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a b s t r a c t

Analytical conditions for the analysis of 15 carbonyl-DNPH derivatives were optimized and com-
pared by high performance liquid chromatography (HPLC) and rapid resolution liquid chromatography
(RRLC). Binary, ternary and quaternary mixtures of acetonitrile, isopropanol, methanol, tetrahy-
drofuran and water were evaluated under RRLC conditions employing a Zorbax Eclipse Plus C18
(50 mm × 4.6 mm × 1.8 �m) column and a Zorbax Eclipse Plus C18 (50 mm × 2.1 mm × 1.8 �m) column.
The optimized conditions obtained employing the two RRLC columns were compared with those obtained
using a Supelcosil C18 (250 mm × 4.6 mm × 5 �m; Supelco) that is designed for HPLC separation of DNPH
derivatives. Chromatograms run with a Zorbax Eclipse Plus C18 (50 mm × 2.1 mm × 1.8 �m) column and
a mobile phase composed of isopropanol, methanol, tetrahydrofuran and water led to the best separation
conditions considering reduced analysis time (∼6 min per run), solvent consumption rate (∼2 mL per run)
and resolution of propanone, acrolein and propionaldehyde hydrazones. Quantification limits and linear

ranges were adequate for direct application of EPA TO-11 conditions in all sets of RRLC and HPLC condi-
tions. The analytical method was applied in the determination of carbonyl compounds (CCs) in Niterói
City, RJ, Brazil in samples that were collected during periods of 2 h. Formaldehyde (8.22–9.78 ppbv) pre-
dominated in all periods followed by acetaldehyde (1.77–3.99 ppbv) and propanone (1.89–3.26 ppbv).
Heavy CCs such as butyraldehyde and benzaldehyde were also detected in most samples. Total CCs var-
ied along the studied day. The obtained results showed that RRLC can be applied to CCs determination

e con
without any change in th

. Introduction

The occurrence of carbonyl compounds (CCs) in the atmo-
phere has fundamental interest due to their role in the oxidation
f volatile organic compounds (VOCs) and in the formation of
zone in the troposphere [1,2]. Several aspects of emission, reac-
ivity and toxicological effects of CCs were reviewed [1]. Primary
ources of CCs to the atmosphere include vegetation and indus-

rial emission, cigarette smoke [3–5] and vegetation or fossil fuel
urning. Photo-oxidation of VOCs in the atmosphere represents a
econdary emission source of CCs and their role in ozone forma-
ion is well known [1]. There is also concern about CCs because

∗ Corresponding author at: Departamento de Química Analítica, Instituto de
uímica, Universidade Federal Fluminense, Outeiro de São João Batista, s/n, 24020-
41 Centro, Niterói, RJ, Brazil. Tel.: +55 21 2629 2221; fax: +55 21 2629 2143.

E-mail address: annibal@vm.uff.br (A.D. Pereira Netto).

039-9140/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2009.12.036
ditions of sample preparation of the Method EPA TO-11.
© 2009 Elsevier B.V. All rights reserved.

some of them can affect human health. Formaldehyde and acetalde-
hyde, for example, are considered respectively as carcinogenic and
probably carcinogenic compounds by IARC. The determination of
atmospheric CCs has been conducted in different places worldwide
[6–17]. Different aspects of experimental conditions for the deter-
mination of CCs in the atmosphere were recently reviewed [14].
CCs were also studied in natural and drinking waters [18–20], disin-
fected water [21] and in pool water [22]. CCs are also formed during
the frying process as by-products of vegetable oil degradation [23].
Odor-active aldehydes were also found in wines [24–26].

Several techniques have been used for the identification
and determination of CCs. Derivatization with o-(2,3,4,5,6-
pentafluorobenzyl)hydroxylamine hydrochloride (PFBHA) fol-

lowed by gas chromatography (GC) and mass spectrometry
(MS) detection [24–28] or by GC–MS–MS [21] was employed
in the determination of several CCs. Derivatization of CCs
with pentafluorophenylhydrazine [10] followed by derivative
analysis by GC–MS–SIM allowed determination of CCs with
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ery low detection limits. Derivatization of formaldehyde with
,5-bis(trifluoromethyl)phenylhydrazine followed by GC–MS or
lectron-capture detection (GC–ECD) was described for its deter-
ination [29]. GC–MS was also used in the determination of CCs
ithout derivatization [23,30]. CCs were also determined by cap-

llary electrophoresis and UV detection after derivatization with
-hydrazinebenzoic acid [9] or with 4-hydrazinobenzene sulfonic
cid [18].

Derivatization of CCs with 2,4-dinitrophenylhydrazine (DNPH)
o form the corresponding 2,4-dinitrophenylhydrazone derivatives
ollowed by their determination by high performance liquid chro-

atography (HPLC) became a method of choice to determination
f individual CCs [31] or their mixtures in air and in different
amples [5–7,11–17,19–21,32–41] possibly due to the method
ersatility and sensitivity. HPLC–UV [5–7,11–17,19,20,31–37] or
PLC–MS following the ionization in ESI [7,21], APCI [38–40] or
PPI interfaces [40] and detection of negative ions have been used.
urthermore, derivatization with PFBHA followed by APCI–LC–MS
nd detection of positive ions was also used [42]. The main advan-
age of MS detection towards UV detection relies on its selectivity
hat is also improved with tandem-MS techniques [7,22]. A com-
arison of MS and UV detection indicates that the sensitivity of
ome MS methods may be comparable to or better than those of
V methods. Although there is a lack of papers comparing the per-

ormance of different HPLC–MS interfaces in the determination of
C hydrazones, APPI interfaces showed better detection limits than
PCI interfaces [40].

A direct comparison of advantages and disadvantages of all
hese techniques and methods is not simple because many features
f analytical methods are expressed in different ways. Therefore,
etection limits are expressed in terms of mass or concentrations

n solution or gas phase. They are also expressed by different units
ith respect to different analytical conditions. Furthermore, a com-
arison of GC and HPLC methods of CC determination is not easy
ecause different approaches are used in each technique. Poor reso-

ution, large analysis time and large volumes of solvent waste can be
onsidered disadvantages of HPLC methods towards GC methods,
hile the need of vaporizing CC derivatives without degradation
rior to GC analysis may represent a disadvantage of many GC
ethods.
Relatively recent development of liquid chromatographic

olumns using sub-2-�m particles and ultra-high-pressure chro-
atographs allowed significant improvements of resolution,

nalysis speed, detection sensitivity and reduction of solvent waste.
articles size also made achieving lower plate heights over a wider
ange of higher linear velocities, resulting in better resolution and
ensitivity as well as reduced analysis time. Rapid resolution liq-
id chromatography (RRLC) has been reviewed by Mazzeo et al.
43] and it has gained large analytical importance in several areas
44–47].

This study was initially focused on the comparison of ana-
ytical conditions for 15 carbonyl-DNPH derivatives obtained by
onventional HPLC and RRLC. In order to compare chromatographic
onditions, they were optimized and some analytical features such
s resolution, detection limits, quantification limits, linearity and
nalysis time were evaluated. Initial steps of experimental work
ere conducted with mobile phases composed of binary mixtures

f acetonitrile and ultrapure water that are traditionally used for
C separation.

However, the recent lack of acetonitrile in the world mar-
et, stimulated us to study and evaluate other alternatives of

obile phases such as binary, ternary and quaternary mixtures

f acetonitrile, methanol, tetrahydrofuran, isopropanol and water.
hromatographic conditions were studied and optimized under
hese conditions and some analytical features were evaluated.
tandard solutions prepared in acetonitrile were used in order to
81 (2010) 521–529

keep the same and widely used conditions of sample preparation
described by US-EPA [32]. The best separation chromatographic
conditions are presented and discussed here. Data obtained by
application of the best analytical conditions in the determination of
atmospheric CCs in Niterói City, RJ, Brazil are also presented here.
To our knowledge, this is the first application of RRLC for the deter-
mination of carbonyl-DNPH derivatives. It is also the first study of
atmospheric CCs in Niterói City.

2. Materials and methods

2.1. Reagents and solvents

A standard solution containing 15 carbonyl-DNPH derivatives
(hydrazones) in concentrations corresponding to 15 mg L−1 of indi-
vidual carbonyl compounds was purchased from Sigma (MO, USA).
Acetonitrile (ACN), methanol (MeOH), tetrahydrofuran (THF) and
isopropanol (IsopropOH) (all HPLC grade) were purchased from
Tedia, Brazil. Ultra-purified water was prepared through a Simplic-
ity System (Millipore, EUA) following distillation.

2.2. Standard solutions

A standard stock solution of the 15 carbonyl-DNPH derivatives
was prepared by dilution of 1.00 mL of the primary standard solu-
tion up to 3.00 mL with ACN. Working standards solutions were
prepared by dilution of appropriate aliquots of the stock solution
to 1.00 mL with ACN.

2.3. Chromatographic analysis

HPLC experiments were carried out in an Agilent 1100 Series
(USA) instrument and RRLC experiments of RRLC were performed
in an Agilent 1200 Series (USA) instrument. Both chromatographic
systems consisted of a binary pump, a degasser, an automated
injector, a thermostated column compartment and an UV-DAD
detector, which were all controlled by Agilent ChemStations. Detec-
tor parameters such as detector slit and response time that directly
influence RRLC-UV-DAD detector signals were further optimized. A
slit of 4 nm and a response time of 0.05 min led to the best responses
considering peak width and form.

Chromatographic conditions (mobile phase composition, flow
rate, temperature and injection volume) were studied and opti-
mized with four HPLC columns and two RRLC columns. Injection
volumes of 10 �L were usually employed but they were reduced
to 3 �L when the narrowest RRLC column was used to avoid col-
umn overloading. The best RRLC separations were obtained at 35 ◦C
except where indicated. An equilibration time of 1 min between
successive HPLC or RRLC runs was always adopted. Details of
column characteristics and dimensions and of instruments used
in each set of experiments are summarized in Table 1. Part of
the experiments was conducted with mobile phases composed of
binary mixtures of ACN and ultrapure water. Other alternatives of
mobile phases that are binary, ternary or quaternary mixtures of
ACN, MeOH, THF, IsopropOH and water were also evaluated. All
solvents were degassed in an ultrasonic bath before use.

2.4. Carbonyl-DNPH derivatives identification and quantification

All hydrazones were detected in 360 nm. Hydrazones were iden-

tified by retention times, elution order and their absorption spectra.
In some cases, the retention times were compared with those of
true standards acquired from Sigma–Aldrich (USA). In order to
evaluate detection limits (DLs) and quantification limits (QLs) of
hydrazones, calibration solutions containing all studied hydrazones
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Table 1
Summary of columns and instruments characteristics used in this study.

Column characteristics Column dimensions
(mm × mm × �m)

Chromatographic
technique

Instrument Acronym of column and
chromatographic techniquea

Vydac C18 (210TP54) 250 × 4.6 × 5 HPLC Agilent 1100 Series V-HW
Zorbax 300 SB C18 250 × 4.6 × 5 HPLC Agilent1100 Series Z-HW
Supelcosil C18 250 × 4.6 × 5 HPLC Agilent1100 Series S-HW
Zorbax XDB C18 150 × 2.1 × 5 HPLC Agilent1100 Series Z-HN

Agilent 1200 Series Z-RW
Agilent 1200 Series Z-RN
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Table 2
Optimized gradient used for separation of 15 hydrazones by HPLC. Column Zor-
bax Eclipse XDB C18 (150 mm × 2.1 mm × 5 �m; Agilent) (Z-HN). T = 28 ◦C; injected
volume = 5 �L.

Time (min) ACN (%) Water (%) Flow rate (mL/min)

0 32 68 1.5
10 32 68 1.5

All subsequent steps of this study were focused on optimizing
the separation of the 15 studied hydrazones under RRLC. An Agilent
RRLC 1200 Series instrument and two RRLC columns (Table 1) were
used. The starting point for the optimization of RRLC separations

Fig. 1. Chromatogram of a mixture of 15 DNPH derivatives (100 �g L−1) obtained by
Zorbax Eclipse Plus C18 50 × 4.6 × 1.8 RRLC
Zorbax Eclipse Plus C18 50 × 2.1 × 1.8 RRLC

a H = HPLC; R = RRLC; W = wide columns (4.6 mm); N = narrow columns (2.1 mm).

anged in concentrations between 2.00 and 500 �g L−1. The equa-
ions of the calibration curves were obtained by the least-squares
egression method and were used to estimate these parameters.
Ls and QLs were obtained by dividing respectively three and ten

imes the signal to noise ratios by the angular coefficients of calibra-
ion curves. Signal to noise ratios were estimated by the standard
eviations of peak areas obtained after six subsequent injections of
he 2.00 or 5.00 �g L−1 standards solutions [48].

.5. Sampling and sample analysis

Air sampling followed the Method EPA TO-11 [32]. Briefly 60 L
f air were collected with SPE cartridges impregnated with 2,4-
initrophenylhydrazine (Waters, USA) and connected in series
ith a KI ozone denuder (Waters, USA). Samples were collected

n the Valonguinho Campus of Federal Fluminense University
ocated in a mixed commercial-residential neighborhood of Niterói
ity Center. Sampling point faced an eleven lane traffic system.
amples were collected 5 m above ground in open area located
t around 200 m of Guanabara Bay margin. Samples were col-
ected in intervals of 2 h (from 08:00 to 21:00) in May 21, 2009
n six sampling periods (8:10–10:10, 10:15–12:15, 12:20–14:20,
4:25–16:25, 16:30–18:30 and 18:35–20:50 h). Hydrazones were
xtracted from the SPE cartridges by the addition of acetonitrile
5 mL) [32] in reverse direction of sampling. Aliquots of the final
olutions were transferred to 2 mL vials and analyzed under the best
nalytical conditions. Atmospheric concentrations of CCs were cal-
ulated considering sampled air volume, mean temperature during
ampling (25 ◦C) and pressure (1 atm).

. Results and discussion

.1. Optimization of HPLC separation conditions for the 15
ydrazones

A HPLC instrument (Agilent 1100 Series) was used in this part of
he study and four HPLC columns were evaluated (Table 1). The sep-
ration of the 15 hydrazones was initially evaluated in a Vydac C18
250 mm × 4.6 mm × 5 �m) (V-HW) column and a Zorbax 300 SB
18 (250 mm × 4.6 mm × 5 �m; Agilent) (Z-HW) column. No satis-
actory sets of conditions for appropriate separation of hydrazones
ere obtained with both columns and they were discarded for pos-

erior study. A Zorbax Eclipse XDB C18 (150 mm × 2.1 mm × 5 �m;
gilent) (Z-HN) column with the optimized gradient of ACN:water
hown in Table 2 allowed satisfactory separation of the 15 studied
ydrazones except of those derived of o-, m- and p-tolualdehydes
hat were only partly resolved. A total analysis time of 26 min was
btained at 28 ◦C after injection of 5 �L.

A Supelcosil C18 (250 mm × 4.6 mm × 5 �m; Supelco) (S-HW)

olumn, which is designated for the studied separation, showed the
est performance among the HPLC columns. A satisfactory resolu-
ion of the studied compounds, except of propanone and acrolein
ydrazones, was obtained at 30 ◦C. A mobile phase flow rate of
.5 mL min−1 and a binary elution gradient of ACN (A) and water (B)
15 46 54 1.5
20 46 54 1.5
25 60 40 1.6
26 60 40 1.6

were used. The gradient was as follows: 65% of A held for 10 min,
increased linearly to 66.5% of A during 3 min. An analysis time of
12.5 min was obtained. Fig. 1 shows a typical chromatogram of the
15 hydrazone mixture under these conditions. Although propanone
and acrolein hydrazones were not well separated, their resolution
obtained under these conditions is comparable or even better than
those presented elsewhere [49]. Isomeric tolualdehyde hydrazones
were not well resolved as previously observed [49].

3.2. Optimization of RRLC separation conditions for the 15
hydrazones
HPLC, with detection at 360 nm. Column Supelcosil C18 (250 mm × 4.6 mm × 5 �m;
Supelco) (S-HW), T = 28 ◦C and gradient of ACN:water. (1) Formaldehyde; (2)
acetaldehyde; (3) propanone; (4) acrolein; (5) propionaldehyde; (6) croton-
aldehyde; (7) butyraldehyde; (8) benzaldehyde; (9) isovaleraldehyde; (10)
valeraldehyde; (11) o-, m-, p-tolualdehydes; (12) hexaldehyde; (13) 2,5-
dimethylbenzaldehyde.
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Fig. 2. Chromatograms of a mixture of 15 DNPH derivatives (250 �g L−1)
obtained by RRLC, with detection at 360 nm. Column Zorbax Eclipse Plus
C18 (50 mm × 4.6 mm × 1.8 �m; Agilent) (Z-RW). Gradients of (a) ACN:water;
(b) ACN:water:THF; (c) MeOH:water:THF; (d) MeOH:water:THF:IsopropOH; (e)
Water:THF:IsopropOH. Peak identification: hydrazones of (1) formaldehyde;
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allowed the best chromatographic separation in 6 min using a
MeOH:water:THF:IsopropOH mobile phase and a flow rate of
0.55 mL min−1 (Fig. 3d). A MeOH free mobile phase composed of
water:THF:IsopropOH (Table 4) allowed the best separation of the
15 hydrazones in 8 min with a flow rate of 0.35 mL min−1 (Fig. 3e).

Fig. 3. Chromatograms of a mixture of 15 DNPH derivatives (250 �g L−1)
obtained by RRLC, with detection at 360 nm. Column Zorbax Eclipse Plus
C18 (50 mm × 2.1 mm × 1.8 �m; Agilent) (Z-RN). Gradients of (a) ACN:water;
2) acetaldehyde; (3) propanone; (4) acrolein; (5) propionaldehyde; (6) cro-
onaldehyde; (7) butyraldehyde; (8) benzaldehyde; (9) isovaleraldehyde; (10)
aleraldehyde; (11) o-, m-, p-tolualdehydes; (12) hexaldehyde; (13) 2,5-
imethylbenzaldehyde.

ith ACN:water mobile phases was obtained by a software (Agi-
ent) that estimated RRLC conditions from the best HPLC conditions
btained with the S-HW column and this pair of solvents. Other
arameters that directly affect chromatographic separation such as
olumn temperature, injection volume, mobile phase composition
nd flow rate were further studied and optimized. As stated below
he recent lack of acetonitrile in the world market stimulated us
o investigate hydrazone separation with other solvent systems by
RLC.

Table 3 summarizes the best conditions achieved using the Zor-
ax Eclipse Plus C18 (50 mm × 4.6 mm × 1.8 �m) (Z-RW) column
nd different mobile phases. The corresponding chromatograms
re shown in Fig. 2. An analysis time of 9.5 min was obtained using
ACN:water gradient and a constant flow rate of 3.0 mL min−1

Table 3 and Fig. 2a). Gradients of ACN:water:THF containing
ow percentages of THF were developed from these conditions.
he presence of THF in mobile phase improved the resolution of
ropanone and acrolein hydrazones as previously observed [50].
he best set of conditions (Table 3) resulted in an analysis time of
.5 min (Fig. 2b).

Acetonitrile was completely replaced for methanol, but
eOH:water mobile phases in all proportions and conditions
ere unable to separate propanone and acrolein hydrazones.

ddition of THF to this mobile phase improved their resolution
esulting in a chromatogram that was completed in 15.5 min
Fig. 2c) with a flow rate of 2.3 mL min−1 of a MeOH:water:THF
ernary mobile phase (Table 3). Next, a small percentage of Iso-
ropOH was added to the ternary mobile phase to improve
81 (2010) 521–529

solvent miscibility. The best separation of the 15 hydrazones
with a MeOH:water:THF:IsopropOH mobile phase was obtained
in 8.5 min with a flow rate of 1.5 mL min−1 (Table 3 and Fig. 2d).
The polarity of this quaternary mixture indicated the possibility
of using MeOH free mobile phases, that is ternary mixtures of
water, THF and IsopropOH (Table 3). The best separation of the 15
hydrazones was completed in 13 min with a water:THF:IsopropOH
mobile phase and a flow rate of 0.8 mL min−1 (Fig. 2e).

Posteriorly, hydrazone separation was studied by RRLC using
a Zorbax Eclipse Plus C18 (50 mm × 2.1 mm × 1.8 �m) (Z-RN) col-
umn. Table 4 summarizes the optimized conditions and the
corresponding chromatograms are shown in Fig. 3. A mobile phase
composed of ACN:water (Table 4) allowed the best separation of the
15 hydrazones in 6 min at 26 ◦C with a flow rate of 0.75 mL min−1

(Fig. 3a). As pointed before ACN:water:THF mobile phases con-
taining low percentages of THF (Table 4) improved the resolution
of propanone and acrolein hydrazones. The best conditions led
to an analysis time of 6.5 min (Fig. 3b). Acceptable separations
of the 15 hydrazones using this column and MeOH/water mobile
phases were also not possible. The best set of conditions obtained
with MeOH/water/THF mobile phases (Table 4) and a flow rate
of 0.55 mL min−1 allowed their complete separation in 11 min
(Fig. 3c). Addition of IsopropOH to the mobile phase (Table 4)
(b) ACN:water:THF; (c) MeOH:water:THF; (d) MeOH:water:THF:IsopropOH; (e)
Water:THF:IsopropOH. Peak identification: hydrazones of (1) formaldehyde;
(2) acetaldehyde; (3) propanone; (4) acrolein; (5) propionaldehyde; (6) cro-
tonaldehyde; (7) butyraldehyde; (8) benzaldehyde; (9) isovaleraldehyde; (10)
valeraldehyde; (11) o-, m-, p-tolualdehydes; (12) hexaldehyde; (13) 2,5-
dimethylbenzaldehyde.
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Table 3
Summary of RRLC optimized gradients obtained using the Zorbax Eclipse Plus C18 (50 mm × 4.6 mm × 1.8 �m) (Z-RW) column.

Mobile phase solutions Optimized gradient (%A
and analysis time)

Flow rate (mL/min) Analysis time (min) Chromatogram

A B

ACN Water 32% A (0–2 min); linear
gradient to 35% A
(2–3 min); 35% A
(3–5 min); linear gradient
to 40% A (5–6 min); linear
gradient to 45% A
(6–6.5 min); linear gradient
to 70% A (6.5–7 min); 70% A
(7–9.5 min)

3.0 9.5 Fig. 2a

ACN:water (60:40, v/v) Water:ACN:THF (60:30:10,
v/v/v)

15% A (0–0.8 min); linear
gradient to 93% A
(0.8–7.5 min)

2.5 7.5 Fig. 2b

MeOH:water (95:5, v/v) Water:MeOH:THF (90:5:5,
v/v/v)

30% A (0–5.5 min); linear
gradient to 70% A
(5.5–12 min); 70% A
(12–15.5 min)

2.3 15.5 Fig. 2c

MeOH Water:IsopropOH:THF
(75:15:10, v/v/v)

30% A (0–3.5 min); linear
gradient to 80% A
(3.5–8 min); 60% A
(8–8.5 min)

1.5 8.5 Fig. 2d

min);
2% A
linear
13 min
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IsopropOH:water (90:10, v/v) Water:THF (95:5, v/v)) 30% A (0–4.5
gradient to 4
(4.5–6 min);
to 56% A (6–

.3. General evaluation of data

An overall and critical comparison of different optimized
RLC conditions indicated that all mobile phase compositions led
o a better separation of propanone, acrolein and propionalde-
yde hydrazones (Figs. 2b–e and 3b–e) than those found using
CN:water mobile phases under RRLC (Figs. 2a and 3a) and HPLC

Fig. 1). Partial overlapping of propanone and acrolein hydrazones
eaks could be overcome in several sets of chromatographic condi-
ions after addition of THF to the mobile phases that improved their

esolution. This fact can be observed when Figs. 2a and b or 3a and b
re compared. THF showed to be crucial in allowing baseline sep-
ration of propanone, acrolein and propionaldehyde hydrazones
hen MeOH:water mobile phases were studied. However, it was

bserved that high THF concentrations tended to reduce reten-

able 4
ummary of RRLC optimized gradients obtained using the Zorbax Eclipse Plus C18 (50 mm

Mobile phase solutions Optimized gradien
(%A and analysis ti

A B

ACN Water 30% A (0–3 min); l
gradient to 38% A
(3–4 min); 38% A
(4–4.5 min); linear
to 60% A (4.5–6 mi

ACN:water (60:40, v/v) Water:ACN:THF (60:30:10,
v/v/v)

15% A (0–0.5 min);
gradient to 38% A
(0.5–6 min)

MeOH:water (95:5, v/v) Water:MeOH:THF (90:5:5,
v/v/v)

40% A (0–2 min); li
gradient to 50% A
(2–5 min); linear g
to 90% A (5–11 min

MeOH Water:IsopropOH:THF
(75:15:10, v/v/v)

30% A (0–2 min); li
gradient to 80% A
(2–5 min); linear g
to 82.5% A (5–6 mi

IsopropOH:water (90:10, v/v) Water:THF (95:5, v/v) 30% A (0–1.5 min);
gradient to 40% A
(1.5–2.5 min); line
gradient to 60% A
(2.5–6.5 min); 60%
(6.5–8 min)
linear

gradient
)

0.8 13.0 Fig. 2e

tion times of the heaviest hydrazones leading consequently to poor
resolutions.

Incomplete separation of hydrazones derived of the three iso-
meric tolualdehydes was a major drawback in both RRLC and
HPLC optimized conditions. This separation is a difficult task since
these aldehydes and their derivatives share very similar polarities.
Partial separations of these hydrazones in two groups of tolu-
aldehyde hydrazones were obtained with ACN:water:THF mobile
phases in both RRLC columns (Figs. 2b and 3b). MeOH:water:THF
(Figs. 2c and 3c) and water:THF:IsopropOH (Figs. 2e and 3e)

mobile phases allowed separations of two groups of tolualdehyde
hydrazones in both RRLC columns. Some asymmetric peaks were
observed when the Z-RW column was employed (Fig. 2c and d) and
some small peaks were observed in several RRLC chromatograms
(Figs. 2b and d and 3b and d, possibly because the isomeric struc-

× 2.1 mm × 1.8 �m) (Z-RN) column.

t
me)

Flow rate (mL/min) Analysis time (min) Chromatogram

inear

gradient
n)

0.75 6.0 Fig. 3a

linear 0.60 6.5 Fig. 3b

near

radient
)

0.55 11.0 Fig. 3c

near

radient
n)

0.55 6.0 Fig. 3d

linear

ar

A

0.35 8.0 Fig. 3e
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Table 5
Comparison of analysis times, mobile phase and ACN consumption rates (mL per run) obtained using each set of optimized conditions.

Columns (mm × mm × �m) Mobile phase composition Analysis time (min) Consumption rates (mL per run)

Mobile phase ACN

Supelco (250 × 4.6 × 5)(S-HW) ACN:water 12.5 21.0 13.7
Zorbax (150 × 2.1 × 5) (Z-HN) ACN:water 26.0 40.5 17.6

Zorbax (50 × 4.6 × 1.8) ACN:water 9.5 31.5 13.5
(Z-RW) ACN:water:THF 7.5 21.3 9.1

MeOH:water:THF 15.5 35.7 0
MeOH:water:THF:IsopropOH 8.5 14.3 0
Water:THF: IsopropOH 13.0 11.2 0

Zorbax (50 × 2.1 × 1.8) ACN:water 6.0 6.8 2.7

t
p

a
m
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w
p
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7
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(
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6
m
t
p
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e
l
r

T
S
s

(Z-RN) ACN:water:THF
MeOH:water:THF
MeOH:water:THF:IsopropOH
Water:THF: IsopropOH

ures of derivatives are not well resolved in C18 columns, as
reviously observed [51].

A comparison of some parameters (analysis time, mobile phase
nd ACN consumption rates) obtained under RRLC and HPLC opti-
ized conditions is shown in Table 5. All aspects of optimized

onditions observed by conventional HPLC using the S-HW column
ere better than those obtained using the Z-HN column. For exam-
le, analysis time and mobile phase consumption found using the
-HW column were nearly the half of those found with the Z-HN
olumn. Therefore, all comparisons of RRLC and HPLC considered
nly data and conditions obtained with the S-HW column.

Analysis time by RRLC using the Z-RW column varied between
.5 and 15.5 min (Fig. 2). The shortest time (7.5 min) was obtained
ith a mobile phase composed of ACN:water:THF followed by those

ound with MeOH:water:THF:IsopropOH (8.5 min) and ACN:water
9.5 min) mobile phases. These conditions allowed an increase of

ethod throughput when compared with that obtained by conven-
ional HPLC using the S-HW column. The other two mobile phases
howed analysis time (13.0 or 15.5 min) longer than that obtained
y HPLC using the S-HW column (12.5 min) (Figs. 1 and 2).

Analysis time by RRLC using the Z-RW column varied between
.0 and 11.0 min (Fig. 3) increasing method throughput in all opti-
ized conditions when compared to that obtained by HPLC using

he S-HW column (12.5 min) (Fig. 1). MeOH:water:THF mobile
hase allowed a less significant analysis time reduction because

ydrazone separation was completed in 11.0 min by RRLC. How-
ver, all other conditions obtained by RRLC using the Z-RN column
ed to more significant analysis time reduction because the sepa-
ations were completed in 6.0–8.5 min. As a consequence, method

able 6
cores for comparison of columns and optimized conditions according to different criteria
ymmetry, resolutions of hydrazones derived of propanone, acrolein and propionaldehyd

Columns Mobile phases Time (min)

Supelco (250 × 4.6 × 5)(S-HW) ACN:water 1

Zorbax (50 × 4.6 × 1.8) ACN:water 2
(Z-RW) ACN:water:THF 2

MeOH:water:THF 0
MeOH:water:THF:IsopropOH 2
Water:THF: IsopropOH 1

Zorbax (50 × 2.1 × 1.8) ACN:water 3
(Z-RN) ACN:water:THF 3

MeOH:water:THF 1
MeOH:water:THF:IsopropOH 3
Water:THF: IsopropOH 2

a mL per run.
6.5 4.5 2.0
11.0 6.1 0

6.0 3.9 0
8.0 3.2 0

throughput under RRLC can be almost doubled relative to conven-
tional HPLC.

In liquid chromatographic analysis solvent waste that is a func-
tion of mobile phase consumption rate, should be considered in
method development and application. RRLC separations using the
Z-RW column led to mobile phase consumption rates (11.2–31.5 mL
per run) that are comparable to that found by HPLC using the S-HW
column (21.0 mL per run). However, dramatic reductions of mobile
phase consumption rates (between 3.2 and 6.8 mL per run) were
observed with the narrowest Z-RN column. Furthermore, addition
of THF and/or IsopropOH to the mobile phases helped to reduce
mobile phase consumption rates when both RRLC columns were
used (Table 5).

ACN consumption rates were compared and showed to be differ-
ent under HPLC and RRLC. In fact, a reduction of ACN consumption
to zero was found when ACN free mobile phases were used. A reduc-
tion of ACN consumption rate of almost 4 mL per run was observed
when HPLC optimized conditions using the S-HW (13.7 mL per
run) and the Z-HN column (17.6 mL per run) were compared.
Using RRLC, the Z-RW column led to the largest ACN consump-
tion rates that varied between 9.1 (ACN:water:THF mobile phase)
and 13.5 mL per run (ACN:water mobile phase). This value is com-
parable to that found by HPLC using the S-HW. The Z-RN column
led to ACN consumption rates between 2.0 (ACN:water:THF mobile
phase) and 2.7 mL per run (ACN:water mobile phase). Addition of

THF to the mobile phases reduced ACN consumption rates using
RRLC.

The columns and the conditions of separation were compared
considering some criteria: analysis time (min), mobile phase and

: analysis time (min), mobile phase and ACN consumption rates (mL per run), peak
e (C3 CC) and resolution of tolualdehyde hydrazones.

Peak
symmetry

Consumption ratesa Resolution of hydrazones Final
scores

Mobile phase ACN C3 CC Tolualdehyde

2 0 0 0 3 6

1 0 0 0 2 5
2 0 1 3 2 10
0 0 3 3 2 8
1 1 3 3 0 10
3 1 3 3 2 13

3 2 2 0 1 11
3 3 2 2 2 15
3 2 3 3 2 14
3 3 3 3 0 15
3 3 3 3 2 16
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CN consumption rates (mL per run), peak symmetry, resolutions
f hydrazones derived of propanone, acrolein and propionalde-
yde and resolution of tolualdehyde hydrazones. Scores ranging

rom 0 to 3 were attributed to these criteria (Table 6). The condi-
ions obtained using the Z-HW column were not included in this
omparison because they were worse than those obtained using
he S-HW column as pointed before. Comparison made in both
ables 5 and 6 indicates that RRLC has several advantages over HPLC
uch as reduction of analysis time and reductions of mobile phase
nd ACN consumption rates (mL per run). Moreover, the incomplete
eparation of propanone and acrolein hydrazones represented a
ajor drawback under HPLC conditions. An advantage of this set of
PLC conditions over all other conditions is the (partial) separation
f tolualdehyde hydrazones (Fig. 1).

A comparison of RRLC optimized conditions indicates that the
-RN column presents several advantages when compared to the Z-
W column, such as reductions in analysis time and in consumption
ates of ACN and mobile phase. As consequence almost all sets of
ptimized conditions using the Z-RN column were very well ranked
Table 6). Water:THF:IsoproOH and MeOH:water:THF:IsoproOH
radients were considered the best suited for separation of
C hydrazones. The Z-RN column and the quaternary gradient
MeOH:water:THF:IsopropOH) were chosen to sample evaluation
ecause they allowed the fastest chromatograms and consequently
he highest throughput method. Finally, these results indicate that
RLC methods represent a viable alternative that show several
omparative advantages over HPLC methods of determination of
Cs.

.4. Evaluation of analytical features of the optimized sets-ups of
nalytical conditions

DLs and QLs of hydrazones were evaluated by HPLC consider-
ng the separation obtained for the S-HW column and ACN:water

obile phase and by RRLC with respect to all sets of optimized
onditions for the Z-RW and Z-RN columns (Table 7). Calibration
ines of the evaluated hydrazones showed very good linear relation-
hips with standard solutions concentrations, as expressed by their
orrelation coefficients (>0.998) in the studied range. DLs shown
n Table 7 were expressed in ppbv of CC (nL of CC per L of air)
aking into account the Ideal Gas Equation, sampling and extrac-
ion conditions (Section 2.5), and temperature and pressure during
ampling. The DLs obtained by HPLC conditions varied between
.04 and 0.13 ppbv. These values are comparable to the values of
.07–0.09 ppbv found by Pal et al. [15] and to values compiled or
ound by Carvalho et al. [6], which varied widely depending of the
C and of the study. A comparison of DLs obtained by RRLC and
PLC (Table 7) showed that all DLs obtained by RRLC using the
-RW column varied between 0.01 and 0.25 ppbv. The worst and
idest range of DLs was obtained using MeOH:water:THF mobile
hase possibly as a consequence of some baseline fluctuation. DLs
btained using the Z-RN column varied between 0.01 and 0.09 ppbv
ith a range of values lower than a magnitude order and with the

argest DLs corresponding to the lightest CCs. These DLs are com-
arable with those previously obtained by very sensitive methods
uch as GC–MS–SIM [10] and HPLC–ESI–MS [7].

The UV detector responds to concentration. Thus analytical
Ls found from analytical curves are expressed in concentrations

�g L−1 or nmol L−1). The injected mass of CCs corresponding to
hese DLs can be calculated by multiplying the DLs (�g L−1) and
he injected volumes in the Z-RN or Z-RW columns (3 or 10 �L

espectively). Masses as low as 0.5–10 pg were found using the
-RN column while a wider range of 2.5–70 pg was found using
he Z-RW column. The most sensitive conditions, with DLs rang-
ng between 1.2 and 4.0 pg were found using the Z-RN with a

eOH:water:THF:IsoproOH mobile phase that depending of the Ta
b
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C, is comparable to previous values found by HPLC–MS [40]. These
esults indicate the good sensitivity of RRLC to CCs determination.

Nevertheless their expression, DLs found using RRLC indicate
hat application of this technique is a viable task that allows the
etermination of carbonyl compounds in environmental samples
fter derivatization to hydrazones using usual sampling and sample
reparation conditions [32]. According to these results this tech-
ique allowed to obtain better DLs and improved sensitivity when
ompared to HPLC. Moreover, many RRLC chromatograms showed
ery narrow peaks and in some cases a resolution that indicated an
pportunity for the improvement of the method and the determi-
ation of other hydrazones, as well.

.5. Application

Air samples were collected during 2 h intervals (08:00–21:00)
n May 21st, 2009, following the Method EPA TO-11 [32]. Hydra-
ones were eluted from SPE cartridges by the addition of ACN
5 mL) [32]. Part of final solutions were transferred to 2 mL vials
nd analyzed by RRLC using the Z-RN column (Zorbax Eclipse
lus C18; 50 mm × 2.1 mm × 1.8 �m), a mobile phase composed of
eOH:water:THF:IsoproOH (Table 4) and detection at 360 nm. Cal-

bration curves were obtained with standards solutions containing
ll CCs and concentrations ranging between 2.00 and 500 �g L−1.
lanks run in parallel showed no significant concentrations of CC.

Individual CC concentrations are shown in Fig. 4a and b.
ormaldehyde (8.22–9.78 ppbv) predominated in all periods
ollowed by acetaldehyde (1.77–3.99 ppbv) and propanone
1.89–3.26 ppbv). Propionaldehyde (<0.02–0.89 ppbv) and

utyraldehyde (<0.04–0.93 ppbv) showed comparable concentra-
ions (Fig. 4a). Acrolein and crotonaldehyde were not detected.
enzaldehyde (<0.01–3.04 ppbv) predominated among heaviest
Cs although isovaleraldehyde (<0.01–1.39 ppbv) and hexaldehyde

ig. 4. Variation of individual CC concentrations in air samples (ppbv) in different
eriods of the studied day (a) C1–C4 CCs and (b) >C5 CCs.
Fig. 5. Variation of total CC concentrations in air samples (ppbv) in different periods
of studied day.

(<0.01–0.26 ppbv) were also found in most samples. Other heavier
CCs (valeraldehyde and tolualdehye) were found in low concen-
trations in some samples while dimethylbenzaldehyde (0.22 ppbv)
was oserved only in the sample collected between 10:15 and 12:15
(Fig. 4b). As far as we are concerned, some CCs are being reported
here for the first time in the atmosphere of the Metropolitan
Area of Rio de Janeiro City and this is the first study of CCs in the
atmosphere of Niterói City, RJ, Brazil.

Formaldehyde, acetaldehyde, propionaldehyde, butyraldehyde
and valeraldehyde showed lower concentrations (10–33%) than
those recently reported to an area of high automotive traffic of Rio
de Janeiro City [36]. A comparison of data obtained in this study
and those found in studies carried out in other countries [15–17]
indicates that concentrations of CCs are lower than those found
in industrial areas of Korea [15]. Concentrations of formaldehyde
found in Santiago, Chile [16] (3.9 ± 1.4 ppbv) were lower than these
found in this study. Butyraldehyde (3.3 ± 3.4 ppbv) that showed
comparable concentrations with acetaldehyde (3.0 ± 0.9 ppbv) and
propanone (2.5 ± 1.0 ppbv) in Santiago [16] was found in relatively
low concentrations in Niterói. When compared to our data, low
concentrations of formaldehyde were also found in Hong Kong
[17], although acetaldehyde concentrations were higher than those
found in Niterói City. The predominance of formaldehyde towards
acetaldehyde in Brazilian areas has been attributed to the dissem-
inated use of compressed natural gas as an automotive fuel [36].

Total CC concentration varied between 14.20 and 20.25 ppbv
(Fig. 5) with a maximum corresponding to the period between
10:15 and 12:15 h. A subsequent decrease with a minimum corre-
sponding to the period between 14:25 and 16:25 h and a posterior
increase of total CC concentrations were also observed. This fluc-
tuation is typical of total atmospheric CC concentrations because it
is very influenced by automotive traffic. These results were lower
than those found in Rio de Janeiro City [36], indicating that Niterói
is a less polluted area according to this criterion.

4. Conclusions

The present study showed that a number of conditions can be
optimized using different solvent compositions (binary, ternary
and quaternary mixtures of acetonitrile, methanol, tetrahydrofu-
ran, isopropanol and water) to separate a mixture of 15 hydrazones
of carbonyl compounds by RRLC. Most of these conditions show

several advantages when compared to those found using a specific
HPLC column (S-HW) that is designed for this separation. Incom-
plete or lack of separation of tolualdehyde hydrazones represented
a several drawback in almost all chromatographic conditions.
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Gradients of MeOH:water:THF:IsoproOH and water:THF:
soproOH run using RRLC and a Zorbax Eclipse Plus C18
50 mm × 2.1 mm × 1.8 �m) column provided the best analyt-
cal conditions, considering parameters such as analysis time,
eak symmetry, ACN and mobile phase consumption rates and
esolutions of propanone, acrolein and propionaldehyde and of
he tolualdehyde isomers. Our results showed that RRLC can be
pplied in CCs determination in air without the need of any change
n the usual EPA TO-11 sampling conditions.

The application of the developed method to air samples
ollected in Central Area of Niterói, RJ, Brazil allowed the quantifi-
ation of 12 individual CC and of tolualdehyde isomers as a group.
C concentrations varied between values below their individual
etection limits (0.01 and 0.09 ppbv) to 9.78 ppbv. Formaldehyde
8.22–9.78 ppbv) and acetaldehyde (1.77–3.99 ppbv) predomi-
ated among CCs. Total CCs varied between 14.20 and 20.25 ppbv
ith a maximum corresponding to the period between 10:15 and

2:15 h. These results are lower than those found in Rio de Janeiro
ity, indicating a less polluted area when this criterion is consid-
red. As far as we know this is the first report of CC in medium
razilian Cities.

cknowledgments

SMO, NGF, and ADPN are thankful to FAPERJ, CAPES and CNPq
or individual grants. This paper was fully supported by a Research
ontract with PETROBRAS, Brazil. The valuable comments of the
eviewer that improved the manuscript quality are also acknowl-
dged.

eferences

[1] M.V.A.S. de Andrade, H.L.C. Pinheiro, P.A.P. Pereira, J.B. de Andrade, Quim. Nova
25 (2002) 1117.

[2] M. Skybova, J. Lenicek, A. Rychtecka, P. Sykorova, V. Balasova, J. Bilek, J.
Kohoutek, I. Holoubek, Fresen. Environ. Bull. 15 (2006) 1616.

[3] K. Fujioka, T. Shibamoto, Environ. Toxicol. 21 (2006) 47.
[4] G. Zurek, A. Buldt, U.K. Fresen, J. Anal. Chem. 366 (2000) 396.
[5] T.L. Wang, H.W. Tong, X.Y. Yan, L.Q. Sheng, J. Yang, Chromatographia 62 (2005)

631.
[6] A.B. Carvalho, M. Kato, M.M. Rezende, P.A.P. Pereira, J.B. de Andrade, J. Sep. Sci.

31 (2008) 1686.
[7] Y.G. Chi, Y.L. Feng, S. Wen, H. Lü, Z. Yu, W. Zhang, G. Sheng, J. Fu, Talanta 72

(2007) 539.

[8] K. Motyka, P. Mikuska, Chem. Listy 99 (2005) 13.
[9] E.A. Pereira, M.O.O. Rezende, M.F.M. Tavares, J. Sep. Sci. 27 (2004) 28.
10] A. Cecinato, V. Di Palo, R. Mabilia, M. Possanzini, Chromatographia 54 (2001)

263.
11] M. Possanzini, V. Di Palo, E. Brancaleoni, M. Frattoni, P. Ciccioli, Atmos. Environ.

34 (2000) 5311.

[

[
[

[

81 (2010) 521–529 529

12] K. Muller, Chemosphere 35 (1997) 2093.
13] P. Foster, C. Ferrari, V. Jacob, A. Roche, P. Baussand, J. Delachaume, Analysis 24

(1996) 71.
14] R. Pal, K.H. Kim, J. Sep. Sci. 30 (2007) 2708.
15] R. Pal, K.-H. Kim, Y.-J. Hong, E.-C. Jeon, J. Hazard. Mater. 153 (2008) 1122.
16] M.A. Rubio, N. Zamorano, E. Lissi, A. Rojas, L. Gutierrez, D. von Baer, Chemo-

sphere 62 (2006) 1011.
17] K.F. Ho, S.C. Lee, W.Y. Tsai, J. Hazard. Mater. A133 (2006) 24.
18] A. Asthana, D. Bose, S. Kulshrestha, S.P. Pathak, S.K. Sanghi, W.T. Kok, Chro-

matographia 48 (1998) 807.
19] K. Takeda, S. Katoh, N. Nakatani, H. Sakugawa, Anal. Sci. 22 (2006) 1509.
20] C.-E. Baños, M. Silva, Talanta 77 (2009) 1597.
21] C. Zweiner, T. Glauner, F.H. Frimmel, Anal. Bioanal. Chem. 372 (2002) 615.
22] T. Gabrio, A. Bertsch, J. Chromatogr. A 1046 (2004) 293.
23] A. Fullana, A.A. Carbonell-Barrachina, S. Sidhu, J. Agric. Food Chem. 52 (2004)

5207.
24] L. Cullere, J. Cacho, V. Ferreira, Anal. Chim. Acta 524 (2004) 201.
25] V. Ferreira, L. Cullere, N. Loscos, J. Cacho, J. Chromatogr. A 1122 (2006) 255.
26] V. Ferreira, L. Cullere, R. Lopez, J. Cacho, J. Chromatogr. A 1028 (2004) 339.
27] C.H. Deng, X.M. Zhang, Rapid. Commun. Mass. Spectrom. 18 (2004) 1715.
28] N. Li, C. Deng, X. Yin, N. Yao, X. Shen, X. Zhang, Anal. Biochem. 342 (2005)

318.
29] A.M. Marsella, J.T. Purdham, S.A. Mabury, Int. J. Environ. Anal. Chem. 76 (2000)

241.
30] J.P. Zhu, B. Aikawa, X.L. Cao, Can. J. Anal. Sci. Spectrosc. 47 (2002) 171.
31] A.A. Saczk, L.L. Okumura, M.F. de Oliveira, M.V.B. Zanoni, N.R. Stradiotto, Anal.

Bioanal. Chem. 381 (2005) 1619.
32] Method for the Determination of Formaldehyde in Ambient Air Using Adsor-

bent Cartridge Followed by High Performance Liquid Chromatography (HPLC),
Compendium Method TO11, US, Environmental Protection Agency, Office of
Research and Development, Research Triangle Park, NC, 1998.

33] H.J. Zhang, J.F. Huang, H. Wang, Y.Q. Feng, Anal. Chim. Acta 565 (2006) 129.
34] C.F. Tsai, H.W. Shiau, S.C. Lee, S.S. Chou, J. Food. Drug. Anal. 11 (2003) 46.
35] M.T. Oliva-Teles, P. Paiga, C.M. Delerue-Matos, M.C.M. Alvim-Ferraz, Anal. Chim.

Acta 467 (2002) 97.
36] E.M. Martins, G. Arbilla, G.F. Bauerfeldt, M. de Paula, Chemosphere 67 (2007)

2096.
37] S. Uchiyama, E. Matsushima, S. Aoyagi, M. Ando, Anal. Chem. 76 (2004)

5849.
38] E. Grosjean, P.G. Green, D. Grosjean, Anal. Chem. 71 (1999) 1851.
39] R. Andreoli, P. Manini, M. Corradi, A. Mutti, W.M.A. Niessen, Rapid. Commun.

Mass. Spectom. 17 (2003) 637.
40] S.M. van Leeuwen, L. Hendriksen, U. Karst, J. Chromatogr. A 1058 (2004) 107.
41] A. Sakuragawa, T. Yoneno, K. Inoue, T. Okutani, J. Chromatogr. A 844 (1999) 403.
42] C.A. Jakober, M.J. Charles, M.J. Kleeman, P.G. Green, Anal. Chem. 78 (2006)

5086.
43] J.R. Mazzeo, U.D. Neue, M. Kele, R.S. Plumb, Anal. Chem. 77 (2005) 460A.
44] L. Díaz, J. Llorca-Pórcel, I. Valor, Anal. Chim. Acta 624 (2008) 90.
45] R. Naxing, L. Fan, M.J. Rieser, T.A. El-Shourbagy, J. Pharmaceut. Biomed. 44

(2007) 342.
46] S. Pedraglio, M.G. Rozio, P. Misiano, V. Reali, G. Dondio, C. Bigogno, J. Pharma-

ceut. Biomed. 44 (2007) 665.
47] L.G. Apollonio, D.J. Pianca, I.R. Whittall, W.A. Maher, J.M. Kyd, J. Chromatogr. B

836 (2006) 111.

48] G.R. Ramos, M.C.G. Álvarez-Coque, Quimiometria, Editorial Sintesis, Madrid,

Spain, 2001.
49] Supelco, Data Sheet of Supelcosil LC-18 (P/N 58298) Column, 1997.
50] WATERS Chromatography Columns and Supplies, 2009–2010, available at:

<http://www.waters.com>. Access: June 26th, 2009.
51] S. Uchiyama, M. Ando, S. Aoyagi, J. Chromatogr. B 996 (2003) 95.


