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H 1 
Kinetics of the Reaction of Niobium 
Pentachloride with Water Vapor 

• 	 T. R. INGRAHAM' and D. J. P. WHALLE; 

When niobium pentachloride is exposed to moist 
air, hydrogen chloride is liberated and hydrated nio-
bium pentoxide or nioble acid remains. It is believed 
that the rate of the reaction k controlled by the rate 
of diffusion of water across a layer of unidentified 
intermediate product of constant thickness (about 
0.2 mm.). The constant thickness of the layer is main-
tained by the spalling and cracking of the product 
after it exceeds a eritical thickness. Since the reaction 
takes place at an interface between the niobium pent-
uchloride and the layer of intermediate, it is necessary 
to normalize the results for the decrease in inter. 
facial area as the reaction proceeds. When  ibis is 
done, the rate of the reaction, expressed in terms of 
grams of niobium pentachloride reneting per square 
centimetre of interface per hour, is: 

Rate --- (7.7 ± 0.4) X 10 1  (p,/p) exp [( — 8.1 ± 0.6) X 101/RT 

When niobium pentachloride (NbC1 5) is exposed to moist 
air, an nverall reaction takes place to produce hydrogen 

chloride and hydrated niobium pentoxide 0,1) . It seems likely 
that at temperatures near room temperature, the only constituent 
of moist air involved in the reaction is water. This is because 
niobium pentachloride is stable in dry oxygen at temperatures 
up to about 150°C., at which it begins to react slowly ro produce 
niobium oxytrichloride(". 

Because of the generally increasing interest in chlorine 
metallurgy, and the possibility that niobium pentachloride 
might prove an interesting source tnaterial for reduction to 
niobium metal, it was decided to investigate the kinetics of 
the niobium pentachloride-water reaction to enable some of the 
problems of handling this material to be assessed. 

Because of the likelihood that niobium pcntachloride would 
be recovered from a preceding chlorination process as a loose 
powder, in much the same form as zirconium tetrachloride is 
recovered, it was decided to make the kinetic study on powdered 
material, using the pelletizing techniques developed by Warner 
and Ingraham" )  and Ingraham and Marier" )  for studies of the 
thermal decomposition of powdered ferric sulphate, aluminum 
sulphate and calcium carbonate. This technique permits the 
use of powders without the usual difficulties associated with 
highly variable surface areas, whicli are tedious to measure and 
difficult to 'reproduce. 

Preparation of Materials 
Niobium pentachloride was prcpared by chlorinating niobium 

metal (99.7% NI)) with cylinder-grade chlorine gas. This 
strongly exothermic reaction was controlled by regulating the 
supply of chlorine in a flow system. During reaction, the metal 
glowed and the reaction products were evaporated freely from 
its surface. The solid chlorination product was impure and 
consisted of yellow niobium pcntachloride, white niobium 

'Manuscript received June 12,  1963; accepted July 15, 1963 
2llead, Research Subdivision and Senior Scientific Officer, Extraction Meta!» 
largy Division, Mines Branch, Department of Mines and Technical Sur-
veYm, Ottawa, Ont. 

L'orsque le pentachlorure de niobium est exposé à 
l'air humide il s'hydrolyse en chlorure d'hydrogène 
et en acide niobiqtte (pentoxide de niobium hydraté). 
On' croit que le taux de cette réaction est limité par 
le taux de diffusion de la vapeur d'eau à travers 
une couche de produit intermédiaire, non-identifié, 
d'épaisseur constante (environ 0.2 min). L'épaisseur 
de cette couche de substance intermédiaire serait 
maintenue constante par un phénomène de désinté-
gration se produisant lorsqu'une certaine épaisseur 
critique est atteinte. 

Le taux de la réaction a été trouvé égal à: 

(7.7 ± 0.4) X 10' (p,/p) exp f( — 8.1 ± 0.6) X 101/RT 

grammes de pentachlorure de niobium par centi-
mètre carré par heur. Ce taux a été obtenu après 
correction des résultats expérimentaux pour tenir 
compte de la diminution de l'aire de l'interface 
pentaehlorure de niobium — produit intermédiaire 
durant la réaction. 

oxytrichloride and sonie darkly colore(' material which rnav 
have ken subchlorides of niobium. 

The niobium pentachloride was purified by volatilizing it and 
passing the vapors through a heated bed of actIvated charcoal(" • 
which had previouslv been flushed with chlorine and niobium 
pentachloride to des'orb contaminants from it. The product 
recovered by condensation from this operation was a homo-
geneous, finely crystalline yellow powder. Adsorbed chlorine 
was removed from the powder by pumping, and the material 
was stored, under dry nitrogen, in sealed containers. All 
manipulations involving the pentachloride were made either 
in a dry box or in a stream of dry nitrogen. The product was 
analyzed for niobium and ehlorine by standard wet methods and 
for oxygen by neutron activation. The results obtained from the 
two batches of material were as follows: 

Niobium (%) 	Chlorine (%) 	Oxygen (%) 

Lot No. 1 	34.68 	64.84 	0.15 
Lot No 2 	34.45 	65.11 	0.15 
Theoretical 	34.39 	65.61 	0.00 

Niobium oxytrichloride (NbOCI 1) was prepared by reaction 
of niobium pentachloride with  niobium pentoxide: 

3NbC1 6 	Nb20, 5Nb0C13 	 ( 1 ) 

The niobium pentachloride was heated to 190°C. and entrained 
in a 150 cc./min. stream of nitrogen. The gases were passed 
through a vertical bed of — 10+65 mesh anhydrous niobium 
pentoxide which WaS maintained at a temperature of 300°C. 
The niobium oxytrichloride was recovered by condensation on 
a "cold" finger which was maintained at 200°C. 

By wet chemical methods, the following analysis of the 
material was obtained: 
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Niobium (910 ) Chlorine (%) 

Lot No. 1 

Theoretical 

43.29 

43.15 

48.72 

49.41 

On the assumption that the overall decomposition reactions 
for niobium pentachloride and niobium oxyrrichloride would 
be represented by the following equations: 

2NbC12  + (5 +x) 11 20 	Nb2O2  . x11 20 + 10 11C1 	(2) 

2Nb0C13 + (3 +x) 11 20 	Nb204  . x11 20 + 6 1-1C1,. . • • (3) 

a number of preliminary experiments were done  ro  select a 
satisfactory method for determining the rate of reaction of the 
pelletized powders in a stream of tnoist gas. In one group of 
preliminary experiments, the sample was weighed continuously, 
using a quartz spring balance, in the expectation that the loss 
in weight could be used to determine the extent of reaction. 
This method proved unsatisfactory because of the pronounced 
and variable retention of water in the reaction products. In a 
second group of experiments an attempt was made to correlate 
the rate of reaction with the rate of liberation of hydrogen 
chloride. This method was only partially satisfactory, because 
it was found that the hydrogen chloride was quantitatively 
desorbed only whcn a very high rate of gas flow was used. 

During the preliminary experiments with pellets of niobium 
pentachloride, it was observed that when the reaction was 
initiated a dense layer of white product was formed over the 
yellow pentachloride. As the rcaction progressed, the product 
layer became swollen, cracked, and porous. The product was 
loose and could be rubbed and scraped off readily to reveal 
the dense unreacted cylindrical core of niobium pentachloride. 

Since the reaction ceased itnmediately when the flow of 
water vapor to the pellet was discontinued, it was possible ro 

 make an accurate determination of the extent of reaction by 
weighing the niobium pentackloride core. It  vas  therefore 
deckled to make a series of experiments On identical pellets 
and to determine the rate of reaction from the fraction of the 
original weight of material remaining after a series of tinted 
exixtsures to- a flow of moist nitrotzen. Nitrogen  11, ) ,,, talc , „f 
about 1000 cc./min. were used it't all experiments because it 
had br.:en observed in preliminary experiments, that the rate of 
reaction was unaffected by- changes in nitrogen flow rate at 
flow rates greater than about 500 ce./inin. 

Apparatus and Procedure 
The apparatus used in the niobium pentachloride experiments 

is shown diagrammatically in Figure 1. It consisted of three 
parts. In one part, a nitrogen stream of known velocity at 
atmospheric pressure was saturated with water vapor by being 
bubbled through water held at a specified temperature in a 
constant temperature bath. Any entrained spray vas  removed 
by passage through packed glass wool. water-saturated 
gas was conveyed through the second part of the apparatus, 
a stirred air bath, which enclosed the port for loading and 
unloading the sample. The third part of the apparatus consistcd 
of a furnace, which had been wound on pyrex glass to permit 
observation of the niobiutn pentachloride pellet, and a sample 
holder to which a thermocouple was affixed. The pellet was 
suspended from the sample holder, in a small, perforated pan. 
It was assumed, because the reaction was slow, that the sample 
temperature was effectively the sanie as the ambient temperature 
which was measured. 

To protect the pellet from exposure to atmospheric moisture 
during loading and unloading, the apparatus shown in Figure 2 
was used. By keeping a small positive pressure of nitrogen on 
this apparatus it was possible to attach or detach the pellet and 
sample holder from the furnace assembly, and to transfer it to 
a dry box for weighing and other manipulations. 

The pellets used in the experiments were cylindrical in 
shape and either 0.41 or 0.52 cm. in radius. They were prepared 
in a cylindrical die at 20,000 psi. pressure, and were cut after 
extrusion so that the height and diameter of the pellet were 
identical within ±2%. The density varied slightly front pellet 
to pellet but was within the range 2.20 to 2.52. The higher 
density is close to 90% of the density of solid niobium penta-
chloriele. 

Results 

In the first group of experiments, pellets having an initial 
radius of 0.52 cm. were subjected to a flow of nitrogen containing 
water vapor at a partial pressure of 4.02 cm. of mercury. The 
experiments were done at temperatures of 55, 65, 75, 85 and 
95 0  ±0.5°C. 

When the results were analyzed, it was observed that a 
graph of the residual weight of niobium pentachloride, raised 
to the two-thirds power, versus reaction  r ime, was linear for 
any particular reaction temperature and partial pressure of 
■vater. This observation suggested that die process was a 
topoellemical one, for which th'e observed rate of reaction was 
determined by the area of Ille interface between the niobium 
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Figure 3. 

pentachloride and the reaction products. Since it was anticipated 
that pellets of different densities and radii would be used, the 
data were analyzed according to the method of Alcl:ewan(", 
who has shown that a linear relationship is obtainable for a 
topochcmical reaction with interfacial area rate dependency 
when the product 1-„dj is plotted against reaction time. The 
quantity r,  is the initial radius of a cy>lindrical pellet of identical 
height and diameter,  ii.  is the density,  of the reactant, and f, 
for the shape of pellet used in this study( 5) , is defined by  the 
equation: 

Figure 3—Weight of NbCf, react- 

ing pe r  square centimeter of 

interfacial area as a f 	•tiou of 

time. 

0 -= 55°C., A  = 65°C., D 
75°C., 	= 85°C., V :.-.-- 95°C. 

P„,,„ 	4.02 ein.lfg. 

Figure 1-1iate of reacr 	• c, as 

a function of relative water  va P01' 

 pressure, p/p,. 	33°C., V 

65°C.,  Q = 75°C., A = 85°C., 
95°C. 

f 1 — (1 — 	 (4) 

In Equation (4), a is the fraction reacted, which  'as  calculated 
from the original weight of the pellet and the weight remaining 
after a specified time of reaction. When the results were plotted 
according to this procedure, the graph shown in Figure 3 was 
obtained. 

The linearity of the relationships in Figure 3 (shown up to 
85% reaction) confirms the topochemical nature of the reaction. 
It is of interest to note that the slope of the line on the r,d1 
versus t graph is the reaction  rate  constant c, expressed in the 
units of grams per square centimetre per hour. When expressed 
in this form, it is evident that the reaction rate constant decreases 
with increasing pellet temperature. This observation, combined 
with the knowledge that for vapors such as watcr it is usual 
to express the partial pressure as a relative pressure", led to 
the re-expression of the results in the form shown in Figure 4. 

In Figure 4, the reaction rate constant is show-n plotted 
against the relative pressure term p/p, for a variety of tempera-
tures. In titis graph, p represents the partial pressure of water 
vapor in the  nitrogen stream, and p. the vapor pressure of water 
at the temperature of the pellet. All of the lines were fitted 
by the least squares method. At a constant reaction temperature, 
p was varied by varying the temperature of the watcr saturator 
shown in Figure I. 

It is of interest to note, in Figure 4, that the linearity' of the 
curves for each temperature inelicates that the reaction rate 
constant is related to  the  relative vapor pressure by an equr.tion 
of the type: 

= 	1,, 	- 
Th e  normalized reaction rate constant, k, has the more usual 
behavior of increasing with increasing temperature. 

To obtain  the activation  energy  for  the reaction, the loga-
lam of the water-vapor-pressure normalized rate constant k 
was plotted against the reciprocal of the experimental temper-
ature. In eac'h instance, the value of k is  the  slope of the c 
versos p/p, graph shown in Figure 4. The graph of log k 
versus 1/1' is shown in Figure 5. The slope of the line, as 
fitted by  the least squares method, yields the following equation: 

logk 	(1.89±0.02) — (8.1±0.6) X 10 1/2.303 R1' 	( 5 ) 
The constants in the foregoing equation wcre unchanged 

when a different batch of ni-obitint pentachh)ride was used. 
Since niobium oxvtriehloride  lias bccn reportedP) as a 

possiltle intermediate in the reaction between  motu tutu penta- 

1 	1 

ID/ P s  
Figure 4. 

chloride and water vapor, a brief investigation was made of 
the rate of decomposition of niobium oxytrichhride in the 
presence of moisture: 

2NbOCI 1  +  (3+x) 11O 	Nth°, . x11 :0 + 6 IICI, 	(3) 
'Ile initial experiments showed that the behavior of niobium 

oxytrichloride toward water vapor was quite different from 
that of niobium pentachloride under corresponding circumstances. 
The most obvious di fference was that there was no change in 
color, no swelling, and no visible interface between the reaetant 
and product. 

Since the product layer was compact and coherent and there 
Wati no visible interface, there was no possibility of using the 
same method for determining the rate as had been used in the 
niobium pentachloride experiments. Instead, the rate of reaction 
was determined from the amount of hydrogen chloride collected 
from the effluent gases. The results froM a typical group of 
experiments arc shown in Figure 6. 

In Figure 6, the quantity (r,d„f) 2  is shown plotted against 
the time of reaction. Altho' ugh the correlation with linearity 
is not particularly good, it is better than correlations obtained 
when using r„d„f versus t or log t. It is significant that when 
the rate of the reaction as designated in Figure 6 is compared 
with that for a run done with niobium Pentachloridc under 
corresponding conditions, the rates of reaction arc about the 
saute: i.e., Nb0C1 3  —  I T0 , 55% in 3.5 lit; and NbC1 5  — 11 20, 
62% in 3.5 hr. 

Diseuxsion .  
'Flic foregoing hydrolysis experiments have shown that a 

specimen prepare'd lw compacting powdered niobium penta-
chloride behaved in essentially' the sanie manner as would be 
expected of a solid specimen: i.e., the reaction occurred only 
on the outer surface of the specimen. When the observed rate 
of reaction  vas  normalized by expression in terms of unit arca 
of interface, it was evident that for constant conditions, the 
rate of reaction was constant. From this observation it was 
concluded that the site of reaction rate control  vas  at or near 
the reactant-product interface. This type of rate control inay 
be caused by a slow chemical reaction in the interface or bY a 
slow process of di ffusion through a layer of material of essentially 
constant thickness in the  interface(.  Arguments will be ad-
vanced to favour the latter possibility, . 

When the initial portions of the r„d„f versus t graphs were 
examined, it was evident that the least squares lines, representing 
the reaction rate constant, did not pass through the origin. 
Instead, they intersected the r4 f axis at a distance which 
indicated that the reaction rate was quite rapid at first and then 
decreased  tu) a somewhat slower linear  rate. Eliis suggested 

paralinear process, in which the initial parabolic portion of 
the curve was relatively short and represented the formation 
of a partially protective layer('  0. The presence of such a layer 
was observe'd on examination of partially reacted specimens. 
A very thin, tightly 'adherent lavcr was present-  on the surface 
of the  residual' niobium p..ntaehloride. The product outside 

c. 
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this layer was loose and ix)rous, suggesting that the layer was 
probably under substantial strain as it was formixl, a'nd that 
its maintenance at a constant  thickness was probably due to 
splitting and cracking when some critical thickness ilad been 
exceeded. Ilv assuming continued linearity, and extrapolating 
some of the r 11f versus t lines back to the t  axis,  it was estimated 
that the critical thickness of the protective p0xluct laver was 
about 0.2 nun. This concept .  is in accord with the (ixidation 
behavior of soute inetalsw."'. 

From experiments donc to determine the reaction rare from 
the difference in weioht caused by the adsorption of water and 
the liberation of hydrogen chloride, it was evident that both 
water and hydrogui chlo'ride were retained in the product layers 
in substantial amounts.  'lite  amount of water available  on  the 
product side of the protective layer is determined by the ratio 

p/p,. Since the amount of water' available on the peiltachloride 
side of the protective laver may reasonably be assumed to le 
zero, then the driving fOrce for the diffusion of vvater across 
rhc layer is (p/p„ — 0), or p/p„. This is in accord with the 

finding that the reaction rate constant is a function of the ratio 

p/p,. The small activation energY for the reaction (8 kcal.) 

is consistent with a diffusion prociss ' 3 '. 

The part, if any, played by niobium oxvtrichloride in the 

hydmlysis of niobium pentachioridc is not clear. I lowever, it 
seems reasonable to argue that since the rates of hydrolysis 
per unit arca of both materials are about the  saute, and since 

it is entirely likely that any niobium oxytriehloride formed from 

niobium pentachliiride would present a much larger surface area 

than the original material,  an' niobium oxytrichloride formed 

should hydrolyze  ver  y rapidly. If this were true, then niobium 

oxytrichloride would not be observed as a reaction intermediate 

during the hydrolysis of niobium pentachloride. It has not 

been possible to confirm this premiss by X-ray identification 

because all of the reaction products are amorphous. However, 

it is significant that all attempts to recover niobium oxvtrichloride 

by  distillation  from the residues were unsuccessful.. 

hie final evidence suggesting that niobium oxytrichloride 

is probably not involved in the niobium pentachloride-water 

reaction, is based on the difference in behavior of niobium 

pentachloride and niobium I /X Vtrichloride. The oxvtrichloride 

builds up a partially protective laver which continue!: to increase 

in thickness as the reaction proceeds. At no time  has this laver 

been obserye..I to crack or spall. For these rtasons, it seems 

plausible tt) argue that niobium oxvtrichloride is not directly 

involved in the hydrolysis of niobium pentachloride. •Fhe exact 

nature of the partly protective product layer has not been 

resolved,  but  it mav be that some of the compounds characterized 

in hydrochloric at:id solutions, e.g.,  Nb(( I I),C.L. 11 ', might tue

inyàvcd. The presence of hydro'vechkirides of the rut: until- 

tinned would be consistent with  the  formation of niobic acid 

as the final product of reaction. * * * 

Figure 6—The parabolic rate of dim- Figure 7—Sehenunie representalion  or  
appearance of 111,0a, in the NbOCI, 	 reaction mechanism. 

111) reactant)  mit  75°C. 

The mechanism of the reaction process as deduced on the 

basis of the foregoing experiments, is illustrated in Figure 7. 

(:one/miens 

lVhen niobium pentailloride is exposed 0) moist air al' 

temperatures up to near  I 00°C., the pentachloride reacts %yid) 
the moisture to prothice a hydrated niobium pentoxide, or niobic 

acid, and hydrogen chloride. The nut: of the reaction is probably 
controlled by the rate of diffusion of water across a layer of 
product whieh is maintained at a constant thickness by cracking 
when the stresses in the laver exceed a critical limit. %lien 

the observed reaction rate is nonnalizexi for the area of the 
interface between the reactant and product, the results can be 

correlated by the linear relationships applicable 0) a topocheinical 

process. 
'Ile rate of the reaction may be estimated from the following 

equation. 
Rate  = (7.7 ± 0.4) X 10' (p,/p)exi) R 	k 0 6) X 101/R7 
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