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ABSTRACT

The determination of volatile solvents and their metabolites in biological materials such as expired air, blood or urine allows the
estimation of the degree of exposure of these chemicals. Chromatographic methods are now universally employed for this purpose and
numerous analytical procedures are availabie for the determination of the most commonly used volatile solvents and their metabolites
in urine. GC methods appear well adapted to the determination of the parent volatile solvents in blood and urine and may be used for
the determination of their urinary metabolites, but these methods often require several prechromatographic steps. However, HPLC is
becoming a powerful tool for the accurate and easy determination of urinary metabolites of volatile solvents, considering its decisive
advantages for routine monitoring. Further, recent developments in HPLC could widen the usefulness of this method for most complex
analytical problems that could be encountered during this measurement. However, despite the relative neglect of planar chromatogra-
phy in this area of concern and considering the great interest in methods that could permit the simultaneous assay of numerous samples
often required by routine monitoring, new approach using improved methods such as overpressured TLC could be very frurtful in the
future.
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1. INTRODUCTION may be greatly underestimated (dry-cleaning fluids,
paint diluents, nail-polish removers, etc.). More-
over, the problem of solvent abuse (*“glue sniffing”)

among teenagers has become a subject of growing

Organic solvents and their vapours are widely
distributed in the modern environment, both in the

home and at work. Although the occupational
exposure to these solvents is generally well moni-
tored in developed countries, the domestic exposure
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concern for health practitioners and toxicologists
[1]. Most of these solvents are very toxic.
Vapours of volatile or volatilizable liquids are
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often readily absorbed by the lungs but the skin may
be also an important route of absorption. Since the
vapour in the alveoli equilibrates almost instanta-
neously with blood passing through the pulmonary
capillary bed, the rate of absorption is variable and
strongly dependent on the toxicant’s blood/gas
solubility. If the vapour has a low blood solubility,
the rate of transfer is blood-flow dependent (perfu-
sion limited), whereas for vapours with higher
solubility it is strongly dependent of the respiratory
process (ventilation limited) [2].

Many of the early toxic effects of inhaled solvents
after an acute exposure are observed on the central
nervour system. In general, these effects are directly
related to the unchanged substance and resolved
well after the cessation of exposure. However,
during exposure, most of these solvents follow
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metabolization pathways that can generate highly
toxic short-lived intermediates such as free radicals
or arene epoxides (Fig. 1). As volatile solvents are
generally highly hydrophobic, the metabolization
allows initially conversion into a more hydrophilic
compound by a phase-I reaction such as hydroxyla-
tion of an aromatic ring to phenol. This reaction is
then followed by a phase-II conjugation process
(acetylation, glucuroconjugation, glycinoconjuga-
tion, etc.) leading to very soluble conjugated deriva-
tives that are easily excreted by the kidneys.

2. MONITORING OF VOLATILE SOLVENT EXPOSURE
—THE ANALYTCAL PROBLEM

The determination of volatile solvents and their
metabolites in biological materials such as expired

Fig. 1. Metabolization profile of benzene. Blood benzene is oxidized by liver or bone-marrow mixed-function oxidase systems, generating
the highly reactive short-lived intermediate benzene epoxide. This toxic metabolite is able to bind to macromolecules such as proteins or
nucleic acids leading to deleterious effects (benzene-induced haematological abnormalities). Various detoxification pathways lead to
several derivatives, which are subsequently conjugated and excreted in urine. Shaded areas show the major urinary metabolites that are

currently determined for monitoring purposes.
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air, blood or urine allows the estimation of the
degree of exposure of these chemicals [3-5]. The
definition of permissible levels of exposure to chem-
ical agents can be expressed in terms of allowable
atmospheric concentrations [5] or permissible bio-
logical levels for these chemicals or their metabolites
expressed as the biological “threshold limit values”
(TLV), representing a biological marker of the
ambient conditions under which it is considered that
nearly all workers may be exposed for 8 h a day
without significant adverse effects [6].

In occupational laboratory medicine, if the prob-
lem in question is the routine monitoring of workers
exposed to ambient chemicals, the analytical perfor-
mance of a suitable method has to answer the
following question: had the workers been exposed to
higher levels of chemicals than those accepted on the
basis of their biological TLVs? As the biological
TLVs of the studied chemicals are relatively high,
the sensitivity is not a real problem. However, an
acceptable specificity, a low cost and a rapid and
possibly automated method are required. Indeed,
high specificity is less critical for routine monitoring
than for pharmacokinetic or forensic studies, as a
more detailed and specific analysis can be performed
if a higher metabolite concentration is found than its
biological TLV.

The determination of metabolites in urine offers

important and decisive advantages over other moni-

toring methods: (1) it takes into account absorption
by all the possible routes (skin, oral ingestion,
lungs), (2) it can consider indvidual variations in the
toxicokinetics and biotransformations of the sol-
vent, (3) it may also reflect the total exposure
(amounts excreted during a given period) and (4) it is
easily performed for routine purposes.

However, the nature of the metabolite to be
determined can be critical and may influence the
choice of the analytical method. For example,
urinary phenol determinations have classically been
used to monitor high levels of occupational benzene
exposure. However, the same technique cannot be
used to monitor low levels of exposure (e.g., envi-
ronmental exposure) because of the possible high
excretion of phenol resulting from the metabolism of
alimentary and endogenous aromatic amino acids.
Thus, alternative biological indices for exposure,
such as urinary muconic acid, may be useful [7]. As
phenol may be present at high levels in urine,

391

relatively simple analytical methods can be suffi-
cient. However, for muconic acid determination, a
more sophisticated method (GC-MS) is required.
Similarly, hippuric acid is the glycine conjugate of
benzoic acid, the oxidative metabolite of the toxic
solvent toluene, but benzoic acid may also be present
as an additive in foods and beverages.

Moreover, urinary excretion of unchanged sol-
vents may be also closely related to the degree of
exposure. For example, a close relationship between
benzene exposure level and urinary concentrations
was found in a group of workers exposed to low
environmental benzene concentrations (mean value
1.2 mg/m®) [7]. Consequently, the choice of an
appropriate analytical method must be an accept-
able compromise between several conflicting re-
quirements.

In toxicological analysis, chromatographic meth-
ods such as GC, HPLC and planar chromatographic
techniques such as TLC are now extensively used.
Thus, for the urinary determination of volatile
solvents and their metabolites, these methods are
now almost universally employed. For this purpose,
elution chromatographic methods exhibit decisive
advantages over global methods such as spectro-
photometry because they can often separate a toxic
compound and its metabolites from the biological
matrix materials. However, the level of specificity,
governing the choice of an analytical method, is an
important (but not always resolved) problem in
practice.

In a clinical situation (e.g., acute poisoning) a
simple answer (“yes/no’’) may be sufficient because
other clinical or biochemical data must be also
considered in order to confirm the possible diagno-
sis. However, in a medicolegal situation or for
monitoring exposed workers when legal and socio-
economic consequences may be important, more
precise identification and determination are essen-
tial. Consequently, other physical parameters, such
as IR or mass spectra, may be required. These
considerations may explain the growing use of
coupled techniques such as GC-MS in this area.

For the collection and handling of specimens
containing solvents, special care is required. Lipo-
philic organic solvents may be readily absorbed into
plastic and therefore blood samples should be
collected in glass tubes. Moreover, contamination
during sampling (venepuncture swabs containing
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alcohols) or during handling (laboratory environ-
ment) should be guarded against.

For the determination of the urinary metabolites
of solvents, untimed or random specimens are
generally unsuitable because of the wide circadian
variations of urine volume and dilution. Thus, urine
specimens for quantitative analysis must be col-
lected over an interval of time, such as 24 h,
providing an “integrated” picture of the metabolite
production (e.g., amount excreted per day) which
is more clinically relevant than its concentration.
However, the urine concentration of metabolites is
currently corrected for dilution using the expression
grams of excreted metabolite per gram of urinary
creatinine.

3. METHODS
3.1. Gas chromatography

The advantages of GC for the determination of
volatile substances in complex mixtures such as
biological materials are well known. First, the
separation of volatile solvents from the biological
matrix can easily be achieved by the headspace
method [8,9], exploiting their favourable gas/liquid
distribution ratio. Second, temperature program-
ming leads to a good chromatographic pattern of
high-boiling-point solvents such as glycols or
branched-chain aromatic hydrocarbons. Third, the
use of sensitive detectors permits the determination
of minor components such as various isomers in the
presence of important amounts of the major metab-
olite and a precise determination of trace concentra-
tions of the parent solvent. Among these, flame-
ionization detector is a widely used device that is an
excellent general-purpose detector, particularly with
capillary columns. This detector is extensively used
to the determination of aliphatic or aromatic sol-
vents in biological materials [10-12]. For submicro-
gram amounts of halogenated solvents or carboxylic
metabolites, the electron-capture detector is very
useful. However, GC-MS appears very suitable for
the identification and determination of most volatile
solvents and their metabolites [13-16] and a growing
use of this coupled method can be observed [7,17]. In
addition, the use of stable isotope tracer techniques
permits more precise metabolic studies of solvents in
humans and animals.
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Unfortunately, not all compounds of interest are
amenable to GC study because of poor thermal
stability or volatility. Thus, polar compounds are
often analysed by GC after a derivatization process
such as methylation or silylation. Consequently, GC
remains the method of choice for the determination
of volatile solvents in biological samples but appears
less adapted for the routine determination of their
polar urinary metabolites.

GC has been used for the blood determination of
almost all volatile solvents, including aliphatic and
halogenated hydrocarbons, ketones, aromatic hy-
drocarbons, nitro and amino derivatives, carbon
disulphide, nitriles and complex mixtures of these
compounds. In particular, headspace GC appears
very suitable for the simultaneous blood determina-
tion of several solvents [8,9,18]. The analytical
diagnosis of solvents abuse has been reviewed by
Oliver [1,19], who gave useful procedures for the
extraction of solvents from biological materials.

GC has been less used for urinary than for blood
determinations but appears to be the method of
choice for the determination of the unchanged form
of some volatile toxic compounds, such as ketones,
aliphatic and halogenated hydrocarbons and the
non-conjugated hydroxylated metabolites of several
solvents [11,20].

In general, published methods. use a classical
headspace procedure to isolate volatile compounds
from the normal components of urine [21,22], but
direct injection of the biological material may be
sometimes employed, especially when Porapak or
polyethylene glycol (PEG) columns are used [23-26].
Alternatively, microdiffusion techniques are often
used [27). Various sample-handling procedures and
chromatographic conditions have been proposed by
Duboswski [12] for the determination of 52 volatile
substances in biological materials including urine.
For headspace analysis of a wide range of volatile
substances in biological materials, a Carbopak B
column coated with 5% Carbowax 20M permits an
acceptable separation [22]. However, a Tenax GC
column appears well adapted for the analysis of
substances involved in solvent abuse.

For the detection of low levels of volatile solvents
in blood samples, a precise and rigorous degassing
procedure using a cold trap has been described by
Anderson et al. [28]. In addition, the sensitivity of
the simple headspace procedure can be improved by
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degassing the blood using helium in a double-syringe
arrangement [1].

Recently, high-precision sampling of trace gas-
borne volatiles by a dynamic solvent effect was
described [29]. In addition, a new method was
described by Fiorentino et al. [30] for determining
low concentrations of benzene in urine samples by
means of a dynamic headspace method. The urine
(50 ml in a 120-ml vial) is saturated with anhydrous
sodium sulphate and the volatile substances are
extracted and concentrated on an adsorbent sub-
strate (Carbotrap 100) by means of a suction pump
with simultaneous entry of charcoal-filtered air.
Benzene is then thermally desorbed and injected into
a capillary column. A detection limit of 50 ng/l
(R.S.D. 4.7%) was claimed. This method could be
very useful for the trace determination of several
other solvents in urine samples. Moreover, the
blood/urine and urine/air partition coefficients for
43 commonly employed industrial substances have
been determined by GC using a multiple equilibra-
tion method [31]. Although packed columns are still
used, a growing use of capillary column GC in
toxicology, especially for trace-level determinations,
can be observed [1]. Moreover, for volatile solvents
and their metabolites, the use of capillary columns
combined with MS is becoming popular.

The biological monitoring of occupational expo-
sure to methyl ethyl ketone (MEK) by means of
urinary determination of MEK itself and its metab-
olites (2-butanone, 2-butanol and 3-hydroxy-2-
butanone) has been described using a capillary
headspace GC method [11,32-34]. Acetone can also
be easily determined in urine after exposure by using
GC [11,34]. Capillary GC has also been extensively
used for the determination of the neurotoxic 2,5-
hexanedione, the main urinary metabolite of hexane
[11,15,35-41]. Similarly, cyclohexanol, the urinary
metabolite of cyclohexane, and several urinary
metabolites of n-heptane, including 2,5-heptane-
dione, have been determined by GC and GC-MS
[14,42].

Halogenated solvents are mainly excreted in urine
as hydroxylated and acidic metabolites such as
trichloroethanol and trichloroacetic acid. Thus, sev-
eral GC methods have been used for the accurate
determination of urinary metabolites of trichloro-
ethylene, tetrachloroethylene, 1,1,1-trichloroethane
and propylene dichloride [11,20].
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Simple aliphatic alcohols, such as methanol or
ethanol, are sparingly determined in urine because
of the lack of correlation between urinary levels and
toxicity but, if required, these determinations can be
easily performed by simple injection on to packed
columns. However, the determination of urinary
metabolites of 2-ethoxy- or 2-methoxyethanol,
methoxyacetic and ethoxyacetic acid, has been per-
formed by capillary GC [43] and with electron-
capture detection [44].

For the urinary determination of low-volatility
conjugated metabolites, GC has been lesser widely
employed than other chromatographic methods
such as HPLC or TLC, perhaps because of the
necessity for a derivatization step. Several organic
acids have been isolated and determined for routine
metabolic screening by GC-MS [45]. Hippuric and
methylhippuric acid, metabolic derivatives of tolu-
ene and xylene, have been determined in urine by
capillary GC after derivatization with diazomethane
[46-49). Styrene and its metabolites (mandelic acid,
phenylglyoxylic acid, phenylethylene glycol and
phenylethanol) have been determined by capillary
GC [50-53] and a comparison between HPLC and
GC has been performed. Diazomethane derivatiza-
tion has been used by some workers for the simul-
taneous determination of mandelic and phenylgly-
oxylic acids [54].

Separation of the isopropyl esters and isopropyl-
isopropylurethane esters of the diastereoisomers of
mandelic acid has been described by Korn ez al. [55]
using GC capillary columns coated with Chirasil-
Val.

Phenols are important urinary metabolites of
aromatic solvents such as benzene, toluene, xylene
and halo, nitro and amino aromatic compounds.
Phenolic compounds are highly sulpho- and glucu-
rono-conjugated and require acid [56] or enzymatic
[57,58] hydrolysis of urine samples before chroma-
tography. The relative volatility of simple phenols
such as phenol and cresols has permitted the devel-
opment of several GC methods after simple steam
distillation and without derivatization [10,59,60].
However, derivatization of phenols is often requir-
ed, using diazomethane, heptafluorobutyryl anhy-
dride [61] or hexamethyldisilazane [62]. The simulta-
neous determination of phenol, 2-chlorophenol, 2,4-
dichlorophenol, 2,4,6-trichlorophenol and 2,3,5,6-
tetrachlorophenol in urine of exposed workers has
been reported [63].
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In conclusion, GC methods appear well adapted
to the determination of the parent volatile solvents
in blood and urine and may be used for the
determination of their urinary metabolites. How-
ever, these methods often require several prechro-
matographic steps.

3.2. HPLC

The introduction of HPLC into occupational
medicine represents a valuable tool for the routine
monitoring of workers exposed to volatile solvents.
As previously indicated, a wide range of lipophilic
volatile solvents are metabolized and then excreted
by the kidneys in more hydrophilic forms such as
phenols or carboxylic acids, in the free or conjugated
form. The well known versatility of HPLC methods
increased the range of compounds that can be
measured, complementing GC and also proving
more suitable for the determination of low-volatility
or thermally labile substances. Thus, for the urinary
determination of solvent metabolites, especially for
routine monitoring, HPLC is becoming a method of
choice. Indeed, this method offers decisive advan-
tages in this area.

First, the wide range of separation mechanisms
now permits the determination of almost all urinary
solvent metabolites, regardless of their polarity,
molecular mass and thermal stability. However,
reversed-phase chromatography is probably the
most widely used mode of chromatography. Second,
HPLC permits the simultaneous determination of
several metabolites in an isocratic mode or by
gradient analysis if needed, leading a complete
metabolic profile, and can be easily automated.
Moreover, separation of substances of interest from
structurally similar compounds or isomers is feasi-
ble. Third, urine samples do not usually require
extraction or derivatization steps and pretreatment
is generally limited to sample filtration and acidic or
enzymatic hydrolysis of conjugates.

The major inconvenience of HPLC for the routine
urinary determination of solvent metabolites is a
lower sensitivity than GC. However, as previously
indicated, the urinary TLVs of many common
volatile solvents are high, causing no real difficulties
despite the direct injection of unprocessed urine
samples (except for a simple filtration step) used in
many “improved” methods. The detector most
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widely used in this context depends on UV absorp--
tion as many solvent metabolites, especially from
aromatic solvents, absorb strongly in the UV-visible
region. For non-UV-absorbing metabolites, deriva-
tization with chromophore-adding reactants could
be performed using a pre- or postcolumn mode and
has been widely used in toxicology [64]. However,
this approach had not been sufficiently explored for
Jow-UV-absorbing solvents and their metabolites
except for the HPLC determination of ethylene
glycol [65]. Similarly, the use of a more sensitive
detector such as a spectrofluorimeter with or with-
out derivatization has not been investigated. Indeed,
this approach could be an attractive alternative to
capillary GC for the determination of trace levels of
hydroxylated or acidic metabolites from haloal-
kanes or phenolic derivatives from polyhalogenated
phenyls.

The HPLC determination of acidic and phenolic
urinary metabolites of aromatic solvents (e.g., ben-
zene, toluene, xylene, ethylbenzene, styrene) has
been extensively studied. Several papers were fo-
cused on the HPLC determination of metabolites
from a specific solvent such as catechol and quinol
from benzene [66], hippuric acid and cresols from
toluene [59,67-69] or mandelic acid and phenylgly-
oxylic acid from ethylbenzene or styrene [70,71].
However, the simultaneous determination of acidic
and phenolic metabolites from these aromatic sol-
vents for screening purpose has been widely per-
formed [72-83]. A simple reversed-phase method,
using a mixture of acetonitrile or methanol and
water at acidic pH, was generally sufficient for
separating the acidic metabolites, but some workers
preferred an ion-pair method [79]. Conjugated
phenolic compounds were hydrolysed by both acidic
or enzymatic methods and the free phenols (phenol,
o-cresol) were then separated using a specific mobile
phase.

However, the simultaneous determination of phe-
nol and four urinary acidic metabolites (hippuric,
methylhippuric, mandelic and phenylglyoxylic acid)
has been achieved using acetonitrile-1% phosphoric
acid (10:90) in an isocratic mode [83] and by an
automated method [78]. Further, urinary metabo-
lites of halo or nitro aromatic solvents such as
4-chlorocatechol and chlorophenols from chloro-
benzene [84], bromophenols from bromobenzene
[85] and 4-nitrophenol from nitrobenzene [83] have
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also been determined using HPLC.

HPLC has been also employed for a more sophis-
ticated approach to volatile solvent exposure than
the simple monitoring. The simultaneous determi-
nation of styrene and acetaminophen metabolites
was described by Colin et al. [86], as acetaminophen,
which is a widely used drug, and its metabolites can
interfere during routine monitoring, allowing to a
false interpretation of results. HPLC also permits
the accurate determination of cresol isomers, as
toluene exposure markers [87,88]. An improvement
in the HPLC of trans,trans-muconic acid, a substi-
tute for phenol in the biological monitoring of
benzene exposure, was recently described by Ducos
et al. [89]). As HPLC is a simpler and cheaper
approach than the GC-MS method used by others
[7,16,87,90], this method appears to be a powerful
tool for a more sophisticated approach to the
routine monitoring of solvent exposure, separation
of isomers, trace-level determination or toxicokine-
tics [91-93]. The determination of p-chloronitroben-
zene and its complex metabolic by-products in urine
has been studied by both GC-MS and HPLC by
Yoshida and co-workers [94-96] in rats treated by
this aromatic compound and in patients suffering
from acute poisoning. Evaluation of occupational
exposure to carbon disulphide in biological mate-
rials including urine has been performed by an
HPLC method [97]. S-Phenyl-N-acetylcysteine, as a
marker of benzene exposure, has also been deter-
mined in urine by Jongeneelen et al. [98]. Moreover,
some papers indicate that HPLC and GC give
similar results [72].

In conclusion, it now appears evident that HPLC
is becoming a powerful tool for the accurate and
easy determination of urinary metabolites of volatile
solvents.

3.3. Planar chromatography

In the past, classical planar chromatography (i.e.,
TLC) has been widely used for the biological
monitoring of solvent exposure. Compared with GC
and HPLC, this method presents clear advantages in
terms of simplicity, rapidity, low cost and the
possibility of the simultaneous determination of
several samples. Urinary metabolites of aromatic
solvents have mostly been measured by this method
[57,99,100]. TLC has also permitted the determina-
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tion of p-aminophenol after mixed exposure to
aniline and toluene [101] and a simple method for
detecting ethylene glycol in urine by TLC has been
proposed [102]). In these papers, TLC was used
mostly for mass screening and semi-quantitative
determination of urinary levels.

A major drawback to TLC remains the difficulty
of the quantitative assessment of the spots but the
use of suitable densitometers can allow a more
accurate determination. However, for routine moni-
toring or detection of intoxication, classical TLC
could be sufficient, as urinary levels will be high in
cases of massive exposure such as solvent abuse or
solvent handling without protective devices.

HPTLC could be an attractive improvement of
classical TLC [103], but this method has not been
employed in the biological monitoring of solvent
exposure. Similarly, overpressured thin-layer chro-
matography (OTLC) could be a promising and
powerful tool in this area [104-106]. As one-line
detection can be coupled to OTLC, this method
could combine the major advantage of OTLC
(simultaneous assay of 50-100 samples) and the
specific and quantitative determination furnished by
appropriate detectors such as a UV spectrophoto-
meter.

4. CONCLUSIONS

The biological monitoring of solvent exposure is a
growing field of interest in toxicological and occupa-
tional laboratories. As always in biomedical analy-
sis, the choice of the most appropriate analytical
method remains a major problem. As an ideal
method does not exist, the best method will be a
compromise between several conflicting require-
ments.

For research purposes or for an accurate diagno-
sis of a rare and complicated intoxication, sophisti-
cated methods such as GC-MS and a specialized
laboratory will be required. Indeed, in these situa-
tions, cost, length, complexity and workload prob-
lems generated by the analytical method are not
necessarily major concerns. In contrast, for the
routine monitoring of several hundred individuals
exposed to volatile solvents in an industrial environ-
ment, the cost per determination, simplicity and
automation will be important considerations.

HPLC appears to be the primary choice for the
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determination of urinary metabolites. The appara-
tus is relatively economical, automatable and suffi-
ciently versatile to be used for other determinations
in related areas such as drug monitoring or clinical
toxicology that are currently of interest in the same
laboratory. As previously indicated, the analyst now
has a choice between several methods, well adapted
to routine and simultaneous determinations of the
urinary metabolites of some common volatiles sol-
vents that require biological monitoring. Moreover,
HPLC is also becoming an attractive tool in the
growing field of more elaborate approaches with
new urinary markers such as specific conjugates or
isomers.

Whereas capillary GC and its coupled methods
remain currently of major interest for the determina-
tion of parent volatile solvents in blood and urine
[107], HPLC appears to be the best choice for the
measurement of their urinary metabolites. Further,
recent developments in HPLC such as high-effi-
ciency columns, chiral phases, diode-array or elec-
trochemical detectors and HPLC-MS, which are
seldom used in this domain, could widen the useful-
ness of this method for most complex analytical
problems that may be encountered during this
measurement. However, despite the relative neglect
of planar chromatography in this area and consid-
ering the great interest in methods that could permit
the simultaneous assay of numerous samples, as
often required in routine monitoring, a new ap-
proach using improved methods such as OTLC is
urgently required.
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