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The atmospheric lifetimes of the halogenated anaesthetics halothane, enflurane, isoflurane,
desflurane and sevoflurane with respect to reaction with the hydroxyl radical (OH-) and UV
photolysis have been determined from observations of OH- reaction kinetics and UV absorption
spectra. Rate coefficients for the reaction with OH radicals for all halogenated anaesthetics
investigated ranged from 0.44 to 2.7 10~'* cm® molec™' s™'. Halothane, enflurane and isoflurane
showed distinct UV absorption in the range 200-350 nm. In contrast, no absorption in this
wavelength range was detected for desflurane or sevoflurane. The total atmospheric lifetimes,
as derived from both OH- reactivity and photolysis, were 4.0-21.4 yr. It has been calculated
that up to 20% of anaesthetics enter the stratosphere. As a result of chlorine and bromine
content, the ozone depletion potential (ODP) relative to chlorofluorocarbon CFC-11 varies
between 0 and 1.56, leading to a contribution to the total ozone depletion in the stratosphere
of approximately 1% for halothane and 0.02% for enflurane and isoflurane. Estimates of the
greenhouse warming potential (GWP) relative to CFC-12 yield values of 0.02-0.14, resulting
in a relative contribution to global warming of all volatile anaesthetics of approximately 0.03%.
The stratospheric impact of halothane, isoflurane and enflurane and their influence on ozone
depletion is of increasing importance because of decreasing chlorofluorocarbons globally.
However, the influence of volatile anaesthetics on greenhouse warming is small.
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The atmosphere can be subdivided according to its tempeompounds (chlorofluorocarbons (CFC) and halons) which
ature profile. The lowest layer where temperature decreases released into the atmosphere by human activity.
with altitude is called the troposphere. Its upper limiAlthough the destructive potential of these compounds has
varies between an altitude of 8 and 18 km depending txeen discussed since 197#his has become obvious only
geographical latitude. The troposphere is followed by theince the discovery of the Antarctic ozone hole in 1885.
stratosphere, where temperature increases again upAta consequence, the use of CFC and halons has been
approximately 50 km. Processes occurring in the uppergulated according to the Montreal protocol in 1987 and
layers (mesosphere, thermosphere and exosphere) areitsasubsequent amendments in 1990 and 1992. In contrast
of interest in this study. Therefore, in this article we uswith CFC in technical and industrial applications, their use
‘atmosphere’ to refer to the troposphere and stratosphera medical applications has been declared as ‘essential use’
The stratospheric ozone layer is now known to beithout restrictions. The major use of CFC for medical
damaged by long living chlorine- and bromine-containingurposes is as inhalation propellants in pulmonary diseases
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such as asthma. The total global use of CFC for thgheric lifetimes of the anaesthetic gases to estimate the
application is in the order of 10-12 kilotons per year anstratospheric input and influence on the destruction of the
hence corresponds to a fraction of the approximate 18&one layer. The contribution to the greenhouse effect was
of total CFC consumption before the Montreal protocatstimated from the tropospheric lifetimes and literature data
regulation? of the infrared absorption bands.

A second class of halogenated compounds which are used
in medicine without regulatory restrictions are the anaesthe}\iﬁ
gases halothane (GQEHBrCIl, 2-bromo-2-chloro-1,1,1- ethods
trifluorethane), enflurane (CHBCFKCHFCI, 1-difluor- Theory
methoxy-2-chloro-1,1,2-trifluorethane), isoflurane (GABF ) .
CHCICF,, 1-difluormethoxy-l-chloro-z,2,2-trif|uorethane),Trace gases in the atmosphere can be removed by chemical

desflurane (CHJOCHFCF, 1-difluormethoxy-1,2,2,2- reactiqn with radicals, by'ph_otollys'is, and by We'F or dry
tetrafluorethane) and sevoflurane (EBCH(CR), 1- o_leposmon. The atmospherlq Ilf_etlrmes the mean residence
monofluormethoxy-2,2-trifluormethyl-ethane). AlthougtliIme of a molecule b_efore It is removed by one Of these
the total amount of these compounds used globally has IOPCESSES. Note that in atmospher_lc research, the lifatime
been assessed thoroughly, it may be estimated to be in tgans the. time that a co.ncgnyranon Qecreasgs t0 ye. For
order of 10 kilotons per year. This scenario is based on t st reactive trgce gasesis limited by its r.eact|V|ty with
average annual consumption of anaesthetic gases at eehydroxyl ra}d|cal (OH-) and/or photolysis. ',t depends on
University Hospital at Gtiingen in the late 1980s (halothanet e_concentratlon of the_ molecule, concentra’u_on O.f the OH-
342 kg, enflurane 16.4 kg, isoflurane 52 kg in a total d]adlcal and rate coefficienkoy of Fhe reaction in the
20 000 anaesthetics per year). From the number of hospit er case, a_nd on th? .concentratlon bl molecyle af‘d
in Germany (size weighted) and the population in developg oto_d_|SSOC|at|on coeff!uent or frequ.ency of photodissoci-
countries, the total number of inhalation anaesthetics h%‘%?”l in the latter. While concent_rgtlons are m_easured or
been estimated at@1C®/yr globally. It is well known that gained from mo‘_’e'& the rate coefﬁqu@h and the values )
more than 80% of inhalation anaesthetic agent is exhallf _determmgd in Iaborato_ry ex_per_|ments. The aFmosphenc
unchanged by the patient and therefore emitted into tH time Ton IS _the_ chemical lifetime andph"m. IS _the
lower atmospheré. p oto.che.mlcal lifetime. If both_ processes are S|gn|f|caqt, a

The major atmospheric effects that may arise frorﬁombmat'on Of.TOH and,TPhOtO, gives the totgl atmospheric
emission of volatile anaesthetics are their contribution {getlme 1. Details are given |n.the appendix. ,
ozone depletion in the stratosphere and to greenhous rom t.he atmos'pherlc Ilfetlm.e,.the chemical structure'
warming in the troposphere. Atmospheric lifetimes offmd physical l_)ehawour ofagas, |tsmﬂuer_10e on stratospherlc
anthropogenic compounds are the primary basis of assess1Ag"€ deple_tlon _and greenhouse warming can be derived.
these effects. The tropospheric lifetime determines t% ans ofesﬂmat;ngthe extent of this influence are the ozone
fraction of the total amount of a halogenated trace gas t pletl_on potential (ODP) and the gre(_anhouse warming
enters the stratosphere and hence makes its halogen corﬁgﬁ?m'al (G,WP)’ which express the relative effect to other
available for ozone destruction. Concerning greenhou’%‘HnOSphe”_C trace gases. In our study we used th_e oDP
warming, the tropospheric lifetime regulates the averal é\lue relative to CI_:C-ll aUd the GWP value_ relative to
concentration level for an anthropogenic compound th C-12. More details are given in the appendix.
influences the infrared radiation balance of the Earth. ]

To date, little information is available on the ecotoxicoEXPerimental method
logical properties of inhalation anaesthetics. Brown ard order to determine the rate coefficiets,, laboratory
colleague’ determined the lifetime of these compoundsxperiments were carried out in a tubular reaction chamber
from OH- reactivity, and the ozone depletion potentidhrough which the gas mixtures were passed. Hydroxyl
(ODP) and greenhouse warming potential (GWP) weradicals were generated by photolysis of HN\N& a wave-
estimated. In the present work, similar studies have beklmgth of 248 nm by use of an excimer laser (Lambda
performed. In addition to OH-reactivity measurements, URhysik, EMG 200) as a light source. Decay of the OH-:
absorption spectra were detected to derive total photmncentration was followed by the laser long-path absorption
chemical lifetimes (troposphericstratospheric lifetimes). technique (LLPA; ring-dye laser, Coherent CR 699-21) at
From these experiments ODP and GWP values were cal@08.42 nm. All experiments were carried out at 298 K and
lated. Our study also includes experiments with desfluranader pseudo-first-order conditions (i.e. concentrations of
which have not been done previously. the anaesthetics were always in excess in order to be

The first step in our investigation was to determine theonsidered constant while the concentration of OH- was
rate coefficienkqy for the different anaesthetics. Moreovermeasured). From more then 100 experiments the rate
we detected the absorption spectra of the anaestheticxiefficientsk;g, under first-order conditions were obtained
the ultraviolet range 200-350 nm. From the differerdnd finally k,,q = ko derived. More experimental details
experiments we derived the tropospheric and total atmase described in the appendix.
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v absorptlon spectra of th.e anaeSthe.“CS in the rang% 3 kyst Vs isoflurane concentration for the reaction isoflura@H in
209_350 nm were _dEteCted with a deuterium I_amp. Cali itrogen (N). (Results from two different sets of measurements and their
ration of the deuterium lamp was performed with mercurtithmethic mean.)

bands.

production of photofragments or OH radicals is negligible,

Results and gainedky,=1.7x101% cm® molec? s (Fig. 1).

o ) o Although both sets of experiments gave reproducible results,
OH rate coefficients and chemical lifetimes we consider the result from the HN@ee experiment in
In the experimental reaction system, enflurane, isoflurarexygen as the more correct one. This conclusion is based
desflurane and sevoflurane produced exponential OH- decaythe recognition that it is additional radical production
profiles, but the same was not true for halothane. At thy photolysis of halothane which is responsible for enhanced
photolysis wavelength of HNgX248 nm), halothane showedOH- reactivity. However, in the presence of oxygen, this
absorption also (see also Fig. 6). Therefore, additionaterference is expected to be suppressed because of forma-
production of photofragments (Br atoms and/orsCHCI- tion of peroxy radicals which are less reactive towards OH-
radicals) which consume OH radicals and/or an unexpectdtin the parent radicals.
OH- generation process can occur. Indeed the measured OHrigures 2-5 show thek;s values as a function of
concentration as a function of time showed a biexponent@ncentration for the other anaesthetics, together with
profile in the experiments with halothane. Moreover, thinear regression lines and the second-order rate coefficients
time constants for the decay of OH- were also dependdniy = ko derived. Inspection of these values reveals that
on whether nitrogen or oxygen was used as the diluent. ttmee OH- rate coefficientkoy were not very different and
experiments with oxygerwe have also observed, in theranged from 0.44 to 27104 cm® molec?! s (Table 1).
absence of HNg) OH radicals that must be produced from From these experimental values, the chemical lifetime of
photolysis of halothane. We used the last part of the Olthe anaestheticsoy was calculated. We assumed [OH-]
decay profile to derive the rate coefficiert,n = 4.5X10° molec cnifor the diurnal averaged OH- concentra-
1.5x10 cm?® molec?® s1. From measurements made irtion at ground level, and [OH,]the variation of OH- with
nitrogen we analysed only the foremost part, when additioratitude, was obtained from a one-dimensional photo-
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thetics had substantial UV absorption only below 250 nm.
in nitrogen (Ny).

The long wavelength absorption onset, however, shifted
Table 1 Measured rate coefficients at 298 K for the reactions of the OH radic];nom 270 nm _tO 250 nm and .215 nm for halothane,
with anaesthetics and resulting lifetimas,(). *Data from oxygen experiment €nflurane and isoflurane, respectively. As a consequence,

only; 2Lifetimes based otkoy values from this work

kon (1074 cm® molec! sh

Brown and Lifetime?
Anaesthetic This work colleague® Ton (Y1)
Halothane 1.5 (0.3) 6.0 (0.4) 7.0
Enflurane 1.2 (0.2) 1.7 (0.5) 8.2
Isoflurane 1.7 (0.3) 2.1 (0.5) 5.9
Desflurane 0.44 (0.08) - 214
Sevoflurane 2.7 (0.5) 7.3 (2.2) 4.0

chemical transport modé&INote, however, that a temper-

ature dependence &y, which would probably lowekgy

and hence increaseoy, at higher altitudes, has been
neglected. The resulting lifetimes ranged from 4 (sev
flurane) to 21 (desflurane) yr (Table 1). As a consequen

we may conclude that a considerable fraction (see belo?ﬁ .
y ( throughout the entire atmosphere.

of the anaesthetics emitted reach the stratosphere.

the maximum UV absorptivity of halothane near 205 nm
was nearly three orders of magnitude larger than that
of enflurane or isoflurane in this wavelength range. No
absorption was observed for desflurane or sevoflurane.
The photophysical properties of halothane, enflurane and
isoflurane are summarized in Table 2.

In order to asses the photochemical lifetimgge, of
the volatile anaesthetics, photolysis frequency and hence
photochemical lifetime calculations were performed with
models. The local photochemical lifetime was integrated
over height up to 36 km. The resulting values B,
are listed in Table 2. All photochemical lifetimes of the
anaesthetics were extremely long, the only exception being
halothane for which a lifetime of approximately 100 yr was

0~ X )
Cdeetermlned. As a consequence, the anaesthetics must be

nsidered stable with respect to photochemical degradation

UV absorption spectra and photochemical lifetimes Total lifetimes

The UV absorption spectra of halothane, enflurane, isoflombination oftoy and Tphe (€GN (7)) in Tables 1 and 2
ane, desflurane and sevoflurane were measured in the raga@ree total lifetimest of the anaesthetics which were
200-350 nm. The gas phase spectra of halothane, enfluratentical to the chemical lifetimes, except for halothane
and isoflurane are shown in Figures 6-8. All three anaeshere the relatively short photochemical lifetime reduced
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1'5T Table 2 UV absorption cross sections at 200 nm and calculated photochemical
k\ Enflurane lifetimes (5@N, equinox) for anaesthetic gases=dot determined
(AN = 0.2 nm)
:(g 104 t\) Anaesthetic Amax (nm) T390 (cM?) Tohoto (Y1)
= y Halothane 205 910719 105
T Enflurane < 200 1.4¢102 5340
% 05 Isoflurane < 200 5.5¢1072% 3130
w 097 Desflurane < 200 <102 nd
WMWNV\‘WWWM«\AW Sevoflurane < 200 <102 nd
MA%WW
0.0 T T T T T T T T T T T 1
200 210 220 230 240 250 260

from the literature. They were smaller than 0.15 relative to
CFC-12.
Fig 7 Absorption spectra of enflurane in the range 200260 nm. L.
Stratospheric input
Table 3 also lists the relative fractions of the anaesthetics
\ that do not degrade in the troposphere but enter the
1 Isoflurane . .

(AN = 0.1 nm) stratosphere. The percentages given were obtained from a
- one-dimensional model calculation and varied from 12%
to 21%.

&

§

by \ Discussion
5 |

M We have presented measurements of OH- rate coefficients
and UV absorption spectra for the five commonly used
M/\,MWWWW” inhalation anaesthetics (halothane, enflurane, isoflurane,
po s 2o desflurane and sevoflurane). Although the rate coefficients
A (nm) for the different anaesthetics were similar (&0
10 cm® molec! s, a systematic variation in OH-
reactivity was observed. Desflurane had the lowest rate
coefficient, most likely because both abstractable H atoms
the chemical lifetime from 7.0 yr to 6.6 yr. The values obf this compound have fluorine atoms in theposition.
T ranged from 4 to 21.4 yr (Table 3). This tends to decrease OH reactivitflowever, this is not
the case for halothane, enflurane and isoflurane, where ClI
ODP values atoms are also available in the-position. In contrast,
ODP values for the five volatile anaesthetics were calculatgtk relatively high OH- rate coefficient of sevoflurane is
and are summarized in Table 3, together with those fexplained mainly by the presence of an abstractable H atom
CFC-11 and CFC-12. Despite its much shorter lifetimgsom a tertiary carbon atom.
halothane had an ODP value of 1.56 which is comparableQur results for enflurane and isoflurane are compatible
with that of CFC-11 (1.0 by definition) and CFC-12 (1.55)with the earlier study of Brown and colleaguesiowever,
This is because its lifetime is more than compensated figle rate coefficients for halothane and sevoflurane were
by its bromine content. However, the ODP values of tharger by a factor of 4 and 2.7, respectively (Table 1). For
anaesthetics containing chlorine only are much lower th@walothane, the reason for this discrepancy might be because
those of the CFC as a result of their shorter lifetimes. of the same experimental difficulties in their study when
producing OH radicals (see results). However, Brown and
GWP values colleagues’ study did not contain a detailed experimental
The infrared bandstrength S for halothane, enflurane, isdescription and therefore this point remains unclear.
flurane and sevoflurane from conventional infrared experi- In the UV spectra, we found that the absorptivity of
ment$ and the lifetimes from our experiments were usedalothane was approximately three orders of magnitude
to calculate GWP values according to equation (13). Correstronger than that for the other anaesthetics (Table 2). This
ponding bandstrength of desflurane was estimated fratifference is probably a result of the bromine content of
analogies in molecular structure and composition in thelothane for which the chromophore is red-shifted com-
order of 3000 cr? atnT®. As indicated by Brown and pared with chlorine. It should be noted that the spectra for
colleague$, the infrared bandstrengths of enflurane, isenflurane and isoflurane were in good agreement with other
flurane and sevoflurane were larger than that of halothaoleservations reported in the literat&No UV absorption
because the former contain an ether group which is respoabove 200 nm was observed for desflurane or sevoflurane
ible for intense absorption features in the 8+t region. because they contain only fluorine, the most blue-shifted
In Table 3, GWP values are listed together with S valuehromophore of all halogens.

200 210

Fig 8 Absorption spectra of isoflurane in the range 200-230 nm.
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Table 3 Summary of atmospheric lifetimes, relative input into the stratosphere, and ODP and GWP values of CFC-11, CFC-12 and halogenated volatile
anaestheticSWMO Report8; %this value is smaller compared with that of Tablet:7.0 yr) because of additional photochemical destruction. In all other cases

the atmospheric lifetime is identical to the chemical lifetime orgs obtained from a one-dimensional modelling calculatfan; efficiency of Br relative to Cl

of a=50 was used®integrated infrared absorption cross sectifrown and colleagués ‘estimated from analogies in composition and structure relative to

other anesthetic$greenhouse warming potentials relative to CFC-12

Input into
Compound M (g mold) T (yr) stratosphere? (%) oDP# S5 (cm2atm™) Gwp8
CFC-11 137.5 5b 100 1.00 2500 0.33
CFC-12 121.0 102 100 1.55 3300 1.00
Halothane 197.4 6% 13.2 1.56 1400 0.02
Enflurane 184.5 8.2 16.2 0.04 4800 0.08
Isoflurane 184.5 5.9 14.6 0.03 3%00 0.05
Desflurane 168.0 21.4 21.4 0.00 3600 0.14
Sevoflurane 200.0 4.0 12.6 0.00 2550 0.02

Because solar radiation below 290 nm is completelgoflurane is more than 100 times less based on their ODP
filtered out by stratospheric ozone, any short wavelengtllues. In view of the likelihood that the atmospheric
absorption of anthropogenic compounds does not contribittierden of CFC is decreasing as a result of the Montreal
to photochemical degradation in the troposphere. The regeetocol, the importance of volatile anaesthetics in the
tion with OH radicals accounts for the majority of the totafuture, in particular bromine containing halothane, must be
tropospheric lifetime of these compounds; UV photodissoamphasized.
ation is only a minor contributor and only of importance Halocarbon global warming potentials have been derived
in the stratosphere. based on our lifetime calculations and infrared bandstrengths

The atmospheric lifetimes derived by Brown and colfrom the literature. GWP values relative to CFC-12 were
league® were systematically lower than those determindgss than 0.15. If one assumes a total global emission of
in our study. Apart from the differences in OH- ratearbon dioxide from all anthropogenic sources in the order
coefficients, this is a result of the assumed OH- concentratiofi7.1 Gtons carbon/yt and accept a relative GWP between
at ground level. When modelling the vertical distribuearbon dioxide and CFC-12 of 1/788Qhen the relative
tion of OH-, Brown and colleagues started with ¥I0° contribution to global warming of all volatile anaesthetics
molec cn® at ground, a factor 1.7 larger than that used iis in the order of 0.03%. Thus the total GWP-weighted
our work. emission fluxes of volatile anaesthetics is small compared

From the tropospheric lifetimes it was derived that up twith those of other greenhouse gases.

20% of the anaesthetics may enter the stratosphere anth our study, removal paths other than reaction with OH-
hence contribute to halogen loading. The most noticeatdad photolysis were neglected. Wet and dry deposition or
example was halothane which had an ODP value of 1.b@take by soils, oceans or the biosphere may also play a
relative to CFC-11 because of its bromine content. Thele for volatile anaesthetics. This would reduce the lifetimes
dominant bromine containing compound in the stratospheselculated in this study. If these processes are essential
is methyl bromide (CHBr ) with an annual source strengthsinks for volatile anaesthetics, their fate and the fate of
of 170 kilotons and an ODP value of 0:&If a total global degradation products in the agueous environment in addition
halothane emission of 7000 tons/yr is assumed, then tloethe biosphere should be investigated in the future.

total ODP weighted emission flux relative to gBt is in

the order of 10%. Because the relative stratospheric inpjt .
of methyl bromide is of the same order of magnitude ééppendlx

halothane, the ratio at ground is the same in the stratosphgts phase chemistry in the atmosphere

_Brom'ne in the §tratosphere, howeve_r! is of increasing e following section, we describe some basic equations and common
interest because it contributes 35-80 times more to ozais for atmospheric processes that are essential in this article (for further

depletion than chlorine (see appendix). At present, tfigading see textbooks™). ,

trat h tai 20 tv b . includi 10 The main removal process for many trace gases in the atmosphere that

stratosphere contains pp v bromine (including - PPYntain hydrogen (H) is the reaction with the hydroxyl radical (OH-) by

CHj3Br) and 3500 pptv chloriné? (pptv=Parts per American abstraction of a H atom. Thus the primary degradation of volatile

trillion per volume and corresponds to a concentratioaesthetics containing hydrogen atoms (An-H) is most likely the reaction
ith OH-:

of (2.46x107) molecules cmi=(4.09x105xmolecular "

weight) ug nT3 at 25°C and 1013 mbar.) If one assumes An-H+OH-- An-+H,0 @

that I_3r destroys 50 times more ozone than chlorl_ne, R ere An-Hevolatile anaesthetic.

bromine content of halothane contributes approximatelyrurthermore, volatile anaesthetics containing halogen atoms (An=X, X

1% to ozone depletion. However, the chlorine content &f or Cl) may be subject to competitive photochemical destruction. The

halothane contributes only approximately 0.02% to totgPSorPtion of photons by An-Xis described by:

ozone depletion, while the contribution of enflurane and An-X-+hv - An-+X )
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where An-X=volatile anaesthetic; XBr or Cl; hv=energy from sunlight, Numerically, integration in equation (9) is carried out only in the
with h=Planck’s constant; and=frequency of the radiation. wavelength region, where the produj <o) xXF, does not vanish.

The bimolecular reaction (1) is a second-order reaction, whereas thénith the quantum yieldb, it is taken into account that the absorption
unimolecular reaction (2) is a first-order reaction. The reaction rate & a photon does not always lead to dissociation or a single dissociation
describes the speed of a reaction or the change in concentration obath. For instance, photodissociation occurs for some species at two
compound with time. For reaction (1) it depends on the concentration different wavelengths, that is different bonds break at different energies.

An-H and OH- and its units are molecules ers L Fractional quantum yields account for these different pathways of destruc-
tion. However, heregp, is assumed to be unity under all conditions. The
R=kon [An-H][OH'] (3 atmospheric photon flux yFis calculated from a model of radiation

transfer® 16

As mentioned abovéyaries with the incident radiation energy spectrum.
In the present calculation, a geographical latitude of 50°N and equinox
have been chosen, and the obtained photolysis rates have been averaged
over 24 h under clear sky conditions. The inverse of the local photolysis
rate gives the local photochemical lifetimghoo - at altitude z:

where R=reaction rate in molec cr s (molec= molecules)koy=rate
coefficient for a bimolecular reaction in énmolec?! s%; [An-H]=
concentration of volatile anaesthetic in molecénand [OH}=concentra-
tion of OH radical in molec crw.

The constant of proportionalityoy is called the rate coefficient (or rate
constant). In this figure, concentrations are given in molec3cand

consequently the common unit férin the bimolecular reaction is ¢ 24 (h)
molec? s71. The rate coefficienkoy is temperature dependent, but in a Tphoto,g = ———— (10)
first approach this is neglected in our study. ' 24 (h)
For the unimolecular reaction (2), the reaction rate R depends on the J'jzdt
concentration of [An-X], and the constant of proportionality is the

photodissociation coefficient or frequency of photodissociafiomlso wherej,=j value at altitude z.

calledj value: In order to obtain the mean photochemical lifetime, the local photochem-

) ical lifetime weighted by the local anaesthetic concentration, must be
R=j [An-X] (4 averaged according to altitude.

where R=reaction rate in molec cris™%; j=frequency of photodissociation ?

or photodissociation coefficient in™s and [An-X]=concentration of Irpholo,z[An]de

volatile anaesthetic in molec cth

Thej value is a function of the incident radiation energy spectrum and Tphoto = . (12)

thus changes with date, time of day, longitude, altitude and meteorological

conditions (see below) (for more details on chemical kinetics see text- [An] dz

bookg2-19, 4[-

For reaction (1) the chemical lifetime of a trace gas is determined

_— ; - R¥here [An,=concentration of anaesthetic at altitude z; and integration
the rate coefficienkgy and the average atmospheric OH- concentratio [Ank g

Mimits are from grounek0 km to z=36 km.

(5) [An], must be obtained from an independent one-dimensional model
calculation of chemistry, photolysis and transport. In the present simulation

wherekoy=rate coefficient in crhmolec! s~1 for second-order reaction; a mixing ratio of 1 pptv at ground level was used as a lower boundary

Ton=Kori * [OH-]™* (bimolecular reaction)

and [OH-FOH- concentration in molec ¢ conditiorf and the integration was made over 36 km altitude.
In addition, reaction (2) might limit the atmospheric lifetime of the
volatile anaesthetic: Ozone depletion potential
R ) The potential contribution of any anthropogenic compound to ozone
Tphota=] ~ (Unimolecular reaction) (6) depletion in the stratosphere is generally expressed by the ozone depletion

where j=frequency of photodissociation or photodissociation coefficierﬂotential (ODP). Although ODP values are genuinely obtained from model

in st calculation, approximate estimates can also be made relative to a reference
If both processes limit the lifetime in the atmosphere the total lifetim 0”_‘90““0' such as CFC'.ll (CRODDP-=1.0) with the total atmosph_enc
Tis ai . ifetime (1), molecular weight (M) and number of Cl and Br atom$ if
given by: ; 15
the anaesthetic (An-H)’
1=1hon+1Mohow) L 7
or+ Mipnod ~ Tann Mcrc-11  Nertang,
As the concentration of OH- varies with altitude, the average chemical ODP = T ' M ’ 3 (12)
lifetime Toy is the altitudinal mean, weighted by the local concentration CrC-11 An—H
of the OH radical: The coefficientr accounts for the fact that Br atoms can destroy ozone
z between 35 and 80 times more effectively than Cl atdtnin our
Ton AOH],dz calculationsa=50 has been chosen. Equation (12) does not account for
' the number of fluorine atoms as fluorine is not known to destroy
Tony = (8) stratospheric ozone. Therefore, desflurane and sevoflurane containing no

other halogens than fluorine have an ODP value of zero.

B

‘!’[OH]Zdz

Greenhouse warming potential

where [OH}L=OH- concentration at altitude z; angy ,=(koy [OH],)™t A second atmospheric concern of volatile anaesthetics is their contribution
local chemical lifetime at altitude z, analogue to equation (5). to greenhouse warming, as expressed by the greenhouse warming potential

In our model the values were integrated from ground to 36 km altitud&WP). GWP values are normally derived from radiative transfer models
to calculate degradation by OH radicals in the troposphere and in tHtat account for the infrared absorptivity of a compound in the region of
lower stratosphere. the terrestrial radiation window (9-18m). However, as for ODP,

Thej value of a compound in the atmosphere is a function of atmospheAgProximate equations have been derived in which GWP are calculated
photon flux, absorption cross section and quantum yield, expressed by ffi@tive to a reference compound such as CFC-12,QGF We follow

following equation: the notation used by Brown and colleagties
o TAn-H Mcrc-12 San-H
] = q))\O')\F)\ dA (9) GWP = . . (13)
Tcre-12 Man-H Scrc-12
where g, =absorption cross section in émolec®; ®,=quantum yield, As in equation (12), the contribution of an anaesthetic (An-H) to the
assumed to be 1 (see text);Fatmospheric photon flux in cth andA=  relative GWP is determined by its lifetimeand molecular weight M. In
wavelength in nm. addition, GWP depends on the infrared bandstrength S, which is integrated
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over the range of the atmospheric window. In our calculations S was Eighth Meeting of the Parties to the Montreal Protocol on Substances

obtained from the literature. That Deplete the Ozone Layer, Costa Rica, 1996
4 Shiraishi Y, lkeda K. Uptake and biotransformation of sevoflurane
Experimental method in humans: A comparative study of sevoflurane with halothane,

. - . enflurane and isoflurane. J Clin Anesth 1990; 2: 381-6
To determine the second-order rate coefficikgt,, experiments were B AC. C Mas CE. Parr AD. Pi MT. W RP
performed under pseudo-first-order conditions. In pseudo-first-order condP 2rown AC, Canosa-Mas CE, Parr AD, Pierce JMT, Wayne RP.
tions, one of the reactants (in our case the anaesthetic gas) is always in 1 "opospheric lifetimes of halogenated anaesthetics. Nature 1989;
excess (at least 10-fold). During the reaction+®H-, the concentration 341: 6357
of An changes at most by 10% and can be considered to be constart. Réth EP. Description of a One-Dimensional Model for
Then the decay of OH- with time is like a first-order reaction and therefore Atmospheric Chemistry. Ber Kernforschungsanlage Jiilich 1986,
called pseudo-first-order reaction. The logarithmic plot of the observed Jul-2098
OH conceptratlon at the y-axiss time at_ the X-axis at a certain 7 pe More WB, Sander SP, Golden DM, et al. Chemical Kinetics and
concentration of the anaesthetic gas [An] gives a straight line, and from Photochemical Data for Use in Stratospheric Modelling. National
; - v : L pheric Modelling. Nationa

the slopek;; is derived (not shown in this article). The coefficidqt; A . d Admini ) P Ision Lab
varies with [An]. From the plot ok, vs [An] we have gainedcng that eronautics an .Spa.ce ministration-Jet Propulsion Laboratory
is considered to be identical @)y (slope). (NASA-JPL) Publication 94-26, 1994

The experiments were performed in a black-anodized aluminium tubd Dumas J-M, Dupuis P, Pfister-Guillouzo G, Sandorfy C. lonization
(1200 mm length, 50 mm diameter), through which the gas mixture slowly potentials and ultraviolet absorption spectra of fluorocarbon
flows. The centre part of this reactor extends into four arms which are anaesthetics. Can | Spectroscopy 1981; 26: 102-8
perpendicular to each other and to the main axis of the reactor. Whereag | ewis BR, Berzins L, Carver JH. Vacuum absorption cross sections
the main axis represents the direction of the absorption path, the perpendic- ¢, enflurane and isoflurane. Appl Optics 1986; 25: 2647-9

ular axis is used for fluorescence excitation. Each light path is muItileeo World Meteorological Organization (WMO) Report No. 37
folded by the use of mirror systems in White configuration. The reaction o . L
Scientific Assessment of Ozone Depletion: 1994. Geneva: World

studies are initiated by laser pulse photolysis of HN#D 248 nm along > o

the main axis of the reactor (excimer laser, Lambda Physik, EMG 200) Meteorological Organization, 1995

to produce OH radicals. Detection of OH- was achieved at 308.42 nhl International Panel on Climate Change (IPCC) 1995. The Science

using a narrow band ring-dye laser (Coherent, CR 699-21) pumped by an of Climate Change. Cambridge: Cambridge, University Press, 1996

Ar* laser. The detection limit for OH- concentration i€ bolec cmmat 12 Finlayson-Pitts B-J, Pitts JN jr. Atmospheric Chemistry: Fundamentals

50 mbar. and Experimental Techniques. New York: John Wiley and Sons, 1986
13 Graedel TE, Crutzen PJ. Atmospheric Change—an Earth System

Perspective. New York: WH Freeman and Company, 1993
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