versity of Texas. Thanks are due to the staff of that institution,
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NOTATION

D = column diameter, in. or ft.

Eq,; = absorption efficiency = (y. — v.)/y.

= superficial gas mass velocity, 1b./hr.-sq.ft.

Gy = superficial gas molar velocity, Ib.-moles/hr.-sq.ft.

Henry’s law constant, atm./mole fraction

volumetric liquid phase mass transfer coefficient,

Ib.-moles/hr.-cu.ft.-mole fraction

Ks,a = volumetric overall mass transfer coefficient based

on gas phase, Ib.-moles/hr.-cu.ft.-atm.

nongas flow submergence, in. or ft. of liquid

submergence/diameter ratio

No; = number of overall transfer units based on gas
phase, dimensionless

2
|

i
a
I

Il
N

!
i

y = mole fraction of oxygen in air

Z, = observed height of aerated mass, in. or ft.

Z, = equivalent height of clear liquid (also L), in. or
ft.

w = total pressure, atm.
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Kinetics of the Heterogeneous

Decomposition of Iron Pentacarbonyl

HERBERT E. CARLTON and JOSEPH H. OXLEY

Battelle Memorial Institute, Columbus, Chic

The decomposition of iron pentacarbonyl at pressures between one and 400 Torr was
studied from 120° to 300°C. Up to about 200°C. the rate was primarily limited by surface
kinetics of adsorbed carbonyl. Gas phase diffusional resistances were controlling at higher
temperatures. In the kinetically controlled region the deposition rate was correlated by a
Langmuir type of equation. Corrections for diffusion resistances in the kinetic region and
kinetic resistances in the diffusion region were found to be appreciable.

A study of the thermal decomposition of iron pentacar-
bonyl was undertaken as part of a broad investigation of
the basic mechanisms during the vapor deposition of solid
materials. Iron pentacarbonyl was one reactant chosen for
studying mass transfer characteristics. It decomposes in
accordance with the overall equation:

Fe(CO);— Fe + 5CO (1)

Vol. 11, No. 1
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The decomposition results in an unusually high molar
ratio of products to reactants which should severely test
the Stefan-Maxwell diffusion equations and mass transfer
analogies, and the carbonyl decomposes at a low tem-
perature which simplifies experimental techniques. Iron
carbonyl is also especially suited for a study of combined
kinetics and diffusion, since the decomposition is highly
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Fig. 1. Equilibrium decomposition of iron

pentacarbonyl.

favorable thermodynamically in a region where the reac-
tion proceeds at easily controlled rates (1). In order to
investigate the diffusion rates, the chemical rate constants
must be known to correct for residual kinetic effects. It is
the purpose of this paper to summarize the results of the
kinetic studies.

The previous work on the decomposition of iron car-
bonyl has largely been reported in the patent literature
(2 to 5), and most of that work has been aimed toward
the production of fine powders under conditions where
the rate of chemical reaction was limited by nucleation
and diffusion rather than by chemical kinetics. Schélzel
(5) reports that the reaction proceeds step-by-step
through iron nonacarbony! and iron tetracarbonyl but pre-
sents no data that indicate the actual presence of these
intermediates.

Several reviews of the physical, chemical ,and thermo-
dynamic properties of iron carbonyl are available (6, 7,
8). Recently, Cotton, Fischer, and Wilkinson (9) re-
ported on the heats of combustion and formation; Lead-
better and Spice (10) presented values for heat capacities
and vapor pressures, and King and Lippencott (11) cal-
culated the entropy, enthalpy, free energy, and heat ca-
pacity of the vapor from their Raman spectrum measure-
ments. The authors have found no kinetic data for com-
parison with those presented in this paper.

THERMODYNAMIC ANALYSIS
The equilibrium data shown in Figure 1 were calculated

Balance
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Vaporizor Vacuum pump

Pressure-control
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Fig. 2. Schematic diagram of equipment.
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from the best available information on the enthalpies and
entropies of the system components (9 to 12). It can be
seen that at temperatures above 50°C. the iron carbonyl is
essentially completely converted under equilibrium con-
ditions. Tt is believed that the temperature scale is reliable
within at least 20°C. of the estimated values. Thus, since
deposition usually does not occur at temperatures below
about 120°C. (I), it should be safe to assume that there
are no thermodynamic limitations on the deposition pro-
cess at the temperature levels of interest, and the reverse
of the deposition process, that is the reaction of carbon
monoxide with iron, is negligible.

EXPERIMENTAL TECHNIQUES

Description of Equipment

A schematic diagram of the equipment is shown in Figure
2. The majority of the apparatus was located within an in-
sulated box, which served as both a constant temperature oven
to prevent condensation of the carbonyls and as a safety bar-
rier to avoid possible health hazards should leaks occur during
operation of the equipment. The oven was constructed of ply-
wood, and insulating wallboard was mounted on the inside.
The front of the box consisted of a double thickness of safety
glass so that the experiment and instruments could be observed
during a run. The oven was heated electrically with a forced
circulation blower.

The reactor itself consisted of a 1%%-ft. length of 5-in. diam-
eter pipe flanged on both ends. A 5-in. diameter glass window
was mounted on the downstream end to provide visual obser-
vation of the deposition process. A filament and a gas-direct-
ing orifice were mounted inside the reactor. Details of their
construction are shown in Figure 3. The filaments were hollow
steel tubes approximately 5% in. long and had an outside
diameter of 18 in. Deposition temperatures were measured
with a 36-gauge chromel-alumel thermocouple inserted in the
center of the hollow filaments. The filaments were resistively
heated with 60-cycle electric power supplied through a variac
and a 40:1 step-down transformer. The gas stream was directed
over the filaments by a rectangular orifice, 3% in. high and %
in. wide.

The manufacturer of the iron pentacarbonyl claims better
than 99.5% purity, with the major impurities being iron nona-
carbonyl and iron oxides. Since neither of these impurities is
volatile, the carbonyl vapor used should be purer than the
supplied liquid. A spectroscopic analysis indicated only minor
traces of metallic impurities.

The hydrogen used for these experiments was diffused
through palladium before use. The other gases were of a com-
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Fig. 3. Filament and orifice detail.
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TABLE 1. DEPOSITION-RATE DATA

Depo- Depo-
sition sition
Exper- rate, Total temper-  Diluent gas
iment g./sq. pressure, Reynolds ature, Volume,
number cm. hr. Torr  number °C. %  Species
72 0.12 1 21 150 0
88 0.034 20 64 130 0
95 0.016 20 20 150 55 CO
102 0.69 20 9 200 0
81 0.90 208 200 200 0
108 2.66 32 166 250 0

mercially available high-purity grade sold in compressed gas
cylinders and were used without further purification. The
deposition element was a commercial grade of mild steel seam-
less tubing. Copper electrodes were silver soldered on the ends.
The filaments were cleaned with steel wool and abrasive paper
and polished with crocus cloth before use.

Explanation of Procedure

In preparation for an experiment, the filament was weighed
and installed. All of the apparatus except the filament was
brought up to operating temperature. The gases in the system
were removed by a vacuum pump. Hydrogen was passed over
the filament at a pressure of about 80 Torr, while the filament
was rapidly heated to 530°C. and immediately cooled. The
hydrogen flow was terminated, the system evacuated, and
finally the carbonyl flow and diluent flow, if any, were started.
The system pressure was increased to the desired value. The
filament was then heated rapidly to the desired temperature by
activating the electrical heating circuit. During the experiment,
the various system parameters were monitored and recorded,
and minor adjustments were made to maintain constant condi-
tions. After the filament had cooled, the vacuum was broken
with nitrogen or other inert gases, and the filament was re-
placed with another in preparation for the next experiment.
The deposition rate was determined from the weight gain of
the filament, the initial surface area of the filament, and the
length of the run. The iron deposited on the filament outside
of the 3% in. length in the orifice was mechanically removed
before weighing. A minor correction to the measured weight
was made by estimating the weight deposited during cool down
following a run. No correction was made for increase in fila-
ment diameter because of deposition, but the lengths of the
runs were chosen so that the change in diameter was only
about 2%.

Steel filaments were used to avoid possible complications of
foreign substrates. However, in the early experiments, the de-
posits were discontinuous, consisting of islands of deposits
widely separated from each other, and the data were not re-
producible because of the variable surface area. The hydrogen
pretreatment described was found to give much more uniform
surface nucleation, and the data were reproducible to within
a few per cent.

In no run was more than 15% of the iron carbonyl decom-
posed. The rate data were therefore analyzed on the basis of
a differential reactor system, and the composition of the bulk
gas stream flowing past the filament was assumed to the arith-
metic average of the inlet and outlet compositions.

EXPERIMENTAL RESULTS

Samples of the deposition-rate data are presented in
Table 1. The first three experiments illustrate conditions
where chemical kinetics primarily control deposition rate,
the next two experiments illustrate conditions where both
kinetics and diffusion play important parts in controlling
deposition rate, and the last experiment illustrates condi-
tions where diffusion was the primary rate-controlling
mechanism. Additional data are presented in the figures
showing the effects of the individual variables.

By analogy, the mass transfer characteristics of the sys-
tem should be similar to the heat transfer characteristics.
A heat transfer study was therefore carried out to check
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the transfer characteristics of the orifice and filament
geometry. The experimentally determined convective heat
transfer coefficients were compared with the heat transfer
correlation recommended by McAdams (13), and the re-
sults are shown in Figure 4. The experimental rates were
corrected for radiation losses by assuming the emissivity
of the filament to be 0.24, a value recommended by
McAdams for iron freshly abraded with emery paper.
Above a Reynolds number of about 20, the data agree
very closely with the published correlation. However, at
the low Reynolds numbers, the experimental heat transfer
rates were high, possibly due to natural convection (14).
The standard deviation of all the experimental Nusselt
numbers from the values predicted by the McAdams cor-
relation at a given Reynolds number was only 18%. Al-
though the McAdams correlation was derived from data
obtained with air, the difference in heat transfer charac-
teristics on the basis of a Nusselt-Reynolds number cor-
relation between air and hydrogen or argon should be
small and less than the experimental error in these data
or in the data used by McAdams.

In Figure 5, the deposition rate is plotted against the
reciprocal temperature at three flow rates and at 20 Torr
pressure. A similar plot could have been made at other
pressures. At temperatures below about 200°C., the rate
of deposition is very sensitive to temperature, while at
higher temperatures the rate is relatively unaffected. This
type of behavior is typical of a reaction which is controlled
by chemical kinetics at low temperature and by gas-phase
diffusion at high temperature.

The effect of pressure on deposition rate is shown in
Figure 6. At 150°C., the reaction rate is decreased as the
pressure of the iron pentacarbonyl is increased, suggesting
strong adsorption of reactants and products by a multisite
reaction mechanism. At higher temperatures, the rate be-
comes independent of pressure, which is characteristic of
a diffusional-controlled process at constant Reynolds num-
ber.

The effect of flow rate is shown in Figure 7. Empirically
the rate increases about as the 0.3 power of flow rate at
150° and 200°C. and as the 0.4 power of flow rate at
225° and 250°C. This increase in exponent would be ex-
pected as diffusional control became more important at
the higher temperatures, but from the data it is difficult
to determine if this increase is true or caused by data
scatter. The analogy with heat transfer predicts an expo-
nent of about 0.45 in this flow range, in good agreement
with the data.

Figure 8 illustrates the effect of dilution of the iron
carbonyl with helium, argon, and carbon monoxide. At
150°C., when inert diluents such as argon or helium were
used, it was found that the addition of diluents to a con-
stant-mass flow of iron carbonyl slightly increased the
deposition rate. This resulted from a reduction of the par-
tial pressure of the products and reactants and affected
the deposition rate in the same way as a reduction of total
pressure. This was not a Reynolds number effect, since
Reynolds number was slightly reduced or remained con-

10 Fluid Temperature Range
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o 5 |—Hydrogen ®& o
B
. Argon L] (o]
]
z
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Reynolds No. dTGf

Fig. 4. Heat-transfer data.
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stant when diluent was added as the higher viscosity of
the diluent cancelled out the effect of increased mass flow.
Carbon monoxide diluent markedly decreased the deposi-
tion rate. With 50 vol. % carbon monoxide in the deposi-
tion gas at 150°C., the rate was less than one-third the
rate with undiluted iron carbonyl feed, despite the fact
that equilibrium was not a limiting factor.

In the 200° to 250°C. temperature region, dilution of
a constant stream of iron carbonyl with argon and helium
slightly reduced the deposition rate. This reduction in
rate was probably caused by a change in the diffusional
characteristics of the system. Since diffusion through
helium is faster than diffusion through argon, the reduction
of the rate was less with helium additions. Only two points
are available with carbon monoxide dilution. The point
at 250°C. is on the argon line, as would be expected from
the diffusional properties of carbon monoxide. This indi-
cates that kinetics has a negligible effect at 250°C. At
200°C. the deposition rate with the carbon monoxide
diluent is only about one-half of that when a correspond-
ing amount of argon was used. This further confirms that
kinetics affects deposition rate at 200°C.

The gross effects of the variables just described indi-
cate that the chemical kinetics of the reaction primarily
control the deposition rate at temperatures below about
200°C. The temperature sensitivity of the reaction and
the variation in reaction rate with pressure are both char-
acteristic of kinetic control. The sharp decrease in rate
when carbon monoxide is added to the reaction gases is
further confirmation of this assumption. However, the fact

40 T
250 °C
—o
20 225 °C
—
[~ 200c
10
% ~5
i3
> 05
&
2
o
s 2
2 o
H B
&
< 0.
> ol
2 T~ o ec
0.05
.02
o 1 2 5 s 20 50 100 200 300

Pressure, Torr

Fig. 6. Effect of pressure on deposition rate at
constant fldw rate (Ngre ~ 200).

Page 82

A.L.Ch.E. Journal

50
250 °¢}
225°C

2.0 rg/ s
N /( 200 °C
E p/
Yoo et
£
> /K/
£ os
an
e
S
.E
g o2
3 /3/150 °¢

01 O/

0.05

003

5 10 20 50 100 200 500

Reynoids Number

Fig. 7. Effect of flow rate on deposition rate
at 20-Torr pressure.

that the deposition rate increases with increasing flow
rate, even at very low conversions, and hence for essen-
tially undiluted reactants in the bulk stream, indicates
that there is a residual mass transfer effect even at this
low temperature. The data for temperatures above 200°C.
indicate that diffusion largely controls the deposition rate
at these temperatures. There is little change in deposition
rate with temperature above about 200°C., and the effect
of pressure is negligible. These effects are characteristic
of the diffusion-limited process. However, carbon mon-
oxide dilution of the reactant at 200°C. reduces the depo-
sition rate more than an equal amount of argon, indicating
that there is a residual kinetic control of the deposition
rate.

The upper temperature limit of applicability of these
data was limited by gas-phase nucleation. Gas-phase nu-
cleation occurs when iron carbonyl decomposes in the
vapor phase rather than on the heated surface. At the tem-
perature .when gas-phase nucleation occurs, the appear-
ance of the deposit changed from bright to black, and at
a slightly higher temperature threads of fine precipitated
iron were observed streaming back from the filament. Also,
the deposition rate decreased erratically. The highest
deposition temperature observed without gas-phase decom-
position was slightly above 300°C. High temperatures for
nucleation were observed at high pressures, high flow
rates, and also at high carbon monoxide dilution. The ad-
dition of argon always decreased the nucleation tempera-
ture. The lowest observed gas-phase nucleation tempera-
ture, 225°C., was obtained with 87% argon dilution.

CORRELATION OF RESULTS

The deposition reaction was visualized as occurring in
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a series of consecutive mass transfer and kinetic steps.
The slowest step in the process then will control deposi-
tion rate.

In order to separate the kinetic steps from the mass
transfer steps, the drop in partial pressure of reactants
due to mass transfer effects was estimated. This estimate
was made from the heat transfer correlation of McAdams
(13) for gases passing over a cylinder in cross flow. The
heat transfer correlation was converted for mass transfer
by use of the Chilton-Colburn (15) analogy between heat
transfer and mass transfer. The generalized equation for
vapor-deposition rate under conditions of diffusion control
on the basis of film theory is of the form

r=M,k,Ay (2)
where (16)
1 P+4P,
Ay = —In——— 3
Y=Z " Prar, (3)

With experimentally determined deposition rates used,
these equations were solved for the interfacial partial pres-
sure P,;.

In mathematically representing the three interfacial
steps, it is generally necessary to assume that the other
nonlimiting processes are at equilibrium. This is a rather
severe assumption and possibly is not valid. However, the
mathematics which include the simultaneous partial limi-
tations of all three steps becomes rather unwieldly and
impractical. The generalized correlating equations for each
of these limiting processes are shown below, and it should
be obvious that they are rather minor extensions of the
Hougen and Watson (17) method for applying the Lang-
muir-Hinshelwood adsorption-surface reaction mechanism.
Adsorption limiting:

K, (PM - Pris/Kﬂﬂ)

r= - (4)
1+ (K./K.,) P..*+ K.,P,. + K.Py;
Surface reaction limiting:
K.K, (P — P, /K.,
(o Pel/Re) (5)

= [1 + KiPui + K.P,: + K.P;/]"

Vol. 11, No. 1

A.l.Ch.E. Journal

Desorption limiting:
r— Ko [(Keant)&z_Prl]
1+ KP.+ K, (Keqpm)o‘z + KiPy

Correlating coefficients were then found for each equa-
tion by a regression analysis of the 150°C. data. These
analyses indicated that the reverse reaction was negligible
in all cases as were the adsorption coefficients of argon
and helium. Using the percentage standard deviation, that
is one hundred times the square root of the sum of squares
of the differences between the actual rates and calculated
rates divided by the actual rates, as a figure of merit, one
can judge the validity of the models on the basis of the
degree of correlation of the appropriate equations. On
this basis, the adsorption and desorption models were
eliminated because the standard deviation of the data was
greater than 1009%. The surface reaction equation cor-
related the data reasonably well if the exponent was be-
tween 1.6 and 2.0, with a standard deviation of 289 for
the best correlation at n = 1.8 as shown in Figure 9.
However, at n = 2.0, the standard deviation was 29%, a
statistically insignificant change.

The data from the experiments at 200° and 225°C.
were then analyzed in the same manner for the surface-
reaction equation with several values of n. The best results
were obtained at n equal to 1.8, where the standard devi-
ation was 46% in each case. Since the diffusion limitation
accounts for much of the rate limitation in most experi-
ments at 200° and at 225°C., a large standard deviation
was expected and will not make the overall rate equation
unduly inaccurate.

Table 2 presents the adsorption constants obtained from
these analyses. Since on theoretical ground K., K., and
K. should be exponential functions of reciprocal tempera-
ture, the rate equation becomes

k.k. exp™®o/™" exp®s** (Po. — P,/ K.y) 7)
! (1 + k, exp”™ P, + k. exp™/* P, )**
and the recommended correlating constants determined
from the values shown in Table 2 are

k, = 2.7 x 10* g./ (hr.) (sq.cm.)

(6)

k., = 1.2 X 10~ Torr™
k, = 1.0 X 10" Torr™
» = 20,200 cal./g.-mole

E
E.= 4,800 cal./g.-mole
E, = 21,500 cal./g.-mole

The constant in the exponential term for the adsorption
constant of iron carbonyl E, can be interpreted as the heat
of adsorption of iron carbonyl on iron. The value of 4,800
cal./g.-mole indicates that the adsorption is physical on
Van der Waals. However, the value of 21,500 cal./g.-mole
for carbon monoxide indicates chemisorption. This value
is in relatively good agreement with a direct measurement
of 17,000 to 23,000 cal./g.-mole made by Beebe and

TABLE 2. COEFFICIENTS OF RATE EQUATIONS AT
VARI0US TEMPERATURES

KoKa PM
(1 + K.Poi + KrPri)l's

Reactor Std.
temp., °C. K.K. K. K. Dev., %
150 0.29 0.25 1.28 28
200 9.3 0.16 0.27 46
225 7.8 0.18 0.04 46
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Stevens (I8) at 0°C. The adsorption constants for argon
and helium were found to be essentially zero over the
range of temperature of interest.

The exponent n can have several theoretical explana-
tions. Hougen and Watson (17) indicate that it should
be an integer, and if the value is 2, they indicate that
two sites are involved in the surface reaction. An exponent
of 2 will fit the data almost as well as the exponent 1.8.
Another interpretation is that n indicates the number of
adsorbed carbon monoxide molecules per molecule of car-
bonyl after the surface reaction is completed. This mechan-
ism can be supported by a heat balance, since the heat of
reaction of the adsorbed species is about the amount re-
quired to desorb three molecules of carbon monoxide. A
third explanation is that the adsorbed carbon monoxide
requires about twice the surface area of adsorbed car-
bonyl. This agreement can be supported by simple geo-
metric considerations.

By examination of the correlating equation, it becomes
apparent why there is a negative effect of carbonyl pres-
sure, and also why there is considerable effect of mass
transfer in the kinetically controlled region. The negative
effect of carbonyl pressure is caused by the pressure terms
to approximately the second power in the denominator,
while the pressure term in the numerator is only to the
first power. Therefore, when pressure is increased, the rate
is decreased. The effect of mass transfer is greatly accen-
tuated owing to the sensitivity of the deposition rate to
adsorbed carbon monoxide. A mass transfer resistance,
which has only a minor effect on the partial pressure of
carbon monoxide at the interface, can have a large effect on
deposition rate. In addition, the flow rate also establishes
the level of carbon monoxide in the bulk stream, which is
likewise reflected at the interface.

CONCLUSIONS

1. The deposition rate of iron from its carbonyl is
affected by both diffusion and chemical kinetics. At tem-
peratures below about 200°C., chemical kinetics is usu-
ally the major factor in limiting the deposition rate, while
at higher temperatures gaseous diffusion is usually the
major factor in limiting the deposition rate.

2. The rate-limiting step in the chemical reaction is the
decomposition of adsorbed iron carbonyl on the deposition
surface, and the activation energy of the decomposition
reaction of carbonyl is about 20,000 cal./g.-mole.

8. The carbonyl is apparently only weakly adsorbed,
with a heat of adsorption of about 5,000 cal./g.-mole, and
owing to the stoichiometry of the adsorption reaction, it
has a negative effect on the reaction rate in the range of
practical interest.

4. Carbon monoxide is quite strongly bonded to the
iron surface, with a heat of adsorption of about 22,000
cal./g.-mole, and therefore strongly suppresses the depo-
sition rate despite the favorable thermodynamics in the
range of practical interest.

5. Argon and helium are adsorbed on iron much less
strongly than iron carbonyl or carbon monoxide, and their
presence does not affect the chemical kinetics except as
they change the partial pressure of the reactants.
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NOTATION

filament diameter, cm.

carbonyl adsorption energy, cal./g.-mole
activation energy, cal./g.-mole

carbon monoxide adsorption energy, cal./g.-mole
mass flow rate, g./hr.-sq.cm.

heat transfer coefficient, cal./hr.-sq.cm. °K.
adsorption constant for iron carbonyl, Torr™
equilibrium constant of iron carbonyl decomposi-
tion, 3.34 X 10" exp (24,850/T + 16.06 log,, T
— 1.76 X 10° T — 3.082 X 10°/T%), Torr*
adsorption constant for inert, Torr™

rate constant, g./hr.-sq.cm.

adsorption constant for carbon monoxide, Torr™
thermal conductivity, cal./cm.hr.°K.

iron carbonyl adsorption coefficient, Torr™
mass-transfer coeflicient, g.moles/sq.cm.-hr.

rate coefficient, g./hr.sq.cm.

carbon monoxide adsorption coefficient, Torr™
atomic weight of iron, 55.85 g./g.-atom
Reynolds number, dG/y,

exponent in kinetic equation

total pressure, Torr

partial pressure of iron carbonyl, Torr

partial pressure of iron carbonyl at interface, Torr
partial pressure of inert component at interface,
Torr

partial pressure of carbon monoxide at interface,
Torr

gas constant, cal./g.-mole°K. or ce. Torr/g.-mole
°K.

deposition rate, g./hr.sq.cm.

temperature, °K.

diffusion potential

viscosity of gas film, g./cm.-hr,
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