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January 30, 1964 

ABSTRACT 

The rate of hydrolysis of magnesium fluoride was investigated 

by a gravimetric method as a function of temperature and water-vapor 

pressure over the ranges from 745 to 835° C and 1 to 20 mm Hg, 

respectively. A linear rate law was found, and it was concluded that 

the rate-determining process was chemical reaction at the MgF 2 -MgO 

interface. 

Preliminary experiments were carried out in a flowing water

vapor atmosphere until a reaction-rate dependence upon flow rate was 

discovered .. Thereafter, a flowing argon-water-vapor atmosphere 

was used. 

Single -crystal and polycrystalline specimens were investigated 

with regard to their suitability for use in rate determinations. Because 

of orientation effects and a limited supply of single -crystal material, 

heat-treated slabs of hot-pressed MgF 
2 

were chosen for the final rate 

determinations. 

A three -step reaction mechanism is proposed. The first step 

involves the chemisorption of water vapor: 

(1) 

The second step, formation of a hydroxyfluoride complex, can be re

presented by 
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k3 

H 20 (chem} ~ Mg (OH}F(c} + HF (g). 

k4 

(2} 

The third step, decomposition of the hydroxyfluoride complex to form 

products, can be written as 

k5 

Mg(OH}F(c} ~ MgO(c) + HF(g}. 

k6 

(3} 

With the assumptions that the chemisorption step was in equili

brium and that the HF pressure was negligible, an expression was 

developed showing that the reaction rate was proportional to the con

centration of chemisorbed water vapor. The rate dependence on water

vapor pressure is expressed in terms of the Langmuir-adsorption iso

therm equation. 

Values of -16.9 kcal/mole and -4.2 eu were obtained for the 

enthalpy .and entropy of chemisorption. The activation enthalpy and 

frequency factor for decomposition of the chemisorbed intermediate, 

I 10 -1 
MgF2 • H 20(chem),were 46.4kcal mole and 1.75X10 sec • The 

low v_alue for the entropy of chemisorption was attributed to possible 

oversimplification in the interpretation of the reaction mechanism. 
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I. INTRODUCTION 

Thermodynamic calculations show that the reaction respon

sible for the rapid oxidation of magnesium fluoride in air at high 
. 1 

temperatures 1s 

MgF 2(c) + H 20(g) =----= MgO(c) + 2HF(g) 

= .16. 2 kcal 

= 45.5 kcal. 

This reaction limits the utilization of the refractory properties of 

MgF
2

. It also may contribute to difficulties in hot pressing this 
. 1 2 mater1a. 

The purpose of this investigation was to obtain information 

concerning the mechanism of the hydrolysis process, The ultimate 

objective was to express the mechanism in terms of elementary re

action steps, and to apply activated complex theory to the interpreta

tion of the results. 3• 
4 

Because the reaction is accompanied by a weight loss of 

about 35% a gravimetric technique was used to determine the kinetics. 

For this purpose, an apparatus was constructed that enabled the 

reaction rate to be studied as a function of temperature from 745 to 

835°C and water-vapor pressure from 1- to 20-mm Hg. 

Previous kinetic studies of the reaction were done over a 

limite~ range of conditions. A preliminary study was made by the 

authoro 
5 

Deadmore et al. 6 investigated the kinetics on powder 

samples at a single water-vapor pressure, but it has been shown 5 

that sintering of such samples led to surface -area changes that com

plicated the interpretation of the results. 
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II. APPARATUS 

Figure 1 is a schematic drawing of the apparatus constructed 

for this study. Weight losses were measured with a fused-silica hel~x 

that had a maximum load capacity of 2 grams. The sample was sus

pended in a platinum-gauze crucible connected to the helix by a 2-mil 

nickel wire. The extension of the helix was measured with a telescope 

containing a filar micrometer eyepiece. Under ideal conditions, a 

weight change of ± 0.05 mg was detectable. However, under exper

imental conditions a precision of ± 0.1 mg was the best obtainable. 

The extension .of the helix was found to decrease by an amount 

equivalent to 0.15 mg for each °C increase in its temperature. This 

decrease was apparently due to the tempera~ure coefficient of elasticity 

of fused silica. 7 Because of this effect, the Pyrex tube containing the 

helix was enclosed in a heated-air thermostat maintained at a temper

ature (32.0±0. PC) slightly above room temperature. All calibration 

and weight-loss measurements were done with the helix at this tem

perature. In order to eliminate errors from thermal expansion of the 

apparatus and telescope mounting, the extension of the helix was meas

ured with respect to a platinum reference wire suspended from the 

same point as the helix. 

The mullite furnace tube ( 1. 5-in. diam) was wound with Kanthal 

A-1 wire, which permitted operation at temperatures up to about 

1200°C. The furnace assembly was mounted on ball bushings and 

counterbalanced so that it could be raised or lowered on steel shafts to 

permit introduction or removal of samples. A Speedomax H con

troller (Leeds and Northrup), coupled to a saturable ~core reactor, 

maintained temperatures constant to within ± 1 °C. For precise con

trol, a 5-mV scale was used, and a bucking voltage was applied to the 

output of the Chromel-Alumel control thermocouple. The control 

thermocouple and the Pt-Pt
90

Rh
10 

measuring thermocouple were both 

located in a mtillite protection tube that projected into the furnace tube 

as shown in Fig. 1. Considerable electrical-interference pickup oc

curred with the control thermocouple in this position, but a grounded 
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Fig. 1. Apparatus to enable study of reaction rate as a 
function of temperature and water-vapor pressure. 
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platinu:r;n-foil sheath placed around the thermocouple greatly reduced 

this effect. 

The apparatus was designed for operation under either vacuum 

or controlled-atmosphere conditions. The first series of experiments 

was carried out in flowing water vapor at pressures ranging from about 

1 to 15 mm of Hg. The arrangement for these experiments is not 

shown in Fig. 1. The water vapor was supplied from a flask that con

tained distilled water and was connected to the atmosphere inlet through 

a spherical float-type flowmeter. The output end of the system was 

connected to a vacuum pump through a Cartesian manostat and liquid

nitrogen cold trap, The trap was installed to prevent water vapor from 

entering the pump .. Considerable manipulation was necessary to obtain 

the desired combination of pressure and flow rate, . Once this was es

tablished, the manostat controlled pressure within ± 0.1 mm. System 

pressure was determined by either an Alphatron or Zimmerli gauge. 

Several low-pressure runs were made with additional HF sup~ 

plied to the system. This was generated by the thermal decomposition 

of KHF 2 contained in a heated copper tube connected to the input end 

of the system. 

Because of the difficulty of obtaining high flow rates under low

pressure conditions, later runs were made in an argon-water~vapor 

atmosphere. Through the system of valves and flowmeters illustrated 

in Fig. 1, any desired portion of the argon stream could be saturated 

with water vapor. In order to avoid the necessity for heated input 

tubing, the saturator bottles were maintained at room temperature. 

The saturator input tubes had fritted glass tips to ensure dispersion of 

the argon stream. 

Except for the furnace tube and glass components, the system 

was constructed mainly from copper tubing. Evidently the pressures 

of HF under experimental conditions were not sufficiently high to cause 

corrosion problems. The metal parts of the system appeared un

attacked, and the only glass components visibly affected were those 

in the output line. The lack of change in sensitivity of the helix indi

cated that no HF corrosion had occurred throughout the course of the 

experiments. 
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III..· EXPERIMENTAL PROCEDURE 

A. Calibration of Instruments 

Because the reaction spe.cimelis were of uniform size and 

only weight-change measurements were desired, it was necessary to 

calibrate the helix for only a small range. Calibration was accom

plished by adding a 20-mg weight to the loaded sample basket and 

measuring the change in extension of the helix. In addition, the sam

ples were weighed on an analytical balance before and after r.uns. By 

comparison of this weight-loss value to that obtained with the helix, 

the calibration was rechecked on every run. 

The flowmeter calibrations for argon were calculated from 

known properties of the gas according to the procedure given in the 

Fischer and Porter Tri-Flat Variable Area Flowmeter handbook. 

Calibration for water vapor at low pressures was done experimentally 

by measuring the weight loss of the supply flask after removal of water 

vapor for a known time at a given flowmeter reading. 

The furnace hot zone was checked by measuring temperature as 

a function of distance from the furnace ends. In the hottest part of the 

reaction chamber, the temperature was constant to ± 1 °C over a 4-cm 

length. The samples, whose maximum dimensions were about 1.6 em, 

were suspended in the center of the hot zone. 

Temperatures determined with the control thermocouple (Chro

mel-Alumel) and measuring thermocouple (Pt-Pt
90

Rh
10

) agreed to 

within 1 °C. To determine if the measured temperature corresponded 

to the sample temperature, another Pt-Pt
90

Rh10 thermocouple was 

projected into the furnace tube from the top of the furnace with its hot 

junction in the position where the s:ample normally hung. The temper

ature determined with this thermocouple was within a maximum devi

ation of zoe from that given by the measuring thermocouple at the 

four reaction test temperatures. It was concluded that calibration cor

rections were unnecessary and that the measuring thermocouple accu

rately measured sample temperature. 
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The Zimmerli gauge, an absolute mercury manometer type, 

indicated pressure measurements that agreed to within ± 0.1 mm of 

those indicated by the Alphatron gauge. As the agreement was within 

the range of precision of both instruments, it was concluded that both 

gauges were in calibration. 

The saturator system was checked by collecting the output 

vapor in a magnesium perchlorate drying tube under known flow con

ditions. The weight gain of the drying tube indicated that saturation 

was obtained. 

B. Specimen Preparation 

A large number of samples was required for the weight-loss 

determinations. In order to obtain enough uniform reproducible 

specimens, several sample-preparation techniques were investigated. 

A few specimens were prepared from single-crystal material. 

These were cut from single-crystal chunks with a diamond saw, and 

hand ground to final dimensions with a slurry of 400-mesh silicon car

bide and water. The specimens were then washed, rinsed with dis

tilled water, and dried. The finished specimens were rectangular 

slabs approximately 0.8X0.8X0.25 em and weighed about 0.45 g. Ex

ternal dimensions were measured to within 0.001 em with a microm

eter" 

In order to fully utilize the limited amount of single -crystal 

material available, samples were reacted several times. Samples 

were prepared for rereaction by dissolving the thin MgO coating in 

dilute HCl and then regrinding the surface. Since MgF 
2 

is insoluble 

in HCl, the acid treatment left it unaffected. 

Attempts were made to press and sinter polycrystalline MgF 2 
disks. It was difficult to establish optimum preparation parameters 

such as particle size, die pressure, and sintering temperature. After 

good-quality hot-pressed MgF 
2 

became available, these attempts were 

abandoned. 

Polycrystalline specimens for the reaction studies were fabrL

cated from four hot-pressed disks of MgF 
2 

supplied by the Bausch and 

Lomb Optical Company. These disks had approximate dimensions of 
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5.5 em diam and 0.5 em thickness. The disks were diamond sawed 

into rectangular slabs, which, after heat treatment, were ground to 

final dimensions in the same manner as the single-crystal specimens. 

Although the material was of theoretical density, it was confirmed 

(as reported by Buckner et al. 
2

) that marked expansion occurred in 

specimens which had been heated to above 800°C. Buckner suggested 

that this expansion was a result of trapped gases in the hot-pressed 

compacts. Therefore, in order to ensure stability of sample dimen

sions, the rough-cut slabs were heat-treated in vacuo for 3 hours at 

900°C, This temperature was well above the maximum reaction-test 

temperature of 835° C" After heat treatment, the samples were 

ground to final dimensions of about 1.6 by 0. 5 by 0. 2 em, and weight 

of about 0.6 g. The grain size of the heat-treated material was about 

1 micron. Specimens chosen at random from three hot-pressed disks 

had identical reaction rates under the same reaction conditions. 

C. Rate-Measurement Procedure 

The procedure for making rate determinations differed accord

ing to the atmosphere used. Runs in water vapor at low pressures 

were begun by first heating the specimens to the desired reaction tem

perature in vacuo. The reaction was then initiated by opening the 

water-flask valve and allowing the water-vapor pressure to build up. 

After a 5-minute wait to permit conditions to stabilize, the zero read

ing was taken. Runs were made at constant flow rates in the range 

from 3 to 24 cc/min. 

The procedure with the argon-water-vapor atmosphere differed 

slightly. The samples were heated in flowing dry argon, and the re

action was then started by diverting all or part of the argon stream 

through the saturator. Most of the runs in argon were made with flow 

rates of 1000 cc/min. 

Reaction rates were calculated in units of MgF 
2 

molecules re

acting per cm
2 

per second. The procedure consisted of first converting 

(a) the experimental data on weight loss per unit time to (b) units of MgF2 
molecules reacting per unit time. The rates were then normalized for 

sample surface areas which were calculated from measured dimensions. 
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IV, RESULTS 

A. Specimen Composition and Preparation 

Preliminary work was carried out to determine the most 

desirable type of sample and to establish reproducibility. After a 

number of runs had been made in water vapor at low pressure, it was 

discovered that the atmosphere flow rate had a marked influence on 

the reaction rate. Nevertheless, some of the data obtained are mean

ingful if results are compared at identical pressures and flow rates. 

One series of experiments was performed on single-crystal 

slabs of MgF 
2 

in the water-vapor atmosphere at 805°C. Two single

crystal specimens of different orientations (cut in different directions 

from one single-crystal chunk) were reacted at 11-mm pressure at 

805°C. After dissolving the MgO product coating and regrinding, it 

was found that a sample reacted at a rate essentially equal to the orig

inal rate. Sample No. 1, run five times, had an average reaction 
15 -2 -1 

rate of 3.8X 10 molecules em sec . From two runs on sample 
15 -2 -1 

No. 2, an average rate of 3.0X10 molecules em sec was obtained. 

When the MgO coating was dis solved considerable. surface roughening 

was visually evident. For one of the five runs, sample No. 1 was given 

a high surface polish with submicron alumina. The reaction rate ob

tained from this run was the same as for runs in which the sample sur

face was ground with silicon carbide. 

B. Flow-Rate Effect 

The influence of flow rate on reaction rate was determined on 

polycrystalline slabs at 775°C and 2 mm water-vapor pressure. The 

results of seven runs at flow rates between 3 and 24 cc/min showed a 

reaction-rate variation from 1.4 to 2.4 X10 15 molecules em-
2 

sec-t. 

Figure 2 illustrates this variation graphically. The result of a run 

made under similar flow conditions with additional HF supplied to the 

system is also shown. 
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Fig. 2. Reaction rate vs atmosphere flow rate in water 
vapor at 2-mm pressure and 775° C. 
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~ 

The decision to make further runs in an argon-water~vapor 

atmosphere was caused by two factors: (a) the existence of a flow-rate 

effect, and (b) the circumstance that the maximum flow rate obtainable 

under low-pressure conditions was only 40 cc/min, Figure 3 shows 

that the reaction rate remained constant for flow rates ranging from 

400 to 1200 cc/min at 775°C in argon with a water-vapor partial pres

sure of 4.0 mm. Therefore, all subsequent rate determinations were 

made in a flowing argon stream containing the desired concentration 

of water vapor, 

C. Microstructure and Composition of Reacted Specimens 

Figure 4 is a photomicrograph of a polished section of a poly

crystalline specimen reacted at 805°C and with a water-vapor partial 

pressure of 21.1 mm. The specimen was gold-shadowed to reduce 

internal reflections and improve contrast. The dark spots in the 

inner MgF 
2 

section resulted from pullouts during polishing. There is 

a clearly defined interface between reactant and product. The MgO 

product layer, which was about 0.007 em thick, appears grainy and 

porous. 

Figure 5 is an electron photomicrograph of material scraped 

from the product layer of a specimen reacted at 835°C and 20.0 mm 

water-vapor pressure, The product appears to be an agglomerate of 

small (0,2- to 0.3 fl. diam) grains of poorly defined shape. Numerous 

small pores are also visible. 

In an effort to detect MgF 
2 

or possible intermediate species in 

the product layer, x-ray diffraction patterns were recorded from 

material ground from the product layers of several specimens reacted 

at 1050°C, This temperature, which was considerably above the range 

of reaction test temperatures, was chosen because at this temperature 

a substantial amount of product would be formed in a reasonable length 

of time and line -width broadening due to small crystallite size would 

be avoided. MgO was the only species detectable in the product layer, 



-11-

MU-33427 

Fig. 3. Reaction rate vs atmosphere flow rate in argon 
with 4.0-rnrn water-vapor partial pressure at 77 5o C. 
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Fig. 4. Polished section of specimen reacted at 805° C 
and water-vapor partial pressure 21. i mm. 
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Z N -4121 

Fig. 5. Electron photomicrograph of MgO product from 
specimen reacted at 835° C and 20-mm water-vapor 
partial pres sure. Magnification 9600 X. 
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D. Rate Determinations 

Figure 6 shows typical experimental weight loss vs time plots 

for specimens reacted at a water-vapor pressure of about 20 mm Hg 

and at 30° C temperature intervals from 745 to 835°C. All of the 

weight loss vs time curves were linear and similar to these. The 

initial decrease in rate, which is responsible for the failure of the 

lines to pass through the zero point, is a characteristic feature of 

most ofthe weight-loss plots. 

Table I is a compilation of the rate data from 32 runs at the 

four r~action test temperatures. Rates were obtained from exper

imental weight-loss plots by taking the slopes of the best straight lines 

that could be drawn through the experimental points. 

Figure 7 graphically shows the relationship between reaction 

rate and water-vapor pressure at the four reaction test temperatures. 

The curves were drawn according to the least-squares fit to the rate 

equation (7) derived in Sec. V. C. 
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Table I. Compilation of rate data from 32 runs at four reaction test temperatures. 

Run No. T( °C) p -15 
Run No. T( oc) p -15 · Rate X 10 _ 2 _1 Rate X 10 _ 

2 
_

1 (mm Hg) (molecule em sec ) (mm Hg) (molecule em sec ) 

1 745 1.1 0.654 17 805 1.0 1.96 
2 745 4.0 1.14 18 805 1.1 1.97 
3 745 4.2 1.18 19 805 4.1 3.06 
4 745 9.9 1.47 20 805 4.1 3.08 
5 745 10.1 1.38 21 805 10.0 4.47 
6 745 11.4 1.48 22 805 10.3 4.59 
7 745 19.8 1. 57 23 805 20.3 5.02 
8 745 20.1 1.43 24 805 21.1 4.94 

9 775 1.1 1.08 26 835 1.0 3.05 
10 775 1.1 1.19 25 835 1.1 3.65 I 

..... 
11 775 4,2 1.85 27 835 4.1 5.98 C1' 

12 775 4.7 1.92 28 835 4.1 5.66 
I 

13 775 10.0 2.54 29 835 10.0 7.65 
14 775 10.3 2.87 30 835 10.0 7. 72 
15 775 20.6 2.58 31 835 20.1 9.10 
16 775 21.1 2. 71 32 835 20.1 9.32 
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Fig. 7. Reaction rate vs water-vapor partial pressure. 
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V. DISCUSSION OF RESULTS 

A. Specimen Composition and Preparation 

Even for isotropic materials such as metals with cubic 

structures, oxidation rates have been found to differ on different crys

tallographic planes. 8 Magnesium fluoride has the rutile structure 

which is tetragonal with the cations in a body-centered distribution. 

Therefore, one would expect single crystals to have anisotropic bulk 

properties. The experimental evidence that the MgF 
2 

hydrolysis rate 

depends upon crystallographic orientation is consistent with this ex

pectation. In addition, because efforts were not made to orient the 

single-crystal specimens relative to specific crystallographic planes, 

it seems likely that the observed surface roughening could have been 

a consequence of unequal reaction rates in different crystallographic 

directions. 

Orientation effects were of secondary interest, and the supply 

of single-crystal material was limited. For these reasons, polycrys

talline specimens were chosen for the rate determinations. Because 

x-ray diffraction patterns from the hot-pressed MgF 
2 

showed no pre

ferred orientation, the experimental reaction rates determined on 

polycrystalline samples should be average rates over all crystallo...: 

graphic orientations. 

Under similar experimental conditions, the polycrystalline 

specimens gave.reaction rates higher than those determined on single

crystal specimens. This difference is probably due to the presence of 

grain boundaries and open pores in the polycrystalline specimens. 

Surface areas were simply calculated from external sample dimensions 

without allowance for increased area due to microscopic surface rough

ness and open pores. However, results were reproducible for samples 

prepared in the same manner. This fact leads to the conclusion that 

the geometrically determined surface area, if not equal to the true sur

face area, was at least proportional to it. 
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B. Flow -Rate Dependence 

A possible explanation for the flow-rate dependence of the re

action rate at low p;ressures is that flow rates were too low to prevent 

the buildup of a significant HF pressure in the system. The presence 

of HF would increase the rate of back reaction. The net rate, which 

is the difference between the rates of the forward and back reactions, 

would thus be reduced. 

Attempts were made to calculate the pressure of HF in the sys

tern from the knowledge of its rate of production by the reaction and 

assumption of steady-state conditions. However, such a calculat_ion 

involved parameters that could not be readily estimated. Among these 

were the volume of the system available to the HF, the rate of pumping 

HF out of the system, and the existence of concentration gradients. 

Therefore these attempts were abandoned. 

In addition to the difficulty of calculating the HF pressure, it 

will be shown in the discussion of the mechanism that the reaction rate 

has a complicated dependence upon HF pressure. However, it was 

possible to demonstrate that the rate was influenced by the HF pressure 

in the system as shown by the point labeled "HF added" in Fig. 2. This 

point represents a run for which the rate of introduction of HF was in

creased to about 6 times that of its rate. of production by the reaction. 

The maximum reaction rates under low-pressure conditions ex

ceed those obtained at the same water-vapor pressure in the flowing 

argon-water-vapor atmosphere. This discrepancy suggests that, al

though the manometrically determined pressure remained constant, in

creasing the flow rate may have increased the actual pressure in the 

system. 

Because the flow-rate effect was poorly understood, it was 

decided to employ a flowing argon-water-vapor atmosphere with which 

higher flow rates could be obtained in an effort to eliminate the effect. 

Figure 3 shows that there was no rate dependence upon flow rate in the 

range from 400 to 1200 cc/min. This result also demonstrates the r~~ 

producibility of the rate measurements and indicates that the gas stream 

was adequately preheated. 
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C. Reaction Mechanism 

Determination of the reaction mechanism involves expressing 

the over -all reaction in terms of elementary reactions, i.e., reactions 

that take place as written on the molecular level, and that involve pas

sage over single-energy barriers. 
4 

Heterogeneous gas reactions are 

analogous to the reaction being considered and involve the following 
3 basic steps: 

1. Gas -phase transport of reactants to the surface. 

2. Adsorption of reactants at the surface. 

3. Chemical reaction at the surface. 

4. Desorption of products from the surface. 

5. Gas -phase transport of products into the bulk gas phase. 

Further complications stern from the possibility that step 3 may 

involve several elementary reactions. In addition, one must consider 

solid-state diffusion and nucleation as possible rate-influencing pro

cesses in gas-solid reactions. The following is concerned with eval

uation of the experimental results with the objective of determining 

which of these processes may be rate controlling. 

Figure 4 indicates that the reaction takes place at a clearly de

fined interface between the MgF 
2 

and MgO. Thus, the over-all re

action rate depends upon the inter£ acial area. In order to avoid cor

rections for surface-area changes, the runs were carried out to an 

extent of reaction involving total area changes of only about two per 

cent. Therefore, for purposes of calculation, it was assumed that the 

surface area remained constant; and the original specimen's surface 

area was used in normalizing rate data. 

The linearity of the weight-loss vs time plots, under the exper

irnental conditions employed, indicates that the reaction rate does not 

change with increasing product-layer thickness. A rate-controlling 

mechanism involving diffusion through a protective scale requires that 

the rate be inversely proportional to the scale thickness. 9 With the as

sumption of a constant pressure gradient, an inverse proportionality 

to product-layer thickness would also apply for a mechanism involving 
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gaseous effusion through pores in the product layer. 10 

Linear rate laws are usually obtained for cases in which the 

ratio of specific volumes of product to reactant is less than one. 
8 

In 

this case the ratio is 0. 57 for MgO and MgF 
2

. Measurements on 

samples before and after reaction showed no dimensional changes. 

Since no product-layer shrinkage occurred, it would be expected that 

the product layer was highly porous. Figure 5 shows that the product 

layer consisted of fine particles sintered together, with numerous pores 

among them, thus supporting this conclusion. Evidently, the product 

layer was sufficiently porous to provide negligible resistance to the pas

sage of gases. 

The weight-loss results show no evidence. of an induction period, 

indicating that nucleation must be rapid in the temperature range inves

tigated. Observation with a hot-stage mi:croscope of the beginning sta-ges 

of the reaction on, a single-crystal specimen confirmed this result. An 

MgO film developed on the MgF 
2 

without formation of nuclei large 

enough to be detected at 150>< magnificatiqn, One can therefore conclude 

that the activation energy for nucleation is relatively low, and that the 

growth process must be rate controlling. 

Slight initial deviations from linearity similar to the observed 

ones are not uncommon. A similar initial rate decrease was found by 

Cannon and Denbigh in the determination of the oxidation kinetics of 

ZnS. 
11 

Gulbransen and Andxew discussed possible causes for an anal

ogous phenomenon in the oxidation of cobalt. 
12 

A quantitative charac

terization of the deviation would require a more exact determination of 

the shape of the very beginning portion of the weight-loss vs time plot. 

Thi'S was beyond the precision of the apparatus. A possible contrib

uting cause could have been a slight protection of the MgF
2 

surface as 

the product layer first formed. 

The observed linear rate law indicates that the over -all reaction 

process is essentially controlled by chemical reaction at an interface. 

Interface-controlled mechanisms have been established for a number of 

other gas -solid reactions involving the formation of MgO product layers. 
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Examples include the thermal decomposition of MgC0
3 

at about 
13 14 15 . 16 

550°C; ' ' the dehydration of Mg(OH)
2 

at 325°C; and the 

oxidation of magnesium from 412 to 575°C. 17 

Assuming ideal-gas behavior, one can calculate a collision 

rate for water-vapor molecules of 2. 5 X 10 20 molecules ern - 2 sec - 1 

at 805°C and 1-rnrn pressure. This rate is several orders of mag

nitude greater than the observed reaction rates, which were from 
15 16 -2 -1 

10 to 10 molecules ern sec . Therefore, the possibility of 

collision rate controlling the reaction rate can be discounted. 

In the determination of the reaction mechanism, the possible 

existence of solid solutions and intermediate phases .must be consid

ered. No solid solutions have been reported in the system MgO-MgF
2 

. . . d' 18, 19 . h h d" d . . 20 1n reactlon stu 1es, or 1n t e p ase- 1agrarn eterrn1nat1on. 

Zehender studied the oxidation of thin MgF 
2 

films by electron diffrac

tion, and the resulting diffraction patterns showed only MgF 
2 

and MgO 

lines. 
21 

This is consistent with the results of the x-ray diffraction 

patterns of product-layer material in which MgO was the only detect

able species. From infrared transmission measurements, Buckner 
2 

et al. postulated the existence of a hydroxyfluoride complex. 

The strong saturation character of the reaction··rate vs water

vapor-pressure curves in Fig. 7 suggests the involvement of an ad

sorption equili briurn. Similar reaction- rate pressure dependencies 

have been found in the oxidation of ZnS, 
11

• 
22 

the nitridation of 

CaC
2

, 
23

• 
24 

the thermal decomposition of Ag
2
co

3
, 25 and the dehy

dration of alum. 
26 

Kofstad proposed a step involving a dissociative 

adsorption of oxygen to account for similar behavior in the oxidation 

of tantalum. 
2 7 

A reasonable reaction mechanism that can be proposed to ac

count for the experimental data consists of three steps: the chem

isorption of water vapor, formation of a hydroxyfluoride intermediate, 

and decomposition of the intermediate. Because of the demonstrated 

high permeability of the product layer under these test conditions, its 

presence is ignored, and it will be assumed that the reaction takes 

place at the equivalent of a .free MgF 
2 

surface. In view of the large 

specific-volume difference between MgF 
2 

and MgO and the linear 
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rate law, this assumption does not appear unreasonable. One might 

visualize the process as a continuous breaking away of the newly formed 

MgO from the interface, exposing fresh MgF 
2 

surface to the attacking 

gas. 

For the first reaction step, we write 

( 1) 

A B A'·B 

This step is equivalent to the formation of an intermediate spe

cies consisting of the combination of a chemisorbed water-vapor mol

ecule with a reactive MgF 
2 

surface site. 

For the second reaction step, we write 

~ MgF 
2

: · .H20(chem) ~ Mg(OH)F(c) + HF(g). 
4 

(2) 

A·B CD D 

This step involves the formation of the hydroxyfluoride complex 

proposed by Buckner et al. 2 It might be thought of as the reaction of the 

chemisorbed water vapor with a fluoride ion to yield HF gas and a hy

droxyl ion substituted for the fluoride. Although the bulk compound, 

Mg(OH)F, has not been reported, the OH- and F- ions have similar 

radii, 
28 

and it seems reasonable to assume that such a substitution 

could occur in the disturbed region near the MgF 
2 

surface. 

The third reaction step is the decomposition of the hydroxyflu,.. 

oride intermediate to form products as follows: 

Mg(OH)F(c) 
k5\ 
k

6 
MgO(c) + HF(g). (3) 

CD c D 

The rate of production of MgO can be expressed as 

( 4) 

2 
where nC = n A = number of reacting molecules per em of sample 

surface, 
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(CD) = concentration of hydroxyfluoride complex in molecules 
2 

per em 
' 

[ c ] concentration of MgO in molecules per em 
2 

and = 

( D] concentration of HF in molecules per em 3 
= 

In order to obtain a rate expression that can be evaluated in 

terms of observable quantities, one needs to express the concentrations 

of the intermediates A·B and CD in terms of known concentrations. 

The experimentally established linear rate law implies that the concen

trations of all species· involved in the reaction are constant for a given 

set of conditions. With the assumption of steady-state conditions, the 

concentration of CD can be readily evaluated as a function of meas

urable quantities. 

The rate of change of [CD] with time can be expressed as 

where [A· B) = concentration of chemisorbed water vapor in mole

cules per cm2. 

Solving for [CD], we obtain 

k3 k6 
(CD) = (k (D)+ k) (A.B) + (k ·[DJ + k ) (C](D). 

4 5 4 5 

In a similar manner the rate of change of [A· B) with time can 

be expressed as 

where [A] 

[B) 

= concentration of MgF 
2 

in molecules per cm
2

, and 
3 = concentration of wq.ter vapor in molecules per em 

Solving for [A· B), we obtain 

k1 
[A· B) = (k +k ) [A]( B) 

2 3 
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Substitution of the expression for [A· B] in the equation for 

[CD] gives 

k3 ~ k1 k4 } [CD] = (k (D)+ k} (k + k } [A][ B) + (k + k } [CD][ D) 
4 5 2 3 2 3 

k6 
+ ~ (D)+ k } [C][D]. 

4 5 

Solution for [CD] and substitution in Eq. (4} would yield an 

-extremely unwieldy rate expression, However, two assumptions may 

be made that greatly simplify evaluation of the mechanism, First, 

the strong saturation character of the rate vs water-vapor pressure 

curves suggests that the chemisorption step is in equilibrium, i.e., 

k
2
» k

3
. The second assumption is that the flow rates used we.re 

sufficiently fast to keep the HF pressure negligible, With these as

sumptions, the expression for [CD] reduces to 

k1 k3 
[CD] = k2 k5 [A] [B]. 

Substituting this expression into Eq, (4}, and assuming that the 

HF pressure is low enough to make the second term in (4} negligible, 

we can express the reaction rate in terms of MgF 
2
as 

(5} 

The results of the assumptions made in the derivation of Eq. (5} can be 

summarized in the following manner: 

R1 = 
R2 » 

- R3 » 

R5 » 

R3 :; 

R2 

R3 

R4 

R6 
R 5 = R. 

The subscripts refer to the rates of the individual steps and R indi

cates the over -all reaction rate. 
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The MgF 
2 

surface available for reaction _is only that part of the 

surface not already covered by chemisorbed water molecules. There

fore, the .concentration oLivailable. MgF 
2 

is 

[MgF
2

] = (a0 -a) 

where b 
2 f . f . d a0 = num er per em o reactlve sur ace s1tes an 

b 
2 f . f . . db a - num er per em o reactlve sur ace s1tes occup1e y 

chemisorbed H
2
0. 

The curves in Fig. 7 resemble Langmuir-type adsorption iso

therms. It seems reasonable to assume that such an isotherm is valid 

for the chemisorption process. Therefore, we can write 3 

(T 

ao - a ' 

where K = a 
equilibrium constant for chemisorption. 

these relationships in (5), we obtain 

R = - k 3 a. 

Substituting 

(6) 

Equation (6) therefore predicts that the reaction rate should be propor~ 

tional to the concentration of chemisorbed water vapor. 

Solving for a in the Langmuir expression and substituting 

[H2o] = p/kT, we get 

K p a 
a o 

a= kT+K p ' 
a 

where p =water-vapor partial pressure, k = Boltzmann's constant, 

ana T = temperature in oK. Introduction of this expression for a 

into Eq. (6) gives 

K p a 
a o 

kT + K p . 
a 

By rearrangement, one finally obtains 

(7) 
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Equation (7) predicts that, at a given temperature, a plot of pjR 

vs p should yield a straight line with slope 1/k
3 

u 
0 

and intercept 

kTjk
3

K u . Figure 8 presents the results of the runs at the four . a o 
test temperatures plotted according to Eq. (7). The least~squares 

method was usedto plot the best straight line through each set of data. 

Values of k
3 

and Ka were obtained from the least-squares 

slopes and intercepts. All calculations were made with the assumption 

that u , the number of reactive surface sites per em 
2

, was equal to 
0 . 2 

the number of molecules of MgF 
2 

per em This number was calculated 

by averaging the densities of MgF 
6 

octahedra on several low-index crys

tal faces. A value for u of 8 X 10
14 

molecules per em 
2 

was obtained. 
0 

Table II summarizes the results of the determination of the constants. 

The temperature dependence of the chemisorption equilibrium 

constant may be expressed as follows: 

where ·<R = gas constant, D. F = free energy of chemisorption, and the 
a 

superscripts represent the concentrations of the various species in their 

standard states. If these standard states are chosen so that u 0 = u /2, 
0 

and [H
2
0]0 = 1 molecule per cc, we obtain 

(8) 

where D.S =/entropy of chemisorption and D.H = enthalpy of chemi-
a a 

sorption. Equation (8) indicates that a plot of .£nK vs 1/T should be 
a 

a straight line of slope - D.Ha/{R and intercept D.Sa/Ut. Figure 9 

shows that a satisfactory straight line was obtained. The limits on the 

points indicate the probable error. These limits were calculated from 

the probable error in the slopes and intercepts of the least-squares re

presentation of p/R vs p; 29 D.H was found to be -16.9 kcal/mole. 
a 

With reference to the usual gas standard state of 1-atm pressure, and 

adsorbed standard state corresponding to one -half surface coverage, D.S 
a 

was calculated to be -4.2 eu. 
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Table II. Values of k
3 

and K. 
a 

_! X104 _1_ X1015 -1 \'· kT X 10
17 

T k
3 

sec '' 

X10
15 K T .. k3 0" 0 k

3
K o- a 

(oK=1) 
a o 

(OK) 

1018 9.823 0.615± 0.025 2.02± 0.08 0.941±0.117 6. 90± o. 91 

1048 9. 541 0.343±0.022 3.72±0.23 0.606± 0.155 6.15± 1.63 

1078 9.276 0.180± 0.008 6. 94± o. 33 0.453± 0.062 4.45± o. 65 

1108 9.025 0.0959± 0.004 13.0 ± 0.6 o. 284± 0.029 3.88± 0.44 
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Fig. 9. Log Ka vs T according to Eq. (8). 
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The AH value seems reasonable for a chemisorption process. a 
However, AS is much less than would be expected for the immobile a 
adsorption assumed in the derivation of the Langmuir adsorption iso-

therm. The translation.al entropy of water vapor at i063 •K is 40.9 eu. 

For immobile adsorption, one would anticipate an entropy loss at least 

equal to the translational entropy of the gas. 

According to activated complex theory, 3 the temperature de

pendence of the rate constant should be given by the following expres

sion: 

k _ kT 
3-11 

where h = Planck's constant, AS
3 
t = entropy of activation, and 

li H
3
t = enthalpy of activation. If it is assumed that 

(kTih) exp (AS
3 
t I <SJ) = A

3 
=: a constant over. a small temperature range, 

the expression for k3 may be given in terms of logarithms as follows: 

- A~t 
£n k = £nA - - . ( 9) 

3 3 (f!T 

Therefore, an Arrhenius-type plot of £nk
3 

vs tiT should yield a 

straight line with slope - AH
3 
*/(St. and intercept equal to £ttA

3
• Figure 

tO shows that this plot yielded an excellent straight line. The values 
t I tO -i obtained for AH

3 
and A

3 
were 46.4 kcal mole and t. 75Xt0 sec , 

respectively. 

The value of A
3 

may be compared to that for 

I t3 - t kT h = 2.20X 10 sec at t063 °K. One thus obtains a value of 

- t4. t eu for the entropy of activation. This calculation depends upon 

the assumptions that·every surface site was reactive, and that the meas

ured surface area was the true surface area of the specimen. The pro

cedure used for calculating the values of k
3 

was equivalent to extrap

olating the p vs R curves to saturation. Therefore, from Eq. (6), 

we can express k
3 

as 

R sat. 
C1 

0 
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Because of microscopic surface roughness, the true reactive surface 

area was undoubtedly greater than the measured area. On the other 

hand, due to surface heterogeneity and interactions among chemisorbed 

molecules, CJ 
0 

2 
was probably less than the number of molecules per ern 

of surface. These two effects change the value of k
3 

in opposite direc-

tions and appear to cancel each other somewhat. However, because the 

magnitudes of the effects cannot be evaluated, considerable uncertainty 

exists regarding the absolute values of k
3

• A constant error in k
3 

would not affect the value of 6.H
3
± but would lead to uncertainty in the 

entropy of activation. 

From thermodynamic considerations, it is likely that Reaction 

(2) should involve a positive entropy change. If it is assumed that this 

step is endothermic, the configuration of the activated complex would 

be expected to more closely resemble the configuration of the products 

than that of the reactants. On this basis, one would predict a positive 

entropy of activation rather than the negative value that was obtained. 

Therefore, it may have been more reasonable to consider the formation 

of chemisorbed HF rather than HF gas in the mechanism formulation. 

At any rate, because the assumption of low HF concentration would 

have led to the same final rate expression, it was decided not to intro

duce the additional complication of a step involving the desorption of 

HF. 
( 

An attempt was made to formulate a simpler, two-step reaction 

mechanism: the chemisorption of water vapor, and decomposition of 

the chemisorbed intermediate to form products. With similar simpli

fying assumptions, this treatment yielded a rate expression identical to 

Eq. (5). However, as illustrated by Fig. 11, the difficulty arose that 

the difference between the activation enthalpy and heat of chemisorption 

was less than the endothermicity of the over-all reaction. The intro

duction of the intermediate step involving the formation of a hydroxyflu

oride complex resolved this difficulty. 

It was shown earlier that the assumptions made in the derivation 

of the mechanism led to the conclusion that R = R
3 

= R 
5

, or 

R = - k
3

& = -k
5 

[Mg(OH)F). However, the only activation enthalpy that 
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Fig. 11. Enthalpy vs reaction coordinate for a 
two-step mechanism. 
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could be obtained was that associated with k
3

. The reason for this is 

that the data on the dependence of the rate on water -vapor pressure 

allowed a, and consequently k
3

, to be evaluated. Even though R
5 

was 

known, the concentration .of Mg(OH)F could not be determined, and it 

was not possible to obtain values for k
5 

and ~H5t. 
Although the general features of the proposed mechanism appear 

d h 1 . "1 h . 1 11, 2 2' 2 3,2 4 correct,an t e resu ts are s1m1 ar to t ose 1n ana ogous cases, 

the low figure for the entropy of chemisorption is difficult to explain. 

It seems likely that the mechanism consists of more than three steps on 

the molecular level, and that the interpretation given here is oversimpli

fied. It is probable that k
3 

and Ka combine several elementary re

action~rate constants. If this were the case, one might still obtain rea

sonable figures for the heat of chemisorption and activation enthalpy 

along with considerable uncertainty in the values for the preexponential 

factors. 

A more detailed model of the reaction mechanism would require 

more information than is now available. Data on the rate of the back re~ 

action and its dependence upon HF pressure would be particularly useful. 

However, if MgO specimens were reacted with HF, the specific volume 

ratio of product to reactant is such that the MgF 
2 

coating would either 

be protective or would spall off. In the first case, the mechanism would 

probably be altered to one controlled by solid-state diffusion. If 

spalling occurred, rate measurements would be difficult. There still 

remains the possibility of studying the rate of hydrolysis of MgF 2 under 

controlled pressures of both water vapor and HF. 

In addition, infrared spectrographic measurements might estab

lish more definitely the existence of a hydroxyfluoride complex, and 

perhaps other intermediate species. 
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VI. SUMMARY 

Weight-loss measurements and microstructural evidence have 

indicated that the rate of hydrolysis of MgF 
2 

in the temperature range 

from 745 to 835 oc is controlled by the rate of chemical reaction at 

the MgF 
2 

-MgO interface. It was possible to interpret the mechanism 

in terms of three steps involving: 

1. Chemisorption of water vapor, 

2. Formation of an intermediate hydroxyfluoride complex, 

3. Decomposition of the hydroxyfluoride complex to form 

products. 

The assumptions that the chemisorption step was in equilibrium, 

and that the HF pressure was negligible, allowed the reaction rate de

pendence upon water-vapor pressure to be expressed in terms of the 

Langmuir adsorption isotherm. 

Reasonable values were obtained for the heat of chemisorption 

as well as for the activation enthalpy and frequency factor for decom

position of the chemisorbed intermediate. However, the experimental 

entropy of chemisorption was much less than the translational entropy 

of water vapor. The probable cause for this discrepancy is an over

simplified interpretation of the reaction mechanism. Further investi~ 

gations concerning the presence of intermediate species and the rate 

dependence on HF pressure would be necessary for a more detailed 

treatment. 
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or for damages resulting from the use of any infor
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 






