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Determination of aldehydes and ketones using derivatization with
2,4-dinitrophenylhydrazine and liquid chromatography–atmospheric

pressure photoionization-mass spectrometry
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Abstract

Atmospheric pressure photoionization-mass spectrometry (APPI-MS) is used for the analysis of aldehydes and ketones after derivatization
with 2,4-dinitrophenylhydrazine (DNPH) and liquid chromatographic separation. In the negative ion mode, the [M − H]− pseudomolecular
ions are most abundant for the carbonyls. Compared with the established atmospheric pressure chemical ionization (APCI)-MS, limits of
detection are typically lower using similar conditions. Automobile exhaust and cigarette exhaust samples were analyzed with APPI-MS and
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PCI-MS in combination with an ion trap mass analyzer. Due to improved limits of detection, more of the less abundant long-chain
re detected with APPI-MS in real samples. While 2,4-dinitrophenylazide, a known reaction product of DNPH with nitrogen di
etected in APCI-MS due to dissociative electron capture, it is not observed at all in APPI-MS.
2004 Elsevier B.V. All rights reserved.
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. Introduction

The analysis of aldehydes and ketones in air samples is
n important task in the fields of occupational medicine and
tmospheric chemistry. Due to their reactivity, a stabilization
f the carbonyls prior to analysis is advantageous. Therefore,
large number of derivatization reagents for aldehydes has

een introduced in the last decades. Many of these use an
romatic hydrazine group, which reacts with aldehydes and
etones in acidic media under formation of the respective hy-
razones[1]. 2,4-Dinitrophenylhydrazine (DNPH) is known

or this purpose since more than 20 years[2–4] and has be-
ome the most popular reagent for the analysis of aldehydes.
fter derivatization (seeScheme 1), the hydrazones are sepa-

ated by reversed-phase liquid chromatography and detection
s performed by UV–vis absorption spectroscopy. Due to its
ood performance for the analysis of liquid and gas phase
amples, the DNPH method has been introduced as national
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and international standard method by several standardiz
bodies[5–7]. As the resolving power of liquid chromatog
phy is limited for the DNPH derivatives and as the num
of carbonyl compounds is strongly increasing with incre
ing alkyl chainlength, UV–vis detection is not sufficient
the analysis of DNPH derivatives of higher aldehydes
ketones with four or more carbon atoms[8]. Furthermore
problems are described for the analysis of formaldehyd
the presence of ozone[9,10] or nitrogen dioxide[11], as po
tentially coeluting compounds are formed. Recently, it
found out that the analysis of unsaturated aldehydes in th
phase may be accompanied by interferences, when a
excess of reagent is still present after sampling and w
strongly acidic pH is used[12].

Mass spectrometric detection of the hydrazones by
ing atmospheric pressure chemical ionization (APCI) in
negative ion mode was introduced in 1998 by Oehme
coworkers[13]. They used an ion trap mass spectrometer
investigated the fragmentation pathways of reference
pounds. Soon thereafter, other groups adapted this m
to investigate various types of air samples[14–16]. Oehme
021-9673/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2004.08.149



108 S.M. van Leeuwen et al. / J. Chromatogr. A 1058 (2004) 107–112

Scheme 1. Derivatization of carbonyls with 2,4-dinitrophenylhydrazine.

and coworkers later refined their method with respect to frag-
mentation pathways[17] and quantitative aspects[18]. Van
den Bergh et al.[19,20] applied the method to study oxi-
dation products formed in the reaction between alpha- and
beta-pinene and OH radicals. Manini and coworkers[21]
determined patterns of biologically relevant aldehydes, e.g.,
acrolein or 4-hydroxynonenal, in exhaled breath using DNPH
derivatization and LC with tandem mass spectrometric detec-
tion. Richardson et al.[22] and Zwiener et al.[23] determined
aldehydes by LC–MS in ozonated drinking waters and out-
door swimming pools after chlorination, respectively.

Four years ago, Bruins and coworkers introduced atmo-
spheric pressure photoionization (APPI), a new method for
the analysis of non-polar analytes by LC–MS[24]. A vacuum
ultraviolet (VUV) lamp is used as source of photons with an
energy of approximately 10 eV. A dopant is added to obtain a
great abundance of dopant photoions, which then react with
the analytes. The ion source is similar to an APCI source,
with the major difference that the corona discharge needle is
replaced by a VUV lamp. The method has rapidly become
commercially available for the state-of-the-art instruments of
most major LC–MS manufacturers, and has already been cov-
ered in recent reviews[25,26]. The number of publications
in this field is therefore increasing rapidly, with some pa-
pers being devoted to fundamental investigations, e.g., about
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LC–MS grade, purchased from Biosolve Ltd. (Valkenswaard,
The Netherlands). DNPH coated sampling cartridges were
purchased from Supelco (Bellefonte, PA, USA).

2.2. Instrumentation

For the LC–MS setup, an Agilent Technologies (Wald-
bronn, Germany) HP1100 liquid chromatograph consisting
of binary gradient pump model G1312A, autosampler model
G1313A and diode array detector model G1315B was cou-
pled to an Esquire 3000plusion trap mass spectrometer from
Bruker Daltonics (Bremen, Germany), equipped with Agi-
lent/Syagen Photomate® atmospheric pressure photoioniza-
tion source and atmospheric pressure chemical ionization
source. Equipment for active air sampling was a Buck I.H.
Pump (Supelco), connected to a DC-Lite DryCal® flow cal-
ibrator (Supelco).

2.3. Air sampling

Car exhaust samples were obtained by active sampling
over a DNPH coated silica gel cartridge. Sampling was per-
formed in a distance of 5 cm behind the exhaust pipes of the
car. Sample volumes were approximately 3 L for car 1 (diesel
fuelled) and car 2 (regular fuelled). For car 3 (regular fuelled)
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egative ion-APPI-MS[27], solvent[28] or dopant[29,30]
ffects. Most papers in this field, however, focus on n
pplications for the analysis of analytes with low pola
.g., flavonoids[31], anabolic steroids[32], idoxifene and it
etabolites[33], hydrophobic peptides[34] and even poly

yclic aromatic hydrocarbons[35]. However, nitroaromatic
ave not been studied by APPI-MS yet, and the DNPH de

ives are particularly interesting because of their broad a
ation and the established use of APCI-MS for their anal
or this reason, a method for the determination of aldeh
ased on DNPH derivatization, LC separation and APPI
etection has been developed. The results are compare

hose obtained with APCI-MS detection.

. Experimental section

.1. Chemicals

DNP hydrazone standards (DNPH derivatives
ormaldehde, acetaldehyde, acrolein, 2-butanonep-
olualdehyde and 1-hexanal) were synthesized acco
o [8]. Solvents for LC were acetonitrile and water, b
t was about 4 L. A flow rate of 1 L/min was applied for
ampling experiments. Cigarette smoke samples wer
ained by water jet pump-assisted smoking of filter cigar
ver two cartridges, one for sampling and one as back
ontrol possible breakthroughs of the analytes. Due to
ethodology, the exact sample volume could not be d
ined. The cigarettes were burnt down completely unti

lter.
The sample loaded cartridges were eluted with 10 m

cetonitrile. This solution was directly injected into the HP
ystem.

.4. Analysis

Separations of the standard compounds were perfo
n column I, a Discovery® C18 column of 150 mm× 3 mm
nd 5�m particle size with a 2 cm× 3 mm precolumn of th
ame packing material (Supelco). The samples from aut
ile exhaust and cigarette smoke were separated on co

I, which is based on LiChrospher RP-18 ec material (Me
armstadt, Germany) in ChromCart cartridges (Mache
agel, D̈uren, Germany) with dimensions of 200 mm×3 mm
nd 5�m particle size. The respective gradients for colu
and II are shown inTable 1, where solvent A is water an
olvent B is acetonitrile. Flow rates for both columns w
.5 mL/min and injection volumes were 10�L in all cases
or all measurements, both for the standards as well a

he samples, triple injections were made. Limits of detec
nd quantification are based on an estimation of S/N = 3 and
0, respectively, calculated from the chromatogram trac

he respective concentration range.
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Table 1
Gradient profiles used for the separation of the DNPH derivatives

Column I Column II

Time (min) 0 0.5 11.0 12.0 12.5 16.0 16.5 21.0 0 1.5 7.5 10 13.5 14.5 20.0
Concentration B (%) 60 60 75 75 100 100 60 Stop 49 49 65 80 80 49 Stop

Mass spectra were recorded in the full scan mode, scan-
ning fromm/z= 50 to 350. The detector was employed in the
negative ion mode, and the ion count cumulative target for
the ion trap mass analyzer was 5000, with a maximum ac-
cumulation time of 200 ms. Ion source parameters were 0 V
on the transfer capillary, 65 psi nebulizer gas of 250◦C and
3.0 L/min of drying gas with a temperature of 225◦C. In case
where the APCI source was employed, a current of 2000 nA
was applied to the corona. All other parameters were the same
for APPI and APCI.

3. Results and discussion

First investigations showed already that the DNPH deriva-
tives can be detected well using LC–APPI-MS without
dopant. As in case of APCI-MS, the most abundant ion for
the derivatives is the [M − H]− pseudomolecular ion in the
negative ion mode. An APPI(−) mass spectrum of the acet-
aldehyde DNPH derivative is presented inFig. 1. The [M −
H]− peak with anm/z= 223 is observed with highest intensity,
and without consideration of quantitative aspects, the mass
spectrum is identical to that obtained with APCI-MS. Kosti-
ainen and coworkers[27] reported deprotonation as well as
electron capture as typical ionization mechanisms for nega-
t sev-
e is
s ed in
t cess
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t rved
d ,

F de.

non-dissociative electron capture was observed, and depro-
tonation occured frequently for analytes with lower electron
affinity [27]. The findings observed in this study cannot be
explained with these data, as the absence of dopant should
not lead to ionization of the analytes. For the case of acetoni-
trile in positive ion photoionization, the group of Traldi[28]
describes possible acetonitrile rearrangements after photoex-
citation. For the species they assumed to be the most reason-
able photoionization product of acetonitrile, no protonating
action can be invoked, since it is an odd-electron molecular
ion. Owing to this fact, they argue, this ion has a considerable
proton affinity and could therefore, in the positive ion mode,
react with neutral acetonitrile to produce protonated species.
In the negative ion mode, as exploited in the present study,
this photoexcitated acetonitrile species could possibly act as
deprotonating agent for the DNP hydrazones. However, addi-
tional work is required to investigate the exact mechanism(s)
of APPI with and without dopant.

The instrumental parameters were optimized in the fol-
lowing for both APPI-MS and APCI-MS to allow a fair com-
parison between the two techniques. It turned out that most
instrumental parameters have identical optimum values for
both ion sources. This is not surprising, because the setups of
the ion sources are identical, with the only exception that the
VUV lamp replaces the corona discharge needle. Preliminary
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ive ion APPI, using toluene as dopant. They analyzed
ral model compounds, includingp-dinitrobenzene, which
imilar to the analytes used in our study. The data obtain
hat study support the assumption that the ionization pro
s initiated by thermal electrons formed in the photoion
ion of toluene. A series of further reactions is then obse
epending on the individual analytes. Forp-dinitrobenzene

ig. 1. APPI(−) mass spectrum of the DNPH derivative of acetaldehy
esults on other groups of compounds indicate, in com
on to available literature data that the need for a dopan
e strongly dependent on the model of the APPI source

The separation of the DNP hydrazones was carried
ccording to literature descriptions[8] using reversed pha
18 column and a binary gradient of acetonitrile and wa
he instrumental limits of detection were determined f
eries of derivatives of compounds, which are either of
ial relevance or represent interesting groups of carbony
liphatics, unsaturated compounds or aromatics. It is
us fromTable 2that the limits of detection and the lim
f quantification are in all cases better for APPI-MS w
ompared with APCI-MS. The differences vary with the
ividual compounds and range from a factor of 1.2–8.
ost compounds, the limits of detection are between 2.9
.8 nmol/L, with formaldehyde reaching only 24 nmol/L. T

inear ranges of the substances on the used ion trap in
ent cover two decades of concentration when using A
S and at least three decades for APCI-MS. The correl

oefficient for the calibration function is good in both ca
ith slight advantages for APCI-MS.
Oehme et al. have discussed the fragmentation sch

f the DNPH derivatives using APCI(−) in detail[13,17,18].
or the substances investigated with APPI-MS in this w
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Table 2
Analytical figures of merit for selected standard compounds obtained with APPI-MS and APCI-MS

APPI APCI

LOD (×10−9 M) LOQ (×10−9 M) R LOD (×10−9 M) LOQ (×10−9 M) R

Formaldehyde 24 80 0.986 70 234 0.998
Acetaldehyde 8.8 29 0.993 73 244 0.996
Acrolein 3.9 13 0.991 12 41 0.998
2-Butanone 4.3 14 0.989 5.3 18 0.995
p-Tolualdehyde 2.9 9.7 0.995 8.7 29 >0.999
1-Hexanal 3.7 12 0.993 5.8 19 >0.999

the fragmentation pathways were identical. In principle,
the compounds, which were observed in APCI-MS could
also be detected in APPI-MS. As major exception, 2,4-
dinitrophenylazide (DNPA), the reaction product of DNPH
with nitrogen dioxide (seeScheme 2) is not observed at all
in APPI-MS. This compound has recently been investigated
by APCI-MS, and it was detected after dissociative electron
capture as [M − N2]− at anm/z= 181[36]. The [M]− or [M
− H]− peaks are not observed at all. As explained before,
no thermal electrons should be produced without the use of
a dopant. Therefore, this ionization mechanism of electron
capture should not occur in the APPI-MS interface. Ioniza-
tion via deprotonation as described for the DNP hydrazones
can be excluded for the DNPA, due to the fact that DNPA
is likely to have a higher proton affinity than the deproto-
nating solvent species, because only protons at an aromatic
ring could possibly be abstracted. This may explain why no
ionization is obtained at all for this analyte. The lack of ion-
ization can be considered as an advantage, as interferences by
this compound in mass spectrometric analysis are therefore
not possible. On the other hand, the degree of information,
which can be obtained, is reduced, and the possibility to de-
termine nitrogen dioxide besides the hydrazones is excluded
as well.

After characterization of the system, real samples from
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Fig. 2. LC–APPI(−)-MS chromatograms and UV trace of the analysis of a
car exhaust sample, including the mass traces of DNPH, DNPA and the 2,4-
dinitrophenylhydrazones of formaldehyde (FA), acetaldehyde (AA), acetone
(Ac), propanol (Pr) and benzaldehyde (Bz).

In Figs. 2 and 3, the chromatogram of an automobile ex-
haust sample of a car applying regular fuel is presented using
APPI-MS (Fig. 2) and APCI-MS (Fig. 3). In the total ion cur-
rent as well as in the UV–vis detector trace at 365 nm, only
few peaks are observed inFig. 2. It should be noted that the
time delay between the UV trace and the MS traces ofFig. 2
is due to using the detectors in sequence with a transfer line,
which provides a delay of a few seconds. The concentration of
formaldehyde, acetaldehyde and the saturated C3 carbonyls
(acetone, propanal) in the exhaust sample is very high, but

Fig. 3. LC–APCI(−)-MS chromatograms of the analysis of a car exhaust
s

ifferent sources were analyzed with the goal to compar
uitability of APPI-MS with APCI-MS concerning the d
ection of trace compounds in highly contaminated sam
or this purpose, automobile exhaust and cigarette s
ere selected. Sampling was carried out using comme
artridges, which contain DNPH-coated silica gel with
ackground of the aldehydes. Two cartidges were use
ach sample, one for quantification and one to control
ible breakthroughs of the analytes, which are most like
ccur in case of high analyte concentrations and high
ates during sampling. It should also be considered that
cally hindered ketones often react slower with DNPH t
ldehydes, thus increasing the likelihood of a breakthro

Scheme 2. Derivatization of NO2 with 2,4-dinitrophenylhydrazine.
 ample. For abbreviations, seeFig. 2.
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Table 3
List of carbonyls detected with S/N≥ 3 in the automobile exhaust and cigarette smoke samples

DNPA A B C D E

Diesel APPI – C1–C6 C1–C2 C3–C6 C7–C8 C8

APCI × C1–C3 C1 C3 – –

Regular fuel 1 APPI – C1–C6 C1–C2 C3–C7 C7–C8 C8

APCI × C1–C6 C1 C3–C7 C7–C8 C8

Regular fuel 2 APPI – C1–C6 C1–C3 C3–C7 C7–C8 C8

APCI × C1–C6 C1–C2 C3–C7 C7–C8 C8

Cigarette APPI – C1–C7 C1–C5 C3, C5 – –
APCI × C2–C5 C1, C3–C4 C3, C5 – –

A: saturated, not alicyclic; B: saturated hydroxycarbonyls or carboxylic acids; C: one double bond or saturated ring; D: aromatic; E: phenolic.

the later part of the chromatogram with many smaller peaks
clearly confirms that only MS detection will provide useful
information on the concentration of the higher aldehydes.
The most obvious difference between the two figures is the
mass trace ofm/z= 181 for DNPA, which shows, due to the
different ionization mechanism as explained above, a peak
for APCI-MS, but not for APPI-MS. For the derivatives of
the saturated carbonyls with a C3 alkyl chain, the S/N for the
first peak (acetone) is similar in both figures, while the second
peak (propanal) can hardly be detected with APCI-MS, but
is clearly observed in APPI-MS. This finding is in analogy
to the fact that the difference between the limits of detec-
tion for APPI and APCI is quite small for ketones (compare
with butanone,Table 2), while it is much larger for the lower
aliphatic aldehydes (acetaldehyde). The effect of APPI-MS
on higher aliphatic aldehydes like 1-hexanal (Table 2) is quite
low. As an example for a less abundant compound, which is
known to occur in exhaust samples, benzaldehyde withm/z=
285 was selected. The comparison between the two respec-
tive mass traces inFigs. 2 and 3also confirms the findings
stated inTable 2for aromatics (p-tolualdehyde) that the limits
of detection are lower for APPI-MS.

As different groups of carbonyls were studied by APCI-
MS in earlier work of Oehme and coworkers[13], this inves-
tigation was extended to find out, which members of which
o a S/N
≥ S,
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were carried out[37–39]. It was shown in these publications
that the derivatization takes place slowly, indicating that un-
der the typical conditions for air sampling of aldehydes, only
an extremely low derivatization yield can be expected. This
might, in combination with the short retention times of these
highly polar compounds, be the reason why no attention was
paid yet to possible interferences of the derivatives of the car-
boxylic acids on the determination of the aldehydes and ke-
tones. However, for the actual air sampling conditions, it is not
likely to have a high derivatization yield of carboxylic acids.
Therefore, it is most likely that the observed peaks in the sam-
ple chromatograms, belonging to group B (Table 3), are the
respective hydroxycarbonyls and not the carboxylic acids.

4. Conclusions

Dopant-free APPI-MS has shown to be an attractive alter-
native to APCI-MS, as the limits of detection typically are
slightly lower and more different carbonyls can be detected
at low levels in real samples from automobile exhaust and
cigarette smoke. As no dopant is required, the technical ef-
fort for both methods is identical and routine analysis with
APPI-MS in well possible. As could be expected, DNPA,
which is ionized by dissociative electron capture in APCI-
M nly
s e (of
s cor-
r

A

voor
W ther-
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00)
f these groups can be detected in the real samples with
3. While DNPA is detected in all samples using APCI-M

t is not detected at all in APPI-MS as explained above.
he other groups of carbonyls, APPI-MS allows to dete
east the same number of species in all cases. Often, s
cantly more carbonyl compounds are detected when u
PPI-MS.
One unusual group of carbonyls mentioned inTable 3

s the group of carboxylic acids, which is not routin
etermined using the DNPH method. Recent LC–MS
estigations by Oehme and coworkers[13] had alread
ndicated that hydroxylated carbonyls and/or carboxylic a
re derivatized. Although no dedicated reports on the

ermination of carboxylic acids via derivatization with 2
initrophenylhydrazine have been published, studies on
nalysis after derivatization with the strongly related
itrophenylhydrazine prior to UV–vis and/or MS analy
S, is not detected at all in APPI-MS. At this stage, the o
light drawbacks of APPI-MS are a reduced linear rang
till two decades of concentration) and a slightly higher
elation coefficient of the calibration.
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