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Determination of low-molecular mass aldehydes by automated headspace
solid-phase microextraction with in-fibre derivatisation
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Abstract

Headspace solid-phase microextraction (HS-SPME) analysis of low-molecular mass (C1–C10) aldehydes in aqueous solutions was in-
vestigated, using pentafluorophenylhydrazine (PFPH) ando-2,3,4,5,6-(pentafluorobenzyl)hydroxylamine hydrochloride (PFBHA) as in-fibre
derivatisation reagents. Analysis of the derivatives was achieved, using GC–flame ionisation detection (FID). A comparison of the two reagents
showed that PFBHA was superior to PFPH under the investigated conditions. Fundamental studies of the PFBHA and PFPH reactions showed
that the kinetics of the process was limited by the mass transport rate of the analytes to the fibre. The developed PFBHA method gave detection
limits in the low to sub-microgram per litre range for most of the aldehydes tested. The method was applied successfully to the analysis of
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articleboard, wine and fish samples.
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. Introduction

Interest in the analysis of low-molecular mass aldehy-
es has increased significantly in recent years. These and
ther carbonyl compounds exist naturally in the environment
s a result of phenomena, such as the photodegradation of
issolved organic matter, microbiological processes and the
hoto-oxidation of hydrocarbons in the atmosphere[1,2]. An-

hropogenic sources, such as combustion of fossil fuels and
hemical manufacturing are also significant[1,3,4]. Indoor
ir environments often contain elevated levels of formalde-
yde and other aldehydes resulting from their use or presence

n many building materials and other products[5,6]. Disin-
ection of drinking water using ozonation creates a number
f byproducts, including aldehydes through reaction with or-
anic matter[7]. The primary aldehydes produced through

his process are formaldehyde, acetaldehyde, glyoxal and
ethyl glyoxal[7,8].

∗ Corresponding author. Tel.: +1 519 885 1211; fax: +1 519 746 0435.

Health concerns have played a significant role in gen
ing interest in the sensitive determination of these aldeh
Formaldehyde and acetaldehyde are known animal car
gens and have been listed as probable or suspected h
carcinogens by the US Environmental Protection Age
(EPA) and the International Agency for Research on C
cer (IARC) respectively[9,10]. The US National Institut
for Occupational Safety and Health (NIOSH) has indica
that a number of low molecular weight aldehydes, includ
propanal, butanal, pentanal and glyoxal possess muta
properties[9].

Because of their high volatility and reactivity it is usua
necessary to derivatise these aldehydes prior to analysis
der to achieve satisfactory recovery and sensitivity. Som
ample reagents include, 2,4-dinitrophenylhydrazine (DN
[11,12], which is generally used in conjunction with HP
analysis ando-2,3,4,5,6-(pentafluorobenzyl)hydroxylam
hydrochloride (PFBHA) in conjunction with GC–electro
capture detection (ECD) or GC–MS to determine the ox
products[11,13,14]. A number of other reagents have a
been used[7,11,15,16]. These methods of analysis ha
E-mail address:janusz@uwaterloo.ca (J. Pawliszyn). traditionally required substantial sample preparation since
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the derivative products need to be isolated prior to chro-
matography through some kind of solvent extraction pro-
cedure.

Solid-phase microextraction (SPME) is a solvent free
extraction and pre-concentration technique[17]. The tech-
nique uses a modified syringe-like device containing a poly-
meric extraction phase that allows considerably faster sample
preparation than is generally possible by traditional meth-
ods [18,19]. Several papers have appeared using derivati-
sation of aldehydes in conjunction with SPME. PFBHA
derivatisation in water samples followed by extraction of the
derivative products by headspace SPME has been reported
by Bao et al.[2] and more recently by Cancho et al., who
compared this methodology with EPA method 556 which
uses PFBHA with solvent extraction[7]. This approach has
also been applied to the determination of aldehydes in al-
coholic beverages[20]. An alternative means of performing
the derivatisation is to add the derivatisation reagent to the
SPME fibre coating and then expose this to the headspace
of the sample. In this instance the derivatisation reaction oc-
curs in the fibre coating. Using PFBHA, this technique has
been applied successfully to the determination of formalde-
hyde[21,22], pentanal[23] and glutaraldehyde[24] in air.
For liquid samples, the technique has been applied to the
determination of formaldehyde, propanal, butanal and pen-
t
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The dry white wine, fish and particleboard samples were
obtained from a local liquor store, supermarket and hardware
store, respectively.

Individual stock standard solutions for each aldehyde were
prepared in HPLC grade methanol at a concentration of
2000 mg/L and stored at 4◦C. A working standard solution
containing each aldehyde at a concentration of 1000�g/L
was prepared from the stock standards by appropriate dilu-
tion with saturated sodium chloride solution in water.

2.2. Gas chromatographic analysis

Gas chromatography was performed, using a Varian (Mis-
sissauga, Canada) 3800 gas chromatograph equipped with a
flame ionisation detection (FID) system with instrument con-
trol and data collection provided by Star Chromatography
Workstation software version 5.51. GC–MS analyses were
performed, using a second Varian 3800 instrument coupled to
a Varian Saturn 2000 MS detector. Compound identifications
were made using spectral libraries supplied with the soft-
ware. Automation of the procedure was achieved using a CTC
CombiPal autosampler (Zwingen, Switzerland), which was
programmed using CycleComposer software version 1.4.0
and equipped with sample trays, a temperature controlled
agitator tray and a fibre-conditioning device. Sample vials
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anal in water[25] and a variety of aldehydes in beer[26].
tashenko et al. have reported the use of an altern

eagent, namely pentafluorophenylhydrazine (PFPH), w
hey have used for in-fibre derivatisation analysis of ald
es in vegetable oils[27,28]. For both derivatisation reag
ts poly(dimethylsiloxane)–divinylbenzene (PDMS–DV
PME fibres were used.
This work aimed to investigate some fundamental asp

elating to use of in-fibre derivatisation for C1–C10aldehydes
ssues relating to automation and compare the relative m
f the PFBHA and PFPH reagents.

. Experimental

.1. Chemicals and reagents

Acetaldehyde (>99.5%), propanal (97%), butanal (99
entanal (97%), 2-methylpentanal (98%), hexanal (9
eptanal (95%), octanal (99%), nonanal (95%), dec
95%), glyoxal (40% in water), methylglyoxal (40% in w
er), PFBHA (>98%) and PFPH (97%) were purchased f
igma–Aldrich (Milwaukee, WI, USA). Formaldehyde (37

n water) and sodium chloride was purchased from EM
nce (Gibbstown, NJ USA). Methanol was purchased
isher Scientific Canada (Nepean, Canada). Water pu

rom a Barnstead ultrapure water system (Dubuque, IA, U
as used throughout. PDMS–DVB (65�m) SPME fibres
ere purchased from Supelco (Bellefonte, PA, USA).
ases were supplied by Praxair (Kitchener, Canada) and
f ultra high purity.
ad a total volume of 10 mL and used magnetic crimp
ith PFTE coated silicone septa (Microliter Analytical S
lies, Suwanee, GA, USA). Separation was performed u
30 m× 0.25 mm i.d., 0.25�m Rtx-5MS fused silica co

mn from Restek (Bellefonte, PA, USA). For analysis us
FPH as derivatisation reagent, the GC oven program w
pecified by Stashenko et al.[27] and the injector temper
ure used was 260◦C. While using PFBHA as derivatisati
eagent, the GC temperature program was 50◦C (1-min hold)
o 220◦C at 4◦C/min, then to 250◦C at 20◦C/min (10-min
old) as specified in EPA method 556[14]. In this case, th

njector temperature used was 250◦C. Helium was used a
arrier gas in both methods. For the PFPH method, the
ate was 1 mL/min, whereas for the PFBHA method a
tant pressure of 15 psi was applied. For experiments e
ning the reproducibility of derivatisation reagent loading
he fibre an injector split ratio of 20:1 (PFPH) or 50:1 (P
HA) was used. The amount of PFBHA loaded on the fi
as determined by comparing peak areas with those of

bration curve using a split ratio of 250:1. The calibrat
oints were established manually by dispensing≤1�L of a
FBHA standard solution in methanol onto the surface o
bre coating, letting the methanol dry and then injecting
he GC.

FID conditions for both methods were identical. An
rating temperature of 300◦C was used with gas flow rat

or hydrogen, air and nitrogen of 30, 300 and 25 mL/m
espectively.

The autosampler parameters used for both deriva
ion reagents except where otherwise specified are giv
able 1. To complete one analysis cycle the fibre was
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Table 1
Autosampler method parameters

Parameter Value

Agitator temperature 50◦C
Pre-extraction equilibration time

in agitator (for both loading
and extraction steps)

1 min

Pre-extraction agitator speed 750 rpm (programmed to spin in the
following cycle: 5 s clockwise, 2 s
pause, 5 s anti-clockwise, 2 s pause)

Loading time 5 min
Loading agitation speed 250 rpm
Extraction time 5 min
Extraction agitation speed 500 rpm
Desorption time 5 min
Fibre conditioning temperature 260◦C
Bake-out time in conditioning unit 1 min

desorbed in the conditioning device. The vial containing the
derivatisation reagent was transferred to the agitator and al-
lowed to equilibrate to the sampling temperature. Then, the
fibre was exposed to the headspace of this vial. A similar
protocol was followed for the extraction of aldehydes from
the sample vial, although the agitator speed used was faster.
Finally, the fibre was desorbed in the GC injection port and
the chromatographic run commenced.

Both derivatisation methods produce two geometrical
isomers for analytes containing a single aldehyde group.
Formaldehyde was an exception as it is symmetric, and there-
fore, only forms a single derivative. In many cases, these two
isomers were resolved on the chromatographic column. Since
there was a large difference in peak area between the two iso-
mers of each aldehyde, the larger of the peaks was used for
quantitation, using PFPH. For PFBHA the peak areas were
generally similar, and therefore, the sum of both peak areas
was used for quantification unless otherwise specified.

2.3. Sample preparation

Sawdust from the particleboard was generated from an
off-cut of this material and collected in a small beaker. From
this, 0.0200± 0.0005 g portions were weighed into 10 mL
headspace vials followed by 2.0 mL of saturated sodium chlo-
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3. Results and discussion

3.1. Initial experiments

In previous studies with PFPH as in-fibre derivatisation
reagent, 0.1 mM PFPH was used, but this concentration re-
quired a 60 min loading time[27]. To obtain an acceptable
loading on the fibre in a shorter time 10 mM PFPH was used.
PFBHA was loaded on the fibre from the headspace of a
17 mg/mL solution as has been reported in previous papers
using this reagent[21–25]. Loading temperature was inves-
tigated between 30 and 60◦C. PFPH loading increased to
a maximum at 50◦C and PFBHA increased progressively
across this temperature range. From these experiments 50◦C
was chosen as the loading and extraction temperature for this
study. Using these conditions, a 5-min loading time resulted
in an acceptable fibre loading of each reagent.

Initial experiments performed, using PFPH, gave a much
larger variability in the loaded amount if 2.0 mL of derivati-
sation reagent solution and a 500 rpm stirrer speed were used.
This was attributed to liquid from the vial sometimes splash-
ing the fibre during sampling. Using a 250 rpm stirrer speed
with 1.0 mL of the reagent in the vial solved this problem.
These conditions were therefore used for reagent loading
throughout the remainder of the project. A study of 50 fibre-
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ide solution. After capping each vial, the samples were
o equilibrate at ambient temperature for over 1 h before a
sis.

The white wine sample (ethanol content 11.5%) was
uted to a concentration of 5% (v/v) with saturated sod
hloride solution. From this, 2.0 mL portions of the solut
ere analysed in 10 mL vials against standards that were
ared to contain the same concentration of ethanol as
iluted sample (0.6%, v/v).

To prepare the fish (Pollock) samples, 1.000± 0.0100 g o
nely chopped raw meat was added to a series of vials
ixed with 2.0 mL saturated sodium chloride solution.

amples were prepared by agitating at 50◦C for over 30 min
rior to analysis.
oading cycles from the same 10 mM PFPH solution
howed that the amount adsorbed was essentially unch
ver this period (R.S.D. = 5%). In contrast, PFBHA show
slow steady decline in loading over this number of cy

quating to an approximately 30% decline in peak area.
estricts the number of injection cycles that can be perfor
rom one vial of the PFBHA reagent. As a result no more
2 injection cycles were performed using the same PFB
olution. Loading the fibre from a vial containing solid P
HA to improve the reproducibility was unsuccessful.
MS was used to identify the large derivatisation rea

eak observed in each system. A positive identification
btained for PFPH. However, for the PFBHA system the p
id not give a spectrum that was consistent with this c
ound. The reference mass spectrum is dominated by a
t m/z 181 corresponding to the pentafluorobenzyl gro
hereas in this work a spectrum with the largest peak am/z
94 withm/z 214 second was observed. The latter pea

ikely to be generated by unfragmented PFBHA. Furthe
estigation showed that mass spectra obtained at the
f the PFBHA peak closely matched the reference spec

ndicating that the high concentration of the reagent on
bre coating overloads the MS preventing it from effectiv
ragmenting all the PFBHA molecules. Them/z394 peak is
uspected to be the result of free pentafluorobenzyl gr
ombining with unfragmented PFBHA molecules in the M

Extraction profiles with PFPH and PFBHA were stud
rom 1 to 60 min.Fig. 1shows example profiles for formald
yde, acetaldehyde, propanal and butanal, using the PF
eagent. With both reagents the rate of derivative forma
as initially fast but slowed considerably over the tes
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Fig. 1. Extraction profiles for 100�g/L solutions of (a) formaldehyde, (b)
acetaldehyde, (c) propanal and (d) butanal using the PFBHA in-fibre derivati-
sation procedure. For other conditions see text.

period, for some aldehydes even reaching a complete plateau
indicating that either analytes or reagent has been substan-
tially consumed during the reaction. Formaldehyde was an
exception that showed a steadier increase in derivative for-
mation with extraction time over the tested range using both
derivatisation reagents. This behaviour is similar to that pre-
viously observed by Tsai and Chang[25] with PFBHA. This
observation can be explained by its higher affinity towards
the water phase, compared to the other aldehydes studied
which with the exception of glyoxal and methyl glyoxal are
generally considered to be at least two orders of magnitude
smaller[29–31]. The initial drop in formaldehyde derivative
peak area between 1 and 5 min observed inFig. 1is attributed
to variation in the amount of formaldehyde contamination
present in the system. Using the in-fibre derivatisation ap-
proach for glyoxal and methylglyoxal was unsuccessful with
both PFPH and PFBHA, with no peak observed for either
compound. These compounds were therefore not considered
further. This again can be attributed, at least in part, to the
higher affinity of these compounds for the aqueous phase
[29], combined with the formation of multiple derivatives for
these species.

Repeated 60-min extractions from a single vial, containing
100�g/L of each aldehyde with PFBHA in-fibre derivatisa-
tion, showed that at least 90% of each aldehyde in the vial was
r , oc-
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2.0 mL of saturated sodium chloride solution, were per-
formed. These showed that with increasing extraction time a
significant decrease in the derivatisation reagent loading on
the fibre was observed for both reagents. For example, the
peak area of PFBHA for a 5-min extraction was 55% lower
and for a 60-min extraction was 73% lower than the value
observed, using 1 min. This behaviour is not surprising since
these volatile reagents will re-establish equilibrium with the
headspace and sample contained in the vial. Because of the
significantly larger volume of the headspace and sample com-
pared to the fibre coating the capacity of the fibre would have
to be very large to stop a significant portion of the reagents
from shifting to the headspace and sample at equilibrium. As
a general note, this behaviour should be taken into consider-
ation when developing in-fibre methods as in certain circum-
stances it may influence the derivatisation process, although
this was not the case for the applications tested in this work.
If necessary improvements to the method that could be con-
sidered in the future would be to find a way of immobilising
the reagent on the coating, a coating that has a higher affinity
for the derivatisation reagent or to find an alternative, less
volatile reagent for the process.

During the study, background contamination peaks were
observed, most notably for formaldehyde, as has previously
been noted by a number of other researchers[32]. Using
P ere
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w ct,
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emoved in the first extraction, except for formaldehyde
anal and nonanal (decanal was not tested in this experim
ormaldehyde was by far the least extracted aldehyde
pproximately 50% remaining for the second extraction.

ormaldehyde result is probably again linked to the affi
f this substance for the aqueous phase, which would re

he rate at which it is transferred from the sample to the fi
he lower extraction of octanal and nonanal can probab
xplained on the basis of the lower vapour pressure ove
er of these aldehydes. Five minutes was eventually ch
s the extraction time.

To investigate behaviour of the system without the p
nce of aldehydes, extractions from vials containing
FBHA typical formaldehyde concentrations observed w
pproximately 25�g/L. Concentrations, using PFPH, w
ignificantly higher at approximately 65�g/L, indicating a
igher level of impurity in the derivatisation reagent. To
rove the sensitivity and accuracy of the methods at low
ls for formaldehyde, further precautions are necessary
ethod 556[14] recommends procedures such as the u
reagent grade water generator with an UV light expo

tep or distillation of the reagent water from acidified po
ium permanganate. Low-level contamination peaks wer
erved for all the aldehydes when using PFBHA but not
FPH, although this was attributed to higher detection li
ith the latter reagent.
The use of a 5 min desorption time and 1 min bake-o

he fibre conditioning device at 260◦C gave a carryover o
1% after analysing a 1000�g/L solution of all the teste
ldehydes. A single SPME fibre could be used success

or more than 100 analysis cycles, using either derivatis
eagent.

.2. Kinetic experiments

The reaction rate in the fibre can usually be express
he form given in Eq.(1) [18]:

∂[P ]f
∂t

= k′[R]f [A]f (1)

here [P]f , [R]f and [A]f are the concentrations of produ
erivatisation reagent and analyte in the fibre respect
ndk′ is the reaction rate constant. It has been usuall
umed that the concentration of the derivatisation rea
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will not change significantly throughout an extraction and
also that the process is reproducible for multiple extractions.
This is not necessarily so, as demonstrated in preliminary
experiments for PFBHA, where the loading of the fibre de-
creased 30% over the course of 50 injection cycles and over
half the reagent was lost to the headspace and sample over
the course of a 5 min extraction. As a general comment, other
possible problems with an in-fibre derivatisation system in-
clude decomposition of the reagent in the fibre coating and
changes to the loading behaviour of the coating with repeated
use. Competition between analytes for reagent may also be
an issue.

These effects could have severe ramifications on the
accuracy and precision of the results. However, the rate-
determining step of the reaction process is significant in deter-
mining how significant these issues could be. There are two
possible scenarios, the rate of derivative product formation is
dependent on the rate of the derivatisation reaction itself or
it is determined by diffusion of the analytes to the reaction
site. In the former case, the rate of derivative formation will
be particularly sensitive to changes in the concentration of
the reagent in the fibre between runs. For the latter case, the
reagent concentration is not critical as long as it is in sufficient
excess throughout the extraction process.

With these considerations in mind, kinetic experiments
w BHA
a lved
l d on
t ts for
P ed
s

ature
o hyde
d the
r eac-
t bre.
F ation
t to the
fi rate
s uld
a ulate
i ere-
f nless
e ed in
t e that
t ehy-
d fibre
c artos
a ics
o and
f f the
p ans-
f imum
p ain-
d the
s apa-

Fig. 2. Chart of aldehyde derivative peak area as a function of (a) agitation
speed and (b) temperature using the PFBHA in-fibre derivatisation proce-
dure. Aldehyde concentration 100�g/L. For other extraction conditions see
text.

ble of rotating at 750 rpm but from previous experience such
agitation rates often cause the 24-gauge SPME fibre needle to
shear off during extraction. Alternative 23-gauge fibre assem-
blies that can cope with more vigorous agitation speeds are
available, although these are designed for use with a septum-
less injection system that was unavailable in the laboratory
during these experiments.

Another aspect of in-fibre derivatisation that must be con-
sidered is the case where there are high levels of one or more
compound(s) that can react with the derivatisation reagent
in the presence of low levels of other analytes. It is obvious
that such a compound, if present in a large enough quan-
tity, will affect the quantification through consumption of
the derivatisation reagent. The question is “How much is too
much?”. The first step was to establish the concentration of
derivatisation reagent in the fibre, which was determined to
be 0.08�mol for PFBHA using the chosen conditions. How-
ever, since over half of this is desorbed from the fibre coating
over the course of the extraction the effective concentration
will actually be significantly lower than this for most of the
extraction process. It is also unlikely that all of this reagent
can be used before the rate of reaction is affected. To study this
ere carried out to investigate whether the PFPH and PF
re reaction rate or diffusion limited processes. This invo

ooking at the effect of temperature and agitation spee
he resulting peak areas. The results of these experimen
FBHA are shown inFig. 2. The results for PFPH show
imilar trends.

From the graphs it is apparent that increasing temper
r agitation speed both increased the amount of alde
erivatives formed. Increasing temperature will increase
ate of derivatisation formation through increasing the r
ion rate and facilitating faster transfer of analytes to the fi
aster agitation can only increase the rate of derivatis

hrough increasing the mass transfer rate of aldehydes
bre coating. For a reaction rate limited process agitation
hould have no effect on derivative formation. There wo
lso be an expectation that the analytes would accum

n the fibre and underivatised aldehyde peaks would th
ore be observed in the subsequent chromatograms (u
xtraction was exhaustive). Such peaks were not observ
hese experiments. The results, therefore, demonstrat
he reaction rate is fast and that mass transfer of the ald
es from the sample to the derivatisation reagent in the
oating is the rate-determining step of the process. M
nd Pawliszyn[21] have previously investigated the kinet
f the PFBHA reaction for formaldehyde in the gas phase

ound that the reaction was the rate-determining step o
rocess. This indicates that the barrier limiting mass tr

er occurs at the sample/headspace interface. The max
ractical agitation speed of 500 rpm was used for the rem
er of this work to maximise derivative formation during
ampling period. The agitator unit of the autosampler is c
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Fig. 3. Effect of large (a) formaldehyde and (b) propanal sample concentra-
tion on derivative formation of C1–C6 aldehyde derivatives present in the
solutions at a concentration of 50�g/L using the PFBHA method. For other
conditions see text (C6′ = 2-methylpentanal).

aspect of the system, the effect of various elevated formalde-
hyde and propanal concentrations in a solution containing
50�g/L solutions of other aldehydes was examined. The re-
sults are shown inFig. 3. Formaldehyde concentration does
not seem to exert a significant influence on the peak area of
the other aldehydes, even when present at a concentration o
10,000�g/L. Propanal, with its much higher affinity for the
headspace and ability to access the fibre coating, causes a

Table 2
Reproducibility, linear range and detection limit data for the developed PFPH

PFPH

Reproducibility
(%)a

LOD
(�g/L)

Linear range
(�g/L)

R2

Formaldehyde 10.7 65 65–250 0 5
Acetaldehyde 4.8 5 5–250 0 9
Propanal 7.5 5 5–1000 0 6
Butanal 4.2 2 2–1000 0 3
Pentanal 3.3 2 2–500 0 7
2-Methylpentanal 2.9 2 2–500 0 3
Hexanal 5.0 1 1–1000 0 9
Heptanal 5.7 1 1–1000 0 8
Octanal 10.2 2 2–1000 0 5
Nonanal 6.4 2 2–1000 0 4

a 100�g/L Aldehyde solution used for reproducibility study (n= 10).

dramatic effect on the aldehyde peak areas at and above high
microgram per litre concentrations. Interestingly, the lower
(C1–C4) aldehydes are affected far more strongly and at much
lower concentrations of propanal than for the C5–C6 aldehy-
des. The profile for acetaldehyde follows a similar trend to
the decline in PFBHA reagent, which demonstrates that even
though there is a significant amount of PFBHA remaining the
reaction rate can still be affected. The greater robustness of
the C5 and C6 aldehyde derivatisation to high propanal may
in some way relate to the differing affinities of the aldehy-
des for the PDMS–DVB coating itself. Previous experiments
have shown that the PDMS–DVB fibre is significantly less
sensitive to underivatised aldehydes with a chain length of
less than five[33].

The tolerance of the method to elevated levels of formalde-
hyde is very useful, since in many matrices this will be present
in a significantly larger concentration than the heavier alde-
hydes. For samples containing elevated levels of other alde-
hydes, particularly those with a chain length between 2 and
5, inaccuracies in the results are likely to occur if the con-
centration exceeds the method linear range. To overcome this
difficulty a shorter extraction time could be used.

3.3. Method parameters and reagent comparison

pro-
d cted
u s not
c y the
d rbon
n the
c l-to-
n the
a

in-
fi had
l etter
r the
r after
f

and PFBHA in-fibre derivatisation methods

PFBHA

Reproducibility
(%)a

LOD
(�g/L)

Linear range
(�g/L)

R2

.9910 10.5 25 25–250 0.995
.9920 5.7 0.5 1–250 0.999
.9986 2.9 0.3 1–250 0.999
.9998 2.2 0.4 1–500 0.991
.9987 1.8 0.1 1–500 0.998
.9980 1.8 0.5 1–500 0.997
.9913 3.0 0.5 1–1000 0.992
.9967 2.5 0.4 1–1000 0.999
.9916 4.8 2 2–1000 0.999
.9453 10.1 2 2–1000 0.999

Table 2shows the detection limits, linear range and re
ucibility data for the two reagents. Decanal whilst dete
sing the technique gave very high R.S.D. values and wa
onsidered further. This behaviour is probably caused b
ecreasing volatility of the aldehydes with increasing ca
umber. Detection limits for PFPH were calculated as
oncentration giving a peak height three times the signa
oise ratio, whilst for PFBHA peak giving a height twice
verage background level was used.

Overall, PFBHA proved to be superior to PFPH for
bre derivatisation of aldehydes. It was more sensitive,

ess formaldehyde contamination and generally gave a b
eproducibility. The lower sensitivity of PFPH was largely
esult of a major increase in baseline noise that occurred
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the retention time of the unreacted PFPH, indicating that the
high concentration of this compound destabilised or caused
some transient contamination of the detector. Reducing the
concentration of the PFPH solution to 1 mM did not prevent
this effect from occurring. The use of ECD or MS detection
may offer a solution to this problem. From these results, it
was decided to use the PFBHA method in all the applications
tested.

With the exception of formaldehyde, the PFBHA method
showed sensitivity of the same order for all the aldehydes
investigated up to nonanal as previously reported with EPA
method 556, using liquid–liquid extraction[14]. However, the
method was less sensitive than previous work in SPME with
PFBHA derivatisation with MS[25,26]or ECD[2,7] detec-
tion. However, detection limits could be reduced further by
finding means of reducing background contamination, longer
extraction times and by using one of the more sensitive detec-
tors discussed in previous communications. For the sample
matrices investigated in this study, the sensitivity was more
than adequate using FID.

Reproducibility of the PFBHA method for most species
was similar to those obtained by Vesely et al.[26] for various
C4–C6 aldehydes in beer using a similar automated tech-
nique.

3

sam-
p ical
c
r e re-
c no
s yde,
t ld not
b e the
l ydes
f ning
a of the

T
O ed in particleboard, white wine and raw fish samples using the PFBHA method

sh meat Dry white wine

tration,
.S.D., %)

Relative recovery,
% (R.S.D., %)b

Concentration,
mg/L (R.S.D., %)

Relative recovery,
% (R.S.D., %)c

F 0 – ndd –
A 5) 92 (2) 9 (8) 91 (7)
P 9) 109 (6) nd –
B )
P 9)
H 3)
H )
O )
N )

g for C3

s teste

Fig. 4. Chromatogram of 0.02 g of particleboard shavings in 2.0 mL of
saturated sodium chloride solution using the PFBHA method. Peaks are
as follows (aldehyde peaks refer to PFBHA derivatives): (*) PFBHA; (1)
formaldehyde; (2) acetaldehyde; (3) propanal; (4) butanal; (5) pentanal; (6)
hexanal; (7) heptanal; (8) octanal; (9) nonanal. The remaining peaks were
predominantly unidentified components of the wood sample. For experi-
mental conditions see text.

particleboard and it has been suggested that these are degra-
dation products of part of the wood or secondary metabolites
[34]. Hexanal was the second most prevalent aldehyde in
this matrix which is in agreement with a previous study that
looked at a variety of particleboards and found that emis-
sions of hexanal were significantly higher than those of the
other aldehydes investigated (C5–C9) [34]. The wine sample
contained 9 mg/L acetaldehyde, which is slightly below the
typical range of values typically observed for this compound
in white wine of between 11 and 493 mg/L[35]. No other
aldehydes were observed in this sample, although this may
be the result of the high dilution factor required. The raw
fish sample contained all of the C1–C9 straight chain alde-
hydes. Formaldehyde concentration was again too high for
quantification. Out of the remainder acetaldehyde, propanal
and hexanal were the next three most prevalent in this
.4. Applications

The developed method was applied to three different
le matrices; particleboard, white wine and fish. A typ
hromatogram for the particleboard is given inFig. 4, whilst
esults for the three samples and the respective relativ
overies are given inTable 3. For the wood sample it was
urprise to find the predominant aldehyde was formaldeh
hrough its use as an adhesive for particleboard. This cou
e quantified as the concentration was significantly abov

inear range of the method. All other straight chain aldeh
rom C2–C9 were also detected in this sample. The remai
ldehydes observed are not added through production

able 3
bserved concentrations and relative recoveries of aldehydes observ

Particleboard Raw fi

Concentration,
�g/g (R.S.D., %)

Relative recovery,
% (R.S.D.,%)a

Concen
ng/g (R

ormaldehyde >100 – >200
cetaldehyde 3 (7) 94 (8) 102 (
ropanal 2 (5) 95 (2) 96 (
utanal 1 (6) 97(4) 7 (9
entanal 10 (14) 91 (4) 4 (
exanal 53 (15) 91 (15) 39 (1
eptanal 1 (8) 107 (1) 4 (6
ctanal 2 (5) 72 (3) 3 (13
onanal 2 (2) 38 (6) 21 (5
a Spiked amount for the wood sample was 10 ng for C2, C7, C8, C9, 20 n
b Spiked amount of aldehydes for the fish was 20 ng for all aldehyde
c Spiked amount of acetaldehyde in wine was 100 ng.
d Not detected.
83 (8) nd –
100 (11) nd –

95 (4) nd –
81 (11) nd –
91 (8) nd –

93 (13) nd –

, C4 and 200 ng for C5, C6.
d.
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sample, which are thought to occur from the lipid oxida-
tion of omega-3 and omega-6 fatty acids[36,37]. With the
exception of formaldehyde, the results were generally lower
than the levels observed in a previous study of several dif-
ferent types of fish, although this would be expected since in
that study the fish were cooked at 200◦C during sampling,
which would accelerate formation of oxidation products[37].
Relative recovery was good to excellent in all the samples in-
vestigated, except for nonanal in the wood sample.

4. Conclusions

This detailed investigation of aldehyde headspace anal-
ysis, using SPME–GC–FID with in-fibre derivatisation
showed that PFBHA was a superior in-fibre derivatisation
reagent to PFPH under the investigated conditions, with de-
tection limits at the low to sub microgram per litre level.
The automated method can be successfully applied to a vari-
ety of sample types. Studies of the reaction kinetics demon-
strated that with both reagents production was diffusion lim-
ited, with the ‘bottleneck’ most likely occurring at the sam-
ple/headspace interface. Therefore, both extraction tempera-
ture and agitation conditions needed to be optimized during
method development. The method was able to handle sam-
p
h ehy-
d ction
t rther
d ings
c will
o

A

Var-
i arch
C

R

90)
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gas chromatography with electron capture detection, US Environ-
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