J. Phys. Chem. R006,110,12443-12447 12443

Atmospheric Chemistry of n-CxFx+1CHO (x = 1, 2, 3, 4): Fate ofn-CyFx+1C(O) Radicals
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Smog chamber/FTIR techniques were used to study the atmospheric fa@./6£.1C(O) x = 1, 2, 3, 4)
radicals in 700 Torr @N; diluent at 298+ 3 K. A competition is observed between reaction witht®form
n-CF2+1C(0O)0; radicals and decomposition to formCyFx+1 radicals and CO. In 700 Torr AN, diluent
at 298+ 3 K, the rate constant ratik(n-CiF2+1C(O) + O, — N-CyFa+1C(O) O)/k(N-CyF2x+1C(O) — N-CyF okt

+ CO)= (1.30+ 0.05) x 1077, (1.90+ 0.17) x 10719, (5.04+ 0.40) x 10°2°, and (2.67+ 0.42) x 10°%°
cm® molecule® for x =1, 2, 3, 4, respectively. In one atmosphere of air at 298 K, reaction witic€unts
for 99%, 50%, 21%, and 12% of the lossmfC,F.+1C(O) radicals forx = 1, 2, 3, 4, respectively. Results
are discussed with respect to the atmospheric chemistny@F..+1C(O) radicals and their possible role in
contributing to the formation of perfluorocarboxylic acids in the environment.

1. Introduction Formation of GF2+1C(0)G; in the first mechanism involves
Long-chain perfluorocarboxylic acids (PFCAS;CyFax1- the following reactions:

COOH wherex > 6) have been observed in fauna from the

Great Lakes and the Arcti@ PFCAs are not degraded via CFa1CHO+ OH—CF, ,C(O)+ H,O (1)

oxidation, hydrolysis, or reduction under biotic and abiotic

conditions? They are bioaccumulative when the perfluorinated CFx1C(0)+ O, + M — CF,,.,C(0)0, + M (2)

chain is more than 6 carbons in length and are found in human

blood#® Perfluorooctanoic acid (PFOA) is potentially tofic, In our previous work®~!8 we assumed that, in air, the sole

and the health effects of long-term exposure are under investiga-fate of the perfluoroacyl radical is reaction with oxygen to form
tion. Other than for trifluoroacetic acid (TFA)o natural source  the perfluoroacyl peroxy radical. The perfluoroacyl peroxy
of PFCAs has been proposed. Two independent and distinctlyradical then reacts with other peroxy radicals or NO to form
different theories have been advanced to explain the presencedlkoxy radicals, which eliminate GQo form perfluoroalkyl

of PFCAs in biota in remote regions: (1) the presence of widely radicals. In a recent study of the reaction of Cl atoms wigh7C
distributed precursor compounds (presumably of anthropogenicCHO and GF1sCHO,'® CO was observed as a primary product.
origin) in the atmosphere that degrade to give PFCAs, which The formation of CO as a primary product suggests that the
then undergo wet and dry deposition; and (2) the transport of reaction of the perfluoroacyl radical with oxygen competes with
PFCAs by ocean currents to remote locations and then by seathe decomposition of the perfluoroacyl radical.

salt aerosol to inland locatiofs.

Support for the first theory comes from a recent atmospheric CFyiC(O)+M—CF,y +COtM 3)
modeling study which reported that the atmospheric degradation
of fluorotelomer alcohols (Ex+1CH2CH,OH [x =2, 4, 6, ...]) In fact, this is consistent with previous studies that showed

appears to be a significant global source of perfluorocarboxylic that halogenated acetyl radicals either decompose or react with
acids? The atmospheric oxidation of,Ex: 1CH,CH,OH gives oxygen?20-22

CiF2x+1CHO10-13 There are several chemical mechanisms by ~ Since reaction of perfluoroacyl peroxy radicals with iH@s
which GFa+1CHO can be converted into PFCAs. Two mech- been shown to be a source of perfluorocarboxylic @idit is
anisms are germane to the present investigation. First, oxidationimportant to understand the chemical pathways that affect the
of CiFx+1CHO to GF2+1C(0)O, radicals followed by reaction ~ formation of perfluoroacyl peroxy radicals in the atmosphere.
with HO, radicals to give GF»+1C(O)OH. Second, oxidation ~ The goal of the present work was to determine the importance
of CyFo1CHO to GFoy:10; radicals, reaction of Eoyi102 of the decomposition channel and assess its impact on the
with CHsO, radicals to give GF»:10H, decomposition of ~ formation of perfluorocarboxylic acids.
CF2+10OH to Q{]ngflC(O)F, and hydl'O|ySiS Of>C1F2x71C(O)F

to give G1Fa1C(O)OH14 2. Experimental Section
* Corresponding author. Phone: 313-390-6914. Fax: 313-322-7044,  1he apparatus and experimental techniques used in this work
E-mail: mhurley3@ford.com. are described elsewhet®?* Experiments were performed in a
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Figure 2. Yields of CO (circles), C@(diamonds), @GFsC(O)O:NO,
(triangles down), and CQHKtriangles up) versus loss of&CHO

1 F) COF following Cl-initiated oxidation in the presence of NO. The observed
1 2 product yields are 56.% 7.2% CO, 40.7+ 5.0% CQ, 187 + 20%

COR, and 8.3+ 2.0% GFsC(O)O:NO..

to these compounds as3+1CHO. The perfluoroaldehyde
1700 1800 1900 2000 2100 2200 2300 2400 2500 reagents were stored in glass vials which were immersed in
W b A liquid nitrogen. They were introduced into the chamber by
_ gvenum er(cm’) ~warming the sample and collecting the vapor in a calibrated
.Flgul:e.l. IR Sp_eCtra obtained before (A) and after (B) a 4-min volume. S|ml|ar|y, other gaseous reagentsz(ﬂid NO) were
irradiation of a mixture of 14.3 mTorr £sCHO, 29.4 mTorr NO, 100 introduced into the chamber via a calibrated volume. The

mTorr Chb, and 100 Torr @ pressurized to 700 Torr with N The . .
consumption of GFsCHO was 34%. (C) The product spectrum with contents of the calibrated volume were swept into the chamber

the IR features of NOCI removed. (D, E, F) Reference spectra of O, With the diluent gases (oxygen or nitrogen). Ultrahigh-purity
CO,, and COF, respectively. oxygen and nitrogen from Airgas Great Lakes were used as

diluent gases. The loss off,+1CHO was monitored by FTIR
140-L Pyrex reactor interfaced to a Mattson Sirus 100 FTIR spectroscopy using an infrared path length of 27 m and a
spectrometer. The reactor was surrounded by 22 fluorescentresolution of 0.25 cmt. Infrared spectra were derived from 32
blacklamps (GE F15T8-BL) which were used to photochemi- co-added interferograms. The time required to record a spectrum
cally initiate the experiments. Chlorine atoms were produced was 90 s for all experiments. A typical experiment consisted of

by photolysis of molecular chlorine. seven irradiations for a total of 16 min blacklight irradiation.
The average temperature for the experiments was238K.
Cl, + v —Cl + Cl (4) During the Cl-initiated oxidation of E»::CHO, CRO and

CFR:0; radicals are formed. Both GB and CEO, radicals may
CiF2+1C(0O) x = 1, 2, 3, 4) radicals were generated by the react with CO?®
|rrad|at|on of GF2+1CHO/ChL mixtures in 700 Torr of @N> CF,0 + CO— CF, + CO, (6)
diluent gas.

CF,0, + CO— CF,0 + CO, )

In preliminary experiments the yield plots of CO were curved,

The perfluoroaldehydes were prepared by dehydration of the suggesting that one, or both, of these reactions are important
perfluoroaldehyde hydrates. The perfluoroaldehydByes- under our experimental conditions. NO reacts rapidly with@F
CHO (x = 1, 2), were synthesized by the dropwise addition of and CRO, ks = (5.24 2.7) x 10 ' 26andky = (1.68= 0.26)

10 g of the perfluoroaldehyde hydrate into a heated flags0( ~ x 10 '*26cm® molecule® s%, respectively.

C,F,.,CHO+ Cl—C,F, .,C(O)+HCl  (5)

°C) containing 25 g of Os. Nitrogen gas was flowed slowly CF,0, + NO— CF,0 + NO, (8)
(=20 cn? min~1) over the heated hydrate/aldehyde mixture and
through a liquid nitrogen trap where the aldehydes were collected. CF;0 + NO— COF, + FNO 9)

The perfluoroaldehydes Ex+1CHO (X = 3, 4), were synthe- . . .
sized by mixing 10 g of the solid perfluoroaldehyde hydrate, 10 @void complications from GJ© and CKO; radicals, all
CiF21iCH(OH), (x = 3, 4), with 25 g of ROs, heating the experiments were conducted in the presence of NO.

mixture, and flowing nitrogen gas through the apparatus to col-
lect the perfluoroaldehyde in a liquid nitrogen trap. No impurities
were observed during IR analysis. LineafGyF2x+1CHO) iso- The focus of this study is the fate of thgRz+1C(O) radical.

mers were studied in the present work; for simplicity we refer Experiments were performed to investigate the mechanism of

3. Results and Discussion
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Figure 3. Plot of the observed formation of CO versus the loss of
C,FsCHO following the irradiation of gFsCHO/CL/NO/O, mixtures

in 700 Torr No. The experiments were performed with €@ncentrations

of 0 Torr (circles), 100 Torr (triangles up), 200 Torr (triangles down),
and 600 Torr (diamonds).

TABLE 1: CO Yields Observed during the Cl-Initiated
Oxidation of CxFx+1CHO (x = 1, 2, 3, 4) in the Presence of
NOy in 0—650 Torr O,, 700 Torr Total Pressure

Oz (Torr)  CRCHO GFsCHO GF,CHO CGFoCHO
0 0.83£0.09 0.8%+:0.10 0.90+£0.10 0.97+0.11
5 0.27+ 0.03
10 0.194+ 0.02
15 0.144 0.02
20 0.11+0.01
25 0.09+ 0.01
100 0.56+0.07 0.83+:0.09 0.93+0.11
200 0.37£0.04 0.73:0.08 0.81+0.09
300 0.34+0.04 0.65+-0.07 0.75+0.09
400 0.28+0.03 0.57+0.07 0.77+0.10
500 0.24+0.03 0.56+0.07 0.66+0.08
650 0.22+0.03 0.50+0.05 0.68+0.08

Cl-atom-initiated oxidation of @,+1CHO in the presence of

NOx. In the presence of NO, CO was observed as a product
and CO vyield plots were linear with an intercept through the

origin. Mixtures consisting of #26 mTorr GFx;1CHO, 15~
32 mTorr NO, and 100 mTorr €in 700 Torr of Q/N, diluent
gas were irradiated using UV blacklamps.

Figure 1 shows spectra acquired before (panel A) and after

(panel B) a 4-min irradiation of a gas mixture consisting of
14.3 mTorr GFsCHO, 29.4 mTorr NO, 100 mTorr gl and
100 Torr @ pressurized to 700 Torr withANThe consumption
of C,FsCHO was 34%. Figure 1C is the IR spectrum of the

products. The spectral features of NOCI have been removed
from panel C for clarity. Comparison of the IR features in panel

C with the reference spectra of CO, g@nd COF in panels
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Figure 4. Plot of the reciprocal of the CO yield versus the O
concentration following the irradiation ofE,;1CHO/CL/NO/O; in

700 Torr N, for x = 1 (insert), 2 (circles), 3 (triangles up), and 4
(diamonds). The lines are linear least-squares fits (see text for details).

yields of 8.3+ 2.0% GFsC(O)O:NO,, 40.7+ 5.0% CQ, 56.1
+ 7.2% CO, and 184 20% COR. Quoted errors are two
relative standard deviations from the regression analysis,
together with an additional 10% error to reflect uncertainties
associated with calibration of the reference spectra. The sum
of the yields of GFsC(O)O:NO,, CO,, and CO is 105t 12%.
The observed yield of CQFF187 4+ 20%, is indistinguishable
from 200%— Y(C,FsC(O)O:NOy).

The simplest explanation for the observed product distribution
is that reaction 5 is followed by

CFxiC(O)+ O, + M — CF,,.,C(0)0, + M (2)

CF21C(0)Q, + NO, — CF,, 1 ,C(O)GNO,  (10)

C,F511C(0)0, + NO —~ C/F,,,,C(0)O+ NO, (11)

CF11C(0)0— CFyyy + CO, (12)
CF,:1C(O)+M—CF, +CO+ M 3)
CFyi1 tO,+M—CF, 0, + M (13)
CFp:10, + NO—CF, .,0+ NO, (14)
CFyiO+M—C,_F, ,+COF+M (15)

Repetition of reactions 1315 results in the “unzipping” of
the radical and the formation af — 1 molecules of COffor

D—F shows these compounds to be among the products formed C,F».1CHO (x =1, 2, 3, 4). The last radical formed, g Rvill
Also observed in the product spectrum were the IR spectral fea-be converted into COfby reactions 16, 8, and 9.

tures of GFsC(O)O,NO; at 791, 991, 1111, 1242, 1301, 1762,
and 1850 cm? showing GFsC(O)O,NO; to be a minor product.

Figure 2 shows the observed formation of products versus

the loss of GFsCHO following successive irradiations of the

mixture described above. The lines through the data are least-

squares fits (forced through zero) which give molar product

CF,+0,+M —CF,0,+ M (16)
CF,0, + NO— CF,0 + NO, ©)
CF,0 + NO— COF, + FNO 9)
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TABLE 2: Branching Ratios in Reactions of C,Fx+1C(0)O, (x = 1, 2, 3, 4) with HO, Radicals under Ambient Conditions (700
Torr air, 298 + 3 K)

RC(0O)& + HO, — Products

RC(O)Q R+ CO RC(O)OOH+ O, RC(O)OH+ O3 RC(0)O+ OH + Oy
RC(O) reaction 2 reaction 3 reaction 19a reaction 19b reaction 19¢ ref
CHsC(0) 100% 0% 40 16% 20+ 8% 40+ 16% 27
CFRC(0) 98% 2% 9 4% 39+ 4% 52+ 5% this work
CoFsC(O) 48% 52% <12% 50+ 8% 50+ 8% this work
CsFC(O) 19% 81% <16% 53+ 11% 47+ 11% this work
C4FoC(O) 11% 89% <27% 73+ 18% 27+ 18% this work

In the presence of NO, NOs formed during the reaction  the formation of GFx+1C(O)CI via reaction of ¢Fa+1C(O)
sequence given above angdFe+1C(O)O,NO, and CREONG; radicals with Cj.
are expected to be formed via reactions 17 and 18. The rate constant ratidy/ks, for CRRCHO has been deter-

mined previousl§P to be (7.44- 0.6) x 10718 cm® molecule™?,

CF21C(0)0,+NO, + M —C.F,,,,C(O)ONO,+M (17) which is smaller than the value determined in this work by a
factor of approximately two. As part of this work, the previous
work was reviewed and it was determined that the CO reference
spectrum used in the previous work was calibrated incorrectly.
The value determined in this work supersedes the previous value.

Solignac et al? observed CO as a primary product during
the Cl-initiated oxidation of gF17CHO and GF13CHO. The
yield of CO from GF,CHO was dependent on the oxygen
concentration and was determined to bet62% in 1000 mbar
of air and 85+ 5% in 1000 mbar of nitrogen. This corresponds
to a rate constant ratiko/ks = ko/kgiss = 1.25 x 1071% cm?
molecule’l. This value is approximately 100% greater than our

CF,0 + NO, + M — CF,ONO, + M (18)

In determining the fate of the J,1C(O) radical in the
atmosphere, it is important to know the relative importance of
reactions 2 and 3. Assuming that reactiorsl8 describe the
chemistry occurring following the irradiation of mixtures of
CiF2x+1CHO, NO, Q, and C}, and assuming that CO, GO
and GF2+1C(O)O:NO; are not lost in any process, then the
sum of the molar yields of CO, CQand GF+1C(O)O:NO;
should be 100%. This was observed experimentally. The relative
yields of CO, CQ, and GFa;+1C(O)ONO, depended on the 46 ofky fkyiss = (5.04+ 0.40) x 10-2° cm? molecule™® for
O, and NQ partial pressures. The yield of CO increased atlow e o5 The reason for this discrepancy is not clear, however,
O concentration with a corresponding decrease in the combinedgjignac et at performed their experiments in the absence of
yield of CO; and GF21C(O)ONO,. As an example, in the N | the absence of NO, itis possible that:OFand/or CEO,
r%actlon of GFCHO in 100 Torr G, the CO yield was 56t reacts with CO as given in reactions 6 and 7. If CO is lost by
7% and the combined yield of Q@qd GF2:1C(0)ONO, was such reactions, the reported yield will be low and the observed
49+ .5%‘ In_ 650 Torr @, the CO yield was 22= 3% and the rate constant ratio will be too large, consistent with the
combined yield of C@and GF2+1C(O)ONO, was 90+ 10%. discrepancy between our work and that of Solignac &% al.

Assuming that (i) CO is produced only from reaction 3, (ii)
reactions 2 and 3 are the sole fate qF&+1C(O) radicals, and I . .
(iii) CO is not lost by any process, the expression | holds: 4. Implications for Atmospheric Chemistry

The goal of the present work was to determine the fate of
1 _ 1+ (ﬁz) x [0,] () the GFx+1C(0) (x = 1, 2, 3, 4) radical. The results presented
Y(CO) Ks here improve our understanding of the atmospheric chemistry
of the GFx+1C(O) radical and show that these radicals both
where Y(CO) is the molar yield of COk, andks are the rate ~ decompose to give Ex+1 and CO and react with £Xo give
constants of reactions 2 and 3, ang][@ the concentration of  CiF2x+1C(O)C; radicals. At 298+ 3 K and 760 Torr air (160
oxygen. Experiments were performed with oxygen partial Torr Oz), 1%, 50%, 79%, and 88% ofiEx+1C(O) radicals will
pressures varied over the ranged® Torr for experiments with ~ decompose to a1 and CO forx = 1, 2, 3, and 4,
CRCHO and 06-650 Torr for experiments with Ex:CHO respectively. Accordingly, 99%, 50%, 21%, and 12% of
(x=2, 3, 4). In all cases, nitrogen was added to give 700 Torr CxF2x+1C(O) radicals will react with @to give GFx+1C(0)O,
total pressure. radicals, forx = 1, 2, 3, and 4, respectively. In Earth’s

Figure 3 shows the CO vyield plots for mixtures ofFgCHO, atmosphere, both temperature and pressure decrease with
Cl,, and NO in 0, 100, 200, and 650 Torr oxygen, 700 Torr increasing altitude. As discussed previouslyl25the effects
total pressure. Experiments at 300, 400, and 500 Torr oxygenof reduced temperature and pressure favor reaction 2 over
have been omitted for clarity. The CO vyields observed during reaction 3. Quantification of the relative importance of reactions
the Cl-initiated oxidation of ¢Fp-;CHO (x =1, 2, 3, 4) in the 2 and 3 in the atmosphere requires detailed knowledge of the
presence of N@in 0, 100, 200, 300, 400, 500, and 650 Torr temperature- and pressure-dependence of reactions 2 and 3 for
oxygen are given in Table 1. CF+1C(0). Barnes et &° have studied the effect of temper-

Figure 4 shows a plot of Y(CO) versus [@] for CyFaxt1- ature and pressure dr/ks for CRC(O) radicals, report an
CHO (x=1, 2, 3, 4). The experimenal data are consistent with activation barrier for decomposition of 4038 9.9 kJ mot?,
analytical expression I. Linear least-squares analysis of the dataand estimate that the fraction of &HO) radicals lost via
in Figure 4, forced through gaxis intercept of one, gives a  decomposition is 1.3% at 298 K and 1000 mbar. There are no

slope,ko/ks, of (1.30+ 0.05) x 10717, (1.904 0.17) x 10719, available data concerning the temperature- or pressure-
(5.04 £ 0.40) x 1072, and (2.67+ 0.42) x 10720 cm? dependence of the ratia/ks for CiF2x+1C(O) with x > 1.
molecule® for CiF2+1CHO (x = 1, 2, 3, 4), respectively. As In previous worki>~18 the reaction of ¢Fa1C(O) with O

seen in Table 1, thg-axis intercept is slightly greater than one was assumed to be the sole fate gF£1C(O) radicals in 700
for all compounds studied. This is probably due to oxygen Torr air at 296 K. This was justified on the basis of previous
impurities in the nominally oxygen-free reaction mixtures or results for CEC(O)2° Results from the present work show the
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importance of the decomposition channel and allow a refinementwork, the majority &90%) of radicals formed in the OH-

of branching ratios given previously for the reaction of
CiF2x+1C(0)0, with HO,. The reaction was reported to proceed
via three pathways:

C,Fp:1C(0)0, + HO, — C,F, ,,C(O)OOH+ 0O,  (19a)

CF,,.,C(0)0, + HO,— CF, . ,C(O)OH+ 0O,  (19b)

C,F,,.,C(0)0, + HO, — C,F,, . ,C(O)O+ O,+OH (19¢)

The previous studies of £,+1C(0)0, (x = 1, 2, 3, 4) with
HO, were conducted at 294 2 K and 700 Torr air diluent.
Using the results from the present work, the fraction of
CiF2x+1C(O) radicals that react with Qo form CFu1C(O)-

O, radicals in 700 Torr air (147 Torr £ is calculated to be
98%, 48%, 19%, and 11% for= 1, 2, 3, 4, respectively. In
establishing the branching ratio for reaction 19, the product

yields need to be adjusted to account for the fraction of radicals

that decompose. For example, previously the overall yield of
C,FsC(O)OH from the Cl-initiated oxidation of £5CHO in

the presence of HOwas determined to be 24%. Since the yield
of C,FsC(0)0; radicals is 48%, the adjusted yield opRsC-
(O)OH from the reaction of &sC(0)O, with HO, is 0.24/0.48

= 50%. No peracid, g-sC(O)OOH, was observed, and an upper
limit of 6% was established. The adjusted upper limit of peracid
yield from the reaction of &sC(0O)O, with HO, is 0.06/0.48

= 12%. The overall yield of ¢FsC(O)O radicals, 76%, was
calculated from the formation of the decomposition products,
COF,; and CROH. However, COkFand CEOH are not unique

CgF17CHO reaction are converted intasfe 70, radicals. Rec-
ognition of the decomposition of ,€x:1C(O) radicals via
reaction 3 does not alter the yield off3;0, radicals (although

it does alter the mechanism leading to their formation) and hence
PFCAs via the second mechanism. Accounting for decomposi-
tion of CéF2+1C(O) radicals via reaction 3 is not expected to
lead to a material change in the predicted PFCA yield from the
atmospheric oxidation of fluorotelomer alcohols such g& &
CH,CH,OH. Finally, we note that information concerning the
temperature- and pressure-dependenég/affor large GFo+1C-

(O) radicals x > 4) is needed for a more accurate description
of their chemistry in global atmospheric models.
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are described. The first mechanism is oxidation {&-1C-
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CiF2x+1C(O)OH. The second mechanism involves oxidation to
CiF2x+10; radicals and their reaction with GB, to give
CF2x+10H.2 The results from Solignac et #land the present
work show that in the atmosphere a significant fraction of
CiF2+1C(O) radicals will decompose, thereby limiting the
formation of GFx+1C(0O)0O; radicals.

In previous work from our laboratories we assumed (incor-
rectly) that reaction with @was the sole atmospheric fate of
CF+1C(O) radicals’>18 Relative to our previous understand-
ing (as incorporated in the global modeling work), recognition
of the decomposition of E»+1C(O) radicals via reaction 3 has
two effects. First, idecreaseshe yield of GFx+1C(0)0; rad-
icals formed during the atmospheric degradation of fluoro-
telomer alcohols by a factor okf{O;] + ks)/ky[O]. Second, it
increaseghe perfluorocarboxylic acid yield in the reaction of
CuF2x+1C(0)O; radicals with HQ by a factor of k[O;] + ks)/
ko[O2]. The two effects offset each other, and the PFCA yield
from the first mechanism is unchanged at 298 K. In the mech-
anism used in our previous global modeling work, the reaction
of CgF17C(O)H with OH radicals was assumed to lead ultimately
either to the formation of §-17C(O)OH (via reaction 19b) or
CgF170; radicals. In the mechanism used in the global modeling
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