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Abstract.  2,5-Hexanedione (2,5-HD), the main
metabolite of n-hexane was extracted from urine samples
using cold fiber head space solid-phase microextraction
(CF-HS-SPME) based on thermoelectric cooling and
analyzed with gas chromatography equipped with a flame
ionization detector (GC-FID). Important parameters for
improved efficiency of fiber sorption including sample
volume, extraction time and temperature were optimized
using a central composite design. The optimum conditions
were determined, under which the detection limit and the
relative standard deviations were found. The method was
shown to be rapid, sensitive and easier than conventional
methods for quantitative analysis of 2,5-HD in urine
samples.
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1. Introduction

n-Hexane is a solvent widely used in industry to
make glues, paints, varnishes, and printing inks.
Epidemiological human studies and experimental research
on animals have shown that exposure to n-hexane cause
serious impairment of the nervous system and induces
peripheral neuropathy in both groups. The 2,5-hexandione
(2,5-HD), a basic metabolite of n-hexane, has been shown
to be responsible for the neurological damage in exposed
persons [1-3]. The urinary levels of 2,5-HD have been
used to evaluate workers exposed to n-hexane. It is also a
metabolite of 2-hexanone (methyln-butyl ketone).

The American Conference of Governmental In-
dustrial Hygienists (ACGIH) introduced 2,5-HD as a
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biological exposure index for hexane exposure. The time-
weighted average for threshold limit value of hexane is
50 ppm for air exposure and the biological exposure index
for urinary 2,5-HD is 0.4 mg/l at the end of the working
shift at the end of the workweek [4].

The analysis of toxicological effect of n-hexane is
described in the literature by several methods including
gas  chromatography-mass spectrometry (GC-MS),
hydrolysis treatments and analysis by GC with flame
ionization detector (GC-FID), high performance liquid
chromatography with ultraviolet (HPLC-UV),
derivatization of 2,5-HD and analysis by electron capture
detector (GC-ECD) of human exposure [5-9]. The most
popular preparation methods used are liquid-liquid and
solid-phase extraction.

Over the last decade, several methods based on
solid phase microextraction are reported in the analysis of
pollutants in air and extraction of analytes from urine
samples [10-17]. The most developed methods to
determine volatile biological indexes in urine samples are
static or dynamic headspace and head space-solid phase
microextraction (HS-SPME). The static headspace
method is based on partition of analytes between gaseous
and liquid phases. This method has low contamination,
high recoveries and low detection limits. The SPME is
simple, rapid, cost-effective, and solvent-free.

Although SPME is a sensitive method it is limited
by its selectivity and extraction capability. In HS-SPME,
enhancement of sample temperature increases the vapor
pressure and improves the mass transfer of the analyte but
has the effect of partitioning the coefficient of the
analytes-fiber and reducing the extraction capabilities due
to the exothermic nature of the adsorption.

The cold fiber SPME (CF-SPME) was recom-
mended by Zhang and Pawliszyn [18] to overcome the
exothermic characteristic of analyte sorption by fiber. In
CF-SPME the temperature of coating fibers was decreased
when sample temperature was increased to improve the
extraction. This approach was automated and applied to
determine some volatile and semi-volatile compounds
in shampoo, cork, soil matrices, sediment samples, air and
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the screening of volatile compounds in tropical fruit
[19-24].

Liquid carbon dioxide or nitrogen was used in
automation for the cooling of SPME fiber that has a large
needle size in its cooling system and causes septa coring
and pressure drop in the analysis of samples.

A new thermoelectric cooler (TEC) was introduced
to cool the SPME fiber for determination of hexanal,
nonanal, and undecanal in rice samples and then applied
to determination of BTEX in ambient air [25, 26]. The
cooler can control the fiber temperature, has no moving
parts, and it is small, lightweight, easy to move around the
laboratory and environmentally safe. To our knowledge
there is no similar study based on CF-HS-SPME for
sampling and determination of 2,5-HD in the urine
samples and there is still a great deal to learn about the
applicability of CF-HS-SPME as a monitoring tool in
urinary samples. Biological samples are complex com-
pounds and the physicochemical properties of semi-
volatile compounds (such as 2,5-HD) differ from those in
water, soil and air. In addition, they are completely
different from other samples as they have some interfering
compounds such as proteins, salts, peptides, and neutral
components that may interfere with extraction and
preparation of analytes in the sample. Therefore the use of
new methods based on head space extraction leads to the
elimination of interfering compounds.

The objective of current study was to develop a
novel approach based on thermoelectric cooler device for
the determination of 2,5-HD in urine samples. This device
is reliable, fast and inexpensive technique to improve
extraction efficiency and resolve the remaining problems
with ordinary SPME fibers. This study was carried out in
two phases. In the first one, the parameters for sampling
and analysis of 2,5-HD by CF-HS-SPME sampler were
evaluated and optimized. The sampler was then used for
determination of 2,5-HD in a petrochemical complex.

2. Experimental

2.1. Chemicals and Reagents

All reagents (Na,SO,4, NaCl and KOH) were of
analytical grade. 2,5-HD and cyclohexanone (internal
standard, IS) were supplied from Merck (Darmstadt,
Germany). Stock solution (1000 mg/l of 2,5-HD and
Smg/l of the IS) was obtained in purified water.
Calibration standards for analysis were prepared in the
range of 0.06-20 pg/ml in purified water.

2.2. Equipment

All samples were extracted from 20 ml clear glass
vial, sealed with silicone septum and an aluminum cap.
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Seventy-five micrometers of carboxen/poly-
dimethylsiloxane (CAR/PDMS) SPME fibers and manual
holders were purchased from Supelco (Bellefonte, PA).

A gas chromatograph (Shimadzu GC-2010 system,
Kyoto, Japan) equipped with a split/splitless injector and
flame ionisation detector (FID) was used for analyses of
2,5-HD.

An alfa hs-810 model hot plate-stirrer (Tehran,
Iran) was used for heating and stirring the samples during
the SPME process. Temperature controller (Busan, South
Korea), 220VAC/50/60HZ solenoid valve
(0.25 89 bar/Class E, Mahar Fan Abzar Co., Tehran, Iran),
soldering wires and other electronic components were
purchased from electronic stores.

2.3. Fabrication of the Cold Fiber SPME
with Thermoelectric Cooler

The thermoelectric cooler (TEC) was used to cool
the SPME fiber. Detailed information on the design and
structure of the thermoelectric cooler has been published
elsewhere [25, 26]. The temperature of fiber in TEC
cooler was controlled by a fan and heat-dissipating
silicon-oil based thermal grease. A copper plate was
attached to the cold surface of the TEC to achieve more
efficient cooling and improve the contact between the
SPME needle and the cold side of TEC. The SPME fiber
was placed in a groove in the middle of the copper plate.
The temperature of fiber was measured by a thermocouple
embedded in the copper rod.

2.4. Optimization of Chromatographic
Conditions

The chromatographic column used in GC-FID was
capillary RTX-WAX column 30 mx0.25mm ID
x0.25 um (DF) (RESTEK, USA). GC was programmed at
313 K for 4 min and then ramped at 6 K/min to 353 K.
FID detector was operated at 523 K. The flow rate of
carrier gas was optimized at 1.1 ml/min.

2.5. CF-HS-SPME Optimization

The CAR/PDMS fibers are proven to have a higher
affinity for extraction of volatile and semi-volatile
compounds from the headspace of urine samples in
previous studies [11, 12, 15]; therefore, they were chosen
for extraction of 2,5-HD from the urine samples. They
were conditioned for 2 h in the injection port of the GC at
573 K.

The central composite design (CCD) was used to
optimize based on a 2’ factorial design for optimized
extraction temperature, time and sample volume.

The optimization of the SPME experimental
parameters was carried out step by step in the laboratory
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to determine optimum condition and extraction efficiency
of sample volume, extraction temperature extraction time,
fiber temperature, and salt addition.

2.6. Sample Preparation

5 ml of human urine from non-exposed people with
5 pg/ml of internal standard were placed into a headspace
vial containing a magnetic stirring bar (1000 rpm) and a
certain amount of Na,SO4 (25 w/v %). The vial was
capped tightly, placed in a water bath and heated at 338 K
for 10 min, then the cold fiber SPME needle (at 278 K)
pierced the vial septum in order to expose the fiber in the
headspace of the solution for 17.5 min. Finally, the needle
was removed from the vial and inserted into the GC
injection port (503 K) to desorb analyte for 2 min. Fig. 1
shows the chromatogram for CF-HS-SPME-GC-ID of an
urine sample spiked with 2,5-HD.

2.7. Analytical Validation

The chromatographic co-elution of 2,5-HD was
evaluated by direct injection of 2,5-HD standard solutions
into the GC. Standard solutions with six concentrations
from 0.06 to 20 mg/1 of 2,5-HD and 5 mg/ of the IS were
prepared in urine (blank samples) using the procedure of
sample preparation. The calibration curves were arrived at
by plotting 2,5-HD/IS peak-area ratios against the corres-
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ponding 2,5-HD/IS concentration ratios and validating the
method. Under optimized conditions, the method was
validated for linearity, limit of detection (LOD), limit of
quantification (LOQ) and repeatability and extraction
efficiency.

Each calibration level was analyzed in triplicate.
Linear regression was calculated by the least mean square
method. The LOD based on an estimated signal-to-noise
ratio (S/N) of 3, and LOQ of the method were determined
by calculating the concentration corresponding to a signal-
to-noise ratio of 10 for 2,5-HD. Repeatability of the method
was examined for three consecutive days by analysis of
urine samples spiked with 0.15, 2.0, and 10.0 pg/ml under
the same conditions (n = 4 per concentration per day,
total = 36 determinations) the samples were stored in 50-ml
polyethylene disposable flasks at 253 K.

Urine samples of 10 non-exposed and nonsmoking
men were collected (blank samples) from healthy
volunteers for optimization and validation of the method.

At the end of the workweek, post-shift urine
samples were collected (n = 10) from workers exposed to
n-hexane in a petrochemical complex. The urine samples
were collected in 50-ml polyethylene flasks and stored at
253 K until analysis. The research was submitted and
approved by the Committee of Ethics Hamadan Univer-
sity of Medical Sciences.
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Fig. 1. SPME-GC-FID chromatograms of a blank urine sample (a); a spiked urine sample containing 10 pg/ml 2,5-HD
and internal standard (b); a real sample of exposure worker containing internal standard (c)
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3. Results and Discussion

3.1. GC Conditions

Since 2,5-HD and cyclohexanone as internal standard are
polar compounds, the RTX-WAX columns with polar
properties were selected for this study. In order to separate
analyte from cyclohexanone, a temperature program was
optimized, and minimum peak tailing was observed.
Fig. 1 presents chromatograms of blank and spiked urine
samples. Using head space for extraction of 2,5 HD from
urine samples caused elimination of interference from
matrix and high boiling point compounds.

3.2. Optimization of Extraction
Temperature, Time and Sample Volume

As the CF-HS-SPME is an equilibrium process
between the fiber coating and vapor phase for extraction
of 2,5-HD, the extraction temperature, extraction time and
the sample volume are important parameters for the
extraction of the analyte from the matrix. The phase
equilibrium (sample/HS/fiber) in CF-HS-SPME also
depends on the sample volume and the amount of the
extraction is directly related to the concentration of
analyte in matrix [27]. The extraction time and
temperature in different volumes of sample for extraction
were optimized with the CCD model.

In order to obtain the extraction temperature
profile, the analytical procedure was performed for 20 min
of preheating. Extraction temperatures of 323, 333, 343
and 353 K and the cold fiber placed in head space at 5, 10,
20, and 30 min for absorption of the analyte were
investigated. The sample volume was evaluated using
20 ml vials and the volume of urine was increased from 5
to 15 ml (headspace volume from 15 to 5 ml). A standard
solution with the concentration of 10 mg/1 for 2,5-HD was
analyzed twice. Each data point is the average of three
independent measurements.

The profiles show that the recovery of extraction
process with cold fiber increases when the temperature of
the sample is increased from 323 to 338 K (Fig. 2). The
increase for 20 min has no effects on extraction efficiency.
The highest extraction efficiency was observed at 338 K
in 17.5 minutes for extraction of samples and 10 ml of
spiked water sample with 10 ml of headspace volume and
so was used for subsequent analysis. The CCD model
showed that the amount of recovery was directly
proportional to the temperature of extraction 338 K
because the vapor pressure of 2,5-HD in the headspace
increased with sample temperature, due to faster kinetics
of desorption from the matrix. During the extraction
process, when the fiber was cooled, the partition
coefficient between the fiber and the headspace increased
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and more compounds were trapped in the fiber. The
optimized time for extraction of 2,5-HD was around
17.5 min, the rate of extraction efficiency vs. extraction
time proved to be relatively constant after 17.5 min; slight
reduction in extraction efficiency at larger times is
probably due to water vapor condensation on the fiber
surface and rebound of the analyte molecules. Comparing
to other studies, the time for extraction of VOC from
different matrix is shorter than extraction time of 2,5-HD
from urine, and low temperature for VOC extraction is
needed [28].

The desorption time of placing fiber into the GC
injector for the complete desorption of the trapped 2,5-HD
from fiber of SPME was investigated within the range of
1-6 min at 503 K. The results showed that 2 minutes are
sufficient to remove analyte from the fiber and there was
no carryover. Therefore, that value was considered the
optimal desorption time for further studies.

To compare extraction time and temperature of
CF-HS-SPME with HS-SPME, the extraction time and
temperature of analyte with HS-SPME were optimized at
different temperatures (293-363 K) and different times
(20—70 min). The results are shown in Fig. 3.

The results of extraction temperature for CF-HS-
SPME were compared with HS-SPME. For HS-SPME the
temperature profiles of the fiber and the head space of
samples are both at the same temperature. A comparison
of extraction time for CF-HS-SPME with HS-SPME
(17.5 vs. 50 min) showed that CF-HS-SPME needs less
time for extraction of analyte.

3.3. Salt Addition

Salt addition can also influence the extraction yield
due to the salting out effect, but this depends on the salt
concentration and the type of the compound extracted.
The effect of two types of salt (sodium chloride and
sodium sulfate) with 5, 10 and 20 % (w/v) concentrations
were studied. The sodium sulfate has more effect on the
extraction of analyte than sodium chloride. Slight increase
in peak areas was observed with the increase in Na,SO4
concentration up to 20 %. With higher concentrations of
Na,SO, the extraction efficiency decreased.

3.4. Fiber Temperature

To understand this process, the effect of the
sample matrix and fiber temperatures was investigated.
This was carried out by analyzing 2,5-HD at optimum
extraction time and temperature and various fiber
temperatures. The fiber temperatures were studied within
278-298 K while the sample temperature was set at
338 K. The results showed that the extraction increased
when the coating temperature was decreased to 278 K.
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Comparison of proposed method with other reported methods for 2,5-HD determination

LOD, mg/l LOQ RSD, % Analysis method Reference
0.05 — 1.3-5.3 Liquid Chromatography/Mass Spectrometry [8]
0.156 — 2.6-3.2 GC-electron capture and mass-selective detection [29]
0.05 0.1 — GC-FID [30]
0.05 0.1 — GC-FID [31]
0.025 0.075 2.2-6.9 SPME-GC-FID [15]
0.019 0.060 4.1-8.4 CF-SPME-GC-FID Current study
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3.5. Validation of the Method

The intra-day and inter-day relative standard
deviations at 10 pg/l concentration level were within the
acceptable ranges of 4.1-6.8 and 4.8-8.4, respectively.
The method was found to be linear in the tested range
(0.06-20.0 mg/l (y = 160.12x + 340.12) with correlation
coefficients R*= 0.995. The LOD and LOQ of the method
were 0.019 and 0.060 mg/l, respectively. To evaluate
sensitivity and precision of current method the LOD,
intra-day and inter-day were compared with previous
researches for determination of 2,5-HD in urine samples
(Table). As can be seen, the LOD of current research is
less than in previous studies and other results are
comparable with the values reported for the other SPME
devices.

The mean recovery of 2,5-HD was obtained at the
concentrations of 5 and 20 ug/ml in (n = 5) the spiked
urine samples of non-exposed people. The recovery was
determined with ratio of area of spiked urine samples to
calibration standard at the same concentration. The mean
recovery for 5 and 20 pg/ml were 8§9-95 and 91-96 %,
respectively. As the SPME method is an exhaustive
extraction method, therefore more than 90 % of 2,5-HD in
the sample was adsorbed by fiber. In other words, the ratio
of analyte on the extraction phase at equilibrium to the
initial mass in the sample is between 0.9 and 1 [23].

The validated method was applied to the
determination of 2,5-HD in urine from ten workers
exposed to n-hexane in petrochemical complex. The
biological exposure index [20] for 2,5-HD in urine, as
recommended by the ACGIH, is 0.4 mg/l. All workers’
urinary 2,5-HD were 0.08-0.29 mg/l, which was within
the acceptable range of exposure.

4. Conclusions

In this research, the CF-HS-SPME method based
on thermoelectric cooling for the extraction 2,5-HD in
urine samples was developed and analyzed by GC-FID. In
the optimized conditions, the LOD was 0.019 pg/l with
the linear range of 0.060-20.0 mg/l. The chromatograms
of analyte were clear with no interference to the analysis
due to the matrix enabling the efficient and sensitive
determination of the 2,5-HD in urine. The analytical
method was successfully applied to the analysis of urinary
samples of workers who had been exposed to n-hexane in
a petrochemical complex. The results show that the
method can separate 2,5-HD in urine from other
compounds due to elimination of interferences from the
urine by headspace sampling, selectivity of compounds by
fiber, and polarity of column in chromatography. The
thermoelectric cooling used in this research is a portable
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device that can be used in any laboratory. The method
presented here is rapid, precise, sensitive and less labor
intensive than conventional techniques such as LLE and
the derivatization method.
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TBEPJTO®A3HA MIKPOEKCTPAKIIIA
HA OCHOBI XOJIOJHOTI'O BOJIOKHA
VIS AHAJII3Y 2,5 TEKCAHJIIOHY B CEYI

Anomauin. 2,5-I'excanoion (2,5-I']]), ocrnoenuii memabonim
H-2eKcany, 0V6 GUnyYeHuil i3 3paskié ceui 3 BUKOPUCMAHHAM
meepooasHoi MIKpOEKCmparkyii Ha OCHO8I XO0NOOH020 6OJIOKHA
(CF-HS-SPME) ma npoananizoeanuii 3a 00HROMO20I10 2a30801
xpomamoepadhii 3 0emexmopom tionizayii nonym'’ss (GC-FID). Baoic-
el napamempu 0ist NIOBUWEHHsL eheKmUBHOCHI cOpOYil BONOKHA,
BKIIOYAIOYU 00'€EM 3pA3KA, YAC eKCmpakyii ma memnepamypy,
ONMUMI308AHI  3d  OONOMOZ0I0  YEHMPANLHO2O KOMNOSUYITIHO2O
niany excnepumenmy. Bemanoseneno onmumanvhi ymosu, 3a axux
BUBHAUEHO MEJCY YYMIUBOCMI MA GIOHOCHI CMAHOAPMHI BIOXU-
nenns. Tlokazano, wo po3pobnenuti Memoo € WUOKUM, YyMaueUM
ma npocmiwum Yy NOPIGHSHHI I3 36UYAUHUMU — Memooamu
Kinwvricnoeo aunanizy 2,5-1/]y 3paskax ceui.

Knrouoei cnosa: spasku ceui, 2,5-eexcanOion, Xxonoowe
B0JIOKHO, MBEPOOPA3ZHA MIKPOESKCIPAKYISL, H-2EKCAH.



