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bstract

Hydrofluoropolyethers (HFPEs), a new family of linear oligomeric fluorinated fluids, are being used as potential replacements for halon,
ydrochlorofluorocarbons (HCFCs) and perfluorocarbons (PFCs) that have been listed as ozone depleting substances and/or greenhouse gases.
ecause of their physicochemical properties, these substances may be industrially used as cleaning solvents in the electronic components, fire

uppression agents in the fire protection, and heat transfer fluids in the heat exchangers. From the environmental, ecological, and healthy points of
iew, it is urgent to understand their environmental risks of these HFPEs. This article aimed at introducing these HFPEs in physiochemical properties
nd potential uses, and evaluating their environmental risks (i.e., global warming, photochemical potential, and environmental partition). Further,
he updated data on their toxicological profiles and potential exposure hazards from their degradation products were also addressed in this paper. It
s indicated that HFPEs still pose some significant hazards, especially global warming and photochemical potentials, to the atmosphere. Regarding

he estimation of partition properties (i.e., vapor pressure, octanol–water partition coefficient and bioconcentration) of HFPEs, the predicted values
f log Kow for several HFPEs were found to be below zero, suggesting that they should possess very low potential for bioaccumulation in the
nvironment.

2006 Published by Elsevier B.V.
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. Introduction

In the last century, chlorofluorocarbons (CFCs) and hydro-

hlorofluorocarbons (HCFCs) were widely used for commercial
nd industrial purposes, including refrigerant, cleaning solvent,
lowing agent, propellant and fire extinguishing agent. However,

mailto:wttsai@mail.npust.edu.tw
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Table 1
Chemical identifications of selected HFPEs

HFPE notationa Chemical structure Formula CAS registry no.

HG-00a HF2C–OCF2H C2H2F4O 1691-17-4
HG-10 HF2C–OCF2–OCF2H C3H2F6O2 78522-47-1
HG-01 HF2C–OCF2CF2O–CF2H C4H2F8O2 188690-78-0
HG-20 HF2C–(OCF2)2–OCF2H C4H2F8O3 249932-25-0
HG-11 HF2C–OCF2CF2–OCF2–OCF2H C5H2F10O3 188690-77-9
HG-02 HF2C–(OCF2CF2)2–OCF2H C6H2F12O3 205367-61-9
HG-21 HF2C–(OCF2CF2)–(OCF2)2–OCF2H C6H2F12O4 249932-26-1
HG′-00b H3C–OCH3 C2H6O 115-10-6
HG′-01 H3C–OCF2CF2–OCH3 C4H6F4O2 73287-23-7
HG′-02 H3C–(OCF2CF2)2–OCH3 C6H6F8O3 485399-46-0
HG′-03 H3C–(OCF2CF2)3–OCH3 C8H6F12O4 485399-48-2
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a The general formula of HFPE with the trade name of H-Galden is: HF2C
enoted as HG-qp.
b Another form of HFPE is: H3C–(OCF2CF2)p(OCF2)q–OCH3, which is den

hese volatile organics were found to be the so-called ozone
epleting substances (ODS), which will cause the depletion of
he ozone layer, shields the earth from the harmful effects of the
un’s ultraviolet (UV) radiation. Under a treaty known as the

ontreal Protocol on Substances that Deplete the Ozone Layer
hich was first established in 1987 and thereafter revised several

imes, CFCs and HCFCs need to be completely phased out for
on-article countries by the years 1995 and 2030, respectively
1]. In addition to causing the destruction of stratospheric ozone,
he release of CFCs and HCFCs contributes to global warm-
ng and changes in global climate. It means that they possess
ignificant absorbing potentials for the infrared (IR) radiation
eflected from the surface on earth and are thus called the green-
ouse gases (GHGs) [2,3]. The development of environmentally
riendly replacements for CFCs and HCFCs has thus become an
rgent priority since the early 1990s.

Hydrofluorocarbons (HFCs) and perfluorocarbons (PFCs),
ecause of their similarity to CFCs and HCFCs in physiochemi-
al, environmental and toxicological properties, have been used
s interim replacements for them. However, there are some envi-
onmental hazards and health risks to be pointed out while using
FCs and PFCs [4,5]. For example, they have been consid-

red as one of the six target GHGs under the Kyoto Protocol of
he United Nations’ Framework Convention on Climate Change
UNFCCC) in 1997 [6]. According to the Kyoto Protocol effec-
ive on 16 February 2005, the governments around the world
re voluntarily committed to reducing target GHGs emissions to
tmosphere by 2012. Notably, these interim substances generally
ave high volatility and very low solubility in water. Following
heir releases into the environment, these compounds almost
eside in the atmosphere. Toxic degradation products are possi-
ly generated in the tropospheric atmosphere by the photolytic
nd photochemical processes [7]. On the other hand, hydroflu-
roethers (HFEs) are being used as third-generation replace-
ents for CFCs, HCFCs and PFCs because of their nearly zero

tratospheric ozone depletion and relatively low global warm-

ng potential [7–9]. However, there are few HFEs still possessing
ome environmental hazards (i.e., global warming, flammability
azard and adverse effect of exposure), which were described in
he previous study [10]. In the meantime, other potential alterna-
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F2CF2)p(OCF2)q–OCF2H. In the present study, the notation of HFPE is thus

s HG′-qp in the present study.

ives like hydrofluoropolyethers (HFPEs) have been developed
o replace them (especially in PFCs) because of their strong
imilarity in the chemical and physical properties [11].

Like other CFCs substitutes, HFPEs have a controlled number
f hydrogen atoms in the molecules, which consist of a per-
uoropolyether chain terminated at both ends with functional
roups, –OCF2H or –OCH 3, i.e.

F2C–(OCF2CF2)p(OCF2)q–OCF2H (1)

3C–(OCF2CF2)p(OCF2)q–OCH3 (2)

able 1 lists the chemical identifications of some HFPEs,
hich will be further discussed in the study. As shown in
able 1, CHF2OCHF2 (bis(difluoromethyl) ether or HFE-134)
nd CH3OCH3 (dimethyl ether) are also included in the HFPEs
s the two simplest model molecules for the purpose of com-
aring them with other HFPEs. This paper aims to present the
redicted physical properties, potentially commercial/industrial
ses, and environmental hazards (e.g., global warming, pho-
ochemical potential, and environmental partition) of selected
FPEs. In addition, recent studies on the toxicological profiles
f HFPEs in the literature are also summarized and further dis-
ussed in this paper [12].

. Properties and potential uses of HFPEs

.1. Estimation of critical property

The vapor–liquid behavior of pure component can be
escribed in terms of critical temperature (Tc), critical pressure
Pc), critical volume (Vc), and acentric factor (ω) because they
re used in many corresponding state correlations for thermody-
amic properties of gases and liquids [13]. The critical properties
f HFPEs were calculated by using three different methods (i.e.,
mbrise, Lydersen and Joback) in the Marchionni’s study [14].
n the present study, the values (i.e., Tc, Pc, and Vc) of HFPEs
ere determined with precision by using the Marrero–Pardillo
ethod [15], which considers the contributions of interactions

etween bonding groups in the molecule. In the method, Tc, Pc
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Table 2
Critical parameters of selected HFPEs estimated by the method of group contributiona

HFPEs Critical temperature (Tc, K) Critical pressure (Pc, MPa) Critical volume (Vc, cm3/mol) Acentric factor (ω)

HG-00b 411.2 3.664 223.3 0.393
HG-10 428.6 2.646 364.9 0.561
HG-01 452.1 2.296 447.6 0.612
HG-20 453.3 2.000 506.5 0.710
HG-11 469.7 1.767 589.2 0.744
HG-02 480.7 1.572 671.9 0.768
HG-21 487.0 1.402 730.8 0.817
HG′-00c 399.7 5.131 157.1 0.202
HG′-01 472.7 2.983 381.4 0.411
HG′-02 515.7 1.948 545.7 0.618
HG′-03 526.2 1.095 896.0 0.645

Vc =
68.0

a
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a Estimated by the Marrero–Pardillo method [15].
b The experimental data in the literature [20]: Tc = 420.25 K; Pc = 4.228 MPa;
c The reported data in the literature [20]: Tc = 400.2 K; Pc = 5.340 MPa; Vc = 1

nd Vc were estimated by the following equations:

c = Tb{
0.5851 − 0.9286

[∑
Nk(tcbk)

] − [∑
Nk(tcbk)

]2
}

(3)

c =
[
0.1285 − 0.0059Natoms −

∑
Nk(pcbk)

]−2
(4)

c = 25.1 +
∑

Nk(vcbk) (5)

here Natoms is the number of atoms in the molecule of HFPEs,
k is the number of atoms of type k with the contributions tcbk,
cbk, and vcbk for the estimations of Tc, Pc, and Vc, respectively.
t is noted that the estimation of Tc requires the data on the
ormal boiling point (i.e., Tb), which was also estimated by the
arrero–Pardillo method as follows:

b = M−0.404
∑

Nk(tbbk) + 156.00 (6)
here M is the molecular weight, and Nk is the number of atoms
f type k with the contributions tbbk. In addition to the critical
roperties of pure substance, the acentric factor (ω) is commonly
sed to predict the physical properties. As a reliable approxima-

t
i
n

able 3
ain physicochemical properties of selected HFPEs

FPEs Molecular
weight (g/mol)

Boiling point
(K)

Density
(g/cm3, 25 ◦C)

Refrac
indexa

G-00b 118 278.3 1.375 1.230
G-10 184 308.2 1.4695 1.2577
G-01 234 331.7 1.5516 1.2638
G-20 250 341.2 1.5747 1.2669
G-11 300 358.7 1.6012 1.2689
G-02 350 371.7 –b –
G-21 366 382.2 1.6400 1.2730
G′-00 46 248.3 0.655 1.2984
G′-01 162 327.0c – –
G′-02 278 384.0c – –
G′-03 394 434.2 1.52 –

a At 20 ◦C (except for HG-00).
b Not available in the literature.
c Estimated by the Marrero–Pardillo method [13].
223 cm3/mol; ω = 0.3764.
cm3/mol, ω = 0.204.

ion, the property, which is related to Tb, Pc, and Tc, was carried
ut the calculation by the following equation [13]:

= − ln Pc/1.01325 + f (0)(Tbr)

f (1)(Tbr)
(7)

here Pc is in bars while Tb and Tc are both absolute tempera-
ures. The functions f(0) and f(1) have been defined and given in
he reference [16,17]. The data on Tc, Pc, Vc, and ω of HFPEs
ave been calculated and listed in Table 2. To validate the accu-
acy of the method in the estimation of critical properties of
FPEs, bis(difluoromethyl) ether (CHF2–O–CHF2, denoted as
G-00) and dimethyl ether (CH3–O–CH3, denoted as HG′-00)

hat are similar in chemical structure to these HFPEs were esti-
ated to obtain their critical properties, which were then com-

ared to those reported or measured in the literature [13,18–20].

.2. Physicochemical property
It has been recognized that HFPEs are characterized by
heir excellent thermal and chemical stability, good compat-
bility with contact materials, high electrical resistance, and
o formation of decomposition products in use [11,12]. It was

tive Dipole moment
(Debye, D)a

Viscosity
(mPa s, 25 ◦C)

Reference(s)

(at 30 ◦C) 1.739 (at 36 ◦C) 0.310 [21,23,24]
1.77 0.391 [14]
1.77 0.590 [14]
1.90 0.580 [14]
1.97 0.805 [14]
2.00 – [14]
2.05 1.091 [14]
1.30 (gas) 0.149 [19,20]
– –
– –
– 1.07 [27]
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eported that no degradation or structural change was detected
n HFPEs under the acidic (H2SO4, HNO3, and HCl) and alka-
ine (40% KOH in water) conditions by prolonged treatment
t high temperature (20 h, 150 ◦C) [11]. HFPEs are insoluble
n water. However, they can be miscible with common organic
olvents because of their terminal groups possessing significant
olarity. On the other hand, HFPEs can mix with water and
lcohol (e.g., isopropyl alcohol) to form a ternary aqueous sys-
em HFPE–water–alcohol, which has been found to be useful
s cleaning agents [11]. The main physicochemial properties of
ome HFPEs in Table 3 are mainly compiled from the available
onographs or books [19,20], and references from multidisci-

linary journals such as Fluid Phase Equilibria [21,22], J. Chem.
ng. Data [23,24], J. Fluor. Chem. [14,25–27].

.3. Potential uses

It has been shown that HFPEs can be partly used as replace-
ents for halons and PFCs because many of their similar

hysical and thermochemical properties. These fluorocarbons
aintain the chemical and thermal properties of perfluorinated

olyethers (PFPEs, known in the lubricating oils) [28]. Because
f their chemical inertness, low toxicity, non-flammability, zero
zone depleting potential (ODP) and thermal stability, HFPEs
ave promised to be applied to the following products:

. Fire extinguisher or fire suppression agent
In the past decades, halons have been used extensively as

effective fire extinguishers in fixed, total flooding systems for
protecting sensitive electrical equipments. The Montreal Pro-
tocol stimulated tremendous efforts to search for acceptable
replacements and alternatives. There are two broad categories
to be currently developed as clean fire suppression agents.
One is inert gases or their mixtures (e.g., argon, nitrogen).
The other is the halocarbon compounds. Recently, HPFEs
have been approved of for limited use (i.e., only in non-
residential applications) as streaming agents (as a halon 1211
substitute) under the U.S. EPA Significant New Alternatives
Policy (SNAP) [29].

. Heat exchange fluid

Generally, there are two categories of heat transfer

(exchange) fluids for offering superior heat transfer effi-
ciency and optimal thermal stability throughout its operation
temperature range: aqueous and non-aqueous systems. The

o
a

able 4
tmospheric lifetimes, global warming potentials and gas-phase atmospheric degrad

FPE Atmospheric lifetime (year)a GWPb

G-00 14, 24.8, 29.7, 26 3699, 5800, 5720, 6220, 6300
G-10 13.6, 12.1 2780, 3692, 7000
G-01 6.2, 7.0 1480, 1725, 3900
G-11 6.3, 7.1, 48 1840, 4900, 8700
G′-00 0.015 0.3
G′-01 2 230
G′-02 2 270
G′-03 2 250

a Estimated values, which can be mainly calculated by the reciprocal of the pseudo
b Global warming potential with 100-year time horizon (relative to GWP of CO2 =
aterials A139 (2007) 185–192

latter includes silicones and hydrocarbon oils. Because of the
similarity in physicochemical properties between PFCs and
HFPEs, HFPEs may be applied to the electronic, electrome-
chanical, chemical, nuclear, and pharmaceutical industries
as heat exchange fluids. Many industrial applications to ion
implanters, etchers, radar, transformer power supplies, and
freeze dryer have been made [30].

. Cleaning solvent
It is well known that the most common organic clean-

ing solvents applied to the electronic components, precision
cleaning and metal finishing were chlorinated solvents (i.e.,
CFC-113 and 1,1,1-trichloroethane) and HCFCs (i.e., HCFC-
141b and HCFC-225ca/cb). However, all these substances
will be completely phased out according to the Montreal
Protocol. It was previously mentioned that an outstand-
ing feature of HFPEs is their abilities to form the ternary
HFPEs–water–alcohol system, which can be used as a power-
ful cleaning solvent in the aqueous phase without the degreas-
ing additives [11].

. Environmental risks of HFPEs

The manufacture and use of any organic chemical may pose
otential risks to environmental and health if it is released into
he environment, and/or its degradation product is generated.
lthough it is not possible to evaluate all environmental risks
f new chemicals, it is necessary to do a preliminary screening
ased on the available and/or limited information in the liter-
ture. HFPEs, also considered as volatile organic compounds
VOCs), have extremely attractive properties, including zero
DP, non-flammability, low toxicity, mediate-high volatility and
ydrophilicity compared to similar chemicals such as ethers and
FEs. It means that they are most likely to accumulate in the

tmosphere if released. Therefore, they seem to inherently pose
ifferent environmental risks, such as global warming, photo-
hemical potential, and environmental distributions (i.e., vapor
ressure, partition coefficient and bioconcentration), which are
urther discussed below.

.1. Global warming
If several anthropogenic compounds including all VOCs are
nce emitted into the atmosphere, they may cause the earth’s
verage temperature to elevate, which is called global warm-

ation products for selected HFPEs

Degradation products Reference(s)

CHF2OC(O)F, CF2O [35–39]
CF2O [25,32,33,37,39]
CF2O [25,32,33,37,39]
CF2O [25,32,33,37,39,40]
H3COC(O)H, HCHO [36,41]
H3C–OCF2CF2–OC(O)H, CF2O, HCHO [34]
H3C–O(CF2CF2O)2–C(O)H, CF2O, HCHO [34]
H3C–O(CF2CF2O)3–C(O)H, CF2O, HCHO [34]

-first order rate constant for its removal by OH radicals in the troposphere.
1).
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ng, or greenhouse effect. According to the Kyoto Protocol, the
overnments around the world are voluntarily committed reduc-
ng target greenhouse gases (GHGs) emissions to atmosphere.
lobal warming potential (GWP) shows the relative increase in

arthward IR radiation flux due to the emission of GHGs. As
escribed above, HFPEs possess the terminal hydrogen atoms,
hus resulting in the increase in the chain reactivity and the reduc-
ion in their atmospheric lifetimes. Thus, HFPEs have relatively
maller values of atmospheric lifetime and GWP (Table 4) com-
ared to CFCs and HCFCs because these replacements contain
ne C–O bond, and one or more C–H bonds, which are sus-
eptible to attack from hydroxyl radicals and hence shorten
tmospheric lifetimes in the troposphere [7]. It is noted that the
WP values of some HFPEs (i.e., HG-01, HG-10, and HG-11)

re substantially greater than CO2 as seen in Table 4. Hence,
hough they are currently used in much smaller quantities than
FCs, PFCs and HCFCs, it is possible at this point to eliminate
r reduce these HFPEs emissions.

.2. Photochemical potential

From the viewpoints of chemical structure and physical
roperty, HFPEs belong to volatile organic compounds (VOCs)
ike ethers, which possess a mediate-high volatility that
llows them to evaporate quickly. Following release into the
tmosphere, these compounds possibly reside in the lower
tmosphere (i.e., troposphere) due to the heavier vapor density
han that of air, where they are photochemically oxidized,
hotolyzed and/or subsequently hydrolyzed as a result of a
ariety of primary and secondary degradation products. As
entioned above, HFPEs do not contain chlorine and are

ence not a class of ODS. Also, the presence of C–H bonds
n HFPEs means that they can contribute to photochemical

xidants formation in the troposphere, in a similar manner to
hose of typical VOCs. It has been recognized that hydrocarbon
ompounds are liable to react with •OH radical to convert
hem into carbonyl species, which are then removed by wet

3

t

able 5
nvironmental hazards of selected HFPEs

FPE Vapor pressurea (mmHg, 25 ◦C)

G-00 1476d

G-10 511
G-01 184
G-20 118
G-11 53
G-02 29
G-21 17
G′-00 4403d,e

G′-01 248
G′-02 19
G′-03 7

a Vapor pressure was calculated by using three-parameter corresponding-states equ
b Octanol/water partition coefficient (Kow), estimated by the Meylan and Howard m
c Bioconcentration factor (BCF) was obtained from the regression equation correla
d The experimental values (see Table 2) were used in the estimation calculation.
e The reported data in the literature [19]: vapor pressure = 4450 mmHg.
f The reported data in the literature [20]: log Kow = 0.1.
aterials A139 (2007) 185–192 189

eposition via rainfall and dry deposition to the surface [31].
With respect to the gas-phase photochemistry of HFPEs,

t has been recently established by limited researches
11,25,32–34]. Table 4 summarizes tropospheric degradation
roducts of some HFPEs. As described above, the presence
f C–O bonds in the HFPEs molecule provides the reaction of
ydrogen abstraction by the atmospheric •OH radicals, result-
ng in their decreases in atmospheric lifetimes and reducing
heir potential transport to the stratosphere. It was concluded
hat the Cl• atom or •OH radical- initiated photooxidations of
elected HFPEs (i.e., HG-10, HG-01 and HG-11) in atmospheric
ir predominantly produced carbonyl fluoride (CF2O) as the
nly carbon-containing product. Because of the high potential
ydrolysis of CF2O in the aqueous phase, the environmental
ate of the product in the atmosphere will be rapidly incorpo-
ated into raindrops/aerosols, where it eventually degrades to
F (as fluorides) and CO2. It is also noted that the reaction
f these HFPEs with Cl• atoms yields another product HCl.
ue to the extremely high solubility of HCl in liquid water,

ts lifetime in the atmosphere is very short because it is almost
bsorbed by raindrops/aerosols. On the other hand, the atmo-
pheric oxidation of selected HFPEs (i.e., HG′-01, HG′-02 and
G′-03) in air will be initiated by the reaction of hydrogen

bstraction with •OH radicals or Cl• atoms. In the case of
H3O(CF2CF2O)nCH3 (n = 1–3), it was found that the predom-

nant carbonyl fluoride (CF2O) was formed by the atmospheric
eaction as described above [34]. Other carbon-containing prod-
cts (i.e., fluorinated formates CH3O(CF2CF2O)nC(O)H, and
ormaldehyde), however, were also formed by degradation reac-
ion of CH3O(CF2CF2O)nCH2O• radical. The former may pose
otential hazards to the environment because their environ-
ental fates may be removal mechanisms such as photolysis,

ydrolysis and dry deposition [34].
.3. Vapor pressure

The vapor pressure of an organic compound at the room
emperature plays a significant role in its environmental

log Kow
b Bioconcentration factorc

−0.317 0.338
−1.574 0.038
−1.051 0.094
−2.308 0.010
−2.046 0.016
−1.785 0.026
−3.041 0.003

0.067f 0.662
−0.667 0.183
−1.401 0.051
−2.134 0.014

ation (i.e., Pitzer expansion) [13].
ethod [42].

ting BCF with Kow [18].
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artitioning between gas- and liquid-phases because the
roperty indicates its vapor phase being equilibrium with the
orresponding liquid phase. Generally, a chemical with a high
apor pressure has the potential to be easily transported into the
tmospheric air, resulting in a relatively environmental hazard
nd/or health risk in the case of inhaling and/or exposing to
he polluted air. Therefore, a reliable method for estimating
he vapor pressure of organic materials will be important in
creening environmentally risky chemicals.

Although there are many approaches to estimating vapor
ressure in terms of temperature [13], most of them are based
n the reduced temperature (Tr) and reduced pressure (Pr) if the
ritical temperature (Tc) and critical pressure (Pc) are given or
nown. It is noted that the values of Tc and Pc for HFPEs have
een estimated by using the Marrero–Pardillo method as shown
n Table 2. In the present work, a three-parameter corresponding-
tates equation was used for estimating vapor pressure because
t is more accurate than other methods [13]

n Pvpr = f (0)(Tr) + ωf (1)(Tr) + ω2f (2)(Tr) (8)

here Pvpr is the reduced vapor pressure. The functions f(0), f(1)

nd f(2) have been defined and given in the reference [16,17].
able 5 lists the estimated vapor pressure of HFPEs at 25 ◦C.
s also listed in Table 5, the estimated value (i.e., 4403 mmHg)
f model compound, HG′-00, has been predicted to validate the
ccuracy of the estimation method. It showed that the error is
nly 1% compared to the measured value (i.e., 4450 mmHg)
19]. From the results in Table 5, the vapor pressures of HFPEs
iscussed in the present study are significantly lower than the
orresponding ethers (e.g., HG′-00) and hydrofluoroethers (e.g.,
G-00), showing that HFPEs are not easy to leave its liquid
hase as organic vapor, via evaporation. Further, it is obvious that
he molecular polarities of HFPEs increase with the increase in
ther group (–O–) and molecular weight, resulting in their vapor
ressures on the decreasing trend.

.4. Partition coefficient

Partition coefficient is an empirically dimensionless prop-
rty that describes how a chemical substance distributes itself
etween two phases. Hence, it is useful to describe and model
he environmental fate of an organic compound. Because the
ctanol–water partition coefficient (Kow) is characterized by
artitioning between aqueous and organic, lipid-like phases, it
rovides a significant indication of how much of an organic com-
ound will be taken up by aquatic organisms. Because of Kow
anging from 10−3 to 107, values for Kow are often reported as
og Kow [18]. Generally, organic compounds with high values
f Kow tend to be hydrophobic and hence partition to organic
atter, lipids (fat) and soil, indicating that they are less mobile

n the environment.
It is well known that several methods are available for the

stimation of Kow for organic chemicals [18]. However, these

pproaches are somewhat complicated and not easy to use them.
n the present paper, a simple group contribution method, or

eylan and Howard method was used for estimating the parti-
ion coefficient of HFPEs as follows [42]:

T
s
fl
r

aterials A139 (2007) 185–192

og Kow = 0.229 +
∑

nifi (9)

here log Kow is the base 10 logarithm of the ratio the chemi-
al’s concentration in octanol to the chemical’s concentration in
ater, ni is the number of groups of type i in the molecule, fi is

he contribution of each group to the partition coefficient, and the
ummation is taken over all groups. To validate the accuracy of
he method in the estimation of partition coefficients for HFPEs,
our common ethers (i.e., dimethoxymethane, dimethoxyethane,
iethyleneglycoldimethylether, and bis(2-chloromethyl)ether)
hat are similar in chemical structure to these HFPEs were esti-

ated to obtain their partition coefficients, which were then
ompared to those reported or measured in the literatures [20].
ccording to their molecular structures, the predicted values of

og Kow are given by:

Dimethoxymethane (CH3OCH2OCH3):

Kow = 0.229 + 0.5473 × 2 + 0.4911 × 1 + (−1.2566)

× 2� − 0.699

Dimethoxymethane (CH3OCH2CH2OCH3):

Kow = 0.229 + 0.5473 × 2 + 0.4911 × 2 + (−1.2566)

× 2� − 0.207

Diethyleneglycoldimethylether
(CH3OCH2CH2OCH2CH2OCH3):

Kow = 0.229 + 0.5473 × 2 + 0.4911 × 4 + (−1.2566)

× 3� − 0.482

Bis(2-chloromethyl)ether ClCH2OCH2Cl:

Kow = 0.229 + 0.3102 × 2 + 0.4911 × 2 + (−1.2566)

× 1�0.575

s illustrated with the experimental or reported values (i.e., 0.0,
0.21, −0.36, and 0.57, respectively) of dimethoxymethane,

imethoxyethane, diethyleneglycoldimethylether, and bis(2-
hloromethyl)ether, it showed that the Meylan and Howard
ethod should be a practically useful approach to predicating

he octanol–water partition coefficient of HFPEs.
Table 5 lists the estimated values of log Kow for selected

FPEs. For example, HG′-00 has the molecular structure
3C–O–CH3. Referring to the contribution groups in the
ethod, this compound can be represented by two –CH3

methyl) group, and one –O– (aliphatic attachment) group. The
stimated value of log Kow is thus given by

og Kow = 0.229 + 0.5473 × 2 + (−1.2566) × 1�0.067

owever, the reported log Kow value for HG′-00 is 0.1 [20],
hich is very close to the calculated value (i.e., 0.067) from

he Meylan and Howard method. From the predicted data in

able 5, it can be summarized that the values of log Kow for
elected HFPEs are significantly below zero, showing that these
uoroethers have very low potential bioaccumulation in the envi-
onment [43].
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Table 6
Exposure standards/guidelines of primary and secondary products from the degradation of HFPEs

Photodegradation products TLVa (ppm) PELb (ppm) MAKc (ppm) IDLHd (ppm) RELe (ppm) PCSf (ppm)

Carbonyl fluoride (COF2) 2 – – 2 –
Hydrogen fluoride (HF, as F) 3 (ceiling) 3 2 30 3 3
Carbon dioxide (CO2) 5000 5000 5000 40,000 5000 5000
Hydrogen chloride (HCl) 5 (ceiling) 5 (ceiling) 2 50 5 (ceiling) 5 (ceiling)
Formaldehyde (HCHO) 0.3 (ceiling) 0.75 0.3 20 0.016 (cancer) 1 (cancer)
Carbon monoxide (CO) 25 50 30 1,200 35 35
Formic acid (HCOOH) 5 5 5 30 5 5
Acetic acid (CH3COOH) 10 10 – 50 10 10

a Threshold limit value, American Conference of Governmental Industrial Hygienists [47].
b Permissible exposure limit, Occupational Safety and Health Administration [48].
c Maximum allowable concentration, Deutsche Forschungsgemeinschaft (DFG, Germany) [49].

Safe
d He
an).

t
c
t
l
w

l

A
H
l

3

e
r
e
o
t
d
a
t
n
a
c
a
e
t

o
f
m
H
f
o
a
i
h
t

t
a
a

4

g
a
–
fi
T
t
p
m
c
t
p
v
H
p
e
h

R

d Immediately dangerous to life or health, National Institute for Occupational
e Recommended exposure limit, National Institute for Occupational Safety an
f Permissible Concentration Standard, Council of Labor Affairs (COLA, Taiw

Based on the estimated values of HFPEs, the bioconcen-
ration factor (BCF), which is generally used as an essential
omponent in risk assessments for the purpose of determining
he tendency of an organic chemical to bioconcentrate on the
ipid tissues (e.g., fat), can be further predicted by using the
ell-developed correlation between BCF and Kow [18]

og BCF = 0.76 log Kow − 0.23 (10)

s listed in Table 5, the estimated values of BCF for selected
FPEs are below unity, indicating that they should be a very

ow potential for bioaccumulation.

.5. Toxicological profile of HFPEs

Due to their physiochemical properties similar to those of
thers, HFPEs would be expected to have no significant health
isk because of the low potential for human toxicity by aliphatic
thers and glycol ethers from the viewpoints of a wide variety
f industrial and commercial uses [44,45]. With respect to the
oxicological profiles for selected HFPEs, there are no detailed
ata in the literature. According to the limited references [11,12]
nd material safety data sheet from the manufacturers, available
oxicological data strongly support conclusion that HFPEs do
ot pose any risk in the field of carcinogenicity, mutagenicity
nd reprotoxicity. As observed in the literature [11], commer-
ial grades of HFPEs consist of polydispersed components with
limited molecular weight range from fractional distillation,

xhibit relatively low toxicity from the results of acute and long
erm toxicity tests.

Although less extreme maximum atmospheric concentrations
f HFPEs were employed, their degradation products derived
rom the photochemical reactions and thermal decompositions
ay generate toxic vapors possibly containing COF2, F−, or
F. The human exposure limits to possible degradation products

rom HFPEs established or recommended by the governmental
r non-profit organizations were compiled for a comparative use

nd listed in Table 6. Among them, carbonyl fluoride (COF2)
s a powerful irritating gas. The carbonyl fluoride is easily
ydrolyzed to form hydrogen fluoride, which is moderately toxic
o human by inhalation due to the release of fluoride ions in con-
ty and Health [50].
alth [51].

act with moist body tissues [46]. Unfortunately, the data on the
tmospheric concentrations of the degradation products are not
vailable.

. Conclusions

Hydrofluoropolyethers (HFPEs) are a family of linear oli-
omeric fluorinated fluid having repeated units (i.e., –CF2O–
nd –CF2CF2O–) and two terminal groups (i.e., –OCF2H and
OCH3). Due to their unique properties, they may be used as
re suppression agent, heat transfer fluid, and cleaning solvent.
hough HFPEs discussed in this paper have been exempted from

he blanket of ozone depleting substances (ODS) and should
ossess very low potential for bioaccumulation in the environ-
ent based on their estimated values of octanol-water partition

oefficient (Kow), these chemicals inevitably pose some risks
o the environment in terms of global warming potential and
hotochemical potential. Therefore, the emission of organic
apors from the manufacturing and filling processes may contain
FPEs, suggesting that it still needs to be mitigated and even
revented to reduce the overexposure risk even if their acceptable
xposure limits have been set at 1000 ppm over eight working
ours by US Environmental Protection Agency (USEPA).
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