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Abstract

An electrochemical detection method for short-chain saturated and unsaturated aliphatic aldehydes separated by liquid chromatography
in moderately acidic medium is described. A triple-step waveform of the potentials applied to the polycrystalline platinum electrode, is
proposed for sensitive detection of aliphatic aldehydes in flowing streams avoiding tedious pre- or post-column derivatization and/or cleanup
procedures. The influences of the perchloric acid concentration and dissolved oxygen in the mobile phase, on the amperometric and chro-
matographic performance were evaluated and considered in terms of sensitivity and selectivity. Under the optimised experimental conditions
(i.e., deoxygenated 50 mM HCIpthe proposed analytical method allowed detection limits betweepM.for acrolein and 2.5 M for
valeraldehyde. Regression analysis of calibration data indicates that responses for all investigated compounds are linear over about 2 orders o
magnitude above the LOD, with correlation coefficients >0.990. The method was successfully applied to the determination of formaldehyde,
acetaldehyde, propionaldehyde and acrolein in real matrices such as spiked water and red wines with good mean recoveries (81-97%).
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction mammographic dysplasia, atherosclerosis, etc. Therefore,
because of the environmental, biological and industrial im-
Low-molecular-weight aliphatic aldehydes such as for- portance of these compounds, sensitive and selective ana-
maldehyde, acetaldehyde and propionaldehyde have receivedytical methods for their determination in air and biota are
much attention as hazardous and odorous substances in studieeded.
ies of air pollution. They often enter the environment from Most analytical methods for aldehyde determination are
industrial plants, automobile engines, incinerators and sev-based on gas chromatography (GC) and reversed-phase LC
eral photochemical reactions or incomplete combustion of where the investigated compounds are determined as their
many organic substances. In addition, several aldehydes ar&,4-dinitrophenylhydrazine derivativ§3-6]. Other GC and
mostly minor compounds in foodstuffs and their occurrence LC methods involve the use of thiazolidifig, oxime[8,9]
can be anindication of quality deterioration, overheating, mi- or fluorescent derivativgd 0—12]
crobacterial fermentation and/or off-flavour. Many aldehydes  In order to improve the procedures for routine applica-
have been shown to be highly cytotoxic and genotoxic due tions, it is desirable to develop a simple and direct detec-
to the nucleophilic attack to amine and sulphydryl groups tion method for the determination of aldehydes in complex
of proteins, nucleic acids or related amino aditi2]. Con- matrices. In general, derivatization procedures increase the
sequently, these compounds cause several biological com-analysis time and risk of errors in quantification caused by
plications such as cardiovascular diseases, carcinogenesigartial derivatization processes and/or accidental contami-
nation. Thus, direct determinations without time-consuming
* Corresponding author. Tel.: +39 0971 202399; fax: +39 0971 474223. Clean-up or derivatization procedures, when available with
E-mail addresscasella@unibas.it (.G. Casella). acceptable sensitivity should be preferred. In this respect,

0021-9673/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.chroma.2004.11.098



130 |.G. Casella, M. Contursi / J. Chromatogr. A 1063 (2005) 129-135

aldehyde biosensors based on the determination of NADH ED 40 (Dionex, Sunnyvale, CA). A thin-layer electrochem-
generated by the enzymatic activity of immobilized aldehyde ical cell consisting of 1.0 mm-diameter platinum working
dehydrogenase were characterized for the selective detectiorelectrode, an Ag/AgCl combined reference electrode and
of several aliphatic and aromatic aldehydes without extensivea stainless steel auxiliary counter electrode were also pur-
sample pre-treatment and derivatisation procedi&sl5] chased from Dionex. The flow channel is formed by the in-
On the other hand, electrochemical detection following LC sertion of a Teflon gasket of 0.25 mm thickness between the
is a very attractive analytical method in terms of sensitiv- auxiliary and working electrodes. The polycrystalline plat-
ity and selectivity for the determination of many important inum working electrode, was weekly polished with O0%
aliphatic organic compounds characterized by the absenceof alumina oxide powder on microcloth using water as
of pronounced chromophore and/or fluorophore groups. In- the lubricant. The reference electrode was daily washed
teresting results regarding aldehyde determination have beerwith distilled water and, when not used, stored in satu-
published on the pulsed amperometric detection (PAD) at arated KCI solution. The experiments were performed us-
gold electrode in alkaline mediuft6] or under constantap- ing an analytical pump Mod. PU-1580i (Jasco Corpora-
plied potentials at carbon modified electroies, 18] In ad- tion, Tokyo, Japan) equipped with a rotary injection valve
dition, pulsed electrochemical detection applied at platinum Mod. 7125i (Rheodyne, Cotati, CA) with a 20 sample
electrode substrates has been used for the determination ofoop. A personal computer equipped with a Kontron PC
alcohols in acidic mediurf19,20] Recently we have demon-  Integration Pack Software (Milan, Italy) allowed acquisi-
strated PAD at platinum electrode substrates can be usefultion and processing of chromatograms. Unless stated other-
for the sensitive detection of electroactive compounds suchwise, the pulsed amperometric detector settings were as fol-
as aliphatic organic acids after chromatographic separationdows: Eget=0.40V {tget= 340 ms,tint =60 ms),Eqx=1.40V
[21]. (tox=120ms), andEeg=—0.40V (treg=520 ms). Currents

In this respect, we developed a new electroanalytical pro- are measured and integrated with respect to titjg) (
cedure for the determination of several low-molecular-weight to give a faradaic charge (coulombs) for the detection
aliphatic aldehydes without the use of any derivatisation pro- cycle.
cedure. In particular, we show that the PAD mode appliedto = Chromatographic separations of aliphatic aldehydes have
the platinum electrode can successfully be used for the de-been conducted with an Aminex HPX-87H BioRad column.
termination of saturated and unsaturated aliphatic aldehydesThe HPX-87H column (300 mnx 7.8 mm i.d.) is packed
in acidic medium. LC was employed in order to evaluate the with 9-um spherical sulphonated polystyrene—divinylben-
analytical performance of the amperometric detector for the zene co-polymer beads with 8% cross-linking, providing an
determination of saturated and unsaturated aliphatic aldehy-ion-exchange capacity of 1.7 mmol/g.

des in aqueous matrices. All experiments were carried out at ambient temperature
(20+ 2°C).

2. Materials and methods 2.3. Sample preparation

2.1. Chemicals The mineral water “Lilia” with low CQ concentration,

the “Sveva” with dissolved C®(Sorg. Traficante, Rionero

Solutions were prepared daily from analytical reagent- inVulture, Italy) and the red wine “Barbera” (Gruppo Coltiva,
grade chemicals (Aldrich-Chemie) without further purifica- 2001, Modena, Italy) were purchased from a local store.
tion and by using distilled and deionized water. Unless oth- Standard solutions were prepared by dissolving the filtered
erwise specified, experiments were performed by using a 10original samples in double-distilled water and directly in-
or 50 mM perchloric acid (HCIg) solution as mobile phase. jected into the column. The samples were filtered by us-
The mobile phase was deoxygenated, when necessary, byng nitrocellulose membrane 0.4%n pores (Millipore, Bed-
purging the reservoir bottle with high-purity nitrogen and ford, MA, USA). The peak identification of the analysed
successively, immediately before the introduction of the mo- compounds was based on the retention time and was con-
bile phase onto the pump by an on-line degasser system Seriermed by adding authentic standard to the diluted extract
1050 (Hewlett Packard, Avondale, PA, USA). Air-saturated of the analysed sample. The quantitative analysis of the
distilled and deionized water (by purging the reservoir bottle considered analytes was performed using the area of the
with air) was used for the preparation of not-deoxygenated chromatographic peaks and the concentrations were cal-
mobile phase and the on-line degasser system was disconeulated by a linear-square regression procedure using the

nected during the experiments. method of standard addition. The relevant recoveries were
evaluated for each analysed compound by spiking the con-
2.2. Apparatus sidered real sample with stock solutions of analyte at ap-

proximate level of 40-60% of the measured content and
Amperometric measurementsin flowing streams were per- performed duplicate assays after each addition of stan-
formed by using a Pulsed Amperometric Detector Model dard.
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3. Results and discussion Table 1
Effect of the integration timetift) on the background (nC) and charge

3.1. Amperometric measurements and chromatographic signal (nC) of 0.1mM acrolein, 0.1mM formaldehyde and 0.1 mM

. propionaldehyde
separations , ,
tinn (Ms)  Background  Acrolein  Formaldehyde Propionaldehyde
Atriple-step pulsed waveform (PAD), can be used for sen- 10 132 g-i g-g“ 8-;
sitive detection of saturated and unsaturated aliphatic oxygen- 545 23 0.6 11
containing compounds such as alcohols, acids, aldehydes; g 352 50 09 17
etc. in flowing streanj19-21] In order to obtain a better 160 576 7.6 2.0 3.1

optimization of the PAD waveform, the detection potential Experimental conditions: column, Aminex HPX-87H; mobile phase, 50 mM
(Eqe and the integration time;f;) were varied in consecu-  HCIO;; flow rate, 0.8 mL/min; sample loop, 20.; applied waveform,
tive runs by injections of 0.1 mM each considered aldehyde, Edet=0-40V {uet=340mS)Eox = 1.40V fox =120 ms), antreq=—~0.40V
leaving unchanged both the oxidatioB,{) and reduction ~ (tea=520ms). The mobile phase was deoxygenated by purging the reservoir
. . bottle with high-purity nitrogen and using an on-line degasser system.
(Ereg) potential valueskig. 1 shows some relevant hydrody-
namic voltammograms. It shows that all aldehydes investi-
gated are very well detected in the range of 0.2—0.5 V versusincreases drastically with increasing integration time. Gener-
Ag/AgCl. The detection potential of 0.4 V represents the best ally, large background currents are responsible for baseline
compromise between maximum analytical signal, minimum instability, poor precision and high detection limits. Thus, the
background contribute and good selectivity. In fact, under the selected triple-step PAD waveform with the integration time
same experimental conditions, the hydrodynamic voltammo- of 60 ms, was considered as optimal in terms of charge signal,
grams of alcohol$19-21] show a maximum of sensitivity ~ background currents and acceptable baseline stability.
at 0.2V, while exhibiting for higher detection potentials a Acid medium is required for obtaining reproducible reten-
marked diminution of the amperometric signals. Thus, us- tion times and good column efficiency for the separation of
ing a detection potential of 0.4V the saturated and unsatu- hydroxyl-containing compounds typically accomplished via
rated aldehydes species can be selectively determined withDonnan separation mechanism (ion/steric exclusion) and ad-
acceptable sensitivity in presence of alcoholic compounds. sorption/partitioning schemes. In addition, in acid solutions
Table 1summarize the effect of the integration time on the the platinum electrodes show considerable catalytic activity
background currents and charge signal for the formaldehyde,towards the electrochemical oxidation of several electroactive
propionaldehyde and acrolein. As expected, the integrationorganic moleculegl6,19-23] Therefore, the influence of the
time induces a considerable increase in the charge signal oHCIO4 concentration on the retention time and electrode per-
all analysed aldehydes. Nevertheless, the background signaformance was evaluated. Thus, a standard mixture of aliphatic
aldehydes eluted isocratically with mobile phases containing
various concentrations of HClOranging from 5-100 mM
was studied for this purpos@able 2summarize the relevant
results. As can be seen, the retention times of the investigated
aldehydes are nearly independent of the H{CtOncentra-
tion. In addition, the peak areas of the saturated aldehydes
decreased markedly with decreasing Hgkdncentration.
On the contrary, the peak area relevant to the unsaturated
aldehydes such as acrolein (1-propenal) and crotonaldehyde

w
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A Table 2

Effect of the perchloric acid concentration on the peak area (PA, arbitrary
units) and the retention time (RT, min), of the investigated aliphatic aldehydes
separated by an HPX-87H Analytical column

Detector Response (a.u.)

1 . : : . : : : HCIO4 Concentration
0.20 0.25 0.30 0.35 0.40 0.45 0.50 5mM

10mM 50 mM 100mM

Detection Potential (V) PA RT PA RT PA RT PA RT

Fig. 1. Hydrodynamic voltammograms of (A) 0.1mM formaldehyde, Formaldehyde a 99 04 99 17 99 29 99

(B) 0.1 mM valeraldehyde and (C) 0.1 mM propionaldehyde at platinum Acetaldehyde - - 8 123 16 123 18 124
electrode using PAD. Experimental conditions: Aminex HPX-87H col- Propionaldehyde - - 4 151 37 152 44 152
umn, deoxygenated 50 mM HCJCeluent at 0.8 mL/minEget (varying), Acrolein 159 202 181 203 245 203 262 203
ter=340 MS,Eox = 1.40 V, tox = 120 MS,Ereg= —0.40V, teg=520ms. The ~ Butyraldehyde - - 6 210 41 210 54 211

potential values are given relative to the Ag/AgCl. Integration time, 60ms. Crotonaldehyde 12 311 149 311 183 311 191 311
The detector response represents the area of the chromatographic peak anf@leraldehyde - - 6 333 31 333 46 334
is expressed as arbitrary units. Experimental conditions: as ifable 1
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Detector Response (nC)

Detector Response (nC)

3 min min

0.0 5.0 10.0 15.0 20.0 25.0 300 0.0 5.0 10.0 15.0 20.0 25.0 30.0

Fig. 2. Typical LC separation with pulsed amperometric detection of a mixed T T T T T T
standard solution (100M each compound) of aliphatic aldehydes: (1)
formaldehyde, (2) acetaldehyde, (3) oxygen, (4) propionaldehyde, (5) isobu-
tyraldehyde, (6) butyraldehyde, (7) isovaleraldehyde, (8) crotonaldehyde and b h
(9) valeraldehyde. Experimental conditions: column, Aminex HPX-87H;
mobile phase, deoxygenated 50 mM H@j®ow rate, 0.8 mL/min; sample
loop, 20uL; waveform,Eqet= 0.4V, tget= 340 msfint =60 msEox =1.40V,

tox =120 ms Ereg= —0.40 V, treg=520 ms.

(1-butenal) tend to decrease slightly with the diminution of
the HCIQ; concentration.

Fig. 2 shows a chromatogram of a standard mixture of
some representative aldehydes, separated with an HPX-87H | 7
column with 50 mM HCIQ as mobile phase at 0.8 mL/min min
of flow rate. A satisfactory separation of the aldehydes was 00 50 100 150 200 250 300
completed in 35-40 min. The negative peak is due to the
imbalance in the oxygen concentration between the mobile Fig. 3. Effect of the dissolved oxygen in the mobile phase. (A) Mobile

. . . phase, deoxygenated 50 MM HGI®olution and (B) mobile phase, not-
phase and the m]eCted sam;[nl@]. The limits of detection deoxygenated 50 mM HClOsolution: (1) formaldehyde, (2) acetaldehyde,

(_LOD)’ dynamic linear ranges and.repeatabili.ty are Sum_ma' (3) propionaldehyde, (4) acrolein, (5) butyraldehyde, (6) crotonaldehyde and
rized inTable 3 The LODs, determined at a signal-to-noise (7) valeraldehyde. Other experimental conditions aidn 2

ratio equal to 3, are between Q&1 for acrolein and 2.wM
for valeraldehyde. These LODs for the short-chain aliphatic organic acids such as citric, formic or acetic acid were anal-
aldehydes are similar or slightly higher than those obtained ysed. On the contrary, the amperometric signal of the unsatu-
with other LC methods based on derivatization procedures rated aldehydes (i.e., acrolein and crotonaldehyde) is nearly
[11,18,24—-26]Nevertheless, itis interesting to underline that independent of the oxygen concentration level in the mobile
in this case the determination of aliphatic aldehydes in com- phase. This behaviour may well be due to the exclusion of
plex matrices is possible without time-consuming sample the saturated aldehydes from the electrode surface caused by
pre-treatment like distillation, derivatization or solid-phase a favourable and strong adsorption of dissolved oxygen or,
extraction procedures. more probably, its reduction products (i.e., adsorbed hydroxyl
Regression analysis of calibration data indicates that re- species). In this respect, when using a mobile phase contain-
sponses are linear over about two orders of magnitude aboveng dissolved oxygen and a HCl@oncentration<10 mM,
the LOD, with correlation coefficients >0.990. saturated low-molecular-weight oxygen-containing analytes
In orderto choose the best experimental conditions, the ef-such as aldehydes, alcohols and several acids (i.e., citric,
fect of the oxygen concentration in the mobile phase was eval-tartaric, acetic, etc.) at relatively high concentrations (about
uated.Fig. 3compares the LC traces of the standard mixture 30 mM of each compound) did not produce any significant
of aldehydes obtained in a nitrogen-purged mobile phase (A) amperometric signal in the LC run. Thus, the marked inhi-
and with an eluent containing dissolved oxygen (BY. 3B bition effect of the dissolved oxygen on the electrochemical
clearly demonstrates that the not-deoxygenated mobile phasesignal of the saturated hydroxyl-containing compounds can
markedly inhibits the detection of saturated aliphatic aldehy- be considered as an analytical strategy for the determination
des. Similar inhibition effects were observed when saturated of unsaturated aldehydes in the presence of other saturated
aliphatic alcohols such as methanol, ethanol or propanol or oxygen-containing compounds with enhanced selectivity.

Detector Response (nC)
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Table 3
Quantitative analytical results of some investigated aliphatic aldehydes by liquid chromatography with electrochemical detection
LOD (M) Linear range gM) S=a+xC(mM) R.S.D.(%)
a X

Mobile phase: deoxygenated 50 mM HGIO

Formaldehyde ) 10-200 0.016-0.001 1.96+ 0.08 4.4
Acetaldehyde V) 14-200 0.022-0.001 1.7+ 0.1 6.5
Propionaldehyde K] 12-150 0.027-0.002 3.65+ 0.05 3.2
Acrolein 02 0.7-250 0.013:-0.002 24.7+ 0.03 3.9
Isobutyraldehyde ) 14-200 0.022:0.004 3.9+ 0.04 4.7
Butyraldehyde 3 1.7-200 0.025:0.004 4.2+ 0.03 4.5
Isovaleraldehyde 5 2.1-200 0.042:0.003 3.4+ 0.04 5.2
Crotonaldehyde 6 0.9-250 0.015:0.002 18.3+ 0.03 4.2
Valeraldehyde 5 2.9-200 0.047-0.004 3.2+ 0.03 4.7
Mobile phase: not deoxygenated 10 mM HGIO
Acrolein 03 0.6-250 0.015-0.004 22.14+ 0.05 4.2
Crotonaldehyde 6 11-250 0.019-0.005 16.5+ 0.04 45

Experimental conditions: HPX-87H analytical column (300 mm.8 mm i.d.). LOD determined f&&N = 3 from the lowest injected concentration of analyte.
The repeatability was expressed as percent relative standard deviation (R.S.D.%) and was obtained from four replicate consecutive chrmoimatigraphi

of about 0.1 mM each considered analyte. The correlation coefficients determined in the linear range were always >0.990. Other experimemsa€anditio
Table 2

3.2. Analysis of real samples The relevant analytical results are summarisedable 4
Analyte recoveries ranged from 81% for acetaldehyde to
The real samples were chosen as example for the deter92% for propionaldehyde.
mination of saturated aldehydes and unsaturated aldehydes, The main aliphatic aldehydes found in wine are those
using deoxygenated 50 mM HCJCand not-deoxygenated that do not reduce to alcohols during natural aging pro-
10 mM HCIOy as mobile phases, respectively. cesses and are generally formed during alcoholic fermen-
The major sources of short-chain aliphatic aldehydes tation[30,31] Fig. 5shows the chromatogram of a red wine,
found in drinking water are from the discharge of industrial obtained, using non-deoxygenated 10 mM HZH3 mobile
wastes, oxidative water treatment and bottles used for storingphase. As expected under these conditions, although the wine
mineral water[27-29] A representative chromatogram of sample represents a complex matrix, acrolein can be deter-
a spiked sample of mineral water with formaldehyde, mined with an excellent selectivity level. In addition, the
acetaldehyde and propionaldehyde, is showRig 4. The good mean recoveries (94—97%) confirms the validity of this
examined aldehydes are well resolved and detected withanalytical strategy for the quantitative determination of un-
appreciable sensitivity. Good reproducibility was obtained saturated aldehydes such as acrolein in wines and alcoholic
for chromatographic separations on repetitive injections and beverages.
no deterioration of the electrochemical signal was apparent.

T T T T
- 6 - -
£
. 2 1 7
2 1 g
g < J
% . H Acrolein
& g J
™ @
g 5
] h | | J
a
min
N T T T T
0.0 7.5 15.0 22.5 30.0
min
T T T T T
0.0 5.0 10.0 15.0 20.0 25.0 Fig. 5. Chromatogram of unspiked sample of red wine purchased from a

local producer. The red wine was filtered by using nitrocellulose membrane
Fig. 4. Chromatogram of a mineral water (Lilia) spiked with 7.0, 10.4 and 0.45um pores (Millipore, Bedford, MA, USA), diluted 1:50 with the mobile
14.7pmol/L of formaldehyde, acethaldehyde and propionaldehyde, respec- phase and injected into the column. Mobile phase, not-deoxygenated 10 mM
tively. Other experimental conditions askig. 2 HCIO4 solution. Other experimental conditions adHig. 2
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Table 4 tion, while the retention times are nearly independent of the
Analytical determination of some aliphatic aldehydes in mineral water and g¢id concentration. In order to choose the best amperometric

red wines conditions, the effect of dissolved oxygen in the mobile phase
Analyte Added gmol/L)  Found Recovery (%) \was also evaluated. The presence of dissolved oxygen in the
(wmolfL) eluent markedly inhibits the detection of saturated aliphatic
Sample: mineral water “Lilig® aldehydes, while the amperometric signal of the unsaturated
Formaldehyde - nd - aldehydes (i.e., acrolein and crotonaldehyde) remains practi-
70 6.3 90 cally unchanged. Thus, the level of oxygen concentration in
the mobile phase can be considered as important experimen-
Acetaldehyde - nd - tal variables in order to improve sensitivity and selectivity
for the routine determination of aldehydes in real matrices.
104 85 82 Good separations of investigated aliphatic aldehydes were
Propionaldehyde _ nd _ completed in 35-40 min of chromatographic run with detec-
tion limits and dynamic linear range comparable or slightly
147 135 92 greaterthan those obtained with other chromatographic meth-
ods based on the derivatization procedures. This proposed
Sample: mineral water “Svev&” method was tested for the determination of some aliphatic
Formaldehyde - nd - aldehydes in beverage samples such as mineral water and
68 65 9% _red wine. It can be applied to other real matrices. quk is
in progress in order to evaluate the analytical potentiality of
Acetaldehyde _ nd _ the proposed method for the determination of aldehydes in
other real contexts such as environment, foods and biological
9.1 .7 85 samples.
Propionaldehyde - nd -
9.7 9.0 93 Acknowledgment
Sample: red wine “local product” Thanks are due to the Ministero dell’'Univegsieé della
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2002) for grants supporting the research.
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