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Kinetics of the Reaction of Niobium
Pentachloride with Water Vapor'

T. R. INGRAHAM® and B. J. P. WHALLEY®

When niobium pentachloride is exposed to moist
air, hydrogen chloride is liberated and hydrated nio-
bium pentoxide or niobic acid remains. It is believed
that the rate of the reaction is 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 eracking of the produect
after it exceeds a critical thickness. Since the reaction
takes place at an interface between the niobhium pent.
achloride and the layer of intermediate, it is necessary
to normalize the results for the decrease in inter-
facial area as the reaction proceeds. When this is
done, the rate of the reaction, expressed in terms of
grams of niobium pentachloride reacting per square
centimetre of interface per hour, is:

Rate = (7.7 £ 0.3) X 10* (p./p) exp [(—8.1 £ 0.6) X 10%/RT

hen ntobium pentachloride (NLCls) is exposed to moist

air, an overaﬁ reaction takes placc to produce hydrogen
chloride and hydrated niobium pentoxide®™®. It scems likely
that at tcmperatures near room temperature, the only constituent
of moist air involved in the reaction is water. This is because
niobium pentachloride is srable in dry oxygen at temperatures
up to about 150°C., at which it begins to react slowly to produce
niobium oxytrichloride®®,

Because of thc generally incrcasing interest in chlorine
metallurgy, and the possibilicy that niobium  pentachloride
might prove an interesting sourcc naterial for reduction to
niobium metal, it was decided to investigate the kinctics of
the mobium pentachloride-water reaction to enable somc of the
problems of handling this material to be assessed.

Because of the likelihood that niobium pentachloride would
be recovered from a preceding chlorination process as a loose
powder, in much the same form as zirconium tetrachloride is
recovered, ir was decided to make the kinetic study on powdered
matcrial, using the pelletizing techmiques devcloped by Warner
and Ingraham™ and Ingraham and Mariert® for studies of the
thermal decomposition of powdered ferric sulphate, aluminum
sulphate and calcium carbonate. This tcchnique permits the
use of powders without the usual difficulties associated with
highly variablc surface areas, which are tedious to measure and
difficult to reproduce.

Preparation of Materials

Niobium pentachloride was prepared by chlorinating niobium
metal (99.79, Nb) with cylinder-grade chlorine gas.  This
strongly cxothermic reaction was controlled by regulating the
supply of chlorine in a flow system. During rcaction, the metal
glowed and the reaction products were cvaporated frecly from
its surfacc. The solid chlorination product was impure and
consisted of ycllow niobium pentachloride, whitc niobium
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Lorsque le pentachlorure de niohium est exposé a
Pair humide il s’hydrolyse en chlorure d’hydrogéne
et en acide niobique (pentoxide de niobium hydraté).
On’eroit que le taux de cette réaction est limité par
le taux de diffusion de la vapcur d’eau A iravers
une couche de produit intermédiaire, non-identifié,
d'épaisseur constante (environ 0.2 mm). L’épaisseur
de celte couche de substance intermédiaire serait
maintenue constante par un phénoméne de désinté-
gration se produisant lorsqu'unc certaine épaisseur
critique est alleinte. :

Le taux de la réaction a été trouvé égal a:
(1.7 £ 0.4) X 10° (p./p) exp [(~8.1 = 0.6) X 10%)/RT

grammes de pentachlorure de niobium par centi-
métre carré par heur. Ce taux a été obtenu aprés
correction des résultats expérimentaux pour tenir
comple de la diminution de Paire de linterface
pentachlorure de niobium — produit intermédiaire
durant la réaction.

oxytrichloride and some darkly colored marerial which may
have been subcehlorides of niobium.

‘The niobium pentachloride was purified by volatilizing it and
passing the vapors through a heated bed of actlvated charcoalt®
which had previously been flushed with chlorine and niobium
pentachloride to desorb contaminants from it, The product
recovered by condensation from this operation was a homo-
geneous, finely crystalline yellow powder.  Adsorbed chlorine
was removad from the powder by pumiping, and the material
was stored, under dry nitrogen, in sealed containers.  All
manipulations involving the fpcntnchloridc were madc cither
in a dry box or in a stream of dry nitrogen. The product was
analyzed for niobium and chlorine by standard wet methods and
for oxygen by ncutron 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 (NbOCl;) was prepared by reaction
of niobium pentachloridc with niobium pentoxide:

3NbClg 4+ Nb.Og = SNbOChL. .. ........... (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+465 mesh anhydrous niobium
pentoxide which was maintained at 2 tenperature 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

matcrial was obtained:
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Figure 2—Pellet transfer device.

HEATER

Figure l-——Apparatus.

Niobium (%) Chlorine (%)

Lot No. 1 43.29 48.72
Theoretical 43.15 . 49.41

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

2NbCls + (S +x) H:O = NbOs . xH,O + 10 HCL. . ... 2)
2NbOCl; + (3+4x) H.0 = NbO; . xH,0 + 6 HCI,. .. .(3)

a number of preliminary expcriments werc done to scleer a
satisfactory method for determining the rate of reaction of the
pelletized powders in a strcam of moist gas. In onc group of
preliminary experiments, the sample was weighed continuously,
using a quartz spring balance, in the expecration that the loss
in weight could be used to determine the cxtent of reaction.
This method proved unsatisfactory because of the pronounced
and variable rctention of water in the rcaction products. In a
second group of cxperiments an attempt was made to correlate
the rate of rcaction with the rate of liberation of hydrogen
chloride. This method was only partially satisfactory, because
it was found that the hydrogen chloride was quantitativcly
desorbed only when a very high rate of gas flow was uscd.

During the preliminary experiments with pellets of niobium
pentachloride, tt was obscrved that when the reaction was
initiated a dense layer of white product was formed over the
yellow pentachloride.  As the reaction 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 unrcacted cylindrical core of niobium pentachloride.

Since the reaction ccased immediately when the flow of
water vapor to the pellet was discontinued, it was possible to
make an accurate detcrmination of the extent of reaction by
weighing the niobium pentachloride core. It was therefore
dearded to make a scries of cxperiments on identical pellets
and to determine the rate of reaction from the fraction of the
origimal weight of material remaining after a serics of rimed
cxposures to a flow of moist nitrogen.  Nitrogen tlow rates of
about 1000 cc./min, were usad in all experiments because 1t
had been observed in preliminary experiments, that the rate of
reaction was unatfected by changes in nitrogen flow rare at
flow rates greater than about 500 ce./min.
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Apparatus and Procedure

“The apparatus used in the niobium pentachloride experiments
is shown diagrammatically in Figure 1. It consisted of three
parts. In onc part, a nitrogen streain of known velocity at
atmosphcric pressurc was saturated with water vapor by being
bubbled through water held at a specified temperature in 2
constant temperature bath. Any entrained spray was rcmoved
by passage through packed glass wool. The watcr-saturated
gas was conveyced through the sccond part of the apparatus,
a stirred air bath, which enclosed the port for loading and
unloading the sample. The third part of the apparatus consisted
of a furnace, which had been wound on pyrex glass to permit
obscrvation of the niobiun 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, becausc the reaction was slow, that the saniple
tempcerature was cffectively the same as the ambient temperature
which was measurcd.

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

The pellets used in the experiments werc cylindrical in
shapc and cither 0.41 or 0.52 cm. in radius. They were prepared
in a cylindrical dic at 20,000 psi. pressurc, and were cut after
extruston so that the height and diameter of the pellet were
identical within £:2%. The density varied slightly from pellet
to pellet but was within the range 2.20 to 2.52. The higher
density is close to 909, of the density of solid niobium penta-
chloride.

- Results

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

When the results were analyzed, it was observed that 2
graph of the residual weight of niabium pentachloride, raised
to the two-thieds power, versus reaction time, was Jincar for
any particular reaction temperature and partial pressure of
warer.  ‘This observation suggested thae the process was 3
topochemical one, for which the observed rate of reaction was
deterniined by the arca of the interface between the niobtutn
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Figure 3—Weight of NoCT reaet-
ing per square  centimeter of
interfacial arvea as a function of
time.
0 = 55°C.,, A = 65°C,, [] =
75°C., + = 85°C.,, V = 95°C.
Ly, = 4.02 e Mg,

.
Yigure 4—Rate of reaction ¢, as

rodof(g/cmt)

a funetion of relative water vapor

pressuvey p/p,. 4 = 55°C., V =

65°C., O = 75°C., A\ = 85°C,,
0 = 95°C.

TIME  (hr)

Figure 3.

pentachloride and the reaction products. Since it was anticipated
that pellets of diffcrent densities and radii would be used, the
data were analyzed according to the method of McKewan®™,
who has shown that a linear relationship is obtainable for a
topochemical rcaction with interfacial arca rate dependency
when the product r.d,f is plotted against reaction time. The
quantity 7, is the initial radius of a cylindrical pellet of identical
height and diameter, d, is the density of the reacrant, and f,
for the shape of pellet used in this study®, is defined by the
equation:

f=1—={ —a) . ... ... (4)

In Equation (4), a is the fraction reacted, which was caleulated
from the origina) weight of the pellet and the weight remaining
after a specified time of reaction. When the resules 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.
tt is of interest to note that the slopc of the line on the 7.d.f
versus ¢ graph is the reaction rate constant ¢, expressed in the
units of grams per square centimetre per hour. When expressed
in this form, it 1s cvident chat the reaction rate constant decreases
with increasing pellet temperature. This observation, combined
with the knowledge that for vapors such as water it is usual
to express the partial pressure as a relative pressurc®, led to
the re-cxpression of the results in the form shown in Figure 4.

In Tiguce 4, the reaction rate constant is shown plotted
against the rclative pressurc term p/p, for a variety of tempera-
tures. In this graph, p represents the partial pressure of water
vapor mn the nitrogen stream, and p, the vapor pressurce of water
at the temperature of the pellet. All of the lines were fittad
by the least squarcs method. At a constant reaction temperature,
P was variced by varying the temperature of the water saturator
shown in Figure 1.

It is of intcrest to note, in Figure 4, that the lincarity of the
curves for cach temperaturc indicares that the reaction rate
constant is related to the relative vapor pressure by an equation
of the type:

c=kp/p -

The normalized reaction rate constant, &, has the more usual
behavior of increasing with increasing temperature.
. To obtain the activation cnergy for the reaction, the loga-
tithim of the water-vapor-pressurc normalized rate constant &
was plotted against the reciprocal of the experimental temper-
ature.  In each instance, the valuc of & is the slope of the ¢
versus p/p, graph shown in Figure 4. The graph of log %
versus 1/7" 15 shown in Figure 5. The slope of the linc, as
fitted by the least squares methad, yiclds the following equation:

logk = (1.8924£0.02) — (8.14£0.6) X 10%/2.303 RT"....(5)

The constants in the foregoing cquation were unchanged
“‘ht‘l‘l. a different batch of niobium pentachloride was used.
S}ncc niobium oxvtrichloride has been reported® as a
Possible intermadiate in the reaction between niobium: penta-

The Canadiag, Journal of Chemical Engineering, December, 1963

030, T I . .
025 / V4 i
/S
;S
020t~ / // o -
—_ /F P 7 /
N Ot5— e pd ]
£ S b
L ,// . s /w/
Z oo 4 /G/ ST
3] //;/////,/ o s T
> }//‘
L
005 Z/}i/v/ —
gl
| | 1 1
o1 02 03 04 05
P/ Ds

Figure 4,

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

2NDOCL + (34x) H:O = Nb.Os . xH:0 4 6 11CI,.. . . (3)

The initia) experiments showed that the behavior of niobium
oxytrichloride toward water vapor was quitc diffcrent from
thatof niobium pentachloride under corresponding circumstances.
The most obvious difference was that there was no change in
color, no swelling, and no visible interface between the reactant
and product,

Since the product Jayer was compact and eoherent and there
was no visible inrerface, there was no possibility of using the
samc method for determining the rate as had been used in the
niobium pentachloride experiments. Instead, the ratc of reaction
was determined from the amount of hydrogen chloride collected
from the efluent gases. The resules from a typicat group of
experiments are shown in Figure 6.

In Figure 6, the quandty (rdf)tis shown plotted against
the time of reaction. Although the correlation with lincarity
is not particularly good, it is better than correlations obrained
when using r,d,f versus 1 or log 1. It is significant that when
the rate of the reaction as designated in Figure 6 is compared
with that far a run done with niobium pentachloride under
corresponding conditions, the rates of reaction are about the
samg: 1.c., NbOCl; — H0, 55% in 3.5 hr; and NbCls — 1,0,
625 in 3.5 hr.

Discussion

The foregoing hydrolysis experiments have shown that a
speaimen prepared by compacting powdered niobium  penta-
chloride behaved in essentially the same manner as would be
expected of a solid specimen: 1.c., the reaction occurred only
on the outer surface of the specimen. When the observed rate
of rcaction was normalized by expression in terms of unit arca
of interface, it was cvident that for constant conditions, the
rate of rcaction was constant. From this obscrvation it was
concluded that the site of reaction ratc control was at or near
the reactant-product interface.  This type of rate control may
be caused by a slow chanical reaction in the interface or by a
slow process of diffusion through a laver of material of essentially
constant thickness in the interfacet®.  Arguments will be ad-
vanced to favour the Jatter possibility.

When the initial portions of the r,d,f versus 1 graphs were
examined, it was cvident that the least squarcs lines, representing
the rcaction rate constant, did not pass through the origin.
Instead, they interseeted the r.df axis at a distance which
indicated that the reaction rate was quite rapid at ficst and then
decrcased to a somewhat slower lincar rate. “This suggested
a paralincar process, i which the nitial pacabolic portion of
the curve was rclatively short and represenred the formation
of a partially protective Tayer@®. The presence of such a layer
was observed on examination of partally reacted specinens.
A very thing tghtly adherent Laver was present on the surface
of the residual niobium pentachloride. The product outside
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