The CFC-Ozone Issue: Progress on the
Development of Alternatives to CFCs

L. E. MANZER

Chlorofluorocarbons (CFCs) are now believed to be
major contributors to the seasonal ozone depletion over
the Antarctic continent. However, because they are so
important to many aspects of modern society, it would be
irresponsible to immediately cease their production. The
identification of suitable substitutes is difficult when
issues such as toxicity, flammability, cost, environmental
impact, and physical properties are considered. Several
candidates that meet these criteria have been selected by
the industry and significant research and development
programs are under way to commercialize them. Unlike
the simple, fully halogenated CFCs, which can only be
made in the single step, there are many potentially viable
routes to the alternatives, but these will require signifi-
cant improvements in catalysis. Many other important
issues such as materials compatibility, energy efficiency,
the needs of developing countries, and the product life
cycle of the alternatives need to be resolved before a
timely transition to substitutes can be accomplished.

pioneered by Swarts during the late 1890s (1). He found

that C-F bonds could be formed by the stoichiometric
reaction of SbF; with activated C—Cl bonds, but the applicability of
the reaction was limited:

ry I YHE DEVELOPMENT OF FLUOROCARBON CHEMISTRY WAS

CHCI=CCICCl; + SbF; — CHCl=CCICF; + SbCls 1

CCl, + HF 2% CF,Cl,_, + xHCl )

When Swarts later discovered that the addition of trace quantities
of pentavalent antimony as a “fluorine carrier” allowed the reaction
to be extended to a wide variety of chlorocarbons (2), the era of
commercially attractive fluorocarbon chemistry began. The signifi-
cance to modern society of fluorocarbons in refrigeration systems,
however, was not recognized until more than 30 years later.

Early refrigeration systems were developed with cooling fluids
such as CH;Cl, SO,, NH;, C,H,Cl,, CH,Cl;, and hydrocarbons.
From a thermodynamic standpoint, they gave good refrigerating
performance but were flammable and toxic. Several years later, in
1928, two scientists at the Frigidaire Division of General Motors
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were asked to develop nonflammable, nontoxic replacements for
these hazardous cooling fluids in home refrigerators. Within 2 days,
Midgley and Henne had selected CFC-12 (CCLF,) as an ideal
refrigerant (3), and a joint venture between General Motors and Du
Pont was formed to commercialize this complex technology.

The initial stoichiometric reaction between the SbCl,F3 and CCly
was developed into a continuous process whereby the CCly and HF
were continuously fed to a reactor containing pentavalent antimony
(2). By adjusting process conditions, the degree of fluorination on
the carbon could be controlled, and as a result a wide variety of new
compounds was introduced into the market over the next 50 years.
This synthetic route forms the basis for modern-day commercial
CFC processes for the manufacture of CFC-11 (CFCl3), CFC-12
(CE,Cl), HCFC-22 (CHF,CI), CFC-113 (CF,CICFCl,), CFC-
114 (CECICE,Cl), and CFC-115 (CF;CFE,Cl) (Table 1).

By 1988, the total world consumption of CFCs had grown to
over 10° kg. In the United States some 5,000 businesses at nearly
375,000 locations produce CFC-related goods and services worth
more than $28 billion a year (4). CFC-related jobs total more than
700,000. Within the United States, the three major uses of CFCs are
as refrigerants (30%), as foam-blowing agents for polystyrene and
polyurethane (28%), and as industrial solvents and cleaning agents
(19%). Outside North America, a significant amount (>1.5 x 10®
kg) of CFCs have continued to be used as aerosol propellants, even
though that application was essentially banned in the United States
in 1978. Conversion of CFCs for aerosol applications could occur
rapidly (the technology has been developed over the past 10 years in
the United States).

The chemical stability of the CFCs that leads to their desirable
safety characteristics also contributes to their ability to deplete
atmospheric ozone (O;) (5). There are no known destructive
mechanisms for CFCs in the troposphere. Thus, once released, they
rise to the stratosphere and are decomposed by solar ultraviolet
radiation. The first real evidence of possible concern was Lovelock’s
measurement of the atmospheric concentration of CFC-11 (6) in the
early 1970s. A comparison of estimated releases of the compound
with its concentration indicated that very little, if any, had decom-
posed and thus that the stable CFCs were accumulating in the
atmosphere.

The first reaction to this information was a Du Pont—organized
“Seminar on the Ecology of Fluorocarbons” for the world’s CFC
producers in 1972. The invitation, written by Ray McCarthy, said:
“Fluorocarbons are intentionally or accidentally vented to the
atmosphere worldwide at a rate approaching one billion pounds per
year. These compounds may be either accumulating in the atmo-
sphere or returning to the surface, land or sea in the pure form or as
decomposition products. Under any of these alternatives it is
prudent that we investigate any effects which the compounds may
produce on plants or animals now or in the future.” As a result of
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Fig. 1. Du Pont’s projection
of how the projected CFC
market will be satisfied in the
year 2000.
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that industry symposium, a research program sponsored by 19
companies was established to investigate the fate and impact of
CFCs in the atmosphere.

Lovelock’s measurements also initiated the research of Molina and
Rowland into the atmospheric fate of CFCs (7). Their conclusion
was that CFCs in the stratosphere would be photochemically broken
down, releasing chlorine atoms, which then would enter into a
catalytic cycle involving the destruction of Os. Because stratospheric
science was in its infancy at that time, however, there was no reliable
means to check the validity of the O3 depletion theory. By the mid-
1980s, the growth in the use of CFCs in refrigeration, cleaning
agents, and foam insulation markets more than offset the decline in
the use of CFCs in aerosol markets in the United States and Canada.
Furthermore, forecasts projected continued demand, due largely to
the recognition that developing countries would require the services
provided by CFCs. These growth forecasts, coupled with improved
understanding of the potential for O3 depletion if CFC emissions
increased, led to international efforts to limit long-term growth of
CFC emissions.

Intense discussions continued through September 1987, when a
historic international agreement, the Montreal Protocol, was signed.
It called for a 50% reduction of CFC production by the year 1998
and periodic reviews of the science.

The ratification process for the protocol had just begun when the
National Aeronautics and Space Administration Ozone Trends
Panel announced new findings (8), which raised serious questions
about whether the restrictions on CFC production and use con-
tained in the protocol were adequate to protect stratospheric Os.
Because of this consensus linking CECs with O3 depletion, Du Pont
and other companies announced a total phaseout of CFC produc-
tion by no later than the end of the century, and CFC-producing
companies initiated research and development programs to develop
environmentally safe substitutes. It now seems likely that the first
review of the Montreal Protocol, in mid-1990, will also call for a
global phaseout by the year 2000, with a 10-year lag time for
developing countries.

Selection of Appropriate Substitutes

A recent market projection by Du Pont has attempted to deter-
mine how the current markets that use CFCs will be satisfied in the
year 2000 (9) (Fig. 1). Increased awareness of environmental issues
and cost will result in about a 30% reduction in the market for CFCs
through improved conservation measures, including better mainte-
nance systems and product recovery, recycling, and reclamation.

Another 30% of the market will switch to less expensive, not-in-
kind replacements. For example, systems based on organic com-
pounds and H,O may be used for certain cleaning applications, and
CO,, hydrocarbons, and water could be used as foam-blowing
agents. Du Pont, however, predicts that the remaining 40% of the
projected market will still require fluorocarbon-based products
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Fig. 2. Vapor pressure curves for some potential CFC alternatives; PSIA,
pounds per square inch (absolute).

because of the unique properties associated with these molecules,
particularly in the refrigeration industry. The low vapor-phase
thermal conductivity of CFCs contributes to the efficiency of plastic
insulating foams for refrigerators, freezers, buildings, and refrigerat-
ed railway cars and trucks. Even if the foams could be expanded with
air or CO,, the thermal efficiency would be reduced by about a
factor of 2. The energy penalty associated with the elimination of
hydrochlorofluorocarbons (HCFCs) from insulating foams could be
equivalent to several billion gallons of additional fuel consumed in
the United States annually. Hydrofluorocarbons (HFCs) and
HCEFCs have emerged as alternative fluorocarbon products for the
remaining market segment and will form the basis for the rest of this
discussion.

Selecting appropriate product substitutes for an industry that has
developed over 50 years is no trivial task. Many factors must be
considered and thoroughly evaluated. Foremost is environmental
acceptability for the O; and other environmental concerns such as
global warming and acid rain.

One can calculate the O3 depletion potential (ODP) of a com-
pound by dividing the cumulative calculated O; depletion caused by
the release of a compound by the calculated O; depletion of an equal
emission (by weight) of CFC-11. [In a similar manner, the relative
halocarbon global warming potential (halocarbon GWP) can be
calculated.] ODP is an estimate of relative effects and should
therefore be used to determine the relative long-term environmental
benefits of alternative compounds. Because the HFCs do not
contain chlorine and therefore have an ODP of zero, they are very
attractive alternatives. The absence of chlorine, however, often gives
HFCs a higher vapor pressure and lower solubility than CFCs.
These two characteristics limit their use for some applications.
Significantly reduced ODPs can be obtained by introducing hydro-
gen atoms into the molecule, even if it contains chlorine. The
presence of chlorine causes the molecule to decompose in the
troposphere so that very little of the material reaches the Os in the
stratosphere. Options other than these HCFCs have not been
identified for energy-efficient insulating foams, cleaning agents for
critical electronic and metal components, and certain refrigeration
and air-conditioning applications.

The estimated $135 billion worth of equipment in the United
States that depends on CFCs has an expected lifetime of 20 to 40
years. Therefore, it is important that the physical properties of an
alternative closely match those of the CFC they are replacing. If one
considers C; to C; molecules that contain only fluorine, hydrogen,
and chlorine as substituents, over 88 generic formulas are possible.
Regiochemistry can have a significant effect on physical properties.
For example, HFC-143a (CF;CH3) and HFC-143 (CF,HCH,F)
have boiling points of —48° and +5°C, respectively. If all isomers
are included, the list grows to 601. Fortunately, this large number of
candidate compounds can be reduced by the use of a simple

SCIENCE, VOL. 249



Table 1. Fluorocarbon codes.

Code Name Examples
CEC Chlorofluorocarbon CFC-114a (CF;CFCl,)
CFC-12 (CF,Cl)
HCFC Hydrochlorofluorocarbon HCFC-123 (CF;CHCL,)
HCFC-22 (CHECl)
HEC Hydrofluorocarbon HFC-23 (CHFs;)

HFC-134a (CE;C,HF)

Table 2. Potential CFC substitutes.

Alternative

HEFC-134a (CF;CFHy,)
HCFC-22 (CHEC)
Blends or azeotropes
HCFC-141b (CH;CFCl)
HCEFC-123 (CF5;CECl,)
HCEFC-22 (CHF,Cl)
Blends or azeotropes

Current CFC
CFC-12 (CF,Cl,)

Market

Refrigerants

Blowing agents  CFC-11 (CFCl;)

CFC-113 (CF,CICECl,)  Blends or azeotropes

Cleaning agents
New compounds

qualitative technique devised by McLinden and Didion, which
deletes molecules based on projected flammability, toxicity, and
atmospheric lifetime (10). Using this qualitative approach, one can
narrow down the choices considerably so that the challenge then
becomes one of selecting molecules from those that remain on the
list that have the desirable physical properties.

Vapor pressure curves as a function of temperature have been
determined for a wide variety of HFCs and HCFCs (11). The most
attractive are shown in Fig. 2. Clearly, HFC-134a (CF;CH,F),
HCFC-123 (CF;CHCl,), and HCFC-141b (CH3CFCl) are the
closest match to CFC-12 and CFC-11 over a wide temperature
range. However, on the basis of a comparison of HFC-134a and
CFC-12, it can be seen that the match is not perfect at the high and
low end of the vapor pressure curves, so that a redesign of the
current refrigeration system will be required.

Many of the other compounds in Fig. 2 may also have potential
utility in specialty applications; however, that evaluation can only
occur after developmental quantities become available. In many
cases, enhanced performance may be obtained if two or more
compounds are combined as blends or azeotropes. For example, Du
Pont has announced a family of blends that may prove to be near
“drop-in” replacements for CFC-12 (12). Two blends were high-
lighted, consisting of HCFC-22 (CF,HCI),
(CHF,CH3), and either CFC-114 (CF,CICF,Cl) or HCFC-124
(CF3CHFCI). The latter composition has an ODP that is only 3%
of CFC-12. These blends do not appear to have the problems with
oil compatibility in automotive air-conditioners, as does HFC-134a,
and may be very attractive substitutes for systems equipped to use
CFC-12. It is estimated that 60 million vehicles designed to use
CFC-12 will still be operating in the United States in the year 2000.

An important molecule that has unique properties as a solvent and
cleaning agent is CF,CICFCl, (CFC-113). Much research has
focused on the identification of an acceptable single substitute, but
without much success. Asahi Glass has announced the development
of two candidates, HCFC-225ca (CF;CF2CHCl,) and HCFC-
225cb (CFHCICF,CF,Cl). The boiling points of these two com-
pounds are in the right range, compared to CFC-113. Asahi Glass
expects to commercialize these compounds in 4 to 5 years. Here
again, azeotropes and blends may find applications. Blends of
HCFC-123 and HCFC-141b in CH30H have been announced and
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HFC-152a

offer excellent properties. Two hydrocarbon-based products that
contain no halogens have been introduced for semiaqueous cleaning
systems. These potential products are examples of the not-in-kind
replacements discussed earlier.

In summary, the most likely substitutes for the three major CFCs
are shown in Table 2. It should be pointed out that CHF,Cl
(HCFC-22) has been produced for many years and is currently used
in certain foam-blowing and refrigeration applications. Additional
growth in the use of this compound will likely continue. The
pro;cctcd costs for these molecules are approximately two to five
times those of the CFC they are replacing as a result of the
complexity of new manufacturing processes and higher ingredient
costs attributable to the higher molecular weights of the substitutes.

Potential Routes to CFC Alternatives

The only viable chemical route to the simple CFCs involves the
reaction of a chlorocarbon with HF, either in the gas phase over
heterogeneous catalysts or in a liquid phase, as illustrated in Eq. 2.
For the two-carbon CFC alternatives, the chemistry becomes much
more complicated, because there are now at least four chlorocarbons
that could be produced on a large scale commercially. A large
number of routes can be visualized to convert each of these
feedstocks to HFC-134a (Fig. 3). Two examples will illustrate the
complexity of this chemistry.

CF3CH,C! (HCFC-133a) routes to HFC-134a. HCFC-133a is a
small-volume commercial product today and is carcinogenic and
embryotoxic. Its preparation is well documented either in gas-phase
(13) or liquid-phase (14) reactions by the reaction of HF with
trichloroethylene (TCE):

CHCI=CCl, + HF — CF;CH,Cl + CF;CFH, (3)
TCE HCFC-1332  HFC-134a

It appears unlikely that this chemistry will provide a single-step,
high-yield route to HFC-134a, analogous to that for the prepara-
tion of CFC-12. Early work at Dow showed that the direct reaction
of TCE with HF gave only 3% HFC-134a and 78% HCFC-133a,
with the use of an “oxygenated chromium fluoride” catalyst at 300°
to 400°C (15). By increasing the temperature to 500°C over a
modified Cr®*/ALO; catalyst, Kaiser reported a 20% single-pass
yield to HFC-134a (16). The main products were HCFC-133a
(50%) and 20% “other.” Conversion of a —CH,Cl group, such as
that in HCFC-133a, to —CH,F is known to be a very difficult
transformation, often requiring expensive fluorinating agents (17).

CCl,=CCl, CCl,=CHCI
PCE T TCE
CFscHCIz/
CF20ICF2CI 123
CF,CICCI,F 14
13 CF3CH,CI
- CF3CFCI2__> CF3CHFCI 1394
CF4CCly
114a 124
113a
CF,=CFClI CCl,=CHF
CTFE CF3CH.F 1121

134a

CCIF,CH,F
\ 133b f
CF121=§3FH CHCIFCHCI,
CF3CHs 131
/ 143a CFanCHy CF21|-:|;2F2H
CH,=CCl, 132 CHCI,CHCI,

1130
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Fig. 3. Some potential routes to HFC-134a.
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Fig. 4. Relative ODP and halocarbon GWP of several HCFCs, CFCs, and
HFCs. The area of each circle is proportional to the atmospheric lifetime.
Solid circles represent fully halogenated CFCs. Open circles represent
HCFCs and HFCs. Calculated ODP and halocarbon GWP are set relative to
CFC-11, which is assigned a value of 1.0.

Therefore, most work has focused on the high-temperature fluorina-
tion of HCFC-133a with heterogeneous catalysts.

The reaction of HF with HCFC-133a requires a large excess of
HF to drive it to a reasonable organic conversion. For example, a
30% single-pass yield of HFC-134a is obtained at 350° to 400°C
with 6 to 10 mol of HF per mole of HCFC-133a fed (18). This
requires a large recycling of organic and HF. Catalyst lifetime
appears to be a major problem with this process. Daikin indicated
that, with chromium-based catalysts, the conversion decreased 15%
in only 40 hours of operation (19). However, by cofeeding small
amounts of air, it was possible to maintain a constant conversion for
80 hours of operation. A recent patent suggests that a variety of
metals on an aluminum fluoride support provide extended catalyst
life (20). Another problem with this chemistry is that HF is
eliminated from HCFC-133a, to give HCFC-1122 (CF,=CHC(I) at
the high temperatures required for this reaction. The halogenated
olefins are toxic and need to be removed from the HFC-134a.
Selective removal by treatment of the crude HFC-134a with aque-
ous potassium permanganate or the low-temperature addition of
HF to the olefin have been reported (21).

The unfavorable reaction of HCFC-133a with HF can be avoided
by the use of KF as a stoichiometric reagent in either protic or
nonprotic solvents (22). Although high temperature and pressures
are required, the yield is good. Recent patents have also addressed
the equilibrium limitations of the reactions with stoichiometric
amounts of SbFs used as a fluorinating agent (23):

CF3CH2C[ + SbF5 hd CF3CH2F + SbF4Cl (4)
SbF,Cl + HF — SbFs + HCI (5)

High conversions of HFC-134a were reported, but the process
requires the extra step of regenerating the SbFs.

CF;CFCl, (CFC-114a) routes to HFC-134a. Another two-step
route that has received considerable attention in the patent literature
involves CFC-114a as an intermediate:

CCl,=CCl, + Cl, + HF — CF;CFCl, + CF,CICF,Cl 6)

PCE CFC-114a CFC-114
CF3CFC12 + Hz ad CF3CFH2 + HCl (7)
CFC-114a CFC-134a

Because only the asymmetric isomer, CFC-114a, is readily hydro-
dechlorinated to HFC-134a, a high isomer yield is important.

34

Montedison has reported that the chlorofluorination of ethylene or
tetrachloroethylene over promoted aluminum fluoride catalysts
gives 75% CFC-114a (24). The second step involves the selective
hydrodechlorination of CFC-114a from the mixture to give HFC-
134a and unreacted CFC-114 (25). Over a Pd-C catalyst, the yield
to HFC-134a is >90%. A recent patent has claimed that CFC-114
can then be isomerized to CFC-114a, potentially giving a high
overall three-step process (26). Numerous patent applications have
claimed that a wide variety of metals can be used for the hydrode-
chlorination chemistry (Eq. 7), addressing problems associated with
catalyst life (27).

Process Development

The recent patent literature has suggested that many of the routes
indicated in Fig. 3 have received attention, and improvements can
be expected. However, it is clear that the processes needed to
manufacture alternatives will be far more complicated than existing
CEC processes. In pilot plants around the world, chemists and
engineers are aggressively working to develop critical data that will
allow them to design and build world-scale commercial facilities in
record time to meet the needs of society as CFCs are phased out.
Obviously, for a development program of this magnitude and
environmental significance, the normal time lines cannot be fol-
lowed. Du Pont, for example, has ten pilot and interim commercial
facilities to simultaneously develop process technology for many
CFC alternatives and provide initial quantities for customer evalua-
tions as well as toxicity testing. Commercial plants are being
designed on the basis of a minimal amount of data, with the
potential risk that a problem could occur during the pilot plant work
that might require significant and costly changes. Data on the
physical properties of many of the new compounds and their
intermediates are not available, so extensive experimental work is
required to make these measurements. Because many fluorocarbons
form unpredictable azeotropes with each other and with HF, the
purification operations of new plants can be expected to be compli-
cated and to require extensive development.

International Cooperative Programs

Extensive toxicity studies will be required before large volumes of
these new products will be released for general use. Because these
studies are costly and timely, several CFC producers have formed
consortia to share costs and expedite the testing process. To date,
three consortia, PAFTs I, II, and III (Programs for Alternative
Fluorocarbon Testing), have been established to evaluate the toxici-
ty of HFC-134a and HFC-125 and HCFC-124, HCFC-123, and
HCFC-141b. A report from PAFTs I and II indicated that no
problems have been encountered, so far, for HFC-134a, HCFC-
123, and HCFC-141b.

Another group, AFEAS (Alternative Fluorocarbon Environmen-
tal Acceptability Study), was formed to survey the effect of the
alternatives and their degradation products on the environment.
Their first report summarized existing data and proposed a program
to collect the data needed to complete the evaluation. A $6-million
3-year program has been funded by 12 CFC producers, and work is
under way to attempt to fill in the gaps where data are missing.

Remaining Key Issues

Action by the CFC producers and users around the world has
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been very positive. Many of the key programs are in place to provide
a safe and timely transition away from CFCs to environmentally
acceptable alternatives. Figure 4 shows the large improvements
provided by HCFCs and HFCs in terms of ODP and halocarbon
GWP. The scientific community has reached a consensus that the
rapid and successful introduction of HFCs and HCFCs will result in
lower stratospheric chlorine levels. Government cooperation is
required to ensure a rapid transition away from CFCs. Uncertainty
about the availability of HCFC and HFC alternatives delays com-
mitments by producers of goods currently dependent on CFCs.
Companies must know what alternatives will be available before
committing major investment to the research and development
necessary to use the new compounds in their products. Policy-
makers need to provide clear and prompt signals to industry and the
consumer. If HCFCs and HFCs are deemed acceptable alternatives,
a strong statement to that effect will speed their development and
the transition from CFCs. If they are deemed unacceptable, industry
may focus its resources elsewhere, which will likely mean continued
use of CFCs until other viable technologies are identified.

The compatibility of CFC alternatives with the plastic parts found
in many pieces of equipment is a concern. In many applications,
parts such as the O-rings, gaskets, and seals will need to be replaced
by other polymer materials that are not affected by the new
materials. This can only occur after large quantities of CFC alterna-
tives are available for extensive customer testing.

Energy efficiency must also be considered. In some refrigeration
applications, the alternatives are less efficient than the CFCs they are
replacing, which could result in higher energy consumption or
require a significant redesign of the equipment.

Although many of the CFC-producing nations are likely to agree
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to a phaseout by the year 2000, they account for only about 30% of
the world population. Developing countries must be encouraged to
restrict their use of CFCs and implement new technology based on
HFCs and HCFCs, to ensure a rapid and complete phaseout of
CFCs.
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