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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 modi& +thd][ 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
APCI-MS in combination with an ion trap mass analyzer. Due to improved limits of detection, more of the less abundant long-chain carbonyls
are detected with APPI-MS in real samples. While 2,4-dinitrophenylazide, a known reaction product of DNPH with nitrogen dioxide, is
detected 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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1. Introduction and international standard method by several standardization
bodies[5—7]. As the resolving power of liquid chromatogra-
The analysis of aldehydes and ketones in air samples isphy is limited for the DNPH derivatives and as the number
an important task in the fields of occupational medicine and of carbonyl compounds is strongly increasing with increas-
atmospheric chemistry. Due to their reactivity, a stabilization ing alkyl chainlength, UV—vis detection is not sufficient for
of the carbonyls prior to analysis is advantageous. Therefore,the analysis of DNPH derivatives of higher aldehydes and
a large number of derivatization reagents for aldehydes hasketones with four or more carbon atorf@j. Furthermore,
been introduced in the last decades. Many of these use arproblems are described for the analysis of formaldehyde in
aromatic hydrazine group, which reacts with aldehydes andthe presence of 0zorj@,10] or nitrogen dioxidg11], as po-
ketones in acidic media under formation of the respective hy- tentially coeluting compounds are formed. Recently, it was
drazonegl]. 2,4-Dinitrophenylhydrazine (DNPH) is known  found out that the analysis of unsaturated aldehydes in the gas
for this purpose since more than 20 yeg¥s4] and has be-  phase may be accompanied by interferences, when a large
come the most popular reagent for the analysis of aldehydesexcess of reagent is still present after sampling and when
After derivatization (se8cheme }, the hydrazones are sepa- strongly acidic pH is usefl 2].
rated by reversed-phase liquid chromatography and detection Mass spectrometric detection of the hydrazones by us-
is performed by UV-vis absorption spectroscopy. Due to its ing atmospheric pressure chemical ionization (APCI) in the
good performance for the analysis of liquid and gas phasenegative ion mode was introduced in 1998 by Oehme and
samples, the DNPH method has been introduced as nationatoworkerq13]. They used anion trap mass spectrometer and
investigated the fragmentation pathways of reference com-
* Corresponding author. Tel.: +31 53 489 2983; fax: +31 53 480 4645, Pounds. Soon thereafter, other groups adapted this method
E-mail addressu.karst@utwente.nl (U. Karst). to investigate various types of air samp|éd—16] Oehme
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LC-MS grade, purchased from Biosolve Ltd. (Valkenswaard,
Fak The Netherlands). DNPH coated sampling cartridges were
°2NQN\ + °=° _—Ho’ °2N—Q \, Rz purchased from Supelco (Bellefonte, PA, USA).
0,
2.2. Instrumentation

Scheme 1. Derivatization of carbonyls with 2,4-dinitrophenylhydrazine.
For the LC-MS setup, an Agilent Technologies (Wald-
bronn, Germany) HP1100 liquid chromatograph consisting
and coworkers later refined their method with respect to frag- of binary gradient pump model G1312A, autosampler model
mentation pathwaygl 7] and quantitative aspecf8]. Van G1313A and diode array detector model G1315B was cou-
den Bergh et al[19,20] applied the method to study oxi-  pled to an Esquire 30@Qusion trap mass spectrometer from
dation products formed in the reaction between alpha- andBruker Daltonics (Bremen, Germany), equipped with Agi-
beta-pinene and OH radicals. Manini and coworkiek| lent/Syagen Photomateatmospheric pressure photoioniza-
determined patterns of biologically relevant aldehydes, e.g., tion source and atmospheric pressure chemical ionization
acrolein or 4-hydroxynonenal, in exhaled breath using DNPH soyrce. Equipment for active air sampling was a Buck I.H.

derivatization and LC with tandem mass spectrometric detec- pymp (Supelco), connected to a DC-Lite DryE#ébw cal-
tion. Richardson et gl22] and Zwiener et a[23] determined ibrator (Supelco).

aldehydes by LC-MS in ozonated drinking waters and out-
door swimming pools after chlorination, respectively. 2.3. Air sampling

Four years ago, Bruins and coworkers introduced atmo-
spheric pressure photoionization (APPI), a new method for  Car exhaust samples were obtained by active sampling
the analysis of non-polar analytes by LC-|28]. Avacuum  over a DNPH coated silica gel cartridge. Sampling was per-
ultraviolet (VUV) lamp is used as source of photons with an formed in a distance of 5 cm behind the exhaust pipes of the
energy of approximately 10 eV. A dopant is added to obtain a car. Sample volumes were approximately 3 L for car 1 (diesel
great abundance of dopant photoions, which then react withfyelled) and car 2 (regular fuelled). For car 3 (regular fuelled)
the analytes. The ion source is similar to an APCI source, jt was about 4L. A flow rate of 1 L/min was app“ed for all
with the ma.jor difference that the corona diSCharge needle iSSamp”ng experiments_ Cigarette smoke Samp|es were ob-
replaced by a VUV lamp. The method has rapidly become tajined by water jet pump-assisted smoking of filter cigarettes
Commercially available for the state-of-the-art instruments of over two cartridges, one for sampling and one as backup to
most major LC-MS manufacturers, and has already been cov-control possible breakthroughs of the analytes. Due to this
ered in recent review{25,26] The number of publications  methodology, the exact sample volume could not be deter-
in this field is therefore increasing rapidly, with some pa- mined. The cigarettes were burnt down completely until the
pers being devoted to fundamental investigations, e.g., aboufijter.
negative ion-APPI-MJ27], solvent[28] or dopant{29,30] The sample loaded cartridges were eluted with 10 mL of

effects. Most papers in this field, however, focus on novel gcetonitrile. This solution was directly injected into the HPLC
applications for the analysis of analytes with low polarity, system.

e.g., flavonoid$31], anabolic steroid32], idoxifene and its

metabolited33], hydrophobic peptide84] and even poly- 2.4. Analysis

cyclic aromatic hydrocarbori85]. However, nitroaromatics

have notbeen studied by APPI-MS yet, andthe DNPH deriva-  Separations of the standard compounds were performed
tives are particularly interesting because of their broad appli- on column 1, a Discovef§ C1g column of 150 mmx 3 mm
cation and the established use of APCI-MS for their analySiS. and 5Mm partide size with a2 cnx 3mm preco]umn of the

For this reason, a method for the determination of aldehydeSSame packing material (Supe|co)_ The Samp|es from automo-
based on DNPH derivatization, LC separation and APPI-MS pjle exhaust and cigarette smoke were separated on column
detection has been developed. The results are compared withy which is based on LiChrospher RP-18 ec material (Merck,
those obtained with APCI-MS detection. Darmstadt, Germany) in ChromCart cartridges (Macherey-
Nagel, Diren, Germany) with dimensions of 200 n18 mm
and 5um particle size. The respective gradients for columns

2. Experimental section | and Il are shown inrable 1 where solvent A is water and
solvent B is acetonitrile. Flow rates for both columns were
2.1. Chemicals 0.5mL/min and injection volumes were il in all cases.

For all measurements, both for the standards as well as for
DNP hydrazone standards (DNPH derivatives of the samples, triple injections were made. Limits of detection
formaldehde, acetaldehyde, acrolein, 2-butanorne, and quantification are based on an estimation Nf-88 and
tolualdehyde and 1-hexanal) were synthesized accordingl0, respectively, calculated from the chromatogram traces in
to [8]. Solvents for LC were acetonitrile and water, both the respective concentration range.
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Table 1
Gradient profiles used for the separation of the DNPH derivatives
Column | Column Il
Time (min) 0 05 110 120 125 160 165 21.0 0 15 75 10 135 145 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-non-dissociative electron capture was observed, and depro-
ning fromm/z=50 to 350. The detector was employed in the tonation occured frequently for analytes with lower electron
negative ion mode, and the ion count cumulative target for affinity [27]. The findings observed in this study cannot be
the ion trap mass analyzer was 5000, with a maximum ac- explained with these data, as the absence of dopant should
cumulation time of 200 ms. lon source parameters were 0V not lead to ionization of the analytes. For the case of acetoni-
on the transfer capillary, 65 psi nebulizer gas of 26Gand trile in positive ion photoionization, the group of Tra[@i8]

3.0 L/min of drying gas with a temperature of 225. In case describes possible acetonitrile rearrangements after photoex-
where the APCI source was employed, a current of 2000 nA citation. For the species they assumed to be the most reason-
was applied to the corona. All other parameters were the sameable photoionization product of acetonitrile, no protonating
for APPl and APCI. 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,
3. Results and discussion react with neutral acetonitrile to produce protonated species.
In the negative ion mode, as exploited in the present study,

First investigations showed already that the DNPH deriva- this photoexcitated acetonitrile species could possibly act as
tives can be detected well using LC-APPI-MS without deprotonating agentforthe DNP hydrazones. However, addi-
dopant. As in case of APCI-MS, the most abundant ion for tional work is required to investigate the exact mechanism(s)
the derivatives is theM — H]~ pseudomolecular ion in the  of APPI with and without dopant.
negative ion mode. An APPK) mass spectrum of the acet- The instrumental parameters were optimized in the fol-
aldehyde DNPH derivative is presentedrig. L The M — lowing for both APPI-MS and APCI-MS to allow a fair com-
H]~ peak with anm/z=223 is observed with highestintensity, parison between the two techniques. It turned out that most
and without consideration of quantitative aspects, the massinstrumental parameters have identical optimum values for
spectrum is identical to that obtained with APCI-MS. Kosti- both ion sources. This is not surprising, because the setups of
ainen and coworkerf27] reported deprotonation as well as the ion sources are identical, with the only exception that the
electron capture as typical ionization mechanisms for nega- VUV lamp replaces the corona discharge needle. Preliminary
tive ion APPI, using toluene as dopant. They analyzed sev-results on other groups of compounds indicate, in compari-
eral model compounds, includipgdinitrobenzene, whichis  son to available literature data that the need for a dopant may
similar to the analytes used in our study. The data obtained inbe strongly dependent on the model of the APPI source.
that study support the assumption that the ionization process The separation of the DNP hydrazones was carried out
is initiated by thermal electrons formed in the photoioniza- according to literature descriptiof8] using reversed phase
tion of toluene. A series of further reactions is then observed Cig column and a binary gradient of acetonitrile and water.
depending on the individual analytes. Fedinitrobenzene,  The instrumental limits of detection were determined for a

series of derivatives of compounds, which are either of spe-
223.1 cial relevance or represent interesting groups of carbonyls as
aliphatics, unsaturated compounds or aromatics. It is obvi-
ous fromTable 2that the limits of detection and the limits
of quantification are in all cases better for APPI-MS when
compared with APCI-MS. The differences vary with the in-
dividual compounds and range from a factor of 1.2—8. For
most compounds, the limits of detection are between 2.9 and
8.8 nmol/L, with formaldehyde reaching only 24 nmol/L. The
linear ranges of the substances on the used ion trap instru-
ment cover two decades of concentration when using APPI-
MS and at least three decades for APCI-MS. The correlation
15121632179 coefficient for the calibration function is good in both cases,

‘ , it et : oo, o with slight advantages for APCI-MS.
80 100 120 140 160 18r$,/z 200 220 240 260 280 Oehme et al. have discussed the fragmentation schemes
of the DNPH derivatives using APCH) in detail[13,17,18]

Fig. 1. APPIE) mass spectrum of the DNPH derivative of acetaldehyde.  For the substances investigated with APPI-MS in this work,

[-1
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Table 2
Analytical figures of merit for selected standard compounds obtained with APPI-MS and APCI-MS

APPI APCI

LOD (x107°M) LOQ (x107°M) R LOD (x107°M) LOQ (x107°M) R
Formaldehyde 24 80 0.986 70 234 .908
Acetaldehyde B 29 0.993 73 244 0996
Acrolein 39 13 0.991 12 41 998
2-Butanone 8 14 0.989 5 18 0995
p-Tolualdehyde .2} 9.7 0.995 87 29 >Q0999
1-Hexanal <14 12 0.993 3 19 >0999
the fragmentation pathways were identical. In principle, UV, 365 nm D[ﬁ H DNFAFA AR j\ Ar B
the compounds, which were observed in APCI-MS could N \ N A
also be detected in APPI-MS. As major exception, 2,4- |T¢ g
dinitrophenylazide (DNPA), the reaction product of DNPH A e A A e

m/z =181

with nitrogen dioxide (se&cheme 2is not observed at all A M A A

in APPI-MS. This compound has recently been investigated ;209

by APCI-MS, and it was detected after dissociative electron = \

capture asyl — No]~ at anm/z=181[36]. The M]~ or [M m/z = 223

— H]~ peaks are not observed at all. As explained before, \

no thermal electrons should be produced without the use of |™*=2% |

a dopant. Therefore, this ionization mechanism of electron = ———

capture should not occur in the APPI-MS interface. loniza- |
tion via deprotonation as described for the DNP hydrazones > 4 a N 10 © “ 16
can be excluded for the DNPA, due to the fact that DNPA t [min]

is likely to have a higher proton affinity than the deproto- _
nating solvent species, because only protons at an aromati¢9- 2. LC-APPIf)-MS chromatograms and UV trace of the analysis of a
ring could possibly be abstracted. This may explain Why no cgr_exhaust sample, including the mass traces of DNPH, DNPA and the 2,4-
A . ) ; dinitrophenylhydrazones of formaldehyde (FA), acetaldehyde (AA), acetone
ionization is obtained at all for this analyte. The lack of ion- (ac) propanol (Pr) and benzaldehyde (Bz).

ization can be considered as an advantage, as interferences by

this compound in mass spectrometric analysis are therefore |n Figs. 2 and 3the chromatogram of an automobile ex-
not possible. On the other hand, the degree of information, haust sample of a car applying regular fuel is presented using
which can be obtained, is reduced, and the possibility to de- APPI-MS (Fig. 2) and APCI-MS Fig. 3). In the total ion cur-
termine nitrogen dioxide besides the hydrazones is excludedrent as well as in the UV-vis detector trace at 365 nm, only
as well. few peaks are observed ig. 2 It should be noted that the
After characterization of the system, real samples from time delay between the UV trace and the MS traceSigf 2
different sources were analyzed with the goal to compare theis due to using the detectors in sequence with a transfer line,
suitability of APPI-MS with APCI-MS concerning the de-  which provides a delay of afew seconds. The concentration of
tection of trace compounds in highly contaminated samples. formaldehyde, acetaldehyde and the saturatedaBbonyls

For this purpose, automobile exhaust and cigarette smoke(acetone, propanal) in the exhaust sample is very high, but
were selected. Sampling was carried out using commercial

cartridges, which contain DNPH-coated silica gel with low

TIC DNPH DNPAFA AA Ag Br Bz
background of the aldehydes. Two cartidges were used for \ ¥
each sample, one for quantification and one to control pos- [mz=1s1
sible breakthroughs of the analytes, which are most likely to |- J
occur in case of high analyte concentrations and high flow |™z=209 |
rates during sampling. It should also be considered that ster-=
ically hindered ketones often react slower with DNPH than — m =22 k
aldehydes, thus increasing the likelihood of a breakthrough. [, 257
m/z = 285
NH,

/ No S Il YRR P i A J
O2N N\ ——25 O,N N3 0 2 4 6 8 10 12 14 16
H t [min]
02 02

Fig. 3. LC-APCI{)-MS chromatograms of the analysis of a car exhaust
Scheme 2. Derivatization of NQwith 2,4-dinitrophenylhydrazine. sample. For abbreviations, sEig. 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 - G-GCs Ci—C C3-GCs Cr—GCs Cs
APCI X C1-GC3 Ci C3 - —
Regular fuel 1 APPI - cGCs C1—G C3—-C; C,—Cg Cg
APCI X C1—GCs Cy1 Cs—C; C-GCg Cs
Regular fuel 2 APPI - cCs C1-GC3 C3—C; C—Cg Cg
APCI X C1-GCs Ci—C Cs3—C; Cr—GCs Cs
Cigarette APPI - &G C1-Gs Cs, Cs - -
APCI X Co—Cs Cy, Ca—Cy Cs, Cs - -

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 were carried ouf37—-39] It was shown in these publications
clearly confirms that only MS detection will provide useful that the derivatization takes place slowly, indicating that un-
information on the concentration of the higher aldehydes. der the typical conditions for air sampling of aldehydes, only
The most obvious difference between the two figures is the an extremely low derivatization yield can be expected. This
mass trace ofiVz= 181 for DNPA, which shows, due to the might, in combination with the short retention times of these
different ionization mechanism as explained above, a peakhighly polar compounds, be the reason why no attention was
for APCI-MS, but not for APPI-MS. For the derivatives of paid yetto possible interferences of the derivatives of the car-
the saturated carbonyls with a @lkyl chain, the S/N forthe  boxylic acids on the determination of the aldehydes and ke-
first peak (acetone) is similar in both figures, while the second tones. However, for the actual air sampling conditions, itis not
peak (propanal) can hardly be detected with APCI-MS, but likely to have a high derivatization yield of carboxylic acids.
is clearly observed in APPI-MS. This finding is in analogy Therefore, itis mostlikely that the observed peaks in the sam-
to the fact that the difference between the limits of detec- ple chromatograms, belonging to groupBble 3, are the
tion for APPI and APCI is quite small for ketones (compare respective hydroxycarbonyls and not the carboxylic acids.
with butanoneTable 2, while it is much larger for the lower
aliphatic aldehydes (acetaldehyde). The effect of APPI-MS
on higher aliphatic aldehydes like 1-hexarilfle 2 is quite
low. As an example for a less abundant compound, which is
known to occur in exhaust samples, benzaldehydemiti Dopant-free APPI-MS has shown to be an attractive alter-
285 was selected. The comparison between the two respecnative to APCI-MS, as the limits of detection typically are
tive mass traces iftigs. 2 and 3lso confirms the findings  slightly lower and more different carbonyls can be detected
stated irTable 2for aromatics§-tolualdehyde) thatthe limits  at low levels in real samples from automobile exhaust and
of detection are lower for APPI-MS. cigarette smoke. As no dopant is required, the technical ef-

As different groups of carbonyls were studied by APCI- fort for both methods is identical and routine analysis with
MS in earlier work of Oehme and coworkdfs3], thisinves-  APPI-MS in well possible. As could be expected, DNPA,
tigation was extended to find out, which members of which which is ionized by dissociative electron capture in APCI-
of these groups can be detected in the real samples with a S/NVIS, is not detected at all in APPI-MS. At this stage, the only
> 3. While DNPA is detected in all samples using APCI-MS,  slight drawbacks of APPI-MS are a reduced linear range (of
itis not detected at all in APPI-MS as explained above. For still two decades of concentration) and a slightly higher cor-
the other groups of carbonyls, APPI-MS allows to detect at relation coefficient of the calibration.
least the same number of species in all cases. Often, signif-
icantly more carbonyl compounds are detected when using
APPI-MS.

One unusual group of carbonyls mentionedTable 3

is the group of carboxylic acids, which is not routinely  Einancial support by the Nederlandse Organisatie voor

determined using the DNPH method. Recent LC-MS in- \ygtenschappelijk Onderzoek (NWO, Den Haag, The Nether-
vestigations by Oehme and coworkgs3] had already  |ands) is gratefully acknowledged.

indicated that hydroxylated carbonyls and/or carboxylic acids

are derivatized. Although no dedicated reports on the de-

termination of carboxylic acids via derivatization with 2,4- References

dinitrophenylhydrazine have been published, studies on their
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4. Conclusions
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