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ABSTRACT

Rate constants have been measured for the gas phase reaction of OH radicals with 1,1,1,2-
tetrafluoroethane R-134a (CH,F-CF,) and methy! trifluoromethyl ether E-143a (CH,-0-CF,)
over the temperature range 298-460 K. The following Arrhenius expressions were derived to
use for the atmospheric modeling:

Kgp0a (T) = (103 2250)- 10" -exp{-(1593 & 29)/ T}, cm’molecule’ls.

-0.09
ke, (T) = (L13 £ 0.08)-10"% .exp{-(1330 % 23)/T}, cm’molecule’’s™.

The infrared absorption cross-sections for R-134a and E-143a have been measured in the
region from 400 to 1600 cm! and the integrated band strengths have been calculated.

The atmospheric lifetimes for R-134a and E-143a have been estimated to be 11.6 years and
4.1 years respectively. Global warming potentials have been estimated over time horizons of
20, 50, 100, 200, and 500 years:

Global warming potentials of R-134a and E-143a

Time horizon (years)

20 50 100 200 500
R-134a 2420 1350 810 490 280
E-143a 1300 620 360 220 130




1. STUDY OF THE REACTIONS OF R-134a AND E-143a WITH OH

The presence of * H atoms in R-134a and E-143a makes them reactive towards hydroxyl
radicals (* OH) in the troposphere. Moreover, these removal processes probably dictate
atmospheric lifetimes of the substances (refs. 1-3). Therefore, the reliable and precise
measurement of the rate constants for the reactions

k

« OH + CH,-O-CF, —E4 5 H,0 + * CH,-0-CF, (1)
* OH + CH,F-CF, — &3, H,0 + * CHF-CF, @)

is the most relevant task in assessing the atmospheric lifetimes and possible role of R-134a and
E-143a as "green-house" substances (ref. 1).

There is only one early study of reaction (1). The only rate constant reported (ref. 4) was at
a temperature T= 296 K; that value was kg,q, = (2.14 0.15)-10"* cm’molecule’'s™.
References 5-10 report results of the rate constant measurements for reaction (2).

1.1 EXPERIMENTAL PROCEDURE

A discharge flow technique was used with electron paramagnetic resonance detection of the
hydroxy! radicals. A scheme of the flow experiment is shown in Fig. 1. A 2.0 cm ID tubular
reactor made of quartz was used. The inside surface of the reactor was covered with either
F-32 or F-46 Teflon-like varnish to reduce wall loss of hydroxyl-radicals and prevent
heterogeneous reactions. Linear flow velocities in the reactor of 700-1500 cm/s and total gas
pressures of 0.8-3 Torr were used. The reactor was maintained with an accuracy of 0.3 K at
the experimental temperature (in the range of 298-460 K) by passing either water or mineral oil
through the outer jacket.

The gases were supplied to the flow reactor as admixtures in helium carrier gas (99.999%
purity) that had been passed through liquid-nitrogen-cooled traps. Helium and the admixture of
hydrogen (0.01-0.1%) were added to the reactor through a movable injector with a microwave
discharge (2450 MHz, 10-20 W). The flows of helium with NO (~ 0.1%) and hydrohalocarbon
under study were mixed upstream of the movable injector. The total pressure was measured at
both ends of the reactor with an accuracy of +0.01 Torr. The flow rates of the carrier gas and
reactants were determined directly by measuring the rate of pressure changes in calibrated
volumes. The pressure measurements (the total pressure and the flow rates) are the major
sources of instrumental error in the rate constant determinations. Absolute manometer
calibrations to the water vapor pressure at the melting point [Py, , (T=273. 15 K) = 4.58 Torr]
were periodically used to prevent a systematic error. The overall instrumental error has been
estimated to be less than 7% within a 95% confidence interval.

The hydroxyl radicals were generated in the fast reaction

*H + NO, —» *OH + NO 3)

in the mixing zone near the injector. Thus, a movable source of * OH radicals was used. The
same reaction was used to determine the absolute concentration of * OH by the chemical
titration technique with monitoring of both * OH radicals and * H atoms. The concentration of
* OH,,, at the end of the reactor was measured using electron paramagnetic resonance



spectroscopy. Significant concentrations of vibrationally excited hydroxyl radicals (ref. 11)
have not been detected in our experiments. Deactivation of * OH,,.,, as a source of * OH
could affect temporal profiles of hydroxy! concentration that might result in an error in rate
constant measurement. The distance between the end of the injector and the center of the EPR-
resonator (mode TE,,) was 4-30 cm. The absolute sensitivity for the * OH measurement was
about 4-10° molecule/cm? for a signal-to-noise ratio of unity with a 60-second integration time.
Initial concentrations of * OH in the range 10'!-10'? molecule/cm?® were used.

The loss rate of * OH was obtained by measuring the * OH concentrations at various
distances, z,. Plots of In{[OH]} versus z, were made to obtain the pseudo-first-order rate
coefficients k':

dIn{[OH], /[OH]}

4
iz, ; 4

k' = (ky + Ky [RH]) = v

where k, is the first order rate constant for the heterogeneous OH loss on the reactor wall, kgy
is the bimolecular rate constant for the reaction under study, and v is the avérage linear gas
flow velocity. At each temperature, rate coefficients, k', were determined at various RH
concentrations. The value of ky,; was then derived from a linear least-squares analysis of k' vs
the concentration of hydrohalocarbon.

In such an experiment the length of the detection zone (length of EPR-resonator) does not
cause an error in the rate constant being determined. This is true for the pseudo-first-order
decay of the concentration of reactive particles along the reactor. In this case the concentration
of * OH can be calculated (ref. 12) from the expression

[* OH)(z,p) ~ exp{-k'z/v}-®{p} , &)

where ®{p} is the concentration distribution of active particles along the reactor radius p. The
reactive particles flow along the reactor axis z to the detection zone; z, is the distance to the
center of the EPR-resonator; R is the reactor radius; and L is the resonator length. Let the local
sensitivity be determined by an arbitrary function f{z-z,, p), which is equal to zero outside the
resonator, that is f{z-z,, p) = 0 at |z-z|>L/2. In this case the signal (I) will be an integrated
result over the resonator volume (when the injector is out of the resonator, i.e. z, > L/2):

© R
1= j[OH](z,p)-f(z-zo)-dv = J'jzn-p-exp{-k'z/v}-cb{p}-f{z-zo, p}-dp-dz ~

v - 0
L/2 R

exp{-kz/v} - | [expik'(2-20)/ v} - £{(z-20), P}- Dip}-dp-d(z-2)) . ©)
~-Li20

The last integral in Eq. (6) does not depend on z,; therefore, Eq. (4) gives the exact value of k'
independent of L and f{z,p).

1.2 SAMPLE PURITY

A main source of error in measurement of the reaction rate constant can be the presence of
reactive impurities in the sample under study. The sample of E-143a used for this investigation
was analyzed by gas chromatography. The stated purity was 99.44% for gas phase sampling



and 99.90% for liquid phase sampling. Therefore, the rate constant for the reaction under study
could easily be overestimated if impurities react with * OH much faster than CH,-O-CF,. The
sample of E-143a was purified by distillation to obtain the material used for the reaction rate
measurement. Several other fractions with different levels of impurities also were obtained. The
levels of impurities for fractions used in this study as measured by gas chromatography are
listed in Table 1. 'E-1-g' and 'E-1-l' are the gas and liquid phase, respectively, of the original
sample. 'E-2', 'E-3', and 'E-4' are the various fractions; 'E-4' is the purest one.

Table 1. Levels of impurities in E-143a samples used in this study (%),
as determined by gas chromatography

Retention time (min)

Sample

1.21 1.40 1.78 1.92 2.80
E-1-g 0.16 0.36 0.03 0.01 99.44
E-1-1 0.027 0.083 - - 99.89
E-2 0.084 0.158 0.031 1 0.027 99.70
E-3 0.016 - - - 99.984
E-4 0.006 - - - 99.994

The sample of R-134a was analyzed especially for the presence of unsaturated halocarbons.
The purity of the sample was stated as [CHF-CF,] > 99.98%. The stated content of
unsaturated halocarbons (ethenes, propenes) did not exceed 5 ppm.

1.3 RESULTS AND DISCUSSION

In order to obtain reliable results, we investigated the E-143a samples of different purity
levels listed in Table 1. The control experiments were done at T = 298 K for all the samples.
Rate constants for the reactions of * OH with more reactive impurities should have less
temperature dependence; therefore, these impurities should have the most influence at the
lowest temperature. The value of the rate constants obtained coincided within ~5% for all the
samples with very different levels of measured impurities.

Secondary reactions of * OH with products of the reaction under study could be another
source of error. If the * OH loss in such reactions were significant under the experimental
conditions, overestimation of the bimolecular rate constant kg would result. Computer
simulations show that the increase of the reaction rate constant (if there is any) has to depend
on the initial hydroxyl concentration. However, in our experiments with both R-134a and
E-143a, neither kg ,,, nor kg, changed within experimental error; while the * OH initial
concentrations varied from ~1.5-10"! molecule/cm? up to 6-10'! molecule/cm?. The experiments
were carried out at both 298 K and 370 K.

Therefore, we are confident that the rate constants obtained characterize the reactions of
* OH with CH,F-CF, and CH,-O-CF,, respectively. The results of the rate constant
measurements are listed in Table 2 and Table 3. The error values represent 95% confidence
intervals and include estimated systematic errors. The results in Table 2 were obtained using
the most pure E-143a sample.



Table 2. Kinetic data for the reaction of hydroxyl radicals with CH;-O-CF, (E-143a)

Temperature  [CH,-O-CF,] range Number of | S
(K) (10'5 molecule/cm3) experiments (104 ecm*molecules?)
298 02-53 18 1.30+0.09
308 04-22 2 1.50 £0.20
319 04-24 3 1.76 £ 0.16
330 04-13 1 1.88 +0.25
342 05-2.8 3 2.31+£0.16
355 02-2.2 2 2.73£0.22
370 04-26 7 3.08 £0.21
410 02-15 2 4.56 +0.42
460 02-1.1 2 6.00 £ 0.48

Figure 2 shows the results of the measurements of kg _,,;, together with those reported in
ref. 4. The Arrhenius dependence for the rate constant derived from our data and the curves
that restrict the 95% confidence intervals for the mean k,,;, value are also shown in Fig. 2. The
following Arrhenius expression was derived from our data obtained between 298 and 460 K:

Kg 0, (T) = (L13 £ 0.08)-10™ -exp{-(1330 * 23)/T}, cm’molecule’s’  (7)

Uncertainties in the pre-exponential and exponential term are expressed as 95% confidence
intervals.

The value of k,,,, measured in this work is essentially lower than the one reported in ref. 4.
The reason for such a discrepancy is not clear. It likely is connected with the presence of
unresolved reactive microimpurities in the sample used in ref. 4. There are no other reported
data for this reaction.

Table 3. Kinetic data for the reaction of hydroxyl radicals with CH,F-CF, (R-134a)

Temperature  [CH,F-CF,] range Number of Kg_134n

(K) (10'S molecule/cm?) experiments (104 cmmolecule's™?)
298 05-5.9 10 497 +042
313 0.6-4.1 1 6.27 +0.44
330 0.7-438 4 8.12+0.65
350 0.7-4.5 2 10.85+0.76
360 0.5-4.0 2 120 £1.10
370 05-35 5 143 +1.20
410 03-14 1 262 £2.7

460 03-22 7 41.1 4.4

Figure 3 shows the results of the measurements of kg ,,,, together with those reported in
refs. 5-10. The Arrhenius dependence for the rate constant derived from our data and the
curves that restrict the 95% confidence intervals for the mean kg ,;,, value are also shown in
Fig. 3. There is some positive curvature in the temperature dependence at high temperatures.



Keeping in mind the atmospheric implications of these results, the following Arrhenius
expression was derived from our data obtained between 298 and 370 K:

Kpsea (T) = (103 509)- 10" -exp{-(1593 = 29)/ T}, cm3molecule’s. (8)

Uncertainties in the pre-exponential and exponential term are expressed as 95% confidence
intervals.

Our value of kg 4, is in excellent agreement with that reported in ref. 5. Within the errors
reported (~8% at 95% confidence intervals), the results coincide over the whole temperature
range. Moreover, the Arrhenius dependence derived in the present work describes the low-
temperature data reported in ref. 5 quite well. At T=298 K, the value of kg ,,, coincides with
the results reported in ref. 6 and ref. 7. The difference between our data and those obtained in
ref.6 is up to 40% at T= 400 K. Note that the data reported in ref. 5 and ref. 6 were apparently
obtained for the same R-134a samples; therefore, the discrepancies between these data are due
to the different techniques used. The rate constant reported in ref. 8 is 20% - 40% higher than
our values above room temperature and ~50% higher than our extrapolated results and those
reported in ref. 5 below room temperature. Possible reasons for such a discrepancy are the
presence of reactive impurities in the samples as well as heterogeneous reactions that could
occur in the reactor used in ref, 8. The second supposition is confirmed by the reported
curvature of the pseudo-first order plots for at least their experiments below room temperature.
The overestimation of the kg ,,,, value obtained in ref. 9 and in ref. 10 using the flow technique
may well be accounted for by the reasons given above.

2. SPECTRAL MEASUREMENTS

2.1 ULTRAVIOLET RANGE (190-340 nm)

Ultraviolet absorption cross-sections of both R-134a and E-143a were measured between
190 and 340 nm in the 14 cm quartz absorption cell at 750 Torr and 295 K with a ‘Specord-
M40' double beam spectrophotometer. Absorptions down to 0.0001 abs. units were measured.

Absorption of the R-134a sample was less than 0.001 abs. units over the whole range.
Therefore, the absorption cross-sections of CH,F-CF; in this range are less than ~10-3
cm¥molecule, and the photolysis thus does not contribute to the atmospheric lifetime of
R-134a. '

Noticeable absorption of E-143a samples over the whole region have been measured, with
two bands having resolved vibrational structures between 190 and 230 nm, as well as between
230 and 330 nm. The atmospheric lifetime calculation should be affected by the tropospheric
photolysis if the absorption in the range 280-330 nm was due to CH,-O-CF, molecules. The
absorption cross-sections were small and changed with the sample purity. Slight absorption
was still measured even with the purest sample, 'E-4". So this absorption seems to be mainly
due to the presence of impurities in the samples.

Another fluoroether, E-152a (CH,-O-CHF,) was studied to determine if such ethers have
absorption in the 280-340 nm range. The absorption cross-sections of CH;-O-CHF, (E-152a)
do not exceed ~10? cm¥molecule in this wavelength range. Such absorption does not
contribute to the decrease of atmospheric lifetimes due to photolysis in the troposphere. This



confirms that the absorption measured in the 280 - 330 nm range of E-143a samples is due to
the spectra of microimpurities.

2.2 INFRARED RANGE (400-1600 cm!)

The infrared absorption cross sections were measured with a double-beam, diffraction
'Specord M-80' spectrophotometer at a temperature T = 295 K. The spectra were recorded with
an increment of 0.2 cm'! and with a spectral slit width of 0.5 cm!. The pressure inside the
absorption cell was measured by a bellows inductive manometer with an accuracy of +0.01
Torr. The results presented here were obtained by using a 12.16 = 0.02 cm glass cell fitted with
KBr windows. Absorption spectra of the evacuated and filled cell were recorded to determine
absorption cross-sections using the Beer-Lambert law. The overall instrumental uncertainty
connected with measurements of path length, pressure, temperature stability, and absorption
was estimated to be less than 2%.

The base e absorbances obtained were converted to absorption cross-sections through the
following relationship:

- n{,(/1(v)} 9
o(v) (RH]1 9

where

v = the wavenumber, in units of cm*!;

o(v) = the absorption cross-section at wavenumber v, in units of cm?*molecule;

I,(v) = the intensity of the incident radiation at wavenumber v;

I(v) = the intensity of the transmitted radiation at wavenumber v;

[RH] = the concentration of hydrohalocarbon under study, in units of molecules/cm?;
I = the optical path length in centimeters.

The IR absorption cross-sections are shown in Fig. 4 and Fig. 5 for CH;-O-CF, and

CH,F-CF,, respectively. For the features of interest, integrated band strengths listed in Table 4
and Table 5 were calculated with the following expression:

Ops(v,-v,) = fc(v)-dv. (10)

The limits of integration were chosen arbitrarily to give numerics for each feature only.

Table 4. Integrated band strengths of CH,-O-CF,; (E-143a)

Wavenumbers Band strengths
(cm) (10" cm?molecule-lcm!)

410 - 480 0.078 £0.001
480 - 680 0.176 +0.003
800 - 890 0.119+0.002
970 - 1105 0.564 + 0.006
1105 - 1210 7.190 £ 0.093
1210 - 1405 12.20 +0.15

1405 - 1600 1.043 +0.006




To confirm the applicability of the data obtained for atmospheric modeling, the results were

obtained:
i - There were no changes in the integrated absorption band strengths when the absorption cell
containing the sample of either E-143a or R-134a was pressurized to 700 Torr with dry air
or nitrogen. ,
ii - There were no changes in the integrated absorption band strengths when the spectral slit
was varied in the range of 0.5-2.0 cm*.

iii - The absorption cross-sections were obtained at several pressures for each band to confirm
the correctness of the Beer-Lambert law. There were no deviations from it when
absorbance was less than ~1.0.

Integrated band strengths for the spectral regions were determined from plots of integrated
area vs concentration of the substance under study. Figures 6 and 7 show the plots for all the
bands of E-143a that were defined. Figure 8 shows the plots for the bands of R-134a. A least
squares fit to the data points for each region was made to derive oy values, which are given
with their 95% confidence intervals in Tables 4 and 5. Table 5 presents results on R-134a, as
well as the data reported in ref. 13.

Table 5. Integrated band strengths of CH,F-CF, (R-134a)

Band strengths
(107 cm?molecule’cm )

Wavenumbers

(cm) This work ref. 18
490 - 600 0.148 + 0.002 -
600 - 700 0.512 + 0.005 0.555
800 - 920 0.272 = 0.004 0.335
920 - 1030 0.916 + 0.012
1030 - 1140 1.492 + 0.018 7.877 7.816
1140 - 1250 5.469 + 0.033
1250 - 1350 4.171 = 0.021
1350 - 1395 0.098 = 0.002 }4'269 4.229
1395 - 1448 0.330 + 0.006 -
1448 - 1510 0.154 £ 0.003 -
1510 - 1550 0.018 £ 0.006 -
1510 - 1550 0.018 + 0.006 -

3. ATMOSPHERIC IMPLICATIONS

The atmospheric lifetime of hydrogen containing substances such as E-143a and R-134a
can be estimated in the following manner (ref. 2, 3):

Tor = T ke 277V ke 277). 1)



Here kgy(277) and k,(277) are the rate constants for the reactions of OH with the
hydrohalocarbon under consideration and with methyl chloroform, respectively, at T= 277 K.
The value k,,=1.8-10"exp{-1550/T} cm’molecule’s’ for the reaction between * OH and
methyl chloroform is now recommended (ref. 14). The recommendation is based on recent
investigations of this reaction (ref. 15-17). The atmospheric lifetime of methyl chloroform

(e = 5.7%7 years) has been derived on the basis of field measurements of its atmospheric
trends (ref. 18). According to ref. 17, T = 277 K is the optimum temperature for such scaling.
The rate constant k; ,,,, at T = 277 K is estimated to be 9.3-10% cm®molecule’'s™!, based on
our data. Based on this data, the atmospheric lifetime of E-143a is estimated to be 4.1 years.
Note that the atmospheric lifetime of E-143a is approximately 15 times less than that of the
analogous alkane R-143a (ref. 1).

Reference 4 reports the atmospheric lifetime of E-143a to be 3.0 years. This discrepancy is
attributable to the difference in the rate constant values obtained. Moreover, the atmospheric
lifetime was estimated in ref. 4 by using the 'scaling' at T = 296 K. This resulted in some
overestimation of Ty, due to the difference in the temperature dependencies of the rate
constants k; ,,,, and ky,.. Reference 19 reports the theoretically predicted atmospheric lifetime
of E-143a to be 0.6 years. Comparison with the value obtained in this work confirms the need
for experimental studies in assessing the environmental properties of substances.

The rate constant kg ,,,. at T = 277 K is estimated to be 3.28-10 cm*molecule’'s”, based
on our data; and 3.26-10" cm3molecule’s! and 2.81-10'5 cm®molecule’s™, based on data
reported in ref. 5 and ref. 6, respectively. Based on our data, the atmospheric lifetime of
R-134a is estimated to be 11.6 years.

Direct halocarbon global warming potentials (\GWP) (ref. 18) have been calculated for
different time horizons based on the estimated atmospheric lifetime and measured infrared
absorption cross-sections of the hydrohalocarbon under study, taking into account the spectrum
of Earth's outgoing infrared radiation. Table 6 represents the values obtained for R-134a.
Based on the currently adopted values of direct GWP of CFC-11 over different time horizons
(ref. 1), GWPs of R-134a have been estimated. Our estimations of GWPs using the
atmospheric lifetime of 15.6 years adopted in ref. 1 (GWP-15.6) are presented in Table 6, as
well as the GWPs reported in ref. 1 (GWP -ref. 1). Table 7 represents the values obtained for
E-143a.

Table 6. Global warming potentials of R-134a

Time horizon (years)

20 50 100 200 500
Halocarbon 0.54 0.33 0.24 0.205 0.20
global warming
potentials
Global warming 2420 1350 810 490 280
potentials
Global warming 2860 1770 1090 660 380
potentials
(TR.124s = 15.6)
Global warming 3100 1900 1200 730 400
potentials
(ref. 1)




Table 7. Global warming potentials of E-143a

Time horizon (years)

20 50 100 200 500
Halocarbon 0.29 0.15 0.107 0.092 0.090
global warming
potentials
Global warming 1300 620 360 220 130
potentials
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