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Despite the use of scavenging systems in anesthesia machines, inhaled halogenated anesthetic gases
(HAGs), such as isoflurane (CFsCHCIOCHF,) and sevoflurane ((CF3),CHOCHF), are still emitted directly
into the atmosphere. In 2014, their atmospheric concentrations were 0.097 ppt (isoflurane) and 0.13
pptv (sevoflurane). As halogenated species, their impact on global warming has to be known. Notably,
the global warming potential at a time horizon of 100 years (GWP1gg years) for sevoflurane differs
between IPCC and WMO sources, creating regulatory uncertainty. For that reason, in this work GWP¢
years fOr isoflurane and sevoflurane was reevaluated from the atmospheric chemical lifetimes,
T9RG, derived from the kinetic study of the gas-phase reactions of hydroxyl (OH) radicals with the
HAGs and the radiative efficiencies (REs) derived from the (IR) absorption cross sections in the
atmospheric window (1500-500 cm™3). The temperature dependence of the OH-rate coefficients
(k1(T) for isoflurane and k»(T) for sevoflurane) between 263 and 353 K was determined at 100 Torr by
using the pulsed laser photolysis/laser-induced fluorescence technique. The obtained Arrhenius
expressions are ki(T) = (1.1 + 0.5) x 107 exp{—(1234 + 144)/T} and k»(T) = (1.6 £ 0.7) x 10 2 exp
{—(1065 + 138)/T} cm® molecule™ s™%. At 272 K, a t9hG of 3.0 years for isoflurane and 1.2 years for
sevoflurane were estimated relative to CHsCCls from k; and k,. Moreover, the ultraviolet (UV)
absorption cross sections were determined between 190 and 400 nm at 298 K, and the absorption
was found to be negligible above 290 nm, indicating minimal photolysis by sunlight. In contrast, the IR
absorption in the atmospheric window is significant and the IR absorption cross sections (4000-
500 cm™!) were determined by Fourier Transform infrared spectroscopy. The lifetime-corrected
radiative efficiencies (REs) were 0.44 and 0.30 W m~2 ppbv™! for isoflurane and sevoflurane,
respectively. From lifetime-corrected REs and 986, GWP100 years Was estimated to be 508 for
isoflurane (5% lower than IPCC/WMO values) and 125 for sevoflurane (36% lower than IPCC and 11%
lower than WMO). These findings confirm isoflurane to be a high-GWP gas (above 150) according to
the EU 2024 regulation, while sevoflurane does not meet the high-GWP threshold. A reassessment of
the IPCC and WMO values is recommended.
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T Electronic supplementary information (ESI) available: Tables S1 and S2
present the experimental conditions and individual rate coefficients for the
OH + CF3;CHCIOCHF, (Isoflurane) and OH + (CF;),CHOCH,F (Sevoflurane)
reactions. Tables S3 and S4 show a comparison with literature data of the IR
absorption peaks and integrated absorption cross sections for the
investigated HAGs. Table S5 presents a summary of the atmospheric lifetimes
of HAGs due to the gas-phase reaction with OH radicals estimated in this
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work and in the literature. Fig. S1 shows a schematic of the introduction of
gases in a jacketed reaction cell. Fig. S2 shows examples of the calibration
plots of the mass flow controllers used for diluted mixtures of isoflurane and
sevoflurane. Fig. S3 presents some examples of the comparison of HAG
concentration from flow measurements and from IR spectroscopy. Fig. S4
presents several examples of the temporal evolution of In Iy in the presence
of a similar concentration of the halogenated anesthetics at several
temperatures. Fig. S5 shows some examples of the bimolecular plots at 253 K,
298 K, and 423 K at a similar [HAG] (~1.2 x 10"® molecules cm™) for (A)
isoflurane and (B) sevoflurane. Fig. S6 and S7 present examples of Beer-
Lambert's plots at several IR wavenumbers for both HAGs and several UV
wavelengths for isoflurane. In Fig. S8 the UV absorption spectrum for
isoflurane and the spectral actinic flux are overlapped. See DOIL
https://doi.org/10.1039/d5em00061k
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The healthcare sector must reduce its carbon footprint, including emissions from anesthetic gases like isoflurane and sevoflurane, which are released directly
into the atmosphere (~0.1 ppt). To prioritize mitigation efforts, accurate global warming potentials of these gases are essential. This study evaluates their
primary degradation pathway in the troposphere—reaction with OH radicals (estimation of atmospheric lifetimes)—and their radiative efficiencies through the
experimental IR absorption cross sections in the atmospheric window. Although photolysis in the troposphere is unlikely, UV absorption cross sections (190-400
nm) were analyzed to address discrepancies in existing data. These findings are crucial for understanding the environmental impact of these anesthetics and
guiding strategies to minimize their contribution to global warming over 100 years.

1. Introduction

Inhaled anesthetics are used worldwide for clinical interven-
tions, either in humans or animals, and most of them are
eliminated by exhalation (>70%) without being metabolized
(0.2-5%)." In the 1980s, halogenated anesthetic gases (HAGSs)
replaced nitrous oxide (N,0), used since the XIX century as an
anesthetic gas. Its declining role in general anesthesia is driven
by a mix of environmental concerns, clinical risks, and the
availability of better anesthetics. As the world population keeps
growing and modern anesthesia becomes available in more
regions of the world, the global use and emissions of HAGs are
expected to grow.> In 2022, more than 3.3 million surgical
interventions were performed in Spain according to data
released by the Spanish National Health System in 2023.°
Despite the introduction of scavenging systems (based on silica
zeolites, for example) in anesthesia machines, most HAGs are
still released directly into the atmosphere.” For example, iso-
flurane (CF;CHCIOCHF,, HCFE-235da2) and sevoflurane
((CF3),CHOCH,F, HFE-347mmz1) (Fig. 1) presented atmo-
spheric abundances in 2014 of around 0.097 and 0.13 ppt,
respectively. In 2019, inhaled anesthetics were responsible for
around 5% of the healthcare-related climate footprint in
England.*®

Even though the use of fluorinated gases (F-gases) in the
European Union (EU) declined by 37% in metric tons and by
47% in terms of tons of CO, equivalent from 2015 to 2019, the
EU commission presented a new regulation on emission
prevention measures of F-gases, including isoflurane in 2024.°
This EU regulation defines a high global warming potential
(GWP) relative to CO, to values above 150. For isoflurane, the
International Panel on Climate Change (IPCC)” and the World
Meteorological Organization (WMO)® recommend a GWP at
a horizon time of 100 years (GWPigoyears) Of 539 and 536,
respectively. So, according to the EU regulation isoflurane is

Fig. 1 Chemical structures of (A) isoflurane (CFsCHCIOCHF,, HCFE-
235da?2) and (B) sevoflurane ((CF3),CHOCH,F, HFE-347mmz1).

This journal is © The Royal Society of Chemistry 2025

a potent greenhouse gas with higher GWPyqg years than N,O
(GWP1g9 years = 273).” However, N,O remains a major contrib-
utor to climate change due to its widespread use.® In contrast,
the recommended GWP;g years for sevoflurane varies depend-
ing on the source (GWP1 g years = 1957 and GWP g years = 140 °)
and it falls under the scope of the EU regulation or not.

For long-lived species, the atmospheric lifetime () is often
estimated from the OH radical (toy) reactivity relative to that of
methyl chloroform (CH;CCl;) at a mean tropospheric temper-
ature of 272 K. As the main atmospheric fate of these HAGs is
the reaction with hydroxyl (OH) radicals, tfiag of isoflurane and
sevoflurane directly impacts the GWP calculation. Sulbaek
Andersen et al.* first used an estimation of the rate coefficients
for the OH-reactions for isoflurane (reaction (R1)) and sevo-
flurane (reaction (R2)) at 272 K to estimate t{}ac. These authors
derived k(273 K) and k,(273 K) from calculated Arrhenius
parameters using the method described by DeMore."*

OH + CF;CHCIOCHF, — products k(T) (R1)

OH + (CF;),CHOCH,F — products k»(7) (R2)
Using the temperature dependencies of k;(7) in the range of
250-430 K** and k,(7) in the range of 241-298 K,"* GWP1 g years
was recalculated by Sulbaek Andersen et al.*® For isoflurane, no
change in GWP;gg years (=510) was reported. However, these
authors recommended in 2023 ' a GWP;g years Of 539 as re-
ported by the IPCC (2023).” For sevoflurane, the recalculated
GWP1g9 years changed from 210 to 130 (~40% reduction).'®
Nevertheless, a new correction of GWPgg years Was reported by
Sulbaek Andersen et al.’® based on the current JPL'® recom-
mendation and the updated GWP calculation method,"”
changing from 130 to 144 (~10% increase). The variability of
GWP1g years in these studies is mainly due to the different
methods used for calculating REs and 154G, estimated from the
rate coefficients. For isoflurane and sevoflurane, lifetime-
corrected REs do not differ greatly. Therefore, the difference
in reported GWPs may be due to Ol estimated from the rate
coefficients, highlighting the importance of measuring them.
Additionally, for sevoflurane, it is crucial to determine whether
it falls within the scope of the EU regulation,® which imposes
some limitations on F-gases with a GWP;gg years > 150.

In the literature, several kinetic studies on reactions (R1) and
(R2) have been found, especially at around room temperature
(293-300 K). Particularly, the kinetics of reaction (R1) has been
widely investigated by absolute****° and relative kinetic tech-
niques,'>'?*?? determining k,(298 K) at low pressures (2.0-6.3
Torr) using the discharge flow-resonance fluorescence (DF-RF)
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technique. At higher total pressures (50 mbar = 37.5 Torr),
Langbein et al.*® used the laser long-path absorption (LLPA)
technique to monitor OH radicals and, more recently, Sulbaek
Andersen et al.®® employed the pulsed laser photolysis-laser
induced fluorescence (PLP-LIF) technique to determine k(298
K) at 111 Torr. At atmospheric pressure (760 Torr), Nolan et al.**
determined k,(298 K) using a relative method using gas chro-
matograph coupled to a flame ionization detector (GC/FID) and
Fourier Transform Infrared (FTIR) spectroscopy as detection
techniques of the anesthetics and the reference compound.
Between 2.0 and 760 Torr, no pressure dependence of k,(298 K)
was observed.

Regarding the temperature dependence of k;(7), there are
two absolute kinetic studies in the literature. Tokuhashi et al.*
combined DF and photolysis methods coupled to RF detection
of OH radicals to determine k,(T) between 250 and 430 K in the
5-60 Torr interval, whereas Beach et al.>> measured k;(7) above
293 K up to 393 K. The observed temperature dependencies of
ki(T) by these two groups are not in agreement. Activation
energies (E,) and pre-exponential factors (4) obtained by Beach
etal? (E,=7.84+0.8) kJ mol 'and A = (4.5 +1.3) x 10 > cm®
molecule ' s~' and Tokuhashi et al.** (E, = 10.6 & 0.8) k] mol "
and A = (1.12 + 0.18) x 10~ *® ecm® molecule ' s differ by more
than 25% and 75%, respectively. The Arrhenius parameters E,
and A are essential to accurately derive the rate coefficient at 272
K, an appropriate temperature to estimate the atmospheric
lifetime of long-lived species, such as the HAGs. Therefore, an
additional kinetic study on the temperature dependence of k,(7)
is needed.

The rate coefficient for the reaction (R2) has been widely
investigated at room temperature, k(298 K), by absolute
methods."'*?° No agreement is found among the results of the
four previous kinetic studies for reaction (R2). The reported
k,(298 K) range from 2.7 to 7.3 x 10~ ** cm® molecule " s, so it
is needed to perform an additional study to elucidate which
k,(T) is correct. The only comprehensive kinetic study of k,(7) as
a function of temperature was performed by Sulbaek Andersen
et al.™® by PLP-LIF between 298 and 241 K at 111 Torr and at 243
K and 300 Torr. The temperature dependence study of k,(7) is
recommended to be extended to higher temperatures also to
gain insight into the kinetic behavior of sevoflurane. For that
reason, in this work, we revisited the temperature dependencies
of k,(T) and k,(T) between 253 and 423 K at 100 Torr of helium
using the PLP-LIF technique.

Ultraviolet (UV) photolysis of hydrofluoroethers, like iso-
flurane and sevoflurane, in the solar actinic region (A > 290 nm)
is not expected to occur. However, these species strongly absorb
in the vacuum UV (VUV) region and the UV spectra of isoflurane
and sevoflurane have been reported at 298 K between 115 and
350 nm.”*** Particularly, Langbein et al** recorded the UV
spectra of HAGs in the wavelength range of 200-350 nm,
providing the absorption cross sections (in base 10) between
200 and 230 nm. These authors found that isoflurane and sev-
oflurane do not absorb at wavelengths longer than 215 nm and
200 nm, respectively. More recently, Lange et al.*® recorded the
high-resolution (0.1 nm) VUV spectra using synchrotron radia-
tion over the 115-248 nm range, corresponding to photon

2412 | Environ. Sci.: Processes Impacts, 2025, 27, 2410-2421

View Article Online

Paper

energies between 5.0 and 10.8 eV. These authors reported the
VUV absorption cross sections in megabarn, 1 Mb = 10~ "% cm?,
and they were compiled (in base e) between 115 and 340 nm in
the MPI-Mainz UV/vis spectral atlas.> However, after scaling the
reported UV absorption cross sections to the same base (base e)
there is a disagreement, especially for sevoflurane, between the
studies of Langbein et al*® and Lange et al.*®* above 200 nm.
Therefore, in this work, the absolute UV absorption cross
sections were also determined between 190 and 400 nm at 298
K. Langbein et al* and Lange et al* also calculated the
photochemical atmospheric lifetimes of isoflurane and sevo-
flurane up to 36 km and up to 50 km, respectively, assuming
a photolysis quantum yield of 1. These authors concluded that
these HAGs were not degraded in the troposphere and strato-
sphere by photolysis.

As stated above, in addition to the OH-kinetics, the infrared
(IR) spectra of isoflurane and sevoflurane are crucial to properly
assess the GWP calculation of these HAGs. Currently, there is no
agreement between the studies of Brown et al.*®" and Sulbaek
Andersen et al.'® Brown et al.'® recorded the IR spectra of iso-
flurane and sevoflurane between 1200 and 600 cm ™" at a reso-
lution of 2.40 cm™'. The IR absorption cross sections are
systematically lower than those reported by Sulbaek Andersen
et al*® who reported them between 2000 and 650 cm ' at
a much higher resolution, 0.25 cm™". Therefore, the present
work may elucidate this discrepancy by determining the abso-
lute IR absorption cross sections of these HAGs between 500
and 4000 cm ™! at a resolution of 0.5 cm™*. In addition, inte-
grated IR absorption cross sections in the range of 800-
1200 cm™ " and 650-1500 cm ™' are reported here for both HAGs
for comparing with those from Sulbaek Andersen et al*® and
Brown et al.*’

2. Experimental section

2.1. Absolute gas-phase kinetics of OH-reactions

The experimental system used in this work to determine the
second-order rate coefficient, k{7T) (i = 1 or 2), was described
elsewhere.”*” Briefly, the OH radicals were generated in situ in
a jacketed Pyrex® reactor (V~200 cm?®) by PLP at 248 nm of
a OH-precursor, either hydrogen peroxide (H,0,) or nitric acid
(HNO3). UV radiation was provided by using a KrF excimer laser
(Coherent, mod. ExciStar 200). The OH radicals were excited at
282 nm by the second harmonic of a rhodamine-6G dye laser
(LiopTech, mod. LiopStar) pumped by the second harmonic of
an Nd-YAG laser (InnoLas, mod. SpitLight 1200). Laser induced
fluorescence from excited OH radicals was collected at around
310 nm as a function of the reaction time.

All gases were introduced into the reactor by calibrated mass
flow controllers (MFCs). As the investigated reactions are very
slow, large mixing ratios of the HAG in helium (f = puac/750
Torr, where pyag = 70-80 Torr) were needed (f= (9.2 x 10> —
1.2 x 107"), as shown in Tables S1 and S$2 of the ESL As the
HAG/He mixture had no similar properties (density, thermal
conductivity and heat capacity) compared to the gases used in
the factory calibration (He among others), the MFC had to be
calibrated for each HAG/He mixture used in the kinetic

This journal is © The Royal Society of Chemistry 2025
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experiments. Examples of the calibration of the mass flow rate
of HAG/He mixtures are shown in Fig. S2.1 Tables S1 and S2
also summarize the mass flow rates employed in the experi-
ments at the investigated temperature (253-423 K) for HAG/He
(Faac/me), OH-precursor/He (Fprec) and He (Fy). By changing Fg
and the total flow rate, [HAG] in the reactor was varied ([iso-
flurane] = (0.18 — 6.91) x 10'® molecules cm > and [sevo-
flurane] = (0.17 — 6.88) x 10'® molecules cm™?). In addition to
the mass flow controller calibration, the mixing ratio of iso-
flurane and sevoflurane was checked off-line by recording IR
spectra as a function of the HAG mass flow rate and using the IR
absorption cross sections determined in this work (more details
in the ESIT).

Under pseudo-first order conditions (i.e. HAG in large excess
with respect to OH radicals), the LIF signal (I;;r) follows a single
exponential function. Some examples of the linearized temporal
evolution plots of I;r at several temperatures are shown in
Fig. S4.7 For a given HAG concentration, [HAG], and tempera-
ture, the pseudo-first order coefficient (¥') is obtained from the
slope of the corresponding linearized I;;r decay. The total
pressure was set to 100 Torr of helium. Under these conditions,
there is a linear relationship between ¥’ and [HAG], as shown in
eqn (E1).

k' = ki(T)[HAG] + k; (E1)

In the absence of HAGs, the loss of OH is due to the reaction
with the OH-precursor and diffusion out of the detection zone
(k,)- The individual second-order rate coefficients, k(T) were
determined from k — k, vs. [HAG] plots. Fig. S5 shows exam-
ples of plots of eqn (E1) for the OH-reaction at room tempera-
ture and at the minimum and maximum temperatures
investigated in this work, 253 K and 423 K and at a total pres-
sure of 100 Torr.

The presence of reactive impurities may affect the measured
rate coefficient. In the present work, the purity of the HAG
samples was investigated by GC (Shimadzu, GC-2010 Plus)
coupled to a time-of-flight mass spectrometer (ToF-MS, Jeol,
AccuTOF GCv) for peak identification. The GC used is equipped
with an Equity-1701 column (30 m x 0.32 mm L.D., 1 pm) and
the gaseous sample (1 pL) was injected into the GC with
a temperature ramp set as 35 °C for 2 min, then 5 °C min™" to
100 °C, 10 °C min~* to 200 °C, and 25 °C min~* to 250 °C. In
both HAG samples, the chromatogram did not show other
peaks. A purity of >99.8% for both HAGs was estimated from the
ratio of the peak intensity and the baseline of the
chromatogram.

2.2. IR and UV absorption spectroscopy in the gas-phase

The experimental set-ups have been already described in
previous studies.””** The IR absorption spectra of the HAGs
were recorded between 4000 and 500 cm ™" using a FTIR spec-
trometer (Bruker, Tensor 27). The instrumental resolution of
the FTIR spectrometer was set to 0.5 cm™ ' corresponding with
a data spacing of around 0.24 cm™ . A single path stainless steel
cell (¢ =10=+0.2 cm) was used to measure the absorbance at
each wavenumber (4;) under static conditions. The absorption

This journal is © The Royal Society of Chemistry 2025
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cell was filled with pure isoflurane (0.8-2.8 Torr) or sevoflurane
(1.4-3.3 Torr) at room temperature, yielding concentration
ranges of (2.46 — 9.20) x 10'° and (0.46 — 1.08) x 10" mole-
cules cm ™2, respectively.

The UV absorption spectroscopy system consists of a UV
jacketed Pyrex® cell (¢ =107.0 £0.2 cm). The UV spectra of
isoflurane and sevoflurane between 190 and 400 nm were
recorded under static conditions at room temperature. An
instrumental resolution of 3 nm yields a data spacing of 0.5 nm.
The experiments were carried out by introducing into the UV
cell a certain pressure of the HAG ((5.5-35.0 Torr) of isoflurane
and (6.0-46.9 Torr) of sevoflurane), yielding concentration
ranges of [isoflurane] = (0.18 — 1.14) x 10'® molecules cm ™3
and [sevoflurane] = (0.19 — 1.53) x 10"® molecules cm >,

From the slope of the Beer-Lambert's plot eqn (E2) at each
wavenumber, 7, the IR absorption cross sections (in base e), o3,
were derived.

In Fig. S6T (panels A and C), some examples of 4; vs. [HAG] plots
are shown for selected wavenumbers, all presenting good line-
arity in the entire concentration range. In addition to the
absolute 03, the integrated IR absorption cross sections, Sin¢(71
— 7,) given by eqn (E3) were determined in certain wavenumber
ranges by applying Beer-Lambert's law, expressed in terms of
the integrated absorbance, A;, (Fig. S61 — panels B and D).

"72

Si(51 — 1) = J oyds (E3)

71
A total of 7-9 IR spectra were used to determine o; and
Sint(’jl - 172)

In a similar way, the UV absorption cross sections for iso-
flurane, at a wavelength A, o, (in base e), were determined by
applying eqn (E2) in terms of A, i.e. g; is obtained from the slope
of the 4, vs. [HAG] plot (Fig. S71). In contrast, no absorption was
observed for sevoflurane in the 190-400 nm wavelength range.

2.3. Chemicals

Helium (99.999%, Nippon Gases) and an aqueous solution of
HNO; (65% w/w, Scharlab) were used as supplied. The aqueous
solution of H,0, (>50% v/v, Scharlab) was pre-concentrated as
described in Albaladejo et al.*® Liquid CF;CHCIOCHF, (95%,
Chemspace) and (CF;),CHOCH,F (95%, Chemspace) were used
after degasification by several freeze-pump-thaw cycles.

3. Results and discussion

3.1. Temperature dependence of k,(7) and k,(T)

The individual k(298 K) and k,(298 K) together with the
experimental conditions used in the kinetic study are listed as
a function of temperature in Tables S1 and S2.f The rate coef-
ficients at a single temperature provided in Table 1 were
determined from the average of the rate coefficients obtained
from k' — k, vs. [HAG] plots (Fig. S5T). Over the temperature
range investigated, the obtained rate coefficients are relatively
low. k4(T) was on the order of 107"°-10""* cm® molecule " s~*

Environ. Sci.. Processes Impacts, 2025, 27, 2410-2421 | 2413
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Tablel Summary of the rate coefficients obtained in this work for the
OH-reactions with isoflurane (k4(T)) and sevoflurane (k»(T)) as a func-
tion of temperature. Uncertainties are £2¢ including both statistical
and estimated systematic uncertainties

ky(T)/107 cm?®
-1

k(1107 em?®
-1

T/K molecule™ s molecule™ s
253 0.80 £ 0.17 2.53 £ 0.51
263 1.02 + 0.22 2.76 £ 0.59
273 1.17 £ 0.23 2.89 £ 0.68
283 1.39 + 0.28 3.54 £ 0.73
298 1.96 + 0.41 4.25 + 0.86
323 2.84 £+ 0.61 5.78 £ 1.33
353 3.49 £ 0.77 7.85 £ 1.75
393 4.45 + 1.18 10.1 + 2.0
423 5.47 £ 1.59 13.3 + 3.1

and k,(T) was about one order of magnitude larger (10 **-10""*
cm?® molecule ™ s7). At room temperature, for example, k(298
K) = (1.96 + 0.41) x 10~ ™ ecm® molecule " s~ and k,(298 K) =
(4.25 £ 0.86) x 10~ ™ cm® molecule ' s™'. Both k,(T) and k,(T)
increase with increasing temperature. The difference in k(253
K) with respect to k{423 K) is 86% for isoflurane and 81% for
sevoflurane.

A weighted fit of the rate coefficients to the Arrhenius
expressions yields eqn (E4) and (E5):

ki(T) = (1.1 £0.5)

x 107 exp{—(1234 + 144)/T} cm’ molecule ' s~ (E4)
k(1) = (1.6 +£0.7)
x 10712 exp{—(1065 + 138)/T} cm® molecule ' s™'  (E5)

Uncertainties in the pre-exponential factor A and E,/R factors
correspond to +2¢ obtained from the fit of the kinetic data to
eqn (E1). A positive temperature dependence of k{7) was
observed for both HAGs between 253 and 423 K, with activation
energies (E,) of (10.3 & 1.2) k] mol " and (8.9 + 1.1) k] mol " for
reactions (R1) and (R2), respectively. The Arrhenius expressions
given by eqn (E4) and (E5) are depicted in Fig. 2 as thick black
lines.

There are two previous studies on the temperature depen-
dence of k(7). Tokuhashi et al.** (eqn (E6), blue line in Fig. 2A)
and Beach et al.** (eqn (E7), red line in Fig. 2A) reported the
following Arrhenius expressions (uncertainties +2q).

k(T =250 — 430 K) = (1.12 £ 0.36)

x 1072 exp{—(1280 + 100)/T} cm? molecule ' s (E6)
ki(T =293 — 393 K) = (4.5 + 1.3)
x 107 exp{—(940 + 100)/T} cm® molecule 's™'  (E7)

Although Brown et al.*® reported an Arrhenius expression (eqn
(E8), purple line in Fig. 2B) for the temperature dependence of
k,(T), it was based on two single temperature measurements at
302 and 423 K.
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Fig. 2 Arrhenius plots of k,(T) obtained in this work together with the
previously reported kinetic data for (A) isoflurane and (B) sevoflurane.
Quoted errors are statistical +2¢. Shaded zones are the prediction
bands at a 95% confidence level.

ko(T = 302,423 K) = 1.53

x 107" exp{—(900 + 500)/T} cm® molecule ' s™'  (E8)
Therefore, the only comprehensive study on the temperature
dependence of k,(T) was carried out by Sulbaek Andersen
et al.,"”* who reported the Arrhenius expression given by eqn (E9)
(green line in Fig. 2B, uncertainties in the Arrhenius parameters
+20).

ko(T =241 — 298 K) = (9.98 + 3.24)
x 1073 exp{—(969 + 82)/T} cm® molecule™" s~! (E9)
Table 2 shows a comparison of the Arrhenius parameters
obtained in this work with those from the literature. If uncer-
tainties in reported A and E, for reactions (R1) and (R2) are
considered, the results reported in this work are in agreement
with those determined by Beach et al.*> and Tokuhashi et al.*?
for (R1) and from Brown et al.*® and Sulbaek Andersen et al.*® for
reaction (R2). Current JPL'® recommendations (brown line in
Fig. 2A) for the Arrhenius parameters for reaction (R1) are A =

This journal is © The Royal Society of Chemistry 2025
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“ k,(293 K). ® PLP-LIF: pulsed laser photolysis-laser induced fluorescence; DF-RF: discharge flow resonance fluorescence; FP: flash photolysis; RR: relative rate; GC-FID: gas chromatography-flame

ionization detection; FTIR: fourier transform infrared spectroscopy; LLPA: laser long-path absorption.
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1.1 x 102 em® molecule ' s™! and E,/R = 1275 K in the 250-
430 K range (with parameters f{298 K) = 1.07 and g = 50 that can
be used to calculate an estimated rate constant uncertainty at
any given temperature). The recommended value for E,/R is
derived from the fit to the two temperature dependent data sets
of Tokuhashi et al.**> For the OH + sevoflurane reaction, the
Arrhenius expression recommended by JPL (brown line in Fig.
2B) is based on the absolute rate coefficients from Sulbaek
Andersen et al.*® The recommended Arrhenius parameters were
E./JR =960 K and 4 = 8.77 x 10~ ** cm® molecule™ s in the
241-422 K range ({298 K) = 1.15; g = 100).

3.1.1. Comparison of k,(298 K) and k,(298 K) with previous
studies. Table 2 summarizes a comparison of k;(298 K) and
k»(298 K) with those previously reported in the literature at
different total pressures using kinetic techniques. The reported
k1(298 K) and k,(298 K) were determined by absolute kinetic
methods at total pressures below 111 Torr, except that from
Nolan et al®* and Sulbaek Andersen et al.** who employed
relative rate methods at 760 and 700 Torr, respectively.

For isoflurane, no pressure dependence of k(298 K) is
observed, within the stated uncertainties, independent of the
kinetic technique. k;(298 K) is in reasonable agreement with
previously reported k(298 K), especially considering that
measuring very low rate coefficients, such as k;, is absolutely
challenging. k,(298 K) reported in this work is in good agree-
ment, within the error limits, with k(298 K) reported by Brown
et al.," Beach et al.,”* and Langbein et al.** k(298 K) determined
in this work is slightly lower than the relative k(298 K) reported
by Nolan et al.,** whereas it is higher than absolute k;(298 K)
determined by Tokuhashi et al.** and Sulbaek Andersen et al.™

For sevoflurane, there is a good agreement between k,(298 K)
determined in this work and that reported by Sulbaek Andersen
et al*® by PLP-LIF (111 Torr) and RR/FTIR (700 Torr). In
contrast, k,(298 K) determined in this work is much higher than
that reported by Langbein et al.>® The opposite is observed when
compared with Brown et al.'s ** work, and k,(298 K) reported in
this work is lower. This was also observed by Sulbaek Andersen
et al.™® and was attributed to the presence of reactive impurities.

As stated in the Experimental section, in the present work an
upper limit of 0.2% for the concentration of a potential impurity
in the reactor is considered. The contribution of the OH-
reaction with the potential impurity has been estimated
considering two scenarios. When an OH-rate coefficient for the
potential impurity is assumed to be on the order of 10™*' cm?
molecule™* s, as Sulbaek Andersen et al.** assumed in their
work, to obtain k(298 K) and k,(298 K) consistent with the
experimental ones, these rate coefficients would be more than
one order of magnitude lower than those reported here and by
other authors.'®'?%** So, the impurity, if any, is not reacting
that fast with OH. When the OH-rate coefficient for the potential
impurity is assumed to be below 10" ¢m® molecule™ s,
calculated k,(298 K) and k,(298 K) are within the experimental
uncertainties and no effect would be noticeable on the
measured &;(298 K) and &,(298 K). Therefore, we are confident
in the results presented in Table 1.

The current JPL'* recommendation for k(298 K) is an
average of the results from Langbein et al.,*® Sulbaek Andersen
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et al.,"* and Tokuhashi et al.”? (1.5 x 10~ ** cm® molecule ' s™%).
The obtained k;(298 K) is somehow higher, as the recom-
mended value is essentially that reported by Sulbaek Andersen
et al.® For sevoflurane, the JPL* recommended value for k,(298
K) = 3.5 x 10~ " em® molecule ™ s~ is an average of the values
from the relative rate and absolute measurements of Sulbaek
Andersen et al.,** with which this work is in agreement.

3.2. Infrared and ultraviolet absorption cross sections

3.2.1. Absolute and integrated IR absorption cross
sections. In the ESI,{ a text file lists the absolute ¢; values for
isoflurane and sevoflurane at 1 cm ™" intervals between 500 and
4000 cm . The IR spectra obtained between 650 and 1650 cm ™+
for the investigated HAGs are depicted as black lines in Fig. 3,
while IR spectra previously reported in the literature are plotted
as dashed lines. As Brown et al.*® did not list absolute o; for
isoflurane and sevoflurane, the IR spectra reported in Fig. 1 in
ref. 18 have been digitalized and converted into ¢; (in base e, as
in this work) for comparison purposes. Above 2950 cm ™", iso-
flurane and sevoflurane present negligible absorption and
a very weak band in the 2950-3100 cm ™' range. Hence, this
portion of the spectra is not shown in Fig. 3.

In Table S3,f the position and value of the maximum
absorption cross section, oy max, are listed together with those

(A) 45
40 ] Isoflurane
— This work
- 3.5 ] ---Sulback Andersen et al. (2010)
I Brown et al. (1989)
8 30
2
E 25
£
o 207 1195 1145
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= 15
1>
S 10
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1650 1450 1250 1050 850 650
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(B) 45 -
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3.5 ] ---Sulback Andersen etal. (2010) -
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Fig. 3 Infrared absorption cross sections (in base e) between 650 and

1650 cm™* for (A) isoflurane and (B) sevoflurane obtained in this work
together with the literature spectra. The most intense band for each
HAG is depicted in the insets.
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reported in the literature. The maximum absorption peak for
isoflurane and sevoflurane is located at 1166.3 cm ' and
1238.7 cm™ ', respectively, which is in agreement with those
reported in the literature. In general, we observe a good agree-
ment with the IR spectra reported by Sulbaek Andersen et al.*®
in the entire wavenumber range. The largest difference was
observed in 0j max. Our reported values of o;max are ca. 3%
higher than those reported by Sulbaek Andersen et al'® for
isoflurane and ca. 5% higher for sevoflurane. However, this
difference remains within the experimental uncertainties. With
respect to o max reported by Brown et al.,'® there is a difference
of ca. 20% when the value obtained in this work is compared.
However, this difference in o; values is observed in the entire
wavenumber range. This discrepancy can be due to the lower
instrumental resolution used by Brown et al.’® since the digi-
talization process of the IR spectra may account for less than 2%
uncertainty in ¢; values. This was confirmed by digitalizing our
IR spectra from Fig. 3. No change in the position of the bands
was observed either.

Table S4T7 summarizes Si,(7; — 7,) over two wavenumber
ranges to compare with previous studies. For isoflurane,
Sine(800-1200 cm ') obtained here is higher than that reported
by Brown et al.,*® while it is in agreement with that calculated by
Sulbaek Andersen et al,*® within our experimental uncer-
tainties. Similarly, Si,(650-1500 cm ") from Sulbaek Andersen
et al.’ is within the error limits of the present work, since these
authors reported an uncertainty of 5%. For sevoflurane both
Sine(800-1200 cm™ ') and S;,(650-1500 cm™ ') reported in the
present study are in excellent agreement with those reported by
Brown et al.*® and Sulbaek Andersen et al.*®

3.2.2. UV absorption cross sections between 190 and 400
nm. UV absorption cross sections between 190 and 400 nm of
isoflurane and sevoflurane are listed at 0.5 nm intervals in the
text file provided in the ESLt In Fig. 4, the UV spectra obtained
are depicted together with those from the literature from 115 to
400 nm. In the inset of this figure a zoomed-in image of the UV
spectra is presented from 180 to 230 nm for isoflurane and from
180 to 340 nm for sevoflurane. As shown for isoflurane, the
spectrum obtained in this work agrees with that from Langbein
et al.,” although their ¢; are ca. 20% and 80% higher on average
in the range of 200-210 nm and 215-230 nm, respectively.
However, o, from Lange et al.*® is larger compared to that in
Langbein et al.*® and ours, especially above 205 nm. Lange
et al.*® observed a fine structure in this region (wavelength
spacing, AA = 0.5 nm), which is not observed in our work (AA =
0.5 nm) and the work by Langbein et al.*® (AA = 0.1 nm). For
sevoflurane, our results are in agreement with those of Lang-
bein et al.,* who reported that this HAG does not show any
absorption above 200 nm. Surprisingly, Lange et al.>* observed
structured absorption features above 200 nm with ¢; up to 1.6 x
107*° cm® molecule ™. For hydrofluoroethers, no fine structure
has been observed above 200-210 nm.>* Moreover, ¢; values of
107> cm?® molecule ' can be accurately measured in our
system; however we did not observe any absorption, like Lang-
bein et al.*® These authors stated that the accuracy of their
measured absorption cross sections was better than +5%.
Considering our uncertainties in ¢, above 200 nm due to the

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 UV absorption cross sections for isoflurane (A) and sevoflurane
(B) between 115 and 400 nm.

very weak absorption of isoflurane, both studies are consistent
(Fig. 4).

4. Atmospheric implications

4.1. Lifetime calculations

Chemical pathways such as the gas-phase reaction with atmo-
spheric oxidants, like OH radicals and Cl atoms, and UV
photolysis may govern the removal of isoflurane and sevo-
flurane in the atmosphere. The contribution of these processes
to the global removal of these HAGs is given by the corre-
sponding individual lifetime (7).

For gases with lifetimes greater than few months, the
atmospheric lifetime due to the reaction with OH is usually
estimated relative to CH3;CCl; at the tropospheric mean
temperature, 272 K.* For the investigated HAGs, g was
calculated according to eqn (E10).

on _ konicmee(272K)  on
THAG = (272 K) X Te,c0n

(E10)

This journal is © The Royal Society of Chemistry 2025
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where gjf o, is the atmospheric lifetime of CH;CCl; due to
reaction with OH (5.99 years) and kom:cm,ccl,(272 K) is 6.03 x
10" ecm® molecule ™ s~ 3% The rate coefficients k,(272 K) =
(1.19 £ 0.43) x 10~ ** em® molecule * s and k,(272 K) = (3.11
+1.05) x 10~ ™ em® molecule " s™* were derived from eqn (E4)
and (E5) determined in the present work. Therefore, the esti-
mated THag is 3.0 years and 1.2 years for isoflurane and sevo-
flurane, respectively. As shown in Table 3, current
recommendations by WMO?® and IPCC’ (3.7 and 1.5 years,
respectively) are higher than t2}; estimated in this work and
those from Sulbaek Andersen et al.*?

Most of the values of Tohg presented in Table 3 were esti-
mated using k,(7) at the tropospheric average temperature (272
277 K) (see Table S57 for details). For both HAGs, Brown et al.*
estimated 194G relative to CH;CCl;, while Sulbaek Andersen
et al.*® used an average OH concentration of 10° radicals per
cm?, in very good agreement with those obtained in our work.
These T estimated from k;(272-277 K) varies from 2.0 to 3.2
years for isoflurane and from 0.9 to 1.2 years for sevoflurane. As
shown in Table 2, Langbein et al*® reported much longer
oG, This difference is not only attributable to a smaller rate
coefficient. In fact, if 79 are estimated relative to CH;CCls, as
was done in our work, and assuming their £,(298 K), the values
are not as different as those reported in our work and in the
bibliography (tffag = 2.12 years for isoflurane; tag = 1.33 years
for sevoflurane). Therefore, the main difference seems to be the
use of the one-dimensional photochemical transport model. In
this model, the concentration profile of OH with altitude
between 0 and 36 km was considered and a constant value of
k(298 K) was assumed through the troposphere and
stratosphere.

The lifetime of isoflurane and sevoflurane due to Cl-reaction
(t5hc) can be estimated from eqn (11), using a 24-h average Cl
concentration, [Cl],4p, of 10°> em ™ (ref. 33) and the rate coeffi-
cient for the Cl-reaction at room temperature: (4.5 £+ 0.8) X
10~"* cm® molecule ' s~ for isoflurane and (1.1 + 0.1) x 10~ **
cm?® molecule ' s7* for sevoflurane. **

1

a = E11
THAG kC] [Cl] ot ( )

Estimates of t$ag for isoflurane and sevoflurane are extremely
long (>7000 years and around 290 years, respectively) compared
to thhG. Clearly, the chemical lifetime of isoflurane and sevo-
flurane is governed by their reaction with OH radicals.

As shown in Fig. S8,f g, for isoflurane is very low in the UV
solar actinic region (A > 290 nm) and presents large uncer-
tainties (grey lines) due to this very weak absorption. Sevo-
flurane presents even lower absorption. Considering the long
lifetime of these HAGS, they are likely to be transported to the
stratosphere. Overlapping the spectral actinic flux (F;) at two
altitudes (0 km - troposphere- and 36 km - stratosphere) with
the UV spectra of these HAGs, it is expected that photolysis is
not an important removal process in the atmosphere, as
concluded by Langbein et al?* These authors averaged the
photolysis rate (/) of isoflurane over 24 h and integrated it
between 0 and 36 km altitude (z) at a geographical latitude of
50°N in the equinox. To confirm this, the upper limit of J
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Table 3 Atmospheric lifetimes, radiative efficiencies (REs), and GWPs at a time horizon of 100 years relative to CO,. Recalculated values are

indicated in bold

Anesthetic Hac/years RE/W m ™2 ppbv ! Lifetime-corrected RE;/W m ™2 ppbv " GWPi100 years Reference
Isoflurane 3.0 0.50 0.44 508 This work
3.7 n.r. 0.43¢ 539 IPCC’
3.7 n.r. 0.43“ 536 WMO*?
3.7 0.47” 0.43 565 Hodnebrog et al."”
3.2 0.45° 0.40 489 Sulbaek Andersen et al.™
5.1 n.r. — 625 Langbein et al.*
2.0 n.r. — 311 Brown et al.*’
Sevoflurane 1.2 0.39 0.30 125 This work
1.5 n.r. 0.31° 195 IPCC’
1.5 n.r. 0.31° 140 WMO®
1.4 127/144¢ Sulbaek Andersen et al.*®
1.9 0.37” 0.31 205 Hodnebrog et al."”
1.1 0.35¢ 0.27 102 Sulbaek Andersen et al.™
4.0 n.r. — 250 Langbein et al.*°
0.9 n.r. — 62 Brown et al.*®

“ Taken from Hodnebrog et al."” ” Taken from Hodnebrog et al.*” © Taken from Sulbaek Andersen et al."* ¢ See text.

between 0 and 36 km was also estimated here from F; taken
from the NCAR ACOM TUV model** for a summer solstice day in
a medium latitude city in Spain (39°N). Assuming a photolysis
quantum yield of 1 for isoflurane, as Langbein et al.*® did, and
considering the uncertainties in ¢;, an upper limit of f would be
(1.42 £ 10.1) x 10”7 s~ " which yields a lower limit for the life-
time due to photolysis (thaz’) of (81 + 578) days. Langbein
et al.*® considered o; between 200 and 230 nm in their calcu-
lations reporting a thaa? of 3130 years for isoflurane. Given the
extremely high uncertainties in J and tPhoto it cannot be
conclusively stated that UV photolysis of isoflurane in the
troposphere and stratosphere constitutes a significant removal
pathway. For sevoflurane, since o; determined in this work is
negligible, within the extremely large uncertainties in the eval-
uated A range, it is inappropriate to estimate thae . Langbein
et al.*® did not report Photo of sevoflurane due to its negligible

UV absorption.

4.2. Radiative efficiencies and GWPs

REs (in W m ™2 ppbv ') and GWP; years Of HAGs were calcu-
lated using the same methodology as in our previous studies.”®
The instantaneous RE (in W m™> ppbv ") for isoflurane and
sevoflurane was calculated for a 0-1 ppbv increase in mixing
ratio from the integrated IR absorption cross sections in 1 cm ™"
between 500 and 3000 cm ™' and using the radiative forcing per
integrated absorption cross section parameterized in 1-cm™"
intervals, F/(in W m™> (em™")™" (cm® molecule™")™"), from
Hodnebrog et al.*’

3000 cm™!
RE,; = Z Sin F7

500 cm!

(E12)

The obtained instantaneous REs for isoflurane were 0.50 W
m 2 ppbv ' and 0.39 W m™~? ppbv ™' for sevoflurane. These
values were corrected with the fractional correction factor (f;)
defined in eqn (E13).*

2418 | Environ. Sci.: Processes Impacts, 2025, 27, 2410-2421

2.962 (x4,

)0,9312
1+ 2.994(%H,

(E13)

4 )0.9302
The obtained f; was 0.885 and 0.767 for isoflurane and sevo-
flurane, respectively. The lifetime-corrected RE was then ob-
tained by multiplying RE; with f;. These parameters were 0.44
and 0.30 W m > ppbv ' for isoflurane and sevoflurane,
respectively, which are in excellent agreement with current
recommendations by the WMO?® and IPCC,” which are based on
the lifetime-corrected REs from Hodnebrog et al.'” (see Table 3).
REs from the literature have been recalculated for comparison
purposes, considering the corresponding f, and ts; and are
listed in Table 3. The lifetime-corrected REs from the instan-
taneous RE; calculated in this study are 10% higher than the
ones reported by Sulbaek Andersen et al.** (0.40 W m~> ppb ™"
for isoflurane and 0.27 W m > ppbv " for sevoflurane), mainly
due to the observed difference in the maximum absorption
cross section of the HAGs, since f; factors in Sulbaek Andersen
et al.® and in this work are very similar.

In this work, the lifetime-corrected REs were used to calcu-
late GWP1g years Of HAGs using eqn (E14).

REitfis (1 — exp(—100 years/t345))

WP ears — Jt
CWP1o0sears = f: AGWP(CO,)

(E14)

where RE; is the instantaneous radiative efficiency due to a unit
increase in atmospheric abundance of the gas (in W m ™2 kg™*)
and AGWP(CO,)" is the absolute GWP of CO, for the same time
horizon, 8.06 x 107" W m ™2 yr (kg CO,) . As shown in Table 3,
GWP1g years = 508 for isoflurane and GWPygg years = 125 for
sevoflurane.

The values reported by Langbein et al.>® were relative to CFC-
12 (CF,Cl,) and those reported by Brown et al.*® were relative to
CFC-11 (CFCl;). Therefore, we expressed these GWPiop years
relative to CO, by using GWP;gg years for CFC-11 and CFC-12
taken from the IPCC’ (6230 and 12500, respectively). All
GWP1gg years listed in Table 3 are then relative to CO,. Although

This journal is © The Royal Society of Chemistry 2025
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Brown et al.*® reported the infrared integrated absorption cross
sections for isoflurane and sevoflurane between 800 and
1200 cm ', and used them to calculate GWP; 4, years (311 for
isoflurane and 62 for sevoflurane), no RE values were reported
and GWPigg years iS not lifetime-corrected. Moreover, our
GWP1g years for isoflurane and sevoflurane are 63% and 102%
higher than that of Brown et al.*® and are much lower than those
in the rest of studies due to smaller atmospheric lifetimes (see
Table 3). Similarly, Langbein et al** calculated GWP;og years
using the IR integrated absorption cross section provided by
Brown et al.*® and showed larger lifetimes than Brown et al.™ As
a consequence, GWPygo years Was higher than previously re-
ported by Brown and coworkers (625 for isoflurane and 250 for
sevoflurane). If our results are compared with theirs, the re-
ported GWP; g years for isoflurane is 19% lower, while it is half
for sevoflurane. This large difference is due to the non-
correction of REs with the HAG lifetime. If this lifetime
correction is applied to REs reported by Sulbaek Andersen
et al.,"* our GWP,qg years is 4% lower than theirs for isoflurane
(GWP1gg years = 489) and 22% higher for sevoflurane (GWP;,
years = 102). For sevoflurane, Sulbaek Andersen et al.'* updated
GWP1 years Calculations considering an atmospheric lifetime
of 1.4 years based on the JPL recommendation.'® They deter-
mined a GWP; g years Of 127 when using AGWP(CO,) from IPCC
2013°¢ and 144 when using the updated AGWP(CO,) from
Hodnebrog et al.'” GWPygg years Tecommended in this work
agrees with their first updated calculation and is 13% lower
than the last one.

GWP1og years fOr sevoflurane reported here and from the
study of Sulbaek Andersen et al.*® is notably lower than current
recommendations of GWPyqg years by the WMO?* and IPCC.?
Sulbaek Andersen et al.*® provided further evidence that these
recommendations need to be modified.

5. Conclusions

A comprehensive study on temperature dependence of the
absolute OH-rate coefficients for isoflurane and sevoflurane has
been carried out in this work at temperatures above and below
298 K. Our results confirm the observed T-dependencies of k,(7)
and k,(T) recommended by JPL,'® expanding the T range of the
Sulbaek Andersen et al.*® study on which the recommendation
is based. Both reactions present positive low activation energies
of around 9 kJ mol . The knowledge of the OH-rate coefficients
at the average atmospheric temperature (272 K) is essential to
accurately calculate the atmospheric chemical lifetime of these
inhaled anesthetics. In this work, we report k(272 K) = 1.31 X
10" cm® molecule ™ s and k(272 K) = 3.04 x 10 ** cm?®
molecule * s and used them to derive tHag, 3.0 years for
isoflurane and 1.2 years for sevoflurane. These 1 are lower
than those currently recommended by the WMO?® and IPCC.”
This directly impacts the resulting lifetime-corrected radiative
efficiencies and, therefore, global warming potentials, GWP;,
years = 457 and 125 respectively. The obtained values of GWP,,
years are also lower than current recommendations. As the
calculated lifetime-corrected radiative efficiencies for isoflurane
and sevoflurane are in excellent accordance with previous

This journal is © The Royal Society of Chemistry 2025
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studies, the decrease in 194G led to differences in GWP; years
with respect to the recommended ones by the WMO?® and IPCC.”
For isoflurane, this difference is 5%; however, for sevoflurane,
the difference in GWPyq years is 11% with respect to the rec-
ommended value by the WMO?® and 36% with respect to the
IPCC.”

In summary, this work updates the current recommenda-
tions of t9h; and GWP; 4 years for isoflurane and sevoflurane,
confirming that, according to the EU 2024 regulation,® iso-
flurane is a high-GWP gas (GWPiqg years > 150), while sevo-
flurane does not meet the high-GWP threshold. A reassessment
of the IPCC and WMO values is recommended.
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