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[57] ABSTRACT 
A chemical vapor puri?cation process for the prepara 
tion of high purity metal ?uorides using the thermody 
namic separation of cations by formation of a gaseous 
metal-containing compound, vapor transport, and fluo 
rination is disclosed. 
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CHEMICAL VAPOR PURIFICATION OF 
FLUORIDES 

Matter enclosed in heavy brackets [ ] appears in the 
original patent but forms no part of this reissue speci?ca 
tion; matter printed in italics indicates the additions made 
by reissue. 

FIELD OF THE INVENTION 

This invention relates to processes for preparing 
metal halides. More particularly, this invention relates 
to preparing high purity metal ?uorides. 

BACKGROUND OF THE INVENTION 

Work on the puri?cation of ?uorides has intensi?ed 
greatly because of interest in such applications as heavy 
metal ?uoride glass optical ?bers, tunable solid state 
lasers, and dielectric layers for complex semiconductor 
structures. Initially rapid advances were made in in 
creasing the purity of these materials, but recent 
progress has slowed although impurity levels remain 
orders of magnitude higher than can be tolerated in 
some applications. 
For instance heavy metal ?uoride glasses show po 

tential for fabrication of extraordinarily low loss optical 
?bers operating in the 2-4 pm region of the infrared. 
One of the most serious problems is contamination with 
certain divalent transition metals, some rare earth ions, 
and the hydroxyl ion. These impurities have strong 
absorptions in the optimum optical region. It is neces 
sary to attain impurity levels of one part per billion for 
some of these contaminants to exploit the potential for 
these glasses. 
A number of puri?cation approaches are used at pres 

ent, including wet chemical processing and vapor treat 
ment. Wet processing is well known, and has limitations 
in the degree of puri?cation because of recontamination 
from the background levels of contaminants present in 
the processing chemicals. Current vapor preparation 
techniques are limited to dealing with the existing ?uo 
ride compound, and suffer from low or non-existent 
thermodynamic driving force for removal of the con 
tamination. The “reactive atmosphere process” (RAP) 
has been used to purify a number of starting materials, 
and has an important effect on the hydroxyl content, but 
rather little effect on the other contaminants. Physical 
vapor transport (sublimation) has been used to purify 
ZrF4 and AlF3 BaFz and GdF; have been puri?ed by 
subliming the transition metals out of them, showing 
greater than an order of magnitude improvement in 
Fe“, but little effect on the other contaminant ions. 
Sublimation is limited by the ratio of the vapor pressure 
of the contaminant species to the desired compound. 
One of the basic limitations of such processing is that 

the starting materials are often of limited purity, and the 
process is required to provide more puri?cation than 
reasonable. In addition, there are some fundamental 
limitations on the amount of contaminant than can be 
practically removed because of similar vapor pressure 
of the contaminant compound over its solid solution 
with the major compound. 

SUMMARY OF THE INVENTION 

In accordance with the present invention there is 
provided an improved method for preparing high pu 
rity metal ?uorides. The improved method of the pres 
ent invention is a chemical vapor puri?cation process 
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2 
comprising: reacting a metal with a reactive transport 
agent in the presence of a stoichiometric excess of metal 
to generate a gaseous metal-containing compound; iso 
lating the gaseous metal containing compound from the 
starting materials; and reacting the gaseous metal-con 
taining compound with a ?uorinating agent to form a 
solid metal ?uoride. 

BRIEF DESCRIPTION OF THE DRAWING 

In the drawing: 
The FIGURE is a schematic diagram of a reactor 

suitable for use in the present invention. 
For a better understanding of the present invention, 

together with other and further objects, advantages, 
and capabilities thereof, reference is made to the follow 
ing disclosure and appended claims in connection with 
the above-described drawings. 

DETAILED DESCRIPTION OF THE 
INVENTION 

The chemical vapor puri?cation process of the pres 
ent invention overcomes the normal limitations of treat 
ment existing compounds with an active atmosphere or 
agent, and replaces known processes with a new pro 
cess that completely avoids the normal limitations of 
treating existing compounds with a reactive atmosphere 
or other agent. Processes such as RAP have limitations 
because they can only approach the purity asymptoti 
cally, and have limited thermodynamic potential. 

In the process of the present invention, the desired 
metal ion is selectively extracted because of thermody 
namic partitioning between the desired metal cation and 
the contaminating cations. A reactive transport agent, 
such as chlorine, bromine, or iodine, is reacted with the 
desired metal and generates a gaseous metal-containing 
compound. The gaseous metal-containing compound 
containing the highly puri?ed metal cation is then iso 
lated from the starting materials, which include the 
excess unreacted metal and any contaminants. The 
gaseous metal-containing compound is then reacted with 
a ?uorinating agent to form the desired solid metal 
?ouride in a step that further enhances the puri?cation of 
the metal ?uoride compound. A ?ourinating agent is any 
compound capable of reacting with the gaseous metal 
containing compound to form the desired metal ?uoride. 
Examples of ?uorinating agents include such compounds 
as ?uorine gas, sulfur hexa?uoride, hydrogen ?uoride, 
and nitrogen tri?uoride. 
The process of the present invention involves the use 

of a continuous sequential reaction using direct reaction 
of a metal with the reactive transport agent to form a 
gaseous metal-containing compound. This reaction is 
followed by ?uorination of the metal cation contained 
in the vapor, after the gaseous metal-containing com 
pound has been isolated from the starting materials, to 
form the solid metal ?uoride. 
The reactions for zirconium and aluminum with a 

chlorine reactive transport agent are presented below: 

In the above equations, RF,i represents the ?uorinating 
agent wherein R is a convenient cation, such as C, S, N 
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or H, that forms a vapor easily with the anion of the 
reactive transport agent and does not interfere with 
other aspects of the reaction, and x represents the num 
ber of ?uoride ions necessary to balance the charge of 
the cation. Fluorine gas (F2) may also be used as the 
?uorinating agent. 
Zirconium and aluminum are two of the most suitable 

candidates for the process, since they are of current 
interest in preparing ?uoride glasses for optical ?bers. 

4 
Temperatures of 400 to 600 K were examined for alumi 
num, and 650 to 900 K for zirconium. 

Table I lists the species which result from the chlori 
nation of a zirconium sample which contains an iron 
metal contaminant. It is important to note that the unre 
acted iron is present with the unreacted zirconium 
metal, and that the value of the mole fraction for iron 
present is 8.3 X l0"5. The only vapor species present in 
a mole fraction 5 l0— l?that contains iron is FeClz, at an 

Hafnium may be substituted for zirconium in equation 10 estimated partial pressure of 2.6><10—‘2 atm at 900 K. 

TABLE I 
Thermodynamic Calculations for the Chlorination of Zirconium 

Mole Fraction 
Temperature (kelvin) 

Products 900 250 800 750 700 650 

c1 4.s >< 10-‘6 3.3 x 10- 1.6 x 10-‘8 5.3 >< 104° 1.1 X 10-2‘ 1.2 X 10-23 
Fe(s) 3.3 x 10-5 8.3 X 10-5 8.3 X 10-5 11.3 x 10-5 8.3 x 10-5 8.3 >< 10-5 
1=¢c12 2.2 X 10-‘2 2.3 X 10- 1.8 X 10-‘4 9.9 >< 10-‘6 3.5 >< 10~‘7 7.6 X 10—‘9 
Zr(s) 1.6 x 10-‘ 1.6 x 10-1 1.6 x 10—‘ 1.6 X 10-‘ 1.6 X 10—‘ 1.6 x 10-‘ 
ZrClz 1.0 x 10-‘° 1.5 x 10—“ 1.7 x 10-12 1.4 >< 10—‘3 as x 10—‘5 3.2 >< 10—‘6 
ZrCl3 2.3 x 10-6 7.4 x 10- 2.0 x 1o~7 4.8 x 10-8 9.0 X 10-9 1.3 X 10-9 
zrcn 13.4 >< 10-‘ 8.4 x 10—‘ 8.4 x 10-‘ 8.4 x 10-‘ 8.4 X 10—‘ 8.0 X 10“ 

Input conditions Species Moles 

F6 0.0001 
2: 1.20 
c1; 2.0 

Products with less than 1.0 X 1o~16 mole fraction: C11, Fe(l a g). FeCl. FeClz, FeCl2(s a I), 1==c13(s,1 & g), FezCh, Zr(l a g), 

(1) above, and gallium or indium appear to allow similar 
reactions to equation (2). Such substitutions in the glass 
provide a longer wavelength cutoff by replacing a ligh 
ter cation with a heavier one, decreasing the fundamen 
tal vibrational frequency, thus moving the infrared cut 
off to longer wavelengths, which is desirable. Examples 
of other metals that can be used in the present method 
include titanium, zinc, cadmium, and mercury. 
The chemical vapor puri?cation process of the pres 

ent invention offers the advantages of not requiring 
high temperatures to carry out the process and of using 
and producing reactants and products which are chemi 
cally compatible with available materials. For example, 
with a chlorine reactive transport agent, chlorine 
readily reacts with aluminum and zirconium to form 
volatile chlorides of the metals. Carbon, in the form of 
graphite or vitreous carbon, does not react with chlo 
rine, bromine, or iodine; nor is carbon likely to react 
with the metals at the temperature involved. 

In reactions (1a) and (2a) above, a chlorination reac 
tion is the ?rst step in the overall process. As stated 
previously, bromine and iodine are other potential ac 
tive agents suitable for use in the ?rst step since they 
both form volatile species with the cations of interest. 
The puri?cation capability of the process is based on 

the existence of near equilibrium conditions in the reac 
tion of the ?rst step and the presence of a stoichiometric 
excess of the desired metal. The presence of the excess 
metal avoids reaction and transport of undesirable spe 
cies. The excess metal condition is easily achieved since 
a small amount of the reactive transport agent is me 
tered into a vessel that contains an inde?nitely large 
quantity of the metal to be transported. The puri?cation 
potential was tested in calculation by establishing reac 
tion conditions with one mole of the desired metal; 
adding either 0.01 or 0.0001 mole of metallic iron as a 
contaminant; and an excess of the desired metal (20 
mole % excess in the following example). Iron was 
chosen as a contaminant for this calculation because it is 
one of the critical contaminants that must be controlled. 

30 

40 

60 

65 

As can be seen from Table I, essentially no iron spe 
cies are present as gaseous compounds that can be trans 
ported under the conditions chosen, especially at lower 
temperatures. Effectively all the chlorine has been used 
to transport the zirconium as ZrCl4, using 5/6 of the 
zirconium metal starting material. Less than 10-12 of 
the iron present in this example is transported, even at 
the highest temperature, although the vapor pressure of 
FeClg is constant over the range of impurity iron con 
sidered. There also exists a possibility that a compound 
will form from all three elements present in the reaction 
for which no thermodynamic data exists that has a high 
enough vapor pressure to be transported. In addition, 
equilibrium conditions do not exist except in thermody 
namic calculations, and some transport can certainly be 
anticipated in any real reaction. By a choice of condi 
tions of temperature and transport rate, such carry-over 
can be minimized. 

Additional calculations have shown that essentially 
identical results hold down to 0.00001 mole % excess 
metal. 
The kinetics of the reaction, especially the formation 

of the volatile metal chloride, may be rate controlling at 
the lower temperatures, establishing a practical mini 
mum temperature. Past experience has shown this to 
not be a problem in the aluminum reaction at tempera 
tures 475 K, i.e., the reaction goes to completion. 

Table II shows the result of including all of the prob 
lem transition metal contaminants and water vapor in 
the initial aluminum charge that is reacted. Lanthanides 
were not included because of the paucity of reliable 
data, and the general knowledge that their metals and 
chlorides have very low vapor pressure. 

TABLE II 
Chlorination of Aluminum with Contaminants 

Mole Fraction 
Temperature §l_<e_lvin) 

550 Products 500 
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TABLE II-contintied 
Chlorination of Aluminum with Contaminants 

Al(s) 2.8 x 10-1 2.3 x 10-1 2.9 x 10-1 
AlCl 1.7 >< 10-8 0.7 X 10-1 25 x 10-11 5 
AlClz 7.9 x 10-3 5.3 x 10-9 20 x 10-10 
MG; 1.8 >< 10-2 6.0 x 10-3 1.6 x 10-3 
A12c16 7.0 X 10-l 7.1 X 10-1 71 X 10-1 
Al203(s) 4.7 X 10-5 4.7 X 10-5 40 x 10-5 
cm) 1.4 X 10-4 1.4 x 10-‘ 1.4 x 10-‘ 
Cu(s) 1.4 x 10-‘ 1.4 x 10-‘ 1.4 x 10-‘ 10 
Fe(s) 1.4 x 10-‘ 1.4 x 10-‘ 14 x 10-‘ 
“c1 7.9 X 10-H as >< 10-12 s a x 10-13 
it; 1.4 X 10-‘ 1.4 X 10-‘ 14 X 10-‘ 

Content of Metal Starting Material Species Moles 

A1 1.2 
Co 00001 15 
Cu 0.0001 
Fe 0.0001 
H1O 0.0001 
c1; 1.5 

20 
Table I! again suggests that the transition metal con 

taminants are unlikely to present a problem. The pres 
ence of hydrogen at a vapor pressure of z 10-4 causes 
less certainty in establishing a low OH content in the 
?nal ?uoride product, but an excess of the fluorinating 7-5 
agent is expected to provide the necessary control. The 
products that were considered but found to be less than 
10- '6 mole fraction were not listed because of the very 
extensive list of 78 combinations, but important ones 
such as FeClg, CuClg, CoClz, 0H and H10 were in- 30 
eluded on that list. 

Similar calculations were performed for a variety of 
conditions for the ?uorination reactions of equations 
(1b) and (2b). A variety of ?uorinating agents were 
examined, including cm, F2, sré, SP4, and HF. All 35 
were found to be thermodynamically feasible. For in 
stance, one of the ?uorinating agents, SP6, although a 
very stable compound, has been shown experimentally 
to react with ZrCl4. However, carbon tetra?uoride 
(CF4) has not been shown to react to any useful degree. 
All of the reactions examined did proceed as desired in 
useable temperature ranges. Water vapor was also in 
cluded in some of the calculations, and a low vapor 
pressure was indicated. Fluorine (F2) can also be used as 
a ?uorinating agent in the present invention. 
The experimental con?guration selected for use in 

carrying out the present invention is a temperature zone 
tube reactor. A reactor having temperature capabilities 
up to 800° C. is suitable for carrying out the method of 
the present invention. This permits the use of conven 
tional tube furnaces. 
Minimum and maximum temperatures for use with 

various metals in the method of the present invention 
are set forth below in Table III. 

45 

SO 

55 
TABLE III 

TemErature Q‘C.) 
Metal Minimum Maximum 

Zr 330 900 
Ht‘ 320 1.000 60 
Al l80 L200 
Ga 200 1,000 
In 6(1) 1,200 

The minimum temperature is the temperature at 65 
which a particular metal chloride sublimes at one atmo 
sphere. The maximum temperature is the sublimation 
temperature for a particular metal ?uoride. 

6 
A particularly inert and/or pure liner is used in the 

reactor in order to avoid recontaminating the puri?ed 
?uoride product, and to prevent attack of the liner by 
the ?uorides. An example of a suitable liner material is 
vitreous carbon coated graphite since its inertness is 
well recognized in the presence of ?uorides and the 
absence of oxygen and water vapor. Preferably the 
reactor is protected from attack by atmospheric oxygen 
by using a shielding tube outside of the reaction tube, 
with an inert gas passing in the annulus. 
The schematic con?guration of the reactor is shown 

in FIGURE. A predetermined quantity of the reactive 
transport agent is carried from a source of reactive 
transport agent (not shown) to a ?rst reactor 30 by a 
?rst line 11. The ?rst reactor contains a sample of the 
metal to be converted into a metal ?uoride. Strips of 
reasonably pure metal, preferably in the form of a metal 
foil, are placed in the ?rst reactor 30 in a manner such 
that the ?ow must pass over a substantial surface area of 
material. In this manner, the very important excess 
metal condition is maintained to minimize the transport 
of contaminants. For example, the metal sample can be 
suspended from the upper surface of the ?rst reactor. In 
the case of aluminum and a chlorine reactive transport 
agent, the ?rst reactor, i.e., the ?rst reaction zone, 
should be maintained at a temperature greater than or 
equal to 475 K (200° C.) in order to avoid condensation 
of dimeric aluminum chloride. 
A second carrier line 31 transports the gaseous metal 

containing compound to the second reactor 50. The 
second carrier line 31 must also be heated to a tempera 
ture suf?ciently high to avoid condensation of the gase 
ous metal-containing compound. 
The metal-containing vapor is then reacted in the 

second reactor with a suitable ?uorinating agent. The 
?uorinating agent is introduced into the second reactor 
50 via a third carrier line 41. A buffer gas can optionally 
be used to prevent the ?ow of the ?uorinating agent out 
of the second reactor and into the second carrier line 31 
or the ?rst reactor 30. The use of the buffer gas avoids 
premature reaction of the fluorinating agent with the 
gaseous-metal-containing compound. The buffer gas 
can be any gas, which is inert to reaction with the other 
reactants e.g., argon. The resulting metal ?uoride pow 
der falls into container 60. Because there is a concern 
that the metal ?uoride powder could be recontaminated 
from both the reaction atmosphere and subsequent han 
dling, the used gaseous reactants are vented by an ex 
haust 70 for disposal. 

EXAMPLE 

An amount of ZrF4 in excess of 100 grams was pre 
pared during a two hour period using the chemical 
vapor puri?cation process of the present invention. 
Chlorine was used as the reactive transport agent and 
hydrogen ?uoride was used as the fluorinating agent. 
This speci?c run was performed using half the ?ow of 
reactive transport agent that the equipment is capable of 
providing, and half the ?ow of ?uorinating agent re 
quired for stoichiometry. The ZrF4 was largely col 
lected in the appropriate container, and a powder was 
found on the cooler base of the reactor. Qualitative 
examinations suggested that the latter material was 
basically ZrCl4. 

Spark source mass spectroscopy (SSMS) analyses of 
both the starting metal and two independent analyses of 
the product are reported in Table IV. The absence of 
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deleterious rare earth metals in the ?uoride is signi?cant 
as trace quantities were found in the starting metals. 

TABLE IV 

Analyses of ZrFi and Zr Metal 
Parts Er Million tWeight! 

GTEL GTEL Northern 
Mat. Eval. Mat.Eval. Analytical 

Element Zr metal ZrF4 ZrF4 

Fe 2100 2.1 0.5 
Ni 41 1.2 § 0.03 
Mn 46 1.7 0.5 
Cr 140 0.4 0.3 
V 5 0.7 0.04 
Co 3 6.0 nd 
Cu 31 0.4 0.04 
H!‘ 72 9.0 25.0 
Zn 1 nd §0.04 
Sn 16 nd nd 
Ce 0.5 nd nd 
Nd 0.8 nd nd 
Pr 0.3 nd nd 
Sm 0.5 nd nd 

While there has been shown and described what are 
at present considered the preferred embodiments of the 
invention, it will be obvious to those skilled in the art 
that various changes and modi?cations can be made 
therein without departing from the scope of the inven 
tion as de?ned by the appended claims. 
What is claimed is: 
l. A chemical vapor puri?cation process for prepar 

ing metal ?uorides comprising: 
reacting at near-equilibrium conditions a metal se 

lected from the group consisting of metals forming 
?uorides suitable for use in ?uoride glass and ther 
modynamically partitionable from Fe, Cu, Co, OH 
and H20 selected contaminants with a reactive 
transport agent selected from the group consisting 
of chlorine, bromine, and iodine [anions] in the 
presence of a stoichiometric excess of the metal to 
a generate gaseous, metal»containing compound; 

isolating the gaseous, metal-containing compound 
from the starting materials; and 
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8 
reacting the isolated gaseous, metal-containing oam 
pound with a gaseous fluorinating agent to form a 
solid metal fluoride. 

2. A method in accordance with claim 1 wherein the 
?uorinating agent is selected from the group consisting 
of ?uorine gas, sulfur hexa?uoride, sulfur tetra?uoride, 
hydrogen ?uoride and nitrogen tri?uoride. 

3. A process in accordance with claim 1 wherein the 
metal is selected from the group consisting of zirco 
nium, and hafnium. 

4. A process in accordance with claim 1 wherein the 
metal is selected from the group consisting of alumi 
num, gallium, and indium. 

5. A process in accordance with claim 1 wherein the 
metal is selected from the group consisting of zinc and 
cadmium. 

6. A chemical vapor puri?cation process for prepar 
ing aluminum ?uoride comprising: 

reacting at near-equilibrium conditions aluminum 
metal with a reactive chlorine transport agent in 
the presence of a stoichiometric excess of alumi 
num to generate a gaseous aluminum chloride com 
pound; 

isolating the gaseous aluminum chloride compound 
from the unreacted aluminum; and 

reacting the isolated gaseous aluminum chloride with 
a gaseous fluorinating agent selected from the 
group consisting of F2, SP6, SP4, HF, and NF3 to 
form a solid aluminum ?uoride. 

7. A chemical vapor puri?cation process for prepar 
ing zirconium ?uoride comprising: 

reacting st near-equilibrium condition zirconium 
metal with a reactive chlorine transport agent in 
the presence of a stoichiometric excess of zirco 
nium to generate a gaseous zirconium chloride 
compound; 

isolating the gaseous zirconium chloride compound 
from the unreacted zirconium; and 

reacting the gaseous zirconium chloride with gaseous 
hydrogen ?uoride to form a solid zirconium ?uo 
ride. 

0 0 i i i 


