavelengths. For each col-
mn head pressure and detection wavelength studied, the ERFs
or the compounds were generally consistent, with relative stan-
ard deviations (RSDs) of 5% or less, except for the element of
ydrogen (20 psi) where RSD values increased to 16%. This indi-
ated that the AED response was independent of the compound
tructure under these conditions except for hydrogen at low pres-
ure. ERF values did, however, depend on the column pressure
sed. The lowest average ERF was observed with a pressure of
0 psi for all three elements considered. Increasing the pressure
o 30 psi caused an increase in the average ERF for each ele-

ent. This was likely due to a small increase in the residence
ime of each element in the plasma. However, when the pressure
as increased to 40 psi, the average was decreased. This effect
as probably due to both a decrease in peak width (i.e., more

esponse per unit time) and a change in the compound inter-
ctions within the plasma [26,27]. Therefore, it was extremely
mportant when data from different experiments were compared
o ensure that all were collected at the same column head pres-
ure.

.2. Effect of analyte concentration

Inter-element  response factor ratios were determined using six
mines compounds, alkyl chains with 5, 7, 9, 11, 13 and 14 carbon
toms and six sulfur-containing compounds, alkyl chains with 5, 8,
, 11, 14 and 15 carbon atoms, for amounts in the range 5–100 ng
f compound injected.

To  assess the effect of concentration on response factors, linear

egression curves for each inter-element ratio (C/H, C/N and C/S)
ersus analyte concentration were plotted for each compound and
he resulting slope values were compared with a null slope P0 = 0
which should be observed if concentration had no effect) using
 thioanisole and 1,2-benzenedithiol).

Student’s  t-test [28]. Experimental t values are calculated according
to the formula:

t  = p − p0

SEp
,

where P was  the experimental slope for the analyte of interest, P0
was  the null slope (P0 = 0), and SEp was  the standard error associated
with the experimental slope P. The values reported in Table 2, were
compared with reference t values for a level of confidence of 95%
(P < 0.05) to verify a significant deviation between P and P0.

These results showed that C/N and C/S response factors signif-
icantly depended on analyte concentration. On the other hand, no
significant dependence on C/H ratio was observed. More generally,
the effect of concentration was more pronounced for the nitrogen
and sulfur lines, for which concentrations were more important.
This was probably because of an increase in the amount in the
plasma, leading to loss of energy owing to extensive chemical
interactions between nitrogen or sulfur compounds and walls of
the discharge tube. Such interactions had previously been invoked
as being responsible for poor determinations of C/F ratios [29].
Another possibility was  that larger amounts of molecules eluted
in the plasma result in reduced atomisation yields, and thus to a
lower AED signal [17,30].

Molecular  formula for 1-octanethiol at 11 �g mL−1 were
obtained using as reference the same compound at different
concentrations (Table 3). It seemed that the percent deviations
between theoretical and calculated atoms for 1-octanethiol were
carbon, 0–5%; hydrogen, 0–5.3%; and sulfur, 0–6.1%, when the
concentration of the reference compound was close to that
of the ‘unknown’ compound. When concentration increased
to 55 �g mL−1, however, deviations could increase to 15% for
carbon-number determination. These results were evidence of the
importance of using reference compounds at comparable element
concentration to those of the compounds being characterised, to
obtain better accuracy. In practice, as far as we known, the size
of the peak was  proportional to the concentration of the analyte.
By comparing the areas of the chromatographic peaks for both the
sample and a standard containing a known concentration of the
analyte, we  could evaluate the concentration of the analyte in the
sample.

3.3. Effect of molecular weight

The  effect of molecular weight (MW)  on inter-element response
factor ratios was also studied for six amines compounds, alkyl
chains with 5, 7, 9, 11, 13 and 14 carbon atoms and six sulfur-
containing compounds, alkyl chains with 5, 8, 9, 11, 14 and 15

carbon atoms.

Average C/H, C/N, and C/S response factor ratios resulting from
triplicate injections of nitrogen-and sulfur-containing compounds
solutions with different element concentrations were calculated
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Table 2
Experimental values of t indicating the dependence of C/H, C/N, and C/S ratios on analyte concentration.

Amines (t = 2.26)

C5 C7 C9 C11 C13 C14

t value for C/H ratio determination 0.43 0.34 0.96 0.80 1.06 1.59
t value for C/N ratio determination 2.29* 2.70* 3.33* 4.58* 6.32* 7.45*

Thiols (t = 2.18)

C5 C8 C9 C11 C14 C15

t value for C/H ratio determination 0.69 0.13 0.75 1.12 1.15 2.23*

t value for C/S ratio determination 8.48* 9.3* 10.4* 11.0* 10.7* 10.3*

* P < 0.05 – see text for details.

Table 3
CIC  calculations for 1-Octanethiol using the compound itself as reference.

Concentration (�g mL−1) Number of C Da % Number of H D% Number of S D%

1-Octanethiol 5.5 8.3 3.8 18 3.0 0.97 2.8
C8H18S 11 8.0 0 18 0 1.0 0

22 8.4 5 19 5.3 0.94 6.1
1

hiol.
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that retention time was  at least partly correlated to MW.  Alterna-
tively, GC–MS detection might be used in parallel to afford useful
MW data.
55 9.2 

a The percent deviations between theoretical and calculated atoms for 1-octanet

or each compound (Table 4). The results showed a decrease of
/S inter-element response factor ratio with increasing MW,  but
evealed that C/H response factor ratio and C/N response factor are
ndependent of MW.  The effect of MW on C/S response factor ratio

ight be partly explained by increased tailing of the sulfur peak
or high molecular mass compounds leading to lower accuracy of
ntegration and probably loss of sensitivity or an incomplete frag-

entation of high molecular weight compounds inside the plasma.
Thus, to further illustrate the effect of MW on C/S response fac-

or ratios, the formulae of three volatile sulfur compounds, ethyl
isulfide, dipropyl disulfide and dibutyl disulfide were determined,
sing as references six thiols, alkyl chains with 5, 8, 9, 11, 14 and 15
arbon atoms, respectively. The results confirmed that references
ith close MW should be used for partial accurate determination of

ulfur-containing compounds. Fig. 1 showed the percent deviation
f calculated vs. actual number of carbon atoms in the raw for-
ula, plotted versus the difference between the MW between each

hiol and the reference compound chosen for calibration. This plot
ave evidence of significant variation in carbon number accuracy

epending on the MW of reference compound. It might, however,
e noted that using a lighter compound as calibration reference
sually yields acceptable results whereas heavier compounds gave
ise to large errors.

able 4
ffect  of molecular weights on inter-element response factors.

Inter-elements
response factors

Amines Raw-formula Mw C/H C/N

1-Pentylamine C5H13N 87 2.35 45.6
Heptylamine C7H17N 115 2.47 40.5
Nonylamine C9H21N 143 2.41 47.7
n-Undecylamine C11H25N 171 2.66 43.8
Tridecylamine C13H29N 199 2.81 46.1
Tetradecylamine C14H31N 213 2.77 44.7

Thiols Raw-formula Mw C/H C/S

1-Pentanethiol C5H12S 104 2.63 7.10
1-Octanethiol C8H18S 146 2.96 5.15
1-Nonanethiol C9H20S 160 2.87 4.86
1-Undecanethiol C11H24S 188 2.45 3.92
1-Tetradecanethiol C14H30S 230 2.87 2.45
1-Pentadecanethiol C15H32S 244 2.78 2.28
5 20 13 1.1 11

3.4. Applications

Alkaloid was  generally acknowledged to be the principal agent
motivating tobacco smoking and the main impediment to cessation
[31]. Volatile sulfur compounds (VSC) exhibited in general intense
smelling properties due to their extremely low odour thresholds
[32]. Depending on their levels in beverages and foods, they con-
tributed favourably to the aroma or to off-flavour. Thus, after this
series of systematic investigations, we  attempted to determine, by
GC–AED analysis, the raw formulae of two  alkaloid agents (myos-
mine and anabasine) and the aliphatic and aromatic VSCs (ethyl
disulfide, dipropyl disulfide, dibutyl disulfide, cyclopentanethiol,
thioanisole and 1,2-benzenedithiol).

In  practice, when analysing unknown chemicals for which, by
definition, molecular weight was unknown, retention time could be
use as an alternative property for selecting a reference, assuming
Fig. 1. Percent deviation in experimental carbon number values versus difference
between  the molecular weight of the interest of volatile sulfur compounds and that
of the thiols with the different alkyl chains used as reference (all chemicals injected
as  11 �g mL−1 solutions in tert-butyl methyl ether).
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Fig. 2. GC-AED chromatograms obtained after injection of (A) five members of the thiol
1,2-benzenedithiol (each 22 �g mL−1 in tert-butyl methyl ether). Dashed lines indicate th

Table 5
Empirical formula determination for the interest compounds.

Compound Reference Raw formula Calculated formula

Ethyl disulfide 1-Pentanethiol C4H10S2 C4.2H10.3S2.07

Dipropyl disulfide 1-Octanethiol C6H14S2 C5.8H14.4S2.08

Dibutyl disulfide 1-Undecanethiol C8H18S2 C8.2H19S2.1

Cyclopentanethiol 1-Pentanethiol C5H10S C5.2H10.4S1.06

1,2-Benzenedithiol 1-Octanethiol C6H6S2 C6.3H6.5S2.1

t
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Myosmine Nonylamine C9H10N2 C9.3H10.4N2.06

Anabasine n-Undecylamine C10H14N2 C10.5H13.4N2.08

In this experiment, formula calculation was performed with
he CIC module, using as reference the thiols with the retention
ime closest to that of the interest being characterised (Fig. 2).
he theoretical and calculated formula were shown in Table 5.
he results showed relatively low deviation for carbon (2.5–5%),
ydrogen (2.9–5.6%), nitrogen (less than 4%) and sulfur (less than
%). This also indicated that calibration should be performed with

 compound of similar concentration level and with a comparable
ass or a retention time comparable with that of the unknown ana-

yte being characterised, even those with very different molecular
tructures.

. Conclusions

Extensive study of AED response in GC–AED analysis of amines,

hiols, and other interest compounds, under different conditions,
nabled assessment of the effect of GC column head pressure, sam-
le concentration, and analyte molecular mass on inter-element
esponse factor ratio. The column head pressure had a pronounced
s series, (B) dipropyl disulfide, (C) dibutyl disulfide, (D) cyclopentanethiol and (E)
e reference compound chosen for calibration of each analyte of interest.

effect  on the AED ERF. Concentration and molecular mass of
the analyte seemed to be prominent factors determining the
compound-dependence of AED response. Variations of element
response factors might be correlated both with chromatographic
phenomena and with alteration of the atomisation process.

After  this series of systematic investigations, the main con-
clusion drawn from these results was that calibration should be
performed with a compound of similar concentration level and
with a comparable mass or, when this could not be achieved, a
retention time comparable with that of the unknown analyte being
characterised. The proposed strategy was  to use a mixture of refer-
ence compounds at appropriate concentrations covering the whole
chromatogram, from which could be extracted the most suitable
compound for calibration of an unknown analyte.
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