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ABSTRACT

Ambient lev:ls of atmospheric fluorocarbons, halogenated hydrocarbons and
SFg are reported for various times and locations in the U.S.A. Requisite
analytical and calibration procedures have been developed. A novel pulsed
flow coulometry gas chromatographic analysis is described. For many com-
pounds, laboratory test-chamber simulations of stratospheric and tropo-
spheric irradiation have been performed. Substrate reactivity and product
profiles are presented, including the effects of the presence of nitrogen
oxides, humidity and a hydrocarbon mixture.

The field studies indicate compounds such as CCl;F, CC1,F,, CH;CCl; and
CCly to be ubiquitous at generally sub ppb levels. Some tropospherically
reactive compounds such as C;Cly and CpHClz are frequently measurable,
while other non-ubiquitous compounds are measurable only where a reason-
able source can be invoked. '

The laboratory simulations establish the tropospheric stability of CCIsF,
CClpFp, CH3CClz, CCl4 and CC12F-CC1F2. The stratospheric reactivity of
CC13F, CCly and CCl2F2 is confirmed.

CCly is a product of CpCly tropospheric reactions, and should be con-
sidered a secondary anthropogenic pollutant of concern in potential
stratospheric ozone destruction mechanisms. Another product, COCly, is
of potential toxicological concern.

The adventitious labelling of air masses was used to demonstrate urban
ozone transport to rural areas. It is suggested that the controversy
over the origins of non-urban ozone may be resolved by simultaneously
measuring halocarbons.

This report was submitted in fulfillment of Project Number R 800833 by
the Department of Environmental Science, Rutgers, The State University
of New Jersey under the sponsorship of the Environmental Protection
Agency. Work was completed by August 31, 1975.
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SECTION I
SUMMARY AND CONCLUSIONS

There is much recent concern over the behavior and effects of halocarbons
in the environment. Ambient CCl3F and CC12F2(1’2 ) and, by analogy, other
tropospherically stable compounds are suspect as precursors of strato-
spheric ozone-destroying chlorine atoms. Vinyl chloride has been linked

to industrial angiosarcoma and is possibly mutalgenic(3 ). Chloroethylenes
will react to form significant quantities of highly tox1cAPhos§ene and
acetyl chlorides under simulated tropospheric conditions ( Chloro-
form and CClg in M1551ss%yp1 drinking water have been associated with an
elevated cancer risk( Concurrent to these findings, the research
effort in ambient halocarbon measurement has justifiably increased signifi-
f‘antly( 9,10,11,12,13,14,15,16) .The many industrial and domestic uses of
halogenated hydrocarbons and their rather 1arge production figures (12
billion pounds in 1974 for the U.S. alone)( 77) suggest that this accel-
erated research effort will lead to a continual increase in the number

of halocarbons routinely measured in the environment. Indeed, mass spec-
trometric analysis conducted on cryogenically concentrated air samples
several years ago indicated the presence of a wide variety of halogenated
compounds( 18)

Because of the large number of atmospheric halogenated hydrocarbons of
potential interest, a selective study of a carefully chosen group rep-
resenting a wide spectrum of chemical reactivities and emission patterns
was clearly desirable. This approach would not only provide information
of immediate relevance but also contribute to a data base for future
reference as the number of halocarbons of environmental interest pro-
liferates. Accordingly, this study has been directed towards a) develop-
ment of analytical procedures for the determination of trace levels of
halocarbons and SFg in the atmosphere, b) monitoring as many of these
compounds as possible at a variety of locations in the United States,
coupled with observation of their photochemical behavior in clean and
"polluted" air under simulated tropospheric (and in some cases strato-
spheric) conditions.

1.1 Analytical Procedures

Gas chromatography, using electron capture (E.C.) detection was used
throughout the study, and a number of different types of column packing
were evaluated. DC 200 has been demonstrated to be an excellent packing
for the separation and E.C. determination of ambient CClzF, CHzI, CC12F—
CC1F,, CHC13, CHz-CClgz, CC14, CoHC1z and CyCly under isothermal (23°C)
conditions. Porapak Q at 80°C, and Chromosil 310 and Carbowax 1500 at
23°C, were found acceptable for ambient CC1,F, analysis. Poropak Q at
room temperature is also a very good column for the separation of SFg

and CBrFz. Carbowax 1500 exhibited excellent resolution of vinyl chloride
at room temperature (23°C). Phosgene was found to suffer unacceptable
irreversible losses in all columns studied except didecyl phthalate. This

1



column provided excellent resolution at 23°C and sorption losses were
sufficiently small to allow accurate analysis in the sub-ppb range with
frequent calibration.

The use of purge gas at low concentrations of solute leads to reduced
sensitivity. This is attributable to a decrease in ionization efficiency
with increasing flowrate through the EC detector. The utilization of the
ionization efficiency as a confirmatory aid has been demonstrated and
further applied to confirm the identity of phosgene in a simulated photo-
chemical smog study and, accordingly, the probable tropospheric synthesis
of this compound. Because of its high ionization efficiency (>75%) and
instability, the latter making the preparation of calibration mixtures
extremely difficult, phosgene and similar reactive strong electron absorbers
are excellent candidates for coulometric analysis. Accordingly, for such
compounds a detailed evaluation of gas phase coulometry and analysis of
sorption kinetics was indicated. Gas phase coulometry was evaluated and
used for the measurement of a number of ambient halocarbons since the
method permits operation at maximum sensitivity and is absolute. TIonization
efficiencies were determined for 14 compounds to range from less than 0 to
90%. Reciprocal efficiencies were verified to increase linearly with flow
rate as predicted by a stirred tank reactor model. At intermediate ef-
ficiencies (40 to 60%), coulometric measurements of CCIzF and CCly exhi-
bited a constant error of about 25% over a representative concentration
range. At efficiencies greater than 90%, the percent error in coulometric
analysis was less than 5% compared to primary standards. Compounds iden-
tified and measured coulometrically included CClzF, CHzI, CH3-CClz, CCly,
CHC1=CCl, and CC12=CCly.

For the absolute analysis of reactive electron-absorbing compounds which
undergo decomposition in a G.C. column, a novel modification of gas phase
coulometry, termed Pulse Flow Coulometry (PFC) was developed and used
successfully. Comparing this technique against permeation tube standards,
an error of less than 15% was easily achieved when ionization efficiencies
were greater than 75%. At ionization efficiencies greater than 85%, this
error could be reduced to 4%. The electron capture detector response to
phosgene was comparable to that to carbon tetrachloride, one of the
strongest known electron absorbers. It was demonstrated that ppb mixtures
of phosgene in air are quite stable in the presence of moisture and undergo
rapid heterogeneous decay on surfaces. PFC should be useful for the
analysis of any unstable electron absorber (e.g. peroxyacetyl nitrate [PAN],
chlorine dioxide, trichloroacetyl chloride) in air and offers a wide scope
of application in air pollution and industrial hygiene.

1.2 Atmospheric Behavior of Halocarbons

The halogenated compounds studied are primarily anthropogenic and exhibit
wide fluctuations in concentrations as a function of location and meteoro-
logical factors. However, typical halocarbon ranges at different locations
can be inferred from the data base presented here. CC13F, CCl,F,, CH3CCl3
and CCl4 were found to be ubiquitous atmopsheric constituents. Their
concentrations in the rural areas were typically in the sub-ppb range and
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urban concentrations were generally much higher. The first three compounds
are of known anthropogenic origin but the CClyg atmospheric budget is in-
consistent with direct anthropogenic emissions,

Our studies support the possibility of the formation of some CCl4 in the
troposphere by solar-induced photochemical reactions of chlorinated
alkenes. Such a process is of major importance in the consideration of
ozone destruction by chlorine atoms, since our laboratory simulation
studies indicate that CClyg, like the fluorocarbons, is tropospherically
stable but would break up under stratospheric conditions. Chlorinated
alkenes should therefore be included in any evaluation of possible ozone
destruction. The ubiquitous compounds and CC12F-CC1F, are tropospherically
stable and will experience their ultimate fate in the stratosphere. Among
the tropospherically reactive halocarbons, C2Clg and CoHClz should lead to
the formation of large quantities of phosgene in the atmosphere which may
have a potentially significantly impact. Methyl iodide was measurable
generally only near the ocean, supporting its origin there. SFg and

vinyl chloride were usually measurable only where a reasonable nearby
source could be involved.

It has been demonstrated that halocarbons can be used as excellent tracers
of urban transport. Additionally, studies of the temporal and spatial
distributions of halocarbons in non-urban areas should help to differen-
tiate between the natural synthesis, urban transport and stratospheric
injection of ozone.

Because of the possible stratospheric ozone destruction by stable halo-
carbons, the toxicity of phosgene, the indicated carcinogenicity of vinyl
chloride and its structural similarity to other ambient chloro-ethylenes,
and the unknown long-term effects of halogenated compounds and their
reactive products, further research in this area is clearly warranted.



SECTION II

GENERAL INTRODUCTION

This project had as its inception a literature search which was initiated
in the Spring of 1971 to estimate worldwide production of industrial
chemicals and the percentages of them emitted into the atmosphere and to
consider the tropospheric removal mechanisms and fates of these materials.
As a result of this search it was determined that in terms of the quantities
of materials estimated to be emitted on the one hand and the possible
environmental impact of these primary pollutants or their degradation
products on the other hand, continuation of this effort in the direction
of ambient monitoring and of tropospheric and stratospheric simulation
experiments was justified. It was especially clear from the initial
literature search that there was a paucity of data on the environmental
fates of halocarbons in general and fluorocarbons in particular. This
followed and was understandable from the almost complete lack of per-
tinent information on the atmospheric concentrations of these materials
and on their sinks and on the identity and kinetics of their reactants,
intermediates and products of photochemical degradation. As a result, a
proposal was submitted to E.P.A. in 1972 to provide requisite information
for subsequent meaningful toxicological and environmental impact studies.

The initial proposal listed 19 chemicals, most of which were halogenated
hydrocarbons. Production figures taken from the pertinent U.S. Tariff
Commission Reports were listed, and from these, projections on worldwide
sales in the categories of aerosol propellants, refrigerants, plastics,
solvents, blowing agents and miscellaneous were developed. It was shown
that 99% of the world's fluorocarbon sales were accounted for by only 5
Freons and plastics, and that major fluorocarbon usage was in aerosol
propellants.

Various possible sinks for the fluorocarbons were considered, viz: dis-
solution in the ocean, washout by rain, escape into the stratosphere,
microbial utilization, absorption at the earth's surface, air breathers
and plants and tropospheric photochemical reactions. Dissolution in the
oceans was shown to be insignificant from a simple consideration of
Henry's Law. Washout by rain was similarly insignificant. Microbial
utilization and absorption at the earth's surface were similarly ruled
out, and later a detailed analysis of mechanical and biological air
breathers showed them to be insignificant sinks. The possibility of
sinks involving stratospheric and tropospheric photochemical reactions
and plants was left open. Indeed the only hint at the relative impor-
tance of these possibilities was provided by a few isolated measurements
of atmospheric concentrations of F-11 and SF? by Lovelock(8). He repor-
ted the F-11 background concentration as 10~ 1 v/v. Computing the total
worldwide emissions of F-11 from 1958 to the time of Lovelock's measure-
ments gave a total worldwide tropospheric emission of F-11 during the
period of 1958 to July 1970 as 3376x106 pounds. Comparing this with the
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actual '"tropospheric loading" calculated from Lovelock"s background
measurements of 553x100 pounds it was concluded that important sinks for
fluorocarbons existed. The known tropospheric/stratospheric turnover
rate could only account for a fraction of this deficit strongly supporting
the existence of tropospheric photochemical sinks involving reactive
hydrocarbons, oxides of nitrogen, Oz and their associated intermediates.
Also, a more extensive study was indicated because of the significance
of possible build-up of these compounds towards such factors as toxico-
logical effects, global greenhouse effect, and their potential use as
tracers of air masses. Accordingly the proposed research protocol
included tropospheric photochemical reactivity studies of saturated halo-
~arbons as well as those unsaturated halocarbons emitted in significant
quantities and expected to be reactive. Because, despite the available
ambient measurements, all theoretical considerations would argue against
reaction of the saturated halocarbons in the troposphere, the original
proposal also included an elaborate plan to study stratospheric reac-
tivity of many of these compounds, with emphasis on the fluorocarbons.
Indeed, literature existed that the halocarbons would undergo photolytic
decay at wavelengths corresponding to stratospheric conditions. E.P.A.
did not fund this stratosphetic halogenated hydrocarbon aspect of the
proposal. Some modest studies were however carried out and are reported
here. The role of plants as possible sinks was not considered in this
study.

Also included with the fluorocarbons for study were such possibly car-
cinogenic compounds as vinyl chloride, CClj and trichloroethylene and
the teratogenic P.C.B.'s. Product identification was also considered to
be an important feature because of the possibly significant toxicity of
such expected products as phosgene and the chloroacetyl chlorides. The
role, if any, that reactive halogenated compounds play in the classical,
photochemical smog cycle was also a feature of the work.

In order to approach the assessment of the fates of these compounds the
project involved three phases running essentially concurrently. (1) A
continuation of the literature survey to upgrade our information on
emissions data and possible sinks. (2) A program of ambient measure-
ments to provide tropospheric concentrations of the compounds and to
estimate their atmospheric budget and removal mechanisms. (3) Laboratory
studies in which controlled simulation of tropospheric and stratospheric
photochemical conditions were used. It was necessary to develop analy-
tical procedures and techniques usable at the very low concentrations
(10-9 to 10-12 v/v) anticipated, as a prelude to the required program of
ambient measurements. Also, significant research and development effort
had to be expended on the preparation, irradiation and sampling of gas
mixtures in a fashion consistent with optimum simulation of ambient
conditions.

The arrangement of this report is as follows. Following this General
Introduction is a section on Literature Review, with subsections on the
major compounds studied. Then follows the Experimental Section which
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includes all the standard analytical procedures used in this work. A
considerable portion of this project involved development of gas chroma-
tographic procedures and columns for the analysis of very low levels of
halocarbons and related compounds. While a brief account of the gas
chromatographic instrumentation used appears in the Experiment Section,
a complete account of this analytical development is given in the next
section, '"Gas Chromatographic Analytical Procedures for Trace Levels of
lHalocarbons and SFg."

Section VI presents the results and discussion of our ambient measure-
ments, with subsections devoted to '"ubiquitous' and ''mon-ubiquitous”
halocarbons, their variability, and general comments pertaining to each
of the locations studied. Section VII describes the photochemical
reactivity studies with subsections for each compound.



SECTION III

LITERATURE REVIEW

INTRODUCTION

An important aspect of this work was a continuing review of available
literature on the sources, reactions, fates and levels of these compounds.
Presented in this section are references to work of especial significance
to this project.

As mentioned in the General Introduction, the earliest report on background
concentrations of any of these compounds was that of Lovelock(8). He re-
ported CC1zF and SFg values in southwest Ireland of 10-11 ang 2.9x10-14
(v/v), respectively, as representative of northern hemispheric background
concentrations. Air passing over the continent from an easterly direction
exhibited corresponding concentrations approximately an order of magni-
tude higher for both. Atmospheric concentrations ranging from 0.05 to
0.17 ppb CC1zF in Bowerchalke, England, were also reported by Lovelockclz)
for the period October 1970 to October 1971. No s}g?ificant seasonal
variation of CCl3F was observed. Lovelock et al. (*%a1s0 reported mean
aerial concentrations of 0.049 CClzF, 0.001 CHzI and 0.071 CCl4 ppb (v/v)
over the fiorth and south Atlantic Ocean. Hester et al.(®) reported CClzF
and CCl2F2 1levels at various indoor and outdoor locations in the Los
Angeles Basin. Ambient CClpFp and CClzF levels were in the range of

0.1 to 1.25 ppb and 0.05 and 147 ppb respectively. Simmonds et al.(16)

in a three-day study reported levels of CClzF, CCly, CH3zCClz and CyCly

in the Los Angeles Basin. The reported concentration (ppb) ranges were
0.11-2.2 for CC13F, 0.1-1.63 for CCl4, 0.01-2.3 for CH3CClz and 0.1-4.2
for C2C14.

Wilkness, Lamontagne, Larsen and Swinnerton(ls)reported CCl4 and F-11
concentrations oyver the ocean of about 80 and 60 ppb respectively. Re-
cently Lovelock(19 reported concentrations of F-11, F-12, CHClz, 111T,
CCly, TCE, and PCE in western Ireland (June, July 1974) and over the
north Atlantic Ocean (October 1973). Except for TCE, the values in the
two locations were approximately the same, namely:

F-12 about 100-115 ppt.
F-11 about 80-90 ppt.
CHC13 about 19-27 ppt.
111T about 65-75 ppt.
CC1y about 111-138 ppt.
TCE <5 in north Atlantic
15 in Ireland
PCE 21-28

(It should be noted that the F-11 values are about an order of
magnitude greater than his earlier report.)

He also reported vertical profiles of F-11 and CCly over central England
(June 6, 1974), demonstrating their presence in the tropopause and lower
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stratosphere. Saltzman et al.@9) jrradiated mixtures of reactive atmos-
pheric pollutants, CBrFsz, SFg and C4Fg with simulated sunlight and
attributed the observed loss of less than 2% per day for the above com-
pounds to permeation through the walls of the film bags. Hester et al.(g)
provided support for the short-term tropospheric stab%}ities of CCl1yF»

and CC1zF based on smog simulation studies. Wilson €1l reported the photo-
reactivity of trichloroethylene and its possible %nvolvement in the photo-
chemical smog phenomenon. Molina and Rowland (1 and Cicerone et al.
have recently suggested the possible destruction of the stratospheric
ozone lyaer by chlorine-atom-propagated chain reactions initiated by the
photolysis of CC13F and CCl12Fy. Experimental smog chamber data supporting
the assumed long-term tropospheric stability of these compounds, however,
is insufficient. No data at all exist on the tropospheric stability of
many other chlorinated compounds present in the troposphere at comparable
concentrations to CClzF and CCl2Fj.

SPECIFIC COMPOUNDS

3.1 F-11 and F-12

3.1.1 Use and Production -

Freon 11 and Freon 12 are used widely in household and industrial environ-
ment with extensive application as refrigerants, propellants for per-
fumery and medicinal products, insecticides and fire repellants. They

are being used more and more in space technology and their worldwide

uses are even expected ic increase as underdevelouped countrics become
more and more industrialized. Dupont (1972) estimated that 99% of the
world's fluorocarbon sales are accounted for by Freon 11, 12, 22, 113 and
114, Freon 11, 12 and 114 are the major fluorocarbons used for aerosol
propellants.

The use of the Freon 11 and Freon 12 in household and industrial appli-
cation is increasing at a significant rate as seen from U.S. Production
Data (1965-1973).

Table 1. U.S. PRODUCTION OF F-12 AND F-11
(U.S. Tariff Commission Reports)
(Units of 1000 pounds)

Year Freon-12 Freon-11
1965 271,408 170,461
1966 286,326 170,350
1967 309,668 182,216
1968 325,625 204,418
1969 363,658 238,518
1970 375,406 244,472
1971 389,580 257,899
1972 439,224 299,583
1973 488,831 333,773
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The 1972 world production rates for Freon 1l and Freon 12 are about 0.3
and 0.5 million tons per year respectivelygz ) and are steadily increasing.
By the nature of the use of these compounds they are emitted to the tro-
posphere in significant quantities.

3.1.2 Sinks -

An all inclusive list of possible sinks for any tropospheric constituent
would include the following:

(1) Dissolution into the ocean according to Henry's Law followed by
hydrolysis.

(2) Washout by rain.

(3) Escape through the tropopause gaps to the stratosphere.

(4) Microbiological utilization at earth surface.

(5) Absorption at earth surface.

(6) Sorption and/or utilization, and/or degradation by plant life and
biological and mechanical air breathers.

(7) Stratospheric and tropospheric photochemical and/or thermal reactions.

Careful analysis indicates that due to such properties as chemical inert-
ness, low solubility in water, slow hydrolysis rate, lack of data to
indicate biodegradability and low partial pressure of fluorocarbons, the
aforementioned sinks numbered 1, 2, 4 and 6 are very insignificant in
terms of the total amount of Freon 11 and Freon 12 they would remove
from the troposphere. Freon 11 and Freon 12 are not very soluble in
water and therefore not removed by rainouts in the troposphere(l ). The
relative insolubility in water tggether with the chemical stability,
particularly towards hydrolysis( ) indicates that these molecules will
not be rapidly removed by dissolution in the ocean, and measurements
made indicate equilibrium between the ocean surface a?fofir. Therefore
a major sink other than photolysis cannot be inferred . Based on the
evidence presented in this discussion tropospheric and thermal reactions
or stratospheric flux must be considered as the significant removal
mechanism.

3.1.3 Reactivity Studies -

Hester(g) reported long term photolysis studies on Freon 11 and Freon 12
in which 76 ppb Freon 12 and 2.3 ppb Freon 12 were irradiation in Los
Angeles air. However, after almost 2 months photolysis, no observation
of a chemical reaction of either Freon 11 or Freon 12 was discovered. A
second scheme of experimentation was pursued in which a photolysis study
was run analagous to that previously stated except that 0.1 ppm NO, was
added to the system. The photdlysis was for 7 hours and the experimenters
noted no indication of any chemical reaction, as indicated by no de-
crease in either fluorocarbon concentration. The photolysis studies were
done in a 20 liter reaction flask surrounded by 11 '"Black Light' Type U.V.
lamps.



3.1.4 Ambient Measurements -

Ambient measurements of Freon 11 and Freon 12 have indicated their
presence in the atmosphere. Lovelock (8) reported a measured concentration
exceeding 10-11 by volume over Ireland. Measurements of CClzF have also
been made in several parts of the world. Lovelock et al.@90) reported
ambient atmospheric measured concentration of Freon 11 for the Los Angeles
Basin, Europe, and other parts of the Atlantic. Based on these measure-
ments %héy estimated a background concentration of 1x10-11 v/v. Wilkniss
et al.13) measured trace gases in the atmosphere over the north and south
Pacific Ocean. Goldberg et a1. (15) reported average atmospheric concen-
trations of 2.9x10710 and 3.2x10-9 for CCI3zF and CCl2F; respectively.
Simmonds et al.(@6) measured the concentration of four halogenated hydro-
carbons throughout the air over the Los Angeles Basin in which they
reported average concentrations of .55 ppb for CC1zF. Based on ambient
atmospheric measurements of Freon 11 and Freon 12 in the greater Los
Angeles Basin, it was found 9) that concentrations of Freon 11 and

Freon 12 in homes range from .22 to .12 ppb for Freon 11 and 0.3 to

510 ppb for Freon 12.

It is of particular interest to note that this gfudy indicated that the
levels of Freon 11 and Freon 12 were significantly higher in homes than
in ambient air samples.

3.2 Perchloroethylene

3.2.1 Use and Production -

In January 1963 there were an estimated 36.500 dry cleaning plants in

the United States resulting in approximately one plant for every 2500
people in urban areas and one for each 500 people in the country in
genera1(24). There were also 7300 self service '"coin operated" dry
cleaning stores containing about 50,000 machines. It was also estimated
at that time that the dry cleaning industry alone consumed 25 million
gallons of perchloroethylene per year. It is of importance to note that
because of zoning laws against petroleum solvents, the number of plants
utilizing perchloroethylene is increasing at a rapid rate, and that for
reasons of convenience dry cleaning plants are located at or near centers
of high population density. Estimates indicated that in 1968 the dry
cleaning industry accounted for 75% of the reported sales of perchloro-
ethyléne( ). The remainder probably also results in significant emis-
sion of the compound in urban atmospheres. The following table indicated
the increase in the prodiuction of perchloroethylene from 1965 to 1972.
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Table 2. SYNTHETIC ORGANIC CHEMICALS, U.S. PRODUCTION AND SALES
(U.S. Tariff Commission Reports)
(Units of 1000 pounds)

1965 429,354 1969 635,251
1966 462,678 1970 706,896
1967 532,980 1971 704,747
1968 636,484 1972 734,216

The above report indicated an increase of approximately 70% in the U.S.
production of perchloroethylene over this period.

3.2.2 Reactivity Studies -

Huybrechts et al.(26) studied the oxygen inhibited photochlorination and
chlorine sensitized oxidation of perchloroethylene and pentachloroethane
at 353.3°K and 373.4°K. The reaction was initiated by light at 4358A in
which the rates of chlorination of both compounds were given. It was
observed that the rate of chlorination decreased progressively on adding
increasing amounts of oxygen and at the same time a chlorine photo-sensi-
tized oxidation took place. Analysis of products in experiments carried
to completion showed that 85% (+5%) of the oxidized perchloro and penta-
chloroethane appears as tichloroacetyl chloride and 15% (+5%) as phos-
gene corresponding to the overall reaction:

C,Cly + L RCEEE > CC1,C0C1

CxCly + 0 H-m-mmommmmoo- > 2C0C1
Trace quantities of carbon tetrachloride (.3%) and tetrachloroethylene
epoxide (.1%) were also detected. Horowitz et al.(27) studied the kinetics
of the photochemically initiated reaction between tetrachloroethylene
and pentane. Experiments were conducted at 25°C and energy was provided
by a high pressure mercury lamp. The reaction resulted in the formation
of pentyltrichloroethylene and HCl, and the rate constant for the rate-
determining step was estimated at 6.6x102 sec”l. Goldfinger et al.(?
studied the gas phase photochlorination of perchloroethylene with
methane, methyl chloride, methylene chloride, chloroform, and penta-
chloroethane in a static system between 385° and 490°K, in which they
utilized light of different intensities in an effort to obtain "satis-
factory sensitivities.'" Reaction rates were followed monometrically
and photometrically allowing the following rate constant to be
measured:

C,C1, &_gls;;:i—>C2C15: log K = 9.4 where k is in units of

Dusoleil et al.(zg) investigated gas phase photochlorination of perchloro-
ethylene and pentachloroethane in a static system in which light of
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4047 - 4358A was utilized, and the reaction temperature was 418.80°K.
They also conducted other experiments at temperatures up to 564°K. There
is no documentation of smog reaction studies performed on perchloroethyl-
ene.

3.2.3 Ambient Measurements -

Available data on ambient background concentrations of perchloroethylene
are in conflict. Tohura Kuriyang(30) reported 1 ppm C,Cly as ambient
background concentration. His reported data was obtained using a spe-
ciall{ designed non-dispersive ultra violet absorber. However, Reid et
a1. (31 reported detection and measurements of ambient concentrations of
C2C14 below 1 ppm. Williams (32) utilizing an electron capture detector,
reported background atmospheric concentrations of perchloroethylene to

be less than 1 ppb. Murmyet al.(14) made ambient measurements of CoCl1y
in rural areas of Britain and away from large towns in which an attempt
was made to examine the environmental distribution of the aliphatic
chloro-compounds in which significant amounts of these compounds were
detected, parti%ﬁ%arly in air from towns and cities, as would be expected.
Simmonds et al. conducted measurements of atmospheric halocarbons
throughout the Los Angeles area in which he reported %Verage concentrations
of 0.125 ppb of perchloroethylene. Lillian and Singh 11) have reported
background concentrations of 0.12 ppb C2Clp in the New Brunswick area.
This was determined by gas phase coulometry.

3.3 Methyl Iodide

3.3.1 Sources, Uses and Toxicity -

Methyl iodide is a colorless liquid with a sweet etheral odor. On
exposure to light a light brown color develops due to the liberation of
iodine. It is used mainly in the laboratory as a methylating agent and
as an intermediate in the chemical industry. It has been used in fire
extinguishers, as a vesicent in chemical warfare, in the process of
stone carving and it is used in microscopy as an embedding agent due to
its high index of refraction. Methyl iodide is %reyared by the reaction
of dimethyl sulfate and sodium iodide in a still 33). An old commercial
method involved the burning of seaweed (3435),

Methyl iodide is not used extensively and consequently, few cases of
poisoning have occurred. One was reported in 1901, in a dye factory(36).
The symptoms were vertigo, diplopia, ataxia, and the patient swaying as
if drunk. When delirium and mania ensued, treatment in a mental hospital
was necessary but the mental dullness persisted. In 1940, an exposure in
a methyl iodide factory caused nausea, vomiting, diarrhea, vertigo, slur-
red speech, visual disturbances, tremor, drowsiness and then coma.
Another reason few poisonings have occurred is that methyl iodide is lac-
rimatory. The principal basis for methyl iodide's threshold limit value
of 5 ppm is its tendency to sensitize the skin.
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Methyl iodide is considered ten times as acutely toxic as carbon tetra-
chloride by the American Conference of Governmental Industrial
Hygienists(37). Figure 1 includes the sales of CH3I for the period 1967

to 1973. Based on studies in the literature(10’16§ and on our own sampling
(38), the typical concentration of CH3zI in air is 0.001 ppb.

From the sales figures and the scarcity of ambient data, one can only
estimate the residence time. It is obvious that methyl iodide has a
natural source. Lovelock et al.(10) measured methyl iodide in and over
the Atlantic Ocean. They suggest that the sea is the source of atmos-
pheric methyl iodide. The atmospheric residence time has been estimated
at 50 hours suggesting an annual production of 90 billion pounds(lo). A
possible reaction of atmospheric sea salt and methyl radicals can be the
source of CH3zI. Biological methylations in seaweed and marine algae
should also be considered as a possible natural source of methyl iodide.

3.3.2 Reactivity Studies -

Investigations of the photochemical reactions of methyl iodide are well
documented in the literature. Bates and Spence(39) were the first to

look into the photooxidation of gaseous methyl iodide. Their work, noting
that the absorption spectrum of methyl iodide (Figure 2) was continuous
above 2000A, indicates that decomposition is the primary effect of light
absorption., They varied the concentrations of oxygen from 10 to 600 torr,
methyl iodide from 10 to 100 torr, and light intensity from 30% to 100%

at 2537A. The results of their experiments point to a linear relation-
ship between light intensity and reaction rate.

~d (CH3zI) - 2 A ky (0y) k3
dt (I2) k2 + (02) k3

where A = Ip (1 - e-®(CH3I)

Io = intensity at 2537A

and o = molar extinction coefficient at 2537R

k1, ko and k3 being the rate constants determined from the reactions:

i

1) CH3I + hv ----- > CHz + 1
2) CHz + Ip ----- > CHzI + I
3) CH3 + 0y ----- > CH20 + OH

The Quantum yield was found to be 2.

At these relatively high concentrations, side reactions of the products
interfere with the elucidation of the quantum yield of the primary photo-
lysis. Their experimental data fit the following expression for the
decomposition rate of methyl iodide:

-d [CH3I] _ K(1-e'°'047[CH3I]) [02]
dt 12.3 + [0,]
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Figure 1
U.S SALES OF HALOCARBONS
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West and Schlessingeg (40) studied the photodecomposition of methyl

iodide vapor at 2537A.

and methylene diiodide.
study because Bates and
products and simplified
yields of products were

They found low yields of methane, ethane, ethylene,
Their data changed the rate found in previous
Spence assumed no iodinated hydrocarbons as

their reaction mechanism accordingly. The low
accounted for by the great tendency towards

recombination of methyl radicals and iodine atoms. 1In the presence of
silver foil the yield of ethane increased forty times due to the
abstraction of iodine as silver iodide.

The major reactions of their mechanism were:

1) CHzI + hv ----- > CHg + I
2) CHg + I  ----- > CHzl
3) CHz + CH3I----- > CHz + CHpI
4) CHpl + 1 ----- > CHy I,
5) CHpIz + hv----- > CHy + 1,
6) CHp + CHy ----- > CoHy
7) CHz + CHz ----- > C2Hg
Iredale(41) questioned the low yield of iodine and reacted methyl iodide

with nitric oxide. Nitric oxide was used to detect the presence of
radicals in the reactions of organic molecules. The compound CH3NO seems
to be removed from the reaction system as a solid and takes no part in
further chemical reactions at room temperature.

Absorption of light by methyl iodide to form an excited CHzI* molecule
was ruled out. His reaction scheme was:

CH3T + hv ----- > CHg + 1
CHg + NO ----- > CHzNOL
CH3 + 12 ————— > CHsI + I
CHy + 1" ----- > CH3I

Other reactions leading to methane and ethane were excluded due to the low
frequency of occurrence.

Leighton et al.(42) photooxidized methyl iodide and studied the kinetics
of the product formation. They found discrepancies between the reaction
schemes proposed by earlier workers due to experimental errors. They
hypothesized the formation of a peroxide interTed}ate instead of an
hydroxide radical proposed by Bates and Spence 39)

1) CHzl + hv ----- > CHgy + 1

2) CHz + Ip ----- > CHzI + I

3) CHg + Oy ----- > CH0

4) CHz0p* CHg----- > CHzOH + CH20...

They found the rate of methyl iodide decomposition:

s
)
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-d (CHSI) 1[02]
dt k2

2kz [I2] + [05]

Where the maximum quantum yield is unity.

This discregancy in quantum yields was researched further by Iredale and
McCar'cney(4 ). They found that only when the nitric oxide pressure 1is
lower than 50 torr do the back reactions: CHzI + I, ----> CHgI + I

CHzI + I ----> CHiI
begin to lower the quantum yield. When the pressure of nitric oxide is
greater than 50 torr the quantum yield approaches unity. Their experi-

ments, however, were performed over a spectrum from 2500 to 2700&, and
weighted averages had to be employed in their intensity calculations.

Shultze and Taylor(44) postulated the "hot'" methyl radical formation in
the approximately 50 - 60 kcal/mole greater than the carbon-iodine bond
strength of 54 kcal/mole. The reaction mechanism they proposed was:

1) CH3I --DY_CHg* + T
where CHz* represents a methyl radical with excess energy of 32 kcal/mole.

2) CHz* + CH3I ----- > CHy + CHpI
3) CHz* +M  ----- > CHg + M

4) CHz + CHz  ----- > CoHg

5 1+1 —-——- > Ip

6) CHz + Ip  ----- > CHzI + 1

Reaction (2) is the sole source of methane production. They found an
apparent activation energy for methane production of zero in the tempera-
ture range of 40° - 100°C. Ordinarily 8 kcal/mole of energy would be
needed to produce methane. Hence, an increase in temperature would vary
the amount of methane produced. This is not the case. The quantum yield
of methaae production is a low 0.003 due to the fact that reaction (3) takes
place more readily. Unless the reactants at the instant of collision are
oriented in the right way, the "hot" radical will merely lose kinetic
energy in collision with a third body (3). The methyl radical, having
lost its excess energy will most likely react in (6), but if iodine
can be removed sufficiently rapidly by fixation with silver as silver
iodide, reaction (4) would become appreciable,

Willard(45) explains that a "hot'" radical is one which has been born with
energy much in excess of the average energy of the surrounding molecules
and has not yet reached thermal equilibrium with them. If it reacts
chemically before becoming thermalized, the reaction is a "hot'" reaction.
A typical hot radical can carry its excess kinetic energy through only a
few collisions.

Although hot radicals are probably produced in many photochemical dis-

sociations, only a few examples of their reactions have been reported.
This is due to the low quantum yields of hot reactions.
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The quantum yield for the reaction of hot methyl radicals with methyl iodide
is 0.003 for radicals formed at 2537A, whereas it is 0.03 for radicals formed
at more energetic 1849A 1light. Most photochemical reactions have been studied
under conditions where the rate of thermal reaction is sufficient to mask

the rate of a hot reaction. This means that a high light intensity source

is needed to produce observable hot radical reactioms.

Martin and Noyes(46) investigated the reactions of methyl radicals with
oxygen. They found formaldehyde to be one of the principal products of
methyl iodide and oxygen mixtures at room temperature. Ethane was not
found among the products when oxygen was present and quantities of carbon
dioxide and carbon monoxide result ultimately from reaction of methyl
radicals with oxygen.

Hudson, Williams and Hami11 (47) studied the moderation of hot methyl
radicals in the photolysis of methyl iodide. Moderators are inert gases
added to the reactions to physically decrease the rate of production of
a product, in this case, methane. The investigators used neon, argon,
helium and carbon dioxide as moderators and found methane production de-
creased by a constant factor, yet this decrease was independent of tem-
perature change. This experiment strengthened the hot radical hypothesis
of Shultz and Taylor.

Souffie, Williams and Ham111(48) continued the study of hot radical reac-
tions. They measured rates of production of ethane, methane and iodine as
functions of pressure, temperature, iodine concentration, various moderators
and reactive substances added to obtain a better picture of the hot radical
reaction.

Their reaction mechanism:

1) CHzI + hv ---> CHz* + I

2) CHz* + CH3I --->CHgq + CHpI
3) CHz* + RH --->CHg + R

4) CHz* + CHzI ---> CoHg + 1
5) CHz* + CH3zI ---> CHzI + CHS
6) CHz* + M ---> CHz + M

7) CH3 + CHS -—-> C2H6

8) CHz + I --->CHzI + I
9) CHg + 1 ---> CHgI

10) CHpI + 12 -——> CH212 + 1
11) I +T1+M--->1,+M

The rates of production of ethane and iodine decrease during the early
stages of the photolysis. Addition of iodine further decreases the ethane
rate to a limiting rate. This limiting rate is independent of further
changes in iodine concentration. The authors attribute this production

of ethane to the hot radical reaction (4). The quantum yield of '"hot
ethane) is 3.6 x 10-4

The authors also suggest that "hot" ethane production is the result of
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excess translational energy in the methyl radical while methane production
may be the result of excess internal energy. In all their experiments,
the extent of decomposition of methyl iodide sample (present at 150-200
torr) was less than 5%.

Christie's work (49) was to investigate the photochemical oxidation of methyl
iodide under conditions such that oxygen molecules were competing with io-
dine molecules and/or iodine atoms for reaction with methyl radicals, and
thus to obtain information about the kinetics of the reactions involved.

She found that in excess oxygen, the photochemical reaction was zero

order, i.e. the amount of iodine produced was directly proportional to the
time of irradiation. The quantum yield of iodine is 0.5 since her experi-
ments showed that oxygenated products did not contain iodine. The reaction
mechanism was:

1) CHzI + hv ---> CHz + I

2) CHz + Ip ---> CHzl + I

3) CHz + 02 ---> products

4) CHz + O + M ---> CH30, + M
5) T+TI+M--->12+M

6) CHz + I ---> CH3I

where the reaction (6) is negligible compared with reaction (2) in the
methyl iodide plus oxygen system. Note also the reaction (4) is third
order.

McKellar and Norrish®0) combusted methyl iodide under slow and explosive
conditions. Hydroxyl radicals and formaldehyde were among the products
formed. Their data indicates the reaction CHz + 02 ---> HpCO + OH occurs.
The significance of this reaction in the ambient atmosphere is slight,
however, since explosive conditions are highly unlikely.

Heicklen and Johnston( 5) reacted low concentrations (260 ppm) of methyl
iodide ia oxygen with ultraviolet radiation above 2200A. Their measure-
ments were made by leaking the reaction mixture directly into the electron
beam of a mass spectrometer during photolysis. Their very complex reaction
mechanism involves 24 steps to include such reaction products as: I, H2CO,
CH30H, CH300H, H,0, COp, CHOOH, CH300CHz and CH30I. A number of free
radicals are also involved in the system. The best way to present these

is in the following chart which shows the source and fate of free radicals
and source of products in the proposed complex mechanism(51),
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Photolysis of CHzI in 0, - Proposed Mechanism(Sl)

Doepker and Ausloos(SZ) photolyzed methyl iodide at 25378 in the presence
of added organic materials. The "hot'" methyl radicals reacted with these
additives to form methane. By keeping the ratio of additive to methyl
iodide sufficiently large (10:1), reactions of methyl radicals with methyl
iodide could become negligible so that the measured quantum yield of
methane be attributed to the reaction of a "hot" methyl radical with the
additive. These additives included CD3CH3, C2D2, CgHpz, CHzOCH3, and
(CH3)CCD3. They found isotope effects to be of minor importance. They
also found that the quantum yields of methane decrgase by a factor of 10
when the wavelength of the light increases to 3130A. No new reaction
mechanisms were proposed.

Mains and Lewis(®® flash photolyzed methyl iodide at 2537R. They found
acetylene and ethylene among the products in much larger quantities than
had been observed in low-intensity photolysis. Since the acetylene yield
is strongly dependent on the iodine concentration, they proposed that a
two-stage process is involved: CHyl + I, ---> CHpI-I,

CHpI + CHyI-Ip ---> CoHy + 2HI + Iy

The methyl iodide radical was detected but they cite wall effects to adsorb
the hydrogen iodide which they could not find. They also suggest that the
"hot'" methyl radical has an energy of 36 kcal/mole. 9.5 kcal/mole of this
energy is vibrational, 23 kcal/mole is translational, and the remaining
energy goes to the iodine atom. The translational energy of the methyl
radical is only slightly above the activation energy for the hydrogen
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abstraction reaction, CHz* + CHzI ---> CHy + CHpI. This fact plus the
more efficient reaction, CHz* + M ---> CHz + M account for the low methane
yields.

Gilbert, Lambert and Linett(54) thoroughly explored the photolysis of
CHzI + NO mixtures. Their mass spectrometer was sampling directly from
the reacting system. Their research emphasis was on the reaction pro-
ducts after the formation of CH3NO. The most noteworthy products were
HCN, OH, and HNOz. Their reaction mechanism is shown below:

1) CHzI + hv ---> CHz + I

2) IT+IM--->1Ip+M

3) CHz + NO + M ---> CHzNO + M

4) 2CH3NO ---> (CH3NO),

5) CH4NO + NO g=2 CH3(NO),

6) CHz(NO), + NO ---> CHz + Np + NO3
7) NOz + NO ---> 2NOp

8) NO, +# CHz + M ---> CH3NO; + M

9) NO; + CHzNO ---> CH3NO; + NO

10) CHzNO ---> CH2NOH

11) CHpNOH ---> HCN + Hy0

12) CH2NOH + NO + hv ---> HCN + HNO, + H
13) H + HX ---> Hpy + X

14) H+ NO +M ---> HNO + M

The fact that hydrogen cyanide and nitric acid have been identified as
reaction products of CHzI + NO mixtures is not significant when one
realizes that the total pressure in the reaction chamber did not exceed
three torr. These conditions do not exist in the environment.

In summary, the continuous abgorption of gaseous methyl iodide in the
wavelength region around 2500A indicated that the primary quantum yield

of the dissociation CHzI + hv ---> CHz + I was unity, but the quantum
yields of the decomposition products, mainly methane, ethane, and iodine
are very small. This low quantum yield is attributed to the back reactions
reforming methyl iodide. Increasing sensitivity of analytical techniques
has enabled workers to show that the photooxidation of methyl iodide is
complicated and a large number of reactions occur.

The forward reaction is accelerated by the presence of silver which

reacts with atomic or molecular iodine and by the presence of oxygen and
nitric oxide which react with methyl radicals. A striking feature of the
photodecomposition of methyl iodide was the discovery that the reaction

CHz + CHzI ---> CHyq + CHpI would require an activation energy of 8-9 kcal/
mole for it to make an appreciable contribution to the overall reaction at
room temperature. The '"hot" methyl radical theory was propagated to ex-
plain these results. The energy of the absorbed photon at 2537A is greatly
in excess of the HzC - I bond dissociation energy.
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3.3.3 Ambient Measurements -

CHzI has been measured in the ambient air by Lovelock as mentioned

earlier, at a mean background level of 0.001 ppb. However, some serious
question concerning experiment artgﬁ?fts in the analytical technique

have been raised by Wilkness et al. %), The implication of this possibility
to some of our measurements will be commented upon in a ldter section
(6.2.2) of this report.

3.4 Carbon Tetrachloride

3.4.1 Sources, Uses, Toxicity-

Carbon tetrachloride is an excellent solvent. It is volatile and, when
present in high concentrations, has a narcotic effect on the central ner-
vous system(S ) Carbon tetrachloride is a clear, colorless, sweet
smelling liquid which had been used as an anesthetic, anthelmintic, and
as a hair shampoo(56). These uses have been discontinued and the greatest
use of carbon tetrachloride today is in industrial applications: metal
degreasing; solvent for rubber cement and paints; fumigant for grain;

dry cleaning agent; manufacturing intermediate for soap, chloroform,
dyes, insecticides, plastics, inks, and freon gases; and as a fire extin-
guishing agent(56). In the 1930's, carbon tetrachloride displaced
naphtha as the premier dry cleaning agent due to its non-flammability.

It was soon displaced by tetrachloroethylene for its lower toxicity.

One of the major uses of carbon tetrachloride has been as a fire extin-
guisher. It appeared with the advent of electrical machinery since it
is non-conductive. Carbon tetrachloride fire extinguishers were found

to inhibit fires of flammable liquids. Injuries had been reported where
workers were overcome by carbon tetrachloride vapors and a by-product
produced when carbon tetrachloride is exposed to high temperatures, phos-
gene gas.

Carbon tetrachloride is an extremely toxic substance, capable of causing
extensive damage to the liver, kidneys, lungs, and the heart. The three
modes of exposure are ingestion, inhalation, and absorption through the
skin and mucous membranes. The most frequent route of exposure appears
to be by inhalation. Carbon tetrachloride poisoning causes necrosis in
both the liver and kidney. The kidney damage results in destruction of
cells whose function, in part, is to eliminate toxins from the blood. A
major function of the liver is also to detoxify the blood. When carbon
tetrachloride poisoning is severe enough to cause kidney and liver damage,
the body's exposure to this poison is thus prolonged, which compounds its
toxic effect to the rest of the body.

As an example of how small an amount of carbon tetrachloride can produce
dangerous concentrations, one teaspoonful of carbon tetrachloride placed
in an unventilated bathroom 6' by 10' by 8' would vaporize and produce a
concentration of 100 ppm. The threshold limit value of carbon tetra-
chloride set by the American Conference of Governmental Industrial
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Hygienists is 5 ppm. It is for this reason that the Federal Government
has banned its use in the home as a hazardous substance(97),

The total sum of carbon tetrachloride in the atmosphere greatly exceeds
that which is accounted for by global production figures. It was there-
foie postulated by Lovelock et al.®) and later confirmed by Singh et al.
( %) that a natural source exists for carbon tetrachloride in the atmos-
phere. Lovelock states that carbon tetrachloride could be formed by
reaction of chlorine with methane in the troposphere. Carbon tetrachloride
has been experimentally observed by us(C4) during the simulated tropo-
spheric irradiations of standard mixtures of perchloroethylene in air as
will be discussed later in this report (Section 7.2). It is even pos-
sible that tropospheric reactions of other chlorinated olefins would
result in the formation of carbon tetrachloride in the troposphere.

3.4.2 Reactivity Studies -

The reactions of carbon tetrachloride have been thoroughly investigated
in the literature. Its photochemical reactions, however, are less well
understood.

In 1935, Lyons et al.(sg) hoto-oxidized liquid carbon tetrachloride at
Y p q
2537A. They proposed the reaction:
2CCl4(aq) *+ Oy --B¥-- COClz(g) + 2C12. (4)

This reaction only occurs with the exclusion of water and it does not
react in the absence of oxygen. The appearance of phosgene is significant
in that phosgene has been used as a nerve gas and as a vesicant in
chemical warfare.

In 1961, Ung and schiff(®?) reacted oxygen atoms with carbon tetrachloride
vapor. Their primary reactions were bimolecular:

CCly + 0 ---> COC12 + Cl2
---> CO + 2C1,

No other products were reported except for carbon dioxide which could be
produced by the chain sequence:

_———

€O + Cl 372 (OCl
COC1 + 0 ---> COp + Cl
COC1 + 0y --> CO, + C10

The rate constant for the primary process was found to be independent of

atomic oxygen, molecular oxygen and carbon tetrachloride concentration:

K= 3.3 x 10‘14 exp :ﬁ%%g.cm3 molecule'lsec"l.

This could lead to a carbon tetrachloride half-life of 4600 years at the
ambient levels of atomic oxygen in the troposphere.
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Carbon tetrachloride has been used as an intermediate for the manufacture
of many industrial chemicals. Hexachlorog&?ane is formed when CCly and
alcohol are reacted in ultraviolet light( . The byproducts of this
reaction are hydrochloric acid, chloroform, and various aldehydes.
Styrene and vinyl butyl ether are photopolymerized in the presence of
carbon tetrachloride(®!) at 3660& and 3080R. These processes occur

under controlled conditions of temperature and pressure that are not
present in the troposphere.

Carbon tetrachloride was photolyésg and reacted with ethane and ethylene
at 2537A by Roquitte and Wijnen( . the primary step produces trichloro-
methyl radicals and chlorine atoms. Although only 1% of the carbon
tetrachloride originally present was decomposed, this reaction could

have serious consequences in the stratospggre where radiation below

2900A is not filtered by the ozone layer(°-).

The following reaction mechanism was suggested to explain the formation
and recombination of the products from the photo-initiated reaction
with ethane:

1) CH14 + hv ---> CCl3 + C1

2) C1 + CpHg ---> CpH4Cl

3) 2C2H4C1 ---> (C2H4Cl)

4) 2C2H4C1 ---> CpHg + CpHy + CoHyClyp
5) 2CH4Cl ---> CpH5Cl + CoH3Cl

6) 2CClz ---> CyC1g

7) CpHgCl + CClz ---> CCl5CoH4C1

8) CpHyCl + CClz ---> CClzH + CpH:Cl

The reaction mechanism for the reaction with ehtylene is very similar to
1-8 and the rate constants are usually faster due to the lower activation
energies of the ethyl radical,

Tomkinson et a1. (69 decomposed carbon tetrachloride at 2537A but not at
3130A. This study of the abstraction of chlorine atoms by methyl radicals
was made at high temperature (90 - 140°F). Since the source of methyl
radicals was a thermal decomposition of di-t-butylperoxide, errors can

be introduced in the determination of the reaction rates and especially

in trying to extrapolate the data to ambient conditions.

Clark and Tedder(65) reacted hydrogen atoms with carbon tetrachloride and
generated the products: hydrogen chloride, chloroform, methylene dichlor-
ide and methyl chloride. The experimental apparatus did not include a
device for measuring hydrogen atoms from the discharge of a Wood's tube,
but the author's estimate the concentrations of the reactants to discover
the reaction mechanism. The hydrogen atoms produced in the troposphere
(from the photolysis o%éFHmmldehyde) react rapidly with oxygen to form
hydroperoxyl radicals( .

H+ 0, + M ---> HOO + M + 60 kcal/mole
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It is unlikely then, that the hydrogen abstraction reaction:
CCly + H ---> CClz + HC1
would be significant in the e