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The mineralization of 14CCl4 and 14CC12F2 in the dark is shown to be greatly dependent
on the nature of the solid surfaces to which they are exposed, alumina being more effective
than silica gel and a number of natural sands. Activation of the solids by drying or
mechanically by tumbling leads to increased mineralization rates.
Introduction
There is currently a great deal of interest in the
possibility that dry surfaces of the earth act as a
significant sink for trace chemicals in the atmosphere. The first evidence for this was provided by
Junge, Schütz, and Lovelock, who found that the
concentrations of N 2 0 and CCI4 in air masses
originating over the Sahara were lower than in
regions to the north or south [1]. In support of this
idea we were able to show in the laboratory that
organic compounds adsorbed on solids can undergo
photochemical degradation to C0 2 (photomineralization) [2], and Ausloos et al. carried out experiments
in which CCI4, CCI3F, and CC12F2 adsorbed on silica
were dissociated by long-wave UV light (?, > 300 nm),
which cannot be absorbed by these compounds in
the gas phase [3]. Further confirmation of these
findings came from experiments with sunlight,
rather than artifical light, where both the disappearance of the halocarbons [4] and the formation of
C 0 2 [5] were observed. In the course of these
studies it was also found that halocarbons on natural
solid surfaces are degraded to C 0 2 even in the
absence of light [6]. We now report the influence of
several factors on this dark degradation of CCI4 and
CC12F2.
Experimental
Materials:
The following materials were from
Merck Company, Darmstadt: silica gel 60, Art. 7734;
neutral alumina, Art. 1077; basic alumina, Art. 1061;
molecular sieves, Art. 5704; sodium chloride,
Art. 6400; ammonium sulfate, Art. 1217. Mecca
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sand was from midway between Mecca and Jeddah,
Oman sand from about 10 km west of Muscat,
Egypt sand from near Cairo, and Tularosa sand
from the Tularosa Basin west of Alamogordo, NM,
USA.
Oxygen and nitrogen were from Linde. Oxygenfree nitrogen (0.2 vpm 0 2 ) was prepared by passing
Linde nitrogen (3 vpm 0 2 ) through Oxysorb catalyst
(Messer Griessheim). Catalytic oxidation of unreacted halocarbons was on a Pt catalyst (COEX 0.3,
Dr. E. Dürrwächter, DODUCO K G , Sinsheim) at
400 °C.
14 C-labeled samples of CC12F2 and CCI4 were from
New England Nuclear, Boston, MA, USA. The
specific activity was reported to be 3.5 mCi/mmol
(CC12F2) and 4.7 mCi/mmol (CC14), and the radiochemical purity as determined by radio gas chromatography was reported by the manufacturer to
be about 99.0%.
Analyses: Screen analyses of the desert sands were
performed by the Labor für Umweltanalytik, Dr.
F. Kuhlmann GmbH, Ludwigshafen. Karl Fischer
surface water determinations were by Analytische
Laboratorien, Prof. H. Malissa and G. Reuter,
Engelskirchen. The chemical composition of the
sands was determined by the Mikroanalytisches
Laboratorium, E. Pascher, Bonn. Measurement of
radioactivity in the wash bottles was made by
adding 1 ml of solution to 10 ml scintillator cocktail
(Rialuma, Lumac company, Basel, Switzerland) in
polypropylene counting vials which were then
counted. The counting efficiency amounted to 93%.
Procedures: A 2-liter flask containing 200 g solid
was evacuated, refilled with 0 2 , and evacuated
again. 14 C-labeled CCI4 or CC12F2 [ca. 10 //mole) was
than introduced into the flask with a slow stream
of 0 2 (Fig. 1). NaOH-soluble impurities in the
labeled compounds (as much as 3 . 5 % of the total
radioactivity) were removed during this charging
of the reactor flask; otherwise the analytical methods
used would have given too high values for the
extent of mineralization. From the decreasing
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FLUSHING

Fig. 1. Experimental set-up for charging and flushing of the reactor flask (schematic form).
Table I. Balance of radioactivity from mineralization
of 14CC14 on silica gel.
Charging and flushing

Desorption from silica gel
with acid

Wash bottle*-b

Wash bottle b

/xC\c
0.85
0.17
0.01

01
02
03
1
2
3

dilute acid

1.18
0.03
<0.01

A=

SI
S2
S3

0.57e
0.99
0.01
<0.01

- 1.21
4
5
6

yuCic'd

=

3.62
0.11
<0.01

S4
S5
S6

1.00
20.78
1.12
0.02

= 3.73

24 = 21.92

a Bottles 01-03 (01, 02 were 130 ml 0.1 N NaOH;
03 was 130 ml H2O) contained impurities removed
in charging.
b Bottles 1-6 and S 1-S 6 (130 ml 0.1 N NaOH).
c Corrected for background radioactivity (35 dpm).
d Radioactivity recovered from a 10.35 g sample of
silica gel taken after flushing with oxygen and calc.
for 200 g of silica gel.
e Radioactivity remaining dissolved in 100 ml dilute
acid.
Mineralization =
+

+

A

• WO =

7.77»/ 0 .

radioactivity in the three wash bottles 01, 02 (0.1 N
NaOH) and 03 (H 2 0) - we always found only a
slightly higher than background count in 03 - it is
clear that there is no measurable hydrolysis or
dissolution of the radioactive compounds during the
charging step (Table I). A small amount of water
from these wash bottles (always ca. 80 mg) was
carried over into the 2-liter reactor flask with the
14CC1 F or 14CC1 .
2 2
4
After the labeled compound had been exposed to
the solid in the reactor flask, the flask was flushed
with O2 or N2; part of the radioactive compounds
eluted this way was absorbed in aqueous NaOH
before the catalytic oxidizer (wash bottles 1-3) and
part after (wash bottles 4 - 6 ) (Fig. 1 and Table I).
The fraction of the total radioactivity which could
be flushed from the reactor flask increased with the
amount of water on the surface of the solid. The
radioactive substance remaining on the solid was
determined by the following methods.
a) Ca. 10 g solid was agitated with a magnetic
stirrer in a 150 ml long-necked Erlenmeyer flask
while 100 ml of acid (H 2 S0 4 or HCl, 0.01 N or 2 N)
was added, and for five hours a stream of O2 or N 2
was passed through this mixture, then through the
wash bottle-catalyst train. A small fraction of the
radioactive substance was always found to be left
dissolved in the dilute acid, even after many hours
of flushing with an O2 or N2 stream (Table I).
b) Ca. 10 g solid was placed in a tube (diameter:
1.5 cm; length: 30 cm) and flushed with an O2/CO2
stream for several hours. The 02/C02 mixture was
produced continuously during this period by passing
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O2 through a solution of 25 g Na 2 C03 in 50 ml water
while 200 ml of 2 N H2SO4 was added dropwise.
The procedure was continued until only negligible
amounts of radioactive substance were being eluted.
The times ranged from 5 h for silica gel to as much
as several days for the more basic solids (e.g. Mecca
sand, Oman sand, basic alumina).
When the mineralization was carried out in the
absence of O2, care was taken to keep the solid under
N2 during workup. In these cases, O2 of approximately equal volume was added to the N2 stream
just before the catalytic oxidizer.
The following procedure showed that the radioactivity in wash bottles 1 - 3 and S I - S 3 was due to
14 C-carbonate. First, after acidification of these
solutions the radioactive substance could be carried
over quantitatively by a stream of O2 or N2 into an
NaOH absorber. Second, on addition of unlabelled
Na2C03 and BaCl 2 , the radioactive substance was
co-precipitated with BaCOs, which, filtered, gave a
filtrate with only background radioactivity. On
acidification of the precipitate with dilute H2SO4
the radioactive substance could again be carried
over in a gas stream into an NaOH absorber.
The 1 4 C0 2 trapped in wash bottles 1 - 3 and S 1 - S 3
before the catalytic oxidizer could only have been
the result of degradation of 14C0l4 and 14CCl2F2 on
the solid surface. The possibility cannot be ruled
out that the 14 C02 was a product of hydrolysis of
14 C0C1 2 in the NaOH solutions. However, Basset
et al. found in the case of AI2O3 that COCI2 reacted
with this solid much faster than CCI4, and they
never observed COCI2 in the gas phase when CCI4
was allowed to react with AI2O3 [7]. The 14 C02 in
the wash bottles 4 - 6 and S 4 - S 6 had to be the result
of catalytic oxidation of unchanged starting material
or of NaOH-insoluble products. The radioactivity
retained in the dilute acid must have been mineralization intermediates of low volatility, which were
not considered mineralized for the purpose of
calculation (see bottom of Table I).
Results
Dependence of mineralization of 14CCh and
on the surface water of the solids used

uCCfaF2

Karl Fischer water determinations for each of the
solids correlated well with the weight loss on drying.
The driest samples used (d) represented 24-hour
drying in air at 150 °C, which produced Mecca sand
with 0.02% (0.06% after charging) and silica gel
with 0 . 3 2 % (0.36%) surface water. The water
content of undried samples (ud), which were used
as obtained, was 0.37% (0.41%) for Mecca sand and
3.81% (3.85%) for silica gel. Rotation of the reactor
flask effected continuous mixing during the 72-hour
exposure of the radioactive substance to the solid.

Table II shows that both Mecca sand and silica
gel were significantly more effective in mineralizing
14CC14 and 14CC12F2 when dried. 14CC14 was two to
five times as reactive as 14CCl2F2.
Table II. Balance of radioactivity in the mineralization of 14CCl4 and 14CC12F2 on dried (d) and undried (ud)
solids.
14 C0 2 -Formation

Silica gel

CC12F2
CC14
a

ud
0.7
1.1

[%]a

d

Mecca sand
ud
0.6
1.0

8

d
9
46

Ca. 10 //mole halocarbon on 200 g solid tumbled for
3 days; ud undried solids; surface water (Karl
Fischer) for silica gel 3.81% and for Mecca sand
0.37%; d solids dried for 24 h at 150 °C; surface
water (Karl Fischer) before charging for silica gel
0.32% and for Mecca sand 0.02%.

The mineralization of 14CCLi was measured on two
semi-dry Mecca sand samples, as well as on the
dried and undried Mecca sand. The results are
shown in Fig. 2. The decrease in mineralization with
increasing surface water is striking. W e have, however, omitted connecting the points on the graph.
The sharp fall-off in CO2 formation as surface water
increased from 0 . 1 9 % (0.23%) to 0 . 2 8 % (0.32%)
suggests that the relationship between surface water
and mineralization may be more complex than a
least-squares line would show.
To answer the question whether the dryness of
the solids used here corresponded to natural conditions, drying experiments were also carried out in
the open at Alamogordo, NM, USA. The results
indicate that in the open Egypt sand and sand from
the Tularosa Basin west of Alamogordo attained
dryness similar to that attained on being heated at
150 °C for 24 h.
Dependence of mineralization of
on the type of solid used

14CCh

and

1ACChF2

Table I I I shows the dependence of the mineralization on the type of solid used. While the silica gel,
desert sands, and NaCl were dried at 150 °C for 24 h,
E. Merck basic and neutral aluminas (Activity
Grade I), molecular sieves and ammonium sulfate
were used without pretreatment. Under continuous
mixing of solid and 14CCl4 for three days in the dark,
mineralization ranged from 0.01% with ammonium
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Fig. 2. Effect of surface water on the mineralization of 14CCLi on Mecca sand; ca. 10 //mole
tumbled for 3 days.

Table III. Dependence of the mineralization of
Solid

Mineralization [ % ] a
14CCL4

Silica gel

8

Alumina basic

87

Alumina neutral

92

Molecular sieves

41

14CCLi

and

14CCl2F2

14CCLi

on the type of solid.

Solid composition [ % ] b

Surface water [ % ] c

Si02 (pure)

0.32 d

14 CC1 2 F2

-

> 90
-

AI2O3 (pure)

1.03e

AI2O3 (pure)

0.94 e

Si(Si0 2 ) 17.8(38.0), A1(A1 2 0 3 ) 17.1(32.2),
K ( K 2 0 ) 24.7(28.9)

0.01 e

Ammonium sulfate

0.01

-

(NH 4 ) 2 S0 4 (pure)

Sodium chloride

-

0'

NaCl (pure)

0.12 d

Si(Si0 2 ) 18.2(38.9), Ca(CaO) 17.1(23.9),
Mg(MgO) 5.1(8.5), Fe(Fe 2 0 3 ) 2.0(2.8),
A1(A1 2 0 3 ) 1.9(3.5), C(C0 2 ) 5.0(18.5)

0.08 d

<0.01e

Oman sand

14

Mecca sand

46

9

Si(Si0 2 ) 32.4(69.3), A1(A1 2 0 3 ) 7.2(13.6),
Fe(Fe 2 0 3 ) 3.2(6.0), Ca(CaO) 2.9(4.1),
Na(NaO) 1.5(2.0), Mg(MgO) 1.2(1.9)

0.02 d

Egypt sand

-

6

Si(Si0 2 ) 45.5(97.3), Ca(CaO) 1.2(1.7),
A1(A1 2 0 3 ) 0.66(1.3), Fe(Fe 2 0 3 ) 0.3(0.5)

0.04 d

8

Si(Si0 2 ) 27.1(58.0), Ca(CaO) 5.8(8.1),
A1(A1 2 0 3 ) 4.2(8.0), Fe(Fe 2 0 3 ) 1.8(2.5),
Mg(MgO) 1.6(2.7), K ( K 2 0 ) 1.8 (2.1),
C(C0 2 ) 0.6(2.2)

0.26 d

Tularosa sand

on 200 g sand

a Ca. 10 //mole halocarbon on 200 g solid tumbled for 3 days; b values in parentheses were calculated; c Karl
Fischer surface water determination; d water content after drying for 24 h at 150 °C; e water content as obtained;
f no conversion.

950

S. Gäb et al. • Mineralization of CCI4 and CCI2F2 on Solid Surfaces

6Q
52
4Q
3Q
20

10

~I
10

15

I

Fig. 3. Time dependence of
mineralization of 14CCl4 on
Oman sand; ca. 10 fj,mole
14CC14 on 200 g dried sand
tumbled constantly.

20
days

sulfate to 9 2 % with neutral alumina. Although
14CCLi and 14CCl2F2 were mineralized to a similar
extent on neutral alumina in this set of experiments,
conversion figures of ca. 9 0 % are too high for
meaningful conclusions about relative rates. The
only experiments here where the two compounds
can really be compared are with Mecca sand, on
which 14CCl4 was much more reactive than 14CCl2F2.

The reactivity of the solids seemed to increase along
with metal oxide content.
Dependence of mineralization of 14CCh and
on mechanical activation of the solid

1ACChF2

Figs. 3 and 4 show the rates of 14 C02 formation
from 14CCl4 on Oman sand under three different
conditions. The highest rate of mineralization was

15-,

10-

5-

50

100
14CCLi

days

Fig. 4. Time dependence of mineralization of
on Oman sand; ca. 10 //mole 14CCLi on 200 g dried sand.
Curve b : sand tumbled for 3 days before charging. Curve c: sand not tumbled at all.
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observed with the sand tumbling constantly (a); the
linear relationship shows that a 5 0 % conversion to
1 4 C0 2 required 16 days. A significant decrease in
1 4 C0 2 formation (4.5% after 115 days) was found
when the sand was not tumbled at all, and essentially no mechanical activation took place (c). In
comparison with (c) there was an increase in the
rate of 1 4 C0 2 production ( 1 3 % after 108 days) in (b),
where the sand was pre-activated by tumbling for
three days, but allowed to stand after charging with
14CCL}. The curve for (b) however is much more like
that of (c) than that of (a), indicating that the
mechanical activation died away rapidly. Similar
results were found for dried Egypt sand, where
three days of tumbling gave ca. 6 % mineralization
of 14CC12F2, while without tumbling there was only
0 . 2 % mineralization even after 100 days. Screen
analyses of the Oman sand before and after three
days of tumbling showed no significant differences.
Obviously any small fragments produced remained
attached to the larger grains of sand and thus
escaped the screen analysis. Probably the specific
surface area of the sand could be used as a measure
of its mechanical activation and be correlated with
the mineralization rate.
Dependence of mineralization of uCCl4 and
on the presence of molecular oxygen

XiCChFz

In order to determine the effect of physisorbed
oxygen (molecules) on the mineralization of 14CCLi
and i 4 CCl 2 F 2 , AI2O3 was pre-treated for 10 h at ca.
30 °C with a stream of oxygen containing ozone, a
procedure designed to eliminate adsorbed organic
compounds [8]; the flask was then heated at 160 °C
while it was evacuated and refilled three times with
oxygen-free nitrogen gas over a period of 2 h. When
the Al 2 03 has cooled, the labeled compound was
introduced in a stream of nitrogen gas. After three
days without tumbling of the AI2O3, the mineralization was 8 8 - 9 6 % for 14CC14 and 8 8 - 9 4 % for i 4 CCl 2 F 2 .
These results are similar to those found when
oxygen gas was present.
Discussion
Basset et al. have investigated the reaction of
CCI4 with y-Al 2 03 previously activated at 500 to
800 °C. Depending on the temperature, the reaction
proceeded to varying extents; at 30 °C the reaction
was limited to the surface, but at 300 °C the Al 2 03

was converted to AICI3. The surface reaction was of
two kinds: rapid reaction with adsorbed oxygen
atoms, followed by a less energetic reaction to
replace surface oxygen atoms of the Al 2 03 itself
with chlorine; most of the CCI4 reacted within a few
minutes. Under all conditions the only product
detected in the gas phase was C0 2 , although there
was spectroscopic evidence for the intermediacy of
C0C12 [7, 9].
The ratio of halocarbon to solid in the experiments
reported here was several orders of magnitude lower
than in those of Basset et al. Since even when Al 2 03
was heated to 160 °C under nitrogen there probably
remained many oxygen atoms on the surface, it is
likely that the reactions of 14CC14 and 14CC12F2 with
Al 2 03 were with these oxygen atoms and quite fast.
If so, then measurement after shorter reaction times
would presumably have given similar conversion
figures. In comparison with y-Al 2 0 3 , silica gel and
various natural surfaces were found to be significantly less reactive with 14CC14 and 14CC12F2. (These
solids were not treated to remove even molecular
oxygen, and it is not known to what extent oxygen
atoms were present on their surfaces.)
The studies of mineralization of 14CC14 on Oman
Sand (Figs. 3 and 4) showed that the rate was
greatly increased by tumbling the sand; this is not
surprising, since strong mechanical stress or fracture,
a type of energy transfer to the solid, is known to
lead to the formation of fresh solid surfaces more
reactive toward the surrounding medium than unstressed.
Like mechanical activation, both the chemical
type of the solid and its water content Avere found
to be important factors in mineralization of CCI4
and CC12F2. Our results show that the mineralization increases significantly as the surface water
decreases (Table II, Fig. 2). This suggests that in
nature the most effective degradation would be
limited to desert regions, where very dry sand and
aerosol surfaces are achieved during part of the day.
However, from the standpoint of both time and
surface area, less dry surfaces are immensely more
widespread; since mineralization, though slower,
has been shown to occur even under these conditions, it becomes important to weigh the relative
contributions which dry and less dry surfaces may
make to natural degradation of halocarbons. The
present study does not allow a definite statement to
be made with regard to the influence of the type of

952

S. Gäb et al. • Mineralization of CCI4 and CCI2F2 on Solid Surfaces

solid on mineralization. This is partly due to the
fact that the overall chemical composition, especially in the case of the natural materials, may have
little relationship to the composition of the surface;
thus the reactive site for degradation may not be
characterizable from elemental analysis of the solid.
In addition, the influence of such parameters as
specific surface area was not examined. Although in
the case of the mineralization of CCI4 on silica gel
and alumina significantly different rates were found,
pointing clearly to a dependence on the nature of
the solid, with the natural surfaces the relationship
must be much more complex than is indicated by
the content of various individual components such
as Si0 2 , AI2O3, etc. (Table III).
From our results it appears that there exist in
nature large surface areas which are able to mineralize CCI4 and CCI2F2. In addition to the land surface,
aerosol surfaces are estimated to make a large
contribution to the total solid surface area; indeed,
these aerosol surfaces are, by rough approximation,
equal to the total surface of the globe. If one
proceeds from the assumption of a tropospheric
lifetime of aerosols of ten days, then in the course
of a year some 30 times the earth's total surface is
available as fresh surface. This way of thinking

presupposes an equilibrium in which as much new
surface is produced by erosion as then becomes
aerosol. It is currently estimated that worldwide
about 1000-2000 million tons of desert aerosols are
formed annually. Still another huge surface area is
presented by the leafy surfaces of trees and other
plants, which because of their abundance equal two
to three times the total surface of the earth; it
remains to be shown experimentally Avhether these
surfaces possess sufficient catalytic activity for the
degradation of halocarbons [10].
The degradation process reported here, with its
controlling factors, strengthens the idea that solid
surfaces in the troposphere may play an important
role as a sink for halocarbons. Evaluation of the
extent to which they do so and thus of their
influence on the atmospheric balance of these and
other trace halocarbons will require extensive laboratory experiments as well as field measurements of,
for example, the water content of soils and sands
and the effectiveness of wind erosion processes in
continuously activating their surfaces mechanically.
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