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ABSTRACT The toxicokinetics of organic solvents depend largely on their tissue solubilities. Liquid/
air partition coefficients (pcs) of six commonly used glycol ethers (2-methoxyethanol (ME), 2-
ethoxyethanol (EE), 2-isopropoxyethanol (PE), 2-butoxyethanol (BE), 2-ethoxyethyl acetate (EEA),
and -methoxy-2-propanol (MP)) were determined in vitro using a head space technique. The liquids
used were physiological saline, human blood, and olive oil. The pcs were calculated after gas
chromatographic quantification of the glycol ethers in the air phase. The water-air pcs ranged from
3800 to 36 000, increasing in the order EEA, BE, MP, PE, EE, ME. These values corresponded closely
to the blood/air pcs with one exception-EEA could not be detected in the air phase after addition to
blood. The oil/air pcs ranged from 530 to 5400, increasing in the order ME, MP, EE, PE, EEA, BE.

Glycol ethers are frequently present as solvents,
detergents, or emulsifiers in chemical products used
for cleaning, surface coating, and printing. Adverse
reproductive effects have been noted in laboratory
animals after exposure to 2-methoxyethanol (ME), 2-
ethoxyethanol (EE), and their acetates, as reviewed by
Illing and Tinkler.' Respiratory and percutaneous
uptake have been shown for various glycol ethers,
indirectly by recording toxic effects and directly by
detecting the parent compound in the blood or the acid
metabolite in the urine.'5
The absorption, excretion, and distribution rates of

organic solvent vapours depend largely on their tissue
solubilities, or rather their tissue/air and tissue/tissue
partition coefficients. The partition coefficients (pcs or
A) are therefore important factors when studying or
interpreting the toxicokinetic profile of organic
solvents and have been established for many solvents,
as illustrated by the compilations made by Fiserova-
Bergerova.67 Equations providing the means for
estimating the tissue/air pcs whenever the blood/air
and oil/air pcs are known have also been described.7
Few published data, however, are found on the
partitioning ofthe glycol ethers. An oil/water partition
coefficient for EE has been reported8 and preliminary
data on the partitioning of2-butoxyethanol (BE) have
been used in a pharmacokinetic simulation study.9
The aim of the present study was to determine the

in vitro water/air, blood/air, and oil/air pcs for ME,
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EE, 2-isopropoxyethanol (PE), BE, 2-ethoxyethyl
acetate (EEA), and 1 -methoxy-2-propanol (MP). The
alkoxyethanols were chosen as forming a series of
homologues, and because they are in common use. EE
and BE, particularly, are often present in chemical
products."' The ester EEA is the most often used glycol
ether in Sweden whereas MP is often a substitute for
the more hazardous 2-alkoxyethanols.'°

Materials and methods

CHEMICALS
Sodium chloride (analytical grade), EE, and PE (for
synthesis) were obtained from Merck (Darmstadt,
West Germany), ME (HPLC-grade), MP (98%
purity), and EEA (99% purity) from Aldrich (Stein-
heim, West Germany), BE (99% purity) from Janssen
Pharmaceutica (Beerse, Belgium), and carbon disul-
phide (reagent grade) from J T Baker (Deventer,
Holland). Spanish olive oil (Swedish Pharmacopoeia
1946) was purchased from Apoteksbolaget (Stock-
holm, Sweden). All chemicals were used without
further purification.

STANDARD CURVES
Standard glycol ether mixtures were prepared as
follows. To a test tube containing carbon disulphide
were added, 1, 2, 5, 10, 20, 50, 100, or 200 pl of each of
the six glycol ethers (ME, EE, PE, BE, EEA, and MP).
The amount ofcarbon disulphide had been previously
adjusted so that the final volume would be 5 ml. By
means of a Hamilton syringe, 2 p1 of the carbon
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disulphide solution was transferred into a 22-4 (SD
0 2) ml head space vial. The vial was immediately
capped with a teflon lined rubber stopper and allowed
to equilibrate at 37°C for at least 20 minutes before the
gas chromatographic analysis. Thus, assuming no
losses, the concentration should range from about 0-02
to 4 nl of glycol ether per ml air (20-4000 mg/m3).

LIQUID/AIR PARTITIONING
Aliquots of 2 ml of physiological saline (0-3 M sodium
chloride), olive oil, or pooled fresh human blood were
added to a head space vial, identical to the one

described above. The blood had been collected and
pooled immediately before the experiment and was
obtained from the brachial vein of seven healthy
volunteers (four men, three women) in a heparinised
10 ml Vacutainer (Beckton Dickinson, Paramus, NJ)
tubes. The packed cell volume of the pooled blood was
44%. After allowing the vial to stabilise at 37°C, 2 u1 of
one of the six glycol ethers was added. The vial was
rapidly capped and rotated at 37°C for at least 20
minutes before the gas chromatographic analysis took
place. This procedure was carried out in five replicates
for each combination of liquid and glycol ether.

GAS CHROMATOGRAPHIC ANALYSIS
The glycol ethers in the gas phase of the head space
vials were determined by gas chromatography (Perk-
in-Elmer F45) with flame ionisation detection. A
polar, wide bore capillary glass column (Supelcowax
10 (Supelco, Bellefonte, PA), 30 m x 0-75 mm inner
diameter, 1 0 gim bonded phase) was used. The tem-
peratures were as follows: head space autosampler
37°C, needle 200°C, injector 150°C, initial column
temperature 55°C, programme rate 2°C/min, final
column temperature 85°C, and detector 200°C.
Nitrogen was used as carrier gas at a flow rate ofabout
20 ml/min. Peak areas were obtained with an
integrator (Perkin-Elmer LCI-100). Table I gives the
retention times of the six glycol ethers.

CALCULATIONS
By definition, the partition coefficient (A) of a sub-
stance is the quotient of its concentration (C) in the
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two phases at equilibrium:

'Iiq/air = Cliqi/Cair (1)

The concentration in the liquid phase may be expres-
sed as the ratio of the amount of substance (A,q) to the
volume of the liquid phase (V,iq). Assuming no losses,
the amount ofsubstance in the liquid phase must equal
the amount added minus the amount in the air phase
(A0-Aair). Further, the amount in the air phase may be
expressed as the concentration of substance in the air
phase multiplied by the volume of the air phase (Cair x

Vair). Hence, equation I may be rewritten as:

I iq/air =A/(Vijq X Cair)_Vair/Vhiq (2)
The volumes Vjiq and Vair were 2 and 20-4 ml, respec-
tively, whereas the amount of added glycol ether was
usually 2000 nl. In those cases equation 2 could be
reduced to:

Aliq/air = 2000/(2 x CaJr)-20 4/2 = 1000/Cair-10 2(3)
Since A is dimensionless, the units used are of no

importance. For convenience, the unit nl was used for
the amount of liquid glycol ether and ml for the
volume of the phases. The concentrations of the glycol
ethers in the air phase were calculated by solving the
regression equations of the standard curves.

Results and discussion

No gas chromatographic peaks that might interfere
with the analyses were seen when physiological saline,
olive oil, or blood were equilibrated without any

added glycol ether. Furthermore, by analysing the
vapour of the individual glycol ether it was found that
none caused impurity peaks that would interfere with
any of the other five in the standard mixture. After
liquid/air partitioning of some of the glycol ethers,
however, impurity peaks were observed in the air
phase. To avoid possible interference with the deter-
mination of the other compounds, the liquid/air
partitioning experiments were conducted with single
glycol ethers.

Repeated experiments showed that the gas

chromatographic response was stable from 20 minutes
up to at least seven hours after the preparation of the

Table I Retention times and regression equations of the standard curves ofsix glycol ethers, as determined by head space gas
chromatography

Retention No of Coefficient of
Compound time (min) samples Regression equation correlation

1-methoxy-2-propanol (MP) 39 33 ln(peak area) = 15841 + 1025 x ln(conc) 0997
2-methoxyethanol (ME) 4 9 35 ln(peak area) = 15 677 + 1 081 x ln(conc) 0998
2-ethoxyethanol (EE) 59 33 ln(peak area) = 15849 + 1-081 x In(conc) 0999
2-isopropoxyethanol (PE) 6-2 32 ln(peak area) = 16090 + 1 035 x ln(conc) 0.999
2-ethoxyethyl acetate (EEA) 8-4 35 ln(peak area) = 15907 + 1-080 x In(conc) 0997
2-butoxyethanol (BE) 124 29 In(peak area) = 16-037 + 1 230 x ln(conc) 0994
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standard and sample vials. It made no difference to the
results whether the glycol ethers were added in the
liquid phase or to the wall of the upper part ofthe vial.
The standard curves ofthe six glycol ethers were linear
over the whole concentration range studied (0-02-4 nl/
ml); their regression equations are given in table 1. The
observations suggest that distribution equilibrium
between the phases is reached within 20 minutes, and
that any systematic errors-for example, due to
leakage before or after capping the head space vial or
adsorption or condensation on the glass wall of the
vial-are negligible. The highest concentrations
achieved in the partitioning experiments were never
more than about 5% of the saturation concentration
at 25°C for any of the glycol ethers.

Table 2 shows the experimentally determined
liquid/air pcs with the calculated liquid/liquid pcs. The
water/air pcs range from about 3800 to 36 000, with
increasing values in the order EEA, BE, MP, PE, EE,
ME. The blood/air pcs range from about 8000 to
33 000, increasing in the order BE, MP, PE, EE, ME.
After the addition of EEA to blood, no acetate ester
but only EE could be detected in the air phase. This
was most probably due to rapid hydrolysis by blood
esterases. Several glycol ether acetates have been
shown to undergo hydrolysis in the presence of
carboxyl esterases recovered from various mouse
tissues, including blood."
The oil/air pcs increase from about 530 to 5400 in

the order ME, MP, EE, PE, EEA, BE. For BE and
EEA the oil/water pcs approximate unity whereas the
preference for water is pronounced among the others.
Similar to the results in table 2, a pc of 0-07 (range
0 052-0-085, n = 5) was reported for EE after
equilibration between olive oil and distilled water at
250C,8 whereas a coefficient of 0-7 (range 0-56-0-91, n
= 6) was obtained after partitioning of BE between
olive oil and Krebs-Henseleit buffer at 370C.'2
The solubility in blood is closely related to that in

water ( -water/biood 1, range 0-86-1-09) for the five
glycol ethers studied. This contrasts with the highly fat
soluble solvents such as chlorinated hydrocarbons,
where small amounts of blood fat cause a significantly
higher solubility in blood than in water.'3 Lipophilic
and hydrophilic solvents also differ in their preference
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for other biological tissues. Lipophilic solvents have
tissue/blood pcs greater than unity, and the coefficient
increases with increased fat content in the tissue. By
contrast, hydrophilic solvents will distribute rather
uniformly with a weak preference for blood. In other
words, the tissue/air pcs will be determined by the
blIood/air value for a hydrophilic solvent, whereas they

will depend on both the AN,/a and the Aod/.ir values
for a lipophilic solvent.7
As seen in table 2, the solubility in water (and blood)

decreases with increasing number of carbon atoms in
the alkoxyethanol (ME, EE, PE, BE) and in the
methoxy alkanol (ME, MP) series of homologues.
Conversely, the solubility in oil increases. Also the
acetate ester (EEA) is less soluble in water and more
soluble in oil than is the parent alcohol (EE). Thus the
relation between the pcs ofthe studied glycol ethers are
consistent with what might be expected from their
chemical structure. The blood/air pcs of lower ali-
phatic alcohols are reported to range between about
450 (isobutanol) and 2900 (methanol).7 14 'S The
presence ofan ether bond in the glycol ethers increases
the polarity and may contribute to both the lower
vapour pressure and the higher blood/air pcs, as
compared with the aliphatic alcohols.
Owing to the high solubility in water and blood, a

high respiratory uptake of all six glycol ethers is
expected. This has been experimentally shown for
EEA in dogs,'6 MP in rats,"' and for EE and BE in
man.35 Further, one would expect the rate of the
respiratory uptake to be limited only by pulmonary
ventilation and not by the pulmonary blood flow
(cardiac output) or the concentration ofglycol ether in
the body fluids.'8
The high partition coefficients of the glycol ethers

make it difficult to use head space techniques for
detection in biological specimens. If people are
exposed to BE at 100 mg/m3 (the Swedish hygienic
limit) the solvent concentrations may not exceed 7 pM
in blood and 1 pM in urine.5 The corresponding
concentrations in the air phase after equilibration at
37°C would be about 100 and 1000 times less than the
lowest concentration in the BE standard used in the
present study. No indication of concentration depen-
dence in the blood/air partitioning was seen at concen-

Table 2 Partition coefficients ofsix glycol ethers as determined by head space gas chromatography (mean (SE), n = 5)

Compound Waterlair*t Blood/air*J Water/blood¶ Oi/air*II Oil/water¶ Oillblood"
I-methoxy-2-propanol (MP) 12280 (234) 12383 (299) 0-992 696 (11) 0-057 0-056
2-methoxyethanol (ME) 35869 (437) 32836 (1350) 1092 529 (11) 0-015 0-016
2-ethoxyethanol (EE) 23069(239) 22093 (538) 1-044 962 (6) 0042 0044
2-isopropoxyethanol (PE) 12349(141) 14416 (565) 0-857 1616 (26) 0-131 0-112
2-ethoxyethyl acetate (EEA) 3822 (71) - - 4860(60) 1-271 -

2-butoxyethanol (BE) 7051 (185) 7965 (61) 0-885 5446 (70) 0-772 0-684

*Obtained by head space gas chromatography at 37°C. tPhysiological saline-that is, 0-3 M sodium chloride. tPooled human blood. §Calculated
as: A Nod= 1A) IlOive oil. ¶Calculated as: A,j,I,,, = Aojj1j/A,e,l,1. **Calculated as: Ao|bkood = AwjAbbod,
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trations down to about 1 mM of glycol ether in blood.
Nevertheless, it cannot be excluded that saturation
binding may be important at biologically relevant
concentrations, which would further aggravate the
analytical difficulties when using head space tech-
niques.

Despite the high water/air pcs of the studied glycol
ethers, considerable air concentrations may be
attained-for example, when a product containing
one of these substances is drying after application on
large areas, such as during indoor painting or cleaning.
Air concentrations of BE up to 45-60 mg/m3 were
measured after painting the ceiling with a water based
product containing 04% BE.'9

In conclusion, the six studied glycol ethers have high
blood/air and water/air pcs. Therefore a high res-
piratory uptake is to be expected. Difficulties may arise
when head space techniques are used in the analysis of
glycol ethers in biological specimens. The measured
pcs are consistent with the chemical structure of the
studied glycol ethers. The oil/blood pcs are sufficiently
low to assume that these solvents distribute uniformly
between tissues. Despite the high water/air pcs, con-
siderable air concentrations of glycol ethers may be
reached-for example, during painting or cleaning.

We wish to express our gratitude to Dr Marianne
Byfailt Nordqvist for valuable discussions and com-
ments on the manuscript.

Requests for reprints to: Gunnar Johanson.
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