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A STUDY OF THE REACTIONS BETWEEN TUNGSTEN DIOXIDE 

AND DIFLUORODICHLOROMETHANE 

By A. Dlnsmoor Webb and Herbert A. Youi^ 

ABSTRACT 

It has been known for several years that carbon tetrachloride could be used as a chlorinatii^ 
agent for several of the heavy metal oxides.' It Has lately been reported also that some of the simple 
freon type compounds yield uranium tetrafluoride when passed over heated uranium trioxide.^ This 
paper will report the substances obtained by reaction of difluorodichloromethane with tui^sten di
oxide at temperatures near 525°C. 

Initial investigations in pyrex glass equipment established the fact that there was a reaction 
between the CF2C12 gas and the pyrex glass at temperatures of BOCC and higher. Substitution of a 
small nickel metal tube for glass permitted establishment of the facts that ail of the tungsten con
taining products of the reaction between CF2CI2 and WO2 were volatile at 500°C. It Was found also 
that there was considerable variability in the products that solidified on a cold fil ler pi'ojettlng into 
the reactor With variations in the temperature of the reaction and with variations in the rate of 
introduction of CF2CI2 gas to the reactor. Table 1 presents some typical results of cold finger pro
duct analyses. Although the reaction between CP2CI2 and WOg was found to go at tempefatures as 
low as 400°C, it was slow at SOÔ C* The intermediate temperature^ 525°C, was therefore chosen as 
the optimuhi foi* this work. It has been shown that pure nidtel and monel metal are the two metals 
most resistant to attack by fluorine because of the formation on their surfaces of protective nickel 
fluoride tiime*' 

in view of the complex nature of the mixture condensed on the cold finger in the preliminary type 
reactor, it was decided to constt-uct a reactor designed so that fractionation of the reaction products 
according to theil* solidification temperatures would be obtained. The resistance of nickel to attack 
by fluorine indicated that the reactor should be constructed of that metal, while the small amounts of 
sample obtained by Oiieration at 450*0 suggested the use of higher temperatures. It was found that 
silver solder could resist the action of freon at 450''C fairly well, but that at SOO'C it reacted rapidly 
so the new reactor had to be nickel welded in all of its seams. 

EXPERIMENTAL APPARATUS 

The reaction tube in its llnal form was made from a 3-foot long piece of pure nickel pljie 2 inches 
in diameter. Plahges With removable Cover plates ol nickel were welded to each end of the length of 
pipe. The nickel tube was heated by an electrical resistance furnace over 18 inches of its length. The 
temperature within the heated portion ot the tube was regulated by a system consisting ot a variable 
transformer and a {wtentiometer type on^ofl controller ̂  The regulating thermocouple was mounted 
within a nickel thermowell at a point in the center of the tube radially and 8 Inches inside the furnace. 
The charges of tiuigsten dioxide were carried In a structural carbon boat which fitted inside a piece 
of lighter Wall nickel tube 16 inches long. 

Structural carbon was chosen as sample carrier because it was completely unreactive with the 
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Table 1. 

Run No. 

CF 2 

CF 3 

CF 4 

CF T 

CF 9 

CF 10 

CF 11 

CF 12 

Temp. 
"C 

600 

500 

450 

450 

450 

450 

450 

450 

Freon charge rate 
p ressure drop at 
orifice, inches 

0.2 

0.2 

0.2 

0,2 

1.7 

1.7 

1.4 

1.3 

H2SO4 

Product on cold finger 
W 

wt.% 

52.2 

65.0 

60.4 

78.0 

65.7 

67.9 

65.2 

59.7 

F 
wt.% 

-

7.2 

3.7 

15.1 

7.8 

6.5 

8.0 

6.1 

CI 
wt.% 

-

4.7 

16.9 

12.7 

6.7 

2.8 

8.6 

13.7 

freon and WO2 at 525°C. It was foimd, for instance, that small amounts of NiFg contaminant got into 
the carbon produced by the reaction when a nickel boat was used, thus making accurate determinations 
of carbon produced and WO2 unreacted more difficult. The light wall tubing carrying the carbon boat 
fitted into the loi ter nickel tube so that the sample of tui^sten dioxide was placed just below the 
regulating thermocouple. The reacting gas, difluorodichloromethane, was introduced into reactor 
through a piece of 1/8 inch nickel pipe through the zone in which heat from the reactor was present. 
The gas inlet pipe penetrated the cover plate through which the thermowell was mounted at the hotter 
end of the large nickel tube. The remaining space within the flange nickel reactor tube was filled 
with specially designed segments of nickel pipe, each containii^ baffles which served to collect the 
products which sublimed from the high temperature zone. 

The collector segments, made from nickel tubing in order that they be fluorine resistant, were 
of the same diameter and wall thickness as the piece of tubing that carried the carbon boat in the 
reaction zone. The three baffles in each collector segment were arranged so that half of the circular 
area was closed at each end of a segment, while in the middle of each segment three-quarters of the 
area was blocked. The closed portion of the area of the center baffle was on the same side as the 
open portions of the two end baffles. By this arrangement of baffles, the gas stream impinged upon 
three surfaces in each collector segment. 

Since it was not known how many solid phases would be present in the material collected on one 
segment, it was not possible to calculate the theoretical requirements of a fractionating apparatus. 
However, because of the non-fluid nature of the solid-gas system the results from design with either 
the sii^le phase solid solution system or the poly-phase solid mixture under consideration are what 
are embodied in the collector units used in this work. Consideration of the material solidifying on the 
hottest surface in the temperature gradient section of the reactor presents two alternatives: 

(1) If the crystals are a single phase solid solution then the gas phase in equilibrium with it 
will very probably be richer in the component of higher vapor pressure. By analogy to the liquid-
vapor system we should expect then that there should be a small amount of resublimation. Since there 
is no method by which the solid phases remaining on the collector segments can be returned to higher 
temperature zones, we should want a large number of surfaces of successively lower temperature to 
project into the vapor stream to permit as many opportunities for the transition from vapor to solid 
and consequent partial resublimation as possible. 

(2) In case the solid which condenses on the hottest collector segment is polyphase, with 
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differing phases relatively pure, we should expect the composition of vapor in equilibrium with the 
solid to be mdependent of the solid composition, and to depend rather upon the vapor pressures of the 
two phases at that temperature. Thus there could be no separation of phases of differii^ vapor pres
sures after condensation. The reason for using a series of metal baffles of successively lower tem
peratures in this latter case would be to condense different solids which could result from differences 
in the course of the reaction as the surface of the reacting WO2 was covered by the carbon produced. 
Since the materials which solidified on the collector units in this work seemed to be homogeneous, it 
is likely that the discussions pertaining to the single phase solid solution system are the ones apply
ing in the separation of WOCI4, WCI5, WOF4 mixtures. 

The collector segments were constructed so that when they were assembled in the reactor tube 
there was a fairly snug fit between the boat carrying tube and the first collector segment, and also 
between each pair of segments throughout the length of the reactor tube. A total of twelve collector 
segments was used, the first one being just within the furnace at a temperature of 525°C while the last 
segment was located within the portion of the furnace tube which was cooled with water at 0°C. The 
furnace tube between these two temperature sections was wrapped with asbestos cloth to help in main
taining an even temperature gradient. The average temperature gradient was 44°C between collector 
segment centers. The gas velocity through the reactor in all experiments in which fractionation of 
products was desired was maintained at a rate of not over 10 ml per minute. 

The equipment as designed and operated, while providing for no reflux, served satisfactorily to 
partially fractionate materials of sublimation temperatures as close as 40°C. A reactor that could 
obtain the effect of reflux in a solid-gas system could be built by usir^ a much longer tube filled with 
collector segments, and providing for gradually moving a furnace do-vin the length of the tube so that 
the temperature gradient zone would pass slowly over several collector segments. A reactor of this 
design was not tried, as enough fractionation was obtained in the single stage system to permit identi
fication of the substances in the mixture. 

To prevent reaction of the sublimed materials with the water vapor of the atmosphere, the cooler 
end of the furnace tube projected into a large box in which an atmosphere of extremely dry nitrogen 
was maintained. The gas in the dry box was circulated through a laboratory model "Lectrodryer" 
by means of a small centrifugal blower. The product materials were transferred from the collector 
segments to tared weighing bottles Inside the dry box. The operators hands and arms were protected 
by thin rubber gloves, and to assure that no moist air entered the box through the arm ports, dried 
nitrogen was introduced into the box at a high rate during the sample transferring period. 

Analytical Procedures 

It was foimd necessary to start the analysis of the material collected within a short time of col
lection, as decomposition was evidenced by the presence of chlorine gas over the solid sample in a 
weighing bottle within a few days of the collection of the sample. In other samples which were held 
in weighing bottles for several days, etching of the glass was observed. In view of the instability of 
the materials collected, the samples were weighed and dissolved in cold dilute NaOH solutions within 
an hour of their collection. In nearly all cases the entire sample was found to be soluble in cold dilute 
NaOH solution, the first almost Instantaneous reaction giving a clear solution and a precipitate of 
yellow WO3 which then dissolved with shaking in 15 to 20 minutes. Insoluble portions, present in 
amounts of the order of 1 percent or less, were filtered out, and the clear solutions were analyzed 
for tungsten, fluorme, and chlorine. The difference between the total sample weight and the sum of 
the tungsten, fluorine, and chlorine found was calculated to be oxygen. 

The tungsten present in the sample, after dissolving in NaOH solution was in the form of timg-
state ion. Since a soluble complex was formed between WO3 and F", it was necessary to remove the 
F" from the solution. This was done by evaporating the solution to dryness twice after the addition 
of generous portions of concentrated HCl solution. Evaporations were done under Infrared lamps to 
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prevent spattering. The residue from the second evaporation was taken up in 2.5N HCl solution, a 
solution of bruclne hydrochloride was added and the precipitated WO3 wan allowed to settle overnight 
before filtration on quantitative paper.* The paper was burned off at about 400°C and the WO3 was 
finally ignited to 700°C for 30 minutes in an electric muffle furnace. Small platinum crucibles were 
used so that the WO3, after weighing, could be treated with HF solution and a few drops of concentrated 
H2SO4 to remove any Si02 present. Finally, the WO3 residue was converted to soluble sodium tung-
state by fusion with solid Na2C03. Any residue Insoluble after the carbonate fusion would be nickel 
oxide which would have come from the reactor tube or collector segments. Duplicate analyses of 
25 ml aliquots from one unknown solution showed that the tungsten analysis was precise since .0549 g 
of WO3 was obtained in each of the analyses. A determination of the accuracy of the tungsten an-
alytjcal method showed 99.58% recovery on a sample which contained .0723 g of WO3. 

The fluorine and chlorine present in the sample were determined by analysis of a second aliquot 
from the clear NaOH solution of the original sample. The fluoride ion in a 10 ml aliquot was steam 
distilled as H2SiF6 from 15 ml of concentrated HCIO4 containing some small pieces of soft glass rod, 
under carefiilly controlled conditions of temperature and rate of steam introduction.' The chloride 
ion distills at the same time as HCl. Two methods were used to estimate the H2SiF6 and CI" in the 
distillate from the concentrated HCIO4. In the first procedure, the entire quantity of distillate was 
titrated with Th4+ to the pink end point of the Th-alizarin lake. The end pomt was found to be sharp 
and reliable when the solution was suffered at pH 3.1 with half-neutralized chloracetic acid. The CI" 
was determined with the same solution after filtering out the precipitated thorium fluoride, by titra
tion turbidimetrically with slightly acid mercuric nitrate solution to the mercuric nitroprusside end 
point. It was foimd that the chloracetic acid bufjer decomposed to give CI" however, so that a second 
procedure was developed In which this decomposition would not interfere. 

Two hundred milliliters of steam distillate from the concentrated HCIO4 solution was thoroughly 
mixed and divided into two equal portions. One portion was titrated with the standard mercuric ion 
solution after making it approximately one normal in H"*" by the addition of dUute HCIO4 solution. It 
was foimd that there was no interference by the SlFg"" in acid solution. In fact, it was found that CI" 
in the presence of F" could be titrated if the H+ were increased to approximately one normal, prob
ably because of the weakness of HF. The second portion of the distillate was titrated with standard 
Th4+ solution after the addition of allzarm indicator and bufferii^ at pH 3.1. 

The analytical procedures were standardized by making solutions of varying concentrations of 
WO4"", F", and CI" prepared from purified WO3, NaF, and NaCl, and carrying each solution through 
the entire analytical procedure. Table 2 lists the amounts of F" and CI" present in the standardizing 
solutions together with the amounts of Th4+ and Hg"*"*" required to reach the respective end points. 
Because of the difficulty in determining the end point when large amounts of SiFg are titrated with 
Th4+ using alizarin as indicator, titration volumes of less than three milliliters were used. 

It has been reported that the amount of thorium solution necessary to produce the end point color 
with alizarin solution varies with the amount of precipitated thorium fluoride.° Also, the fraction of 
the F" distilled as H2SiFg depends upon the amount of F" present m the unknown solution. Rather 
than attempt corrections separately for each of the factors which Introduce small errors in the 
fluorine analysis, it was decided to plot the volume of standard thorium solution as a function of 
known quantities of fluoride ion present In solutions made up to approximate in substances and con
centrations the luiknown solutions to be analyzed. A similar plot was constructed showing the quantity 
of standard mercuric ion as a function of chloride Ion present in the starting solutions. The curves 
in Figures 2 and 3 show the dependence of the volumes of reagents upon the amounts of F" and CI" 
present in the standardizing solutions. 

Sodium fluoride was recrystalllzed from water in beakers which had been coated mslde with clear 
glyptal. A second preparation of sodium fluoride was made from repurified NaHC03 and 48% HF 
solution using glyptal coated beakers. It was found Impossible to recrystallize sodium fluoride in 
pyrex glass equipment without severe contamination from the glass which was dissolved by the HF 
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Table 2. 

Standardizing 
solution No. 

1 

2 

2 (repeat) 

3 

4 

5 

6 

6 (repeat) 

7 

8 

F-
(mg) 

0.0 

2.08 

2.08 

2.61 

3.72 

-

1.75* 

1.75* 

4.37* 

2.96 

Th4+ 
(ml) cr 

(mg) 

Hg+^ 
(ml) 

0.01 

1.11 

1.11 

1.34 

1.91 

0.93 

0.95 

2.21 

1.54 

0.0 

2.85 

3.56 

5.08 

7.12 

3.56 

3.56 

5.34 

2.27 

0.05 

0.99 

1.18 

1.69 

2.24 

1.20 

1.17 

1.66 

0.82 

•Standardizing NaF prepared from NaHC03 and 48% HF solution. 

z 

2.5 

2.0 

1.5 

1.0 

05 

S^o 

1.0 2.0 3.0 4.0 

Cr iN M6 

5.0 6.0 7.0 8.0 

Figure 3. 



AECD - 2315 [7 

formed by hydrolysis. Points on the thorium ion-fluoride ion curve from either of the preparations of 
NaF were found to lie on a straight line. The linear relationship was found to hold between 1.7 and 
4.5 n ^ . of fluoride ion. Between 0 and 1.7 mg. F" there was a slight dropping off in the curve, prob
ably corresponding to the larger amount of thorium ion necessary to produce an end point pink color 
with larger amounts of precipitated thorium fluoride suspended in the solution. 

The chloride ion in the standardizing solutions was obtained from recrystalllzed NaCl. It was 
found that a linear dependence existed between CI" and Hg+"'" for values of CI" from 2.0 to 8.0 mg. 
CI" from 2.0 to 8.0 mg CI". In the range from 0 to 2.0 mg CI" there was a slight dropping off of the 
curve which can be associated with variations in the distilling efficiency with variations In the amounts 
of CI". 

The distilling apparatus was constructed so that a thermowell dipped into the liquid in the still 
pot. The heat input to the still pot was controlled by a thermocouple mounted in the thermowell so 
that the temperature of the liquid rose to 150°C and remained at 150° ± 3°C for the one hour period 
necessary to dlstiU 200 ml of liquid. Steam was supplied to the still pot at a constant rate from a 
small flash type boiler which was charged with distilled water at a constant rate by running the water 
through a section of capillary tube over v/hich the reservoir water was maintained at a constant pres
sure and constant head. The rate of distillation was thus controlled by the air pressure over the dis
tilled water in the reservoir. As it was found that distillation rates greater than 200 ml per hour 
tended to carry over small amounts of precipitated WO3 from the still pot to the distillate, the air 
pressure over the water reservoir was so regulated that this distillation rate was not exceeded. 

From the values listed there. Table 2 permits construction of the Curves In Figures 2 and 3, 
From the curves, it is possible to estimate the precision of the two analytical determinations of F" 
and of Cl". We have no independent check of the accuracy of the determinations, however, since the 
system of standardizing the Th4+ and Hg++ through titration of several F" and Cl" contalnli^ solutions 
is the only standardization of the Th4+ and Hg++ made. For the linear portion of the curve relatii^ 
the volume of thorium solution to the amount of fluoride ion present in the startii^ sample, the average 
deviation from the line was slightly less than 0.01 ml. The maximum deviation from the straight line 
was 0.02 ml. Since very few imknown samples were encountered in which the volume of thorium 
solution used was less than one milliliter, the uncertainty in the fluoride determination would be some
what less than 1%. The average of the deviations of the eight points used to establish the linear de
pendence of volume of Hg'̂ '*' solution on Cl" present in the startli^ solution was foimd to be 0.02 ml, 
with one point showing 0.06 ml deviation from the straight line. The chloride ion determmatlons 
therefore were uncertain to the extent of about 2% when one milliliter of Hg'*"'' solution was used m 
the titration. The titrations were all made using 10 ml microburets, and the titration flasks were 
lUuminated with daylight type fluorescent tubes. For the fluoride titration a white surface showed up 
the first pink color to best advantage, while for the chloride ion titration the white turbidity of the 
end point was best seen against a black background. 

EXPERIMENTAL RESULTS 

The tungsten containing mixtures obtained from the collector segments at the termination of a 
reaction were of two general types. The material which solidified on the warmer collector segments 
had the crystal form characteristic of WOCI4, but a color from brown to orange while the com
pounds solidifying at lower temperatures were bright red-orange color with the same needle-like 
crystals. In some cases the cooler samples contained some liquid phase which was extremely 
reactive with traces of water vapor in the dry box, and was found by analysis to be WFg, la addition 
to the products obtained from the nickel collector segments inside the reactor tube, it was found that 
most of the WF- was leaving the reactor and could be collected by a suitably cooler filter or absorbed 
in a tube of solid NaOH flakes. While the crystals which solidified in any one collector segment 
seemed to be homogenous, variation in composition with variation In the conditions of preparation 
would indicate that they were solid solutions. 
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Addition of portions of the material obtained to water resulted in violent hydrolysis with im
mediate precipitation of yellow WO3. The presence of tui^sten in the +4 or +5 oxidation state would 
have resulted in a brown or blue color in the precipitated oxide. The crystal form and color were 
characteristic of WOCI4 rather than of an equimolar mixture of WO2CI2 and WClg. WOCI4 crys
tallizes in the form of long thin needles, WClg as dark blue cubes, and WO2CI2 as pale yellow four 
sided plates. An equimolar mixture of WClg and WO2CI2 therefore would be expected to have a green 
color and a mixed crystal form. Assuming from these facts that the tungsten present was in the 
maximum oxidation state, +6, and that WOCI4 was present rather than the equimolar mixture of 
WO2CI2 and WClg, the analytical determmatlons of the total amounts of tungsten, fluorine, and chlo
rine, together with the total sample weight, could be used to calculate the composition of any mixture. 
WO2F2 is unknown although its preparation has been attempted'', and WFg has a vapor pressure of 
760 mm. Hg at 19.5°C. Since the mixtures under Investigation all were solid at 100°C or higher, WFg 
is considered absent from the mixture. All of the fluorine present in the sample can then be calculated 
present as WOF^, The tungsten, chlorine, and oxygen remaining then are divided between WClg and 
WOCI4, Knowledge of the quantities of tui^sten and chlorine is sufficient to permit calculation of the 
amounts of WClg and WOCI4 present. We can use our knowledge of the amount of oxygen present as 
a check of our method. The fact that we find agreement within the limits of the analytical accuracy 
is proof that our choice of substances present in the mixture is correct. Table 3 reports the analyses 
and calculated compositions for several of the fractions obtained in various runs. The calculated 
oxidation numbers for the tungsten as tabulated in Table 3 show a relatively large deviation from the 
value 6, These oxidation numbers were obtained by using the analytically determined amounts of 
oxygen found, and consequently reflect the large percentage error of the oxygen value. Comparison 
of samples 8-41 and 8-79, which were obtamed by fractionation of the product from run 8, shows the 
degree of separation obtained by the fractionation collector segments. The mixture solidifying on 
the 200° C collector segment is essentially pure WOCI4 while the material collected on a segment 
90°C cooler is essentially half WOF4 and half WOCI4, 

Several substances which did not contain any tungsten were found to result from the reaction of 
WO2 with CF2CI2. Those formed in largest amounts were elemental carbon, carbon monoxide, which 
was detected by oxidation to CO2 by I2O5, carbon dioxide, which was absorbed in solid NaOH tubes 
and weighed, phosgene, which was absorbed in solid NaOH and also detected by odor in separate runs, 
and a gas, absorbed in solid NaOH, which contained fluorme and by calculation must have been COF2, 
Carbon has been reported as a catalyst for the reaction between WO3 and CI2,® but this work makes 
the first report of the production of carbon m a reaction between any tui^sten oxide and a halomethane. 
In addition to the above mentioned substances varying amounts of fluorochlorocarbons of high melting 
pomt with odors similar to that of C2Clg were found, but attempts to collect quantities large enov^h 
for analysis were unsuccessful. 

The elemental carbon formed by the reaction was deposited m the boat in which the WO2 was 
contained in mechanical form identical with that of the WO2 which it replaced. In addition, traces of 
carbon were found on those nickel surfaces Inside the reactor which were heated to 500°C or more. 
This latter carbon film probably resulted from the catalytic decomposition of some of the carbon 
monoxide. 

The exit gases from the nickel reactor tube were led through a large tube filled with solid flakes 
of NaOH, which served to absorb WFg, COFg, COClg, and CO2, The weight increase in the tube of 
NaOH m addition to determinations of the amounts of w6+, F", and Cl" present enabled calculation 
of the amounts of the above mentioned substances present. All of the tungsten present is calculated 
to be WFg as the first step. The fluorine remaining is assumed to have come from COF2 and all of 
the chlorme is assumed to have come from COCI2, The difference between the gam in weight of the 
NaOH absorber tube and the total weights of WFg, COF2, and COCI2 is then the weight of CO2 pro
duced in the reaction. 

From the tube of solid NaOH flakes, the gas stream was led over solid I2O5 which was heated to 
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Run 
No. 

Melting 
temp. 
(°C) 

W 
(wt 
%) 

F 
(wt 
%) 

Cl 
(wt 
%) 

0 
(wt 
%) 

WClg 
(mole 

%) 

WOCI4 
(mole 

%) 

WOF4 
(mole 

%) 

WFg 
(mole 

%) 

X"/W 
(mole 
ratio) 

Calc. 
Ox, No, 

W 

8-41 

8-79 

8-61 

8-fU 

9-41 

9-13 

9-fil 

10-41 

10-42 

10-fU 

11-13 

11-41 

110 

200 

20 

20 

110 

155 

-10 

155 

200 

20 

155 

200 

57.5 

53.7 

67.7 

62.6 

58.9 

55.4 

55.4 

58.2 

56.1 

-

59.1 

58.9 

9.8 

1.3 

12.0 

42.9 

12.1 

4,9 

40,6 

10.6 

5.9 

-

12.0 

11.1 

27.8 

40.8 

2.5 

0.0 

23.2 

35.1 

2.6 

25.5 

32.6 

-

22.7 

25.1 

4.9 

4.2 

11.4 

0.0 

5.8 

4.6 

-

5.8 

5.4 

-

6.2 

4,9 

7,7 

8,6 

* 

0.0 

0.0 

7.3 

0.0 

0,0 

0,0 

0,0 

0,0 

0.0 

51.1 

85.6 

0.0 

50.8 

71.1 

0.0 

56.4 

74.9 

0.0 

50.1 

54.9 

41.2 

5.8 

0.0 

49.2 

21.6 

0.0 

43.6 

25,1 

0,0 

49,9 

45,1 

0,0 

0,0 

ioo,ot 
0,0 

0,0 

100.0 J 

0.0 

0.0 

100.0 § 

O.Of 

O.Of 

4.15 

4,17 

1,92 

6,60 

4.02 

4,14 

7,07 

4,03 

4.02 

6.07 

3.94 

4,02 

6.11 

5.96 

5.80 

6,60 

6,28 

6,06 

7.07 

6.31 

6,24 

-

6.36 

5.96 

"HgO = 6.1% by weight. Product can be W02F2-H20 or W03-2HF. 
tl05.5% recovery due to high silica content and small sample size. 
tGlass wool filter absorbs some COF2. 
§Total sample weight unknown. No Cl", .00575 moles F", and .000947 moles w6+. 

*H^h gas flow rate through reactor results m little fractionation. 

160° ± 5°C in order to oxidize the CO m the gas stream.* The I2 produced was coUected in a large 
air-cooled settling bulb followed by a trap held at -80°C by a dry ice-acetone mixture. The COg re-, 
suiting from the oxidation of CO was absorbed in another tube filled with solid NaOH flakes. Spot 
tests on the solution obtained by dissolving the solid NaOH flakes showed no F" nor Cl" which m-
dicated that no freon type compound was beii^ oxidized by the heated l20g. In addition, the amounts 
of I2 and CO2 obtained were in the molar ratio CO2 to I2 = 5,0, which corresponds to the oxidation 
of CO rather than some other substance. It was necessary to warm the trap at -80°C at intervals m 
order to distill the small amounts of liquid freon which condensed. Also a small correction was 
necessary for the amount of I2 which was carried mto the solid NaOH tube. 

From the second tube of solid NaOH flakes the gas stream was led through a trap cooled with 
liquid nitrogen in which the unreacted freon was collected as solid. FoUowii^ the freon condensing 
trap the gas passed through a large reservoir of N2 or He and exited to the atmosphere throv^h a 
water vapor removii^ train. 

Since it had been observed in preliminary experiments that CF2CI2 reacted with pyrex glass at 
temperatures near 500° C, it was of Interest to determme whether there was decomposition on passing 
the gas through the nickel tube and carbon boat equipment. The equipment was set up exactly as it 
was for all of the runs with reaction between WO2 and CF2CI0 with two exceptions, first, no WO2 was 
charged, and second, a tube of antimony metal filuigs was included in the gas analysis tram, being 
placed between the reactor tube and the first NaOH absorber tube. Two runs were made in which 
operating conditions duplicated those generally used. In the first experiment some 30% of the freon 
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charged reacted, while in the second run the comparable f^ure was 19%. The we^ht of the freon 
reacted was obtatoed by subtracting the weight of freon condensed to the liquid nitrogen trap at the 
end of the analytical train from the weight of freon charged to the reactor. The charging rates for 
the freon were nearly identical m each experiment, but in the first experiment nitrogen was used as 
flushing gas where He was used in the second case. In both experiments smaU quantities of COF2 
were collected m the solid NaOH absorber tube, while there was no weight increase in the tube filled 
with granulated antimony metal throv^h which the gas stream passed before reaching the solid NaOH 
absorber. 

If there had been any CI2, F2, or CIF in the gas stream, there would have been reactions to give 
SbCl3 or SbF3 with a weight increase in the tube proportional to the amount of halogen absorbed.*" 
As a check of the efficiency of the antimony metal as a CI2 absorber, aliquots of the solution obtamed 
from dissolving the contents of the first NaOH absorber tube were checked for the presence of CIO". 
Absence of CIO" in the NaOH absorber solution mdicates that no free halogen reached the solid NaOH. 
In the second experiment some COCU also was collected in the NaOH absorber tube. Furthermore, 
the second experiment was found to produce a amall quantity of CO. In the first experiment the CO 
oxidizer was not operating. As all of the oxygen was removed from the incoming freon, the oxygen 
which appeared as CO must have been adsorbec on the carbon boat and the internal surfaces of the 
reactor. This oxygen was firmly enough adsorbed so that It was not liberated on the passage of He 
through the reactor tube at a temperature of 525°C, but when the freon flow was started the CO began 
to appear at the end of the tube. After some 20 mmutes of freon flow the appearance of CO at the end 
of the reactor had ceased. The amount of CO adsorbed during the freon cracking reaction is less than 
1 percent of that formed when the freon reacts with W02, 

Calculating from the amounts of Cl" and F" iii the solution obtained by washing out the reactor 
after the experiments together with the amounts of CF2CI2 used up one fmds that C2F4CI2 and C2F3CI3 
are likely products. One can visualize the production ra C2F4CI2 as resulting from the combination 
of two CF2CI free radicals which would be likely first products of the thermal crackii^ of the CF2CI2 
molecule. In a similar manner, C2P3CI3 would result from the union of CF2CI and CFCI2 free radicals. 
The smaller amount of the C2F3CI3 found reflects the smaller amount of CFCI2 produced, which is 
reasonable since more energy Is required to break the C - F bond than is required to break the C-Cl 
bond. The compound, C2F2CI4, was not considered a likely product smce its formation would require 
a relatively larger concentration of CFClg radicals as compared to CF2CI radicals. The results of 
the two freon cracking experiments are presented in Table 4, Both of the runs were made at a tem
perature of 52 5° C. 

CONCLUSIONS 

Table 5 presents the results of several runs made at 52 5° C in which determination of the quan
tities of nearly all of the substances involved in the reactions was made. High ratios of freon reacted 
to WO2 reacted as shown in line 17 of Table 5 are observed to Correspond with high ratios of halide 
ion to tungsten Ion in tiie wash solution, as shown in line 15 of Table 5. A correspondence of this t3rpe 
confirms the idea of the occurrence of a freon cracking reaction with production of chlorine and fluorine 
which subsequently react With the nickel metal at the same time as the WO2-CF2CI2 reaction is 
taking place. The lack of correlation observed between rate of freon addition and product distribution 
indicates a surface type reaction for the cradling of the freon molecules as weU as for the reaction 
between the freon and WO2, Compare run 10 with a freon introduction rate of 27.7 g per hour and a 
halide ion to tungsten Ion ratio of 4,34 with run 12 In which the freon introduction rate was 11,4 g per 
hour while the halide to tungsten ion ratio was 4,27. in each run the amount of W reacting was-.066 
gram-atoms. If the freon decomposition were a gas phase reaction we should find a much higher 
halide ion to tungsten ion ratio when there was a greater quantity of freon mtroduced. From the facts 
that the halide ion to tungsten ion ratio is not sensitive to the quantity of freon totroduced, we con
clude that the freon decomposition occurs on the surface and is there limited by some factor other 
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Table 4. 

CF2CI2 charge rate, 
grams per hour 

CF2CI2 reacted, moles 

% of CF2CI2 chained 
which reacted 

analysis reactor wash 
solution showed 
total F", gram-atoms 
total Cl~, gram-atoms 

Wt. gain of Sb metal 
absorber tube 

Wt. gain solid NaOH 
absorber tube, grams 
Calculated composition 
of gases absorbed 
COFg, moles 
COClg, moles 

CO found, moles 

Non-water soluble 
reaction products, 
calculated 
C2F4CI2, moles 
C2F3CI3, moles 

Run 1 

11.1 

.0491 ± .004 

30.1 

.0080 

.0402 

0.0 

.2065 

.00088 
0.0 

Run 2 

10.7 

.0248 ± .004 

18.8 

.0032 

.0221 

0.0 

.0390 

.00040 

.00010 

.00012 

.0157 

.0089 
.0092 
.0040 

than the quantity of freon present in the gas phase. The lack of correlation between the amounts of 
carbon and carbon dioxide found in every run indicates that these substances are not formed 
entirely by decomposition of CO on (he cataljrtic surfaces present. 

Recent mvestigatlons have shown that the rutile structure is distorted in the case of WO2 to the 
extent that the tungsten atoms in adjacent octahedra are drawn to within 2.48 A. of one another from 
their non-bonded or average distance of 2.77 A.'' The ed^es of the octahedra through which this 
closer approach occurs are correspondingly lengthened. The Pauling bond number associated with 
this shorter distance L<;tween tungsten atoms is 1.47 which indicates a tendency toward use of the 
extra valence electrons of the two tungsten atoms in WO2 to form a double bond between them.*^ 
It is interesting to note that the triangle formed by the two bonded tungsten atoms and one of the 
ox^en atoms forming the expanded ec^e of the touching octahedra is almost a perfect fit for the 
face of the freon tetrahedron, which has a distance of 2.53 A between fluorine and chlorine atoms. 
The F-Cl distance tt^ether with the F - F distance of 2.20 A and the Cl-Cl distance of 2.85 A are 
calculated from electron diffraction data by Broclcway*' assuming that tetrahedral angles prevail 
in CFjC^. There is sufficient room on the crystal face of WO2 for four freon tetrahedron faces to 
fit around each bonded pair of tungsten atoms. It is proposed therefore that the first step in the 
reaction between WO2 and CF.Cl, is the adsorption of four CF2CI2 molecules about each bonded 
pair of tungsten atoms in the surface of the WO2 crystal. The large number of ways in which this 
complex could dissociate then accoimts for the variety of products obtained in the reaction. 
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Table 5. 

W reacted, 
gram-a toms 

CF2CI2 r e 
acted, mols 

Temp., °C 

Time reactor 
at 525°C, h r s 

Rate of CF2CI2 
charge, g /hr 

Ca r r i e r gas 

Reaction products 
obtained 
C, gram-atoms 
CO, moles 
CO2, moles 
COF2, moles 
COCI2 moles 

Analysis reactor 
wash and samples 
showed, 
total W, g-at 
total F~, g-at 
total Cl", g-at 

Mole ra t ios 
X"/W 

w/c 
CF2C12/W 

W/CO 

Run 9 

.0742 

.132 

525 

3.8 

11.2 

none 

.01059 
-
-
-
-

-
-
-

-

7.01 

1.78 

-

Run 10 

.0666 

-

525 

4.0 

27.2 

none 

.0149 
-
-
.00126 
-

.0475 

.1131 

.0931 

4.34 

. 4.47 

-

-

Run 11 

.1067 

-

525 

5.0 

24.0 

none 

.01621 

.1051 

.00459 

.00215 

.00082 

.1019 

.2302 
,1712 

3,95 

6,58 

-

1.02 

Run 12 

,0663 

-

525 

3.25 

11,4 

none 

,0109 
,0665 
,00311 
,00107 
,00024 

,0622 
,1473 
.1187 

4.27 

6.08 

-

0.99 

Run 13 

.0474 

.0561 

525 

3.0 

6.3 

N2 

-
.0423 
.00314 
.00232 
.00161 

.0455 

.1321 

.1251 

5.64 

-

1.19 

1.12 

Run 14 

.0709 

.0991 

525 

2.75 

6.9 

N2 

.01265 

.0683 

.00066 

.00135 
,00166 

,0649 
,1580 
,1670 

5.01 

5.61 

1,40 

1,05 

Run 16 

,0057 

.0198 

525 

2.0 

5.3 

He 

.000866 

.0030 

.000689 
,00239 
.000497 

.00515 
,0185 
,0333 

10,96 

6,58 

3,48 

1,90 

Moreover, uncontrolled variations in the surface of the WO2 in different runs would have large effects 
upon the products obtamed. 

The ratio of tungsten reacted to carbon produced as tabulated in line 16 of Table 5 is found to be 
on the average near 6, while the ratio of tungsten reacted to CO produced shown in line 18, Table 5, 
is near unity. Also the ratio of total halide ion to total tungsten ion in the wash solution and samples, 
as shown in line 15 of Table 5, is approximately 4 in all but run 16 to which case a much higher freon 
to tui^sten ratio also occurs. One concludes from these ratios that the path of lowest energy barrier 
for the decomposition of the complex is the one resulting in the formation of CO and tungsten in its 
maximum oxidation state. The stoichimetry of the principal reaction between WO2 and CF2CI2 at 
525°C then could be expressed by the equation, 2 WO2 + 2 CF2CI2 = WOF4 + WOCI4 + 2 CO, The 
decomposition of the complex resultii^ m carbon as a product would require the removal of oxygen 
in the form of COCI2, COF2, or CO2 with tungsten going off as volatile halides or oxyhalides. The 
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production of WClg and WFg could come about from complex decomposition along another path or 
from a secondary gas phase reaction of the WOCI4 produced by the main reaction just given with 
COCI2 to give WClg and CO2. WFg might be produced by an analogous reaction between COF2 and 
WOF4. The phosgene and fluorophosgene could result from a gas phase combination of CO from the 
main reaction with CI2 or F2 from the decomposition of the freon. 

Comparison of the work reported in this paper with the only other published study of a reaction 
between CF2CI2 and a heavy metal oxide, that of Booth, Krasny-Ergen, and Heathf shows wide but 
reasonable contrasts. Whereas Booth and coworkers found that freon would act as a reducing agent 
for UO3, we found that freon molecule is capable of oxidizing WO2, both reactions occurring in the 
same temperature range. A search of the literature shows that many persons have found occasion 
to add carbon to tungsten ores in various processes of purification," m which processes carbon 
seems to function either as reducing agent or as catalyst for the reaction between CI2 and WO3, but 
no mention is found of carbon beii^ produced by any reaction with tungsten oxides. One case of 
production of carbon is reported,*° The rpaction between phosgene and metallic tongsten is reported 
to produce carbon, WOCI4, and traces of WClg and WClg. 

For purposes of comparison we investigated the reaction between CCI4 and WO2 at temperatures 
near 350°C. The results of two runs are presented in Table 6. The only tungsten containing volatile 
product was found to be WOCl^, while carbon was deposited m the WO2 charge boat as it did in the 
freon-WOn reaction. From the variable and high ratio of tungsten reacted to carbon produced, we 
can calculate that the main reaction must be WO2 + CCI4 = WOCI4 + CO. The carbon can result 
either from decomposition of some of the CO accordii^ to the equation 2 CO = C + CO2 or from a 
second reaction between the tungsten dioxide and the carbon tetrachloride as shown by the equation 
2 WO2 + 2CCI4 = 2 WOCI4 + C + CO2. The similarity of products and of tungsten to carbon ratios in 
the two reacting systems, WO2-CCI4 and WO2-CF2CI2 is gratifyii^. 

The substitution of WO3 for WO2 in a reaction with CCI4 was tried m one experiment which is 
also reported in Table 6. The most impressive difference between the reaction of CCl^ and WO3 
as compared with the reaction of CCI4 and WO2 is the lack of production of carbon in the first 
named reaction. The volatile tungsten contaming products in the WO3-CCI4 reaction are of two 
types, WOCI4 and WO2CI2 which are easily differentiated by their crystal forms and color. Contrary 
to the literatore which reports" CO2 as the only gaseous product we find COCI2 present also. Our 
temperature, however, was 350°C while that reported in the literature is red-heat, and there could 
easily be enough change in type of reaction to make CO2 the primary gaseous product at this h^her 
temperature. The equation for the reaction occurring at 350°C may be written as 2 WO3 + 2 CCI4 = 
WO2CI2 + WOCI4 + COCI2 + CO2, while that from the literatore is given as 3 WO3 + 2 CCI4 = 
2 WO2CI2 + WOa4 + 2 C02. 

The reaction between WO3 and CCI4 discussed may be contrasted with the behavior of the 
system WO3—CF2CI2 at temperatures up to 600° C in which no evidence of any reaction could be 
found. 

As a further interesting comparison we attempted to react CF4 with WO2, but found that there 
was no reaction at any temperature up to and including 700°C. 

SUMMARY 

The reactions between freon, CF2CI2, and WO2 were studied at a temperature of 525°C and 
atmospheric pressure. 

Several types of reactors were used. Glass equipment was imsuitable because of the decomposition 
of CF2CI2 at 500° C and higher with resultant attack of pyrex glass by some of the decomposition 
products. The reactor used finally was of pure nickel, designed so that partial fractionation of the 
subliming reaction products was obtained. Fractionation resulted from passing the products through 
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Table 6. Reactions between CCI4 and WO2 or WO3 with products formed. 

Run 1 Run 2 Run 3 

Oxide reacted 

Reaction temp., °C 

CCI4 charge rate, ml/mln 

Oxide charged, grams 

Oxide reacted, grams 

WO2CI2 produced 

WOCI4 produced 

C produced, grams 

COCI2 produced 

W/C mole ratio 

WO2 

360 

.044 

.5992 

.3419 

No 

Yes 

.0069 

No 

2.75 

WO2 

375 

.044 

,5948 

.4393 

No 

Yes 

.0076 

No 

3.21 

WO3 

350 

.044 

.5088 

.4661 

Yes 

Yes 

0.0 

Yes 

-

twelve specially designed collector segments, each contaming three baffles, while a temperature 
gradient of 525°C was maintamed over the distance filled by the twelve collector segments. 

Analysis of the volatile tungsten containing products separated by means of the nickel fraction
ating system showed the presence of WClg, WFg, WOCI4, and WOF4. The latter two products con-
stitoted the larger proportion of tungsten containing products obtained. In addition to the four tungsten 
contatoii^ products, the following were found to result in larger or smaller amounts, C, CO, CO2, 
COCI2, COF2, and small amounts of unidentified perhalocarbons. 

Consideration of the ratios of tungsten reacted to C and to CO produced, in addition to the ratio, 
near 4, for the amount of halide ions to tungsten ions in the products, indicates that the main reaction 
may be represented by the equation, 2 WO2 + 2CF2CI2 = WOF4 + WOCI4 + 2 CO. The production of 
CO2 and of WFg and WClg as well as COCI2 and COF2 can come about either through competing 
primary reactions or through secondary reactions. For mstance, the decomposition of CO according 
to the equation 2 CO = C + CO2, the formation of COCI2 from reaction of CO + CI2 = COCI2, the 
chlorme comli% from cracking of the CF2CI2 molecule, or the reactions COCI2 + WOCI4 = WClg + CO2 
and COF2 + WOF4 = WFg + CO2 are all possible under the existing conditions of temperatore and 
surfaces. 

The distorted rutile structure of WO2 is such that on one crystal face it seems possible to adsorb 
four molecules of CF2CI2 around each bonded pair of tungsten atoms. The distance between the 
bonded tungsten atoms is 2.48 A whereas the F - C l distance in freon is 2,53 A, The formation of a 
complex resulting from the adsorption of four CF2CI2 tetrahedral faces around each bonded pair on 
the plane of the WO2 crystal which contams the bonded pair of tungsten atoms is proposed as the first 
step m the W02-CF2d2 reaction. Subsequent decomposition of the complex is mainly to give CO, 
WOF4 and WOCI4, but decomposition along other paths to produce the other substances found by 
analysis, is not reasonable. 

It is found that the reaction between CCI4 and WO2 at 350°C results in the production of WOCI4, 
C, and CO, while there is no reaction between CF4 and WO2 at any temperature up to and mcluding 
700° C. 
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