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The decomposition of nickel tetracarbonyl a t  pressures between 20 and 200 torrs was studied 
a t  temperotures from 100" to 225°C. In the cross-flow system, the rate in the absence of ap- 
preciable dilution was primarily limited by kinetic resistances a t  temperatures up to about 
175°C. over an effective Reynolds number range of 5 to 100. Gas phase diffusion01 resistances 
were controlling a t  higher temperatures. Corrections for natural convection were employed in 
both the kinetic and diffusional regions of control. 

A series of chemical reactions in a differential reaction 
system is being studied to provide boundary conditions 
for multicomponent mass transfer correlations in convec- 
tive flow systems. By following the methods used previ- 
ously to correlate rates in the kinetically controlled region 
for the deposition of iron from its pentacarbonyl ( I ) ,  a 
similar study has been made of the deposition of nickel 
from its tetracarbonyl. The use of nickel carbonyl in this 
experimental work has most of the advantages of that of 
iron carbonyl, except that nickel carbonyl is extremely 
toxic and extensive safety precautions ase necessary when 
it is employed. The maximum allowable concentration of 
nickel carbonyl which can be inhaled for long periods of 
time has been tentatively set at 1 p.p.b. ( 2 ) .  

Nickel tetracarbonyl decomposes according to the over- 
all equation 

This reaction is of considerable interest commercially and, 
shortly after it was discovered by Mond in 1889 ( 3 ) ,  it 
was employed as the basis for the large nickel refinery At 
Clydach, England ( 4 ) .  

The previously reported experimental work on nickel 
carbonyl is extensive. The pioneering work of Mittasch 
( 5 )  is still one of the more valuable references. He re- 
ported that the reaction was of first order at low tempera- 
tures. Bawn (6) ,  Garratt and Thompson ( 7 ) ,  and Tono- 
saki (8) studied the decomposition reaction in a uniformly 
heated sealed bulb and measured pressure change with 
time. Some of these investigators recognized, and Chan 
and McIntosh (9 )  demonstrated, that the rate measured 
in a static system was not only a function of surface area, 
but also of reactor volume and therefore the rate limiting 
steps in the decomposition could involve homogeneous as 
well as heterogeneous reaction. Tewes, Zava, and Hoover 
(10) and Boettger and Fetting (11) measured decompo- 
sition rates in flow systems, A first-order reaction was as- 
sumed by the latter investigators. Verblovskii and Rotinian 
(12) obtained a linear relationship between growth rates 
of nickel deposits and nickel carbonyl concentration (and 
hence partial pressure), but for practical reasons they 
operated at conditions where high conversions were ob- 
tained and apparent first-order behavior would be ex- 
pected. Owen (13) described the coatings deposited under 
a wide variety of conditions, and Callear ( 1 4 )  investi- 
gated the photochemical decomposition of nickel carbonyl. 
The patent literature is uite extensive and the interested 

and the books by Belozerskiy (16) and by Powell, Camp- 
bell, and Gonser (1 7 )  for comprehensive bibliographies. 

Ni(C0)4+ Ni + 4CO (1) 

reader should refer to t 1 e survey paper by Mond ( 1 5 ) ,  

However, in no case has a sufficiently detailed analysis of 
the process been made which will permit confident ex- 
trapolation of heterogeneous kinetic data into the regions 
dominated by gas phase mass transfer considerations. This 
study was therefore carried out to supply this information. 

THERMODYNAMIC ANALYSIS 

The equilibrium conversion of nickel carbonyl to nickel 
and carbon monoxide is shown in Figure 1. Equilibrium 
yields were calculated from hF29a = 5.5 kcal. as pre- 
sented by Spice, Staveley, and Harrow ( 1 8 ) ,  and &F/ 
aT = -87.9 cal./"K. determined by Tomlinson and re- 
ported by Spice et al. These numbers appeared to be the 
best available and were used by Goldberger and Othmer 
(19) in a recent paper on the kinetics of nickel carbonyl 
formation. At the lower temperatures of interest, there is 
a tendency for the kinetics of nickel deposition to be par- 
tially affected by thermodynamic limitations, and careful 
attention to this possibility should be exercised in experi- 
mental studies or plant operation. 

EXPERIMENTAL TECHNIQUES 

The experimental procedure and equipment are essentially 
those used in the studies with iron carbonyl ( 1 ). Each deposi- 
tion experiment was conducted on a resistance-heated %-in. 
O.D. tubular deposition element supported horizontally in a 
$-in. wide rectangular orifice. Nickel carbonyl vapor, some- 
times diluted with carbon monoxide, argon, or helium, was 
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Fig. 1. Equilibrium decomposition of nickel 

tetracarbonyl. 
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passed at a measured rate and pressure through the orifice 
and over the deposition surface. The flow was horizontal and 
directed perpendicular to the axis of the heated elements. Tem- 
peratures were measured by means of a thermocouple located 
within the tubular element in the center of the deposition as- 
sembly. Since the temperature drop across the wall of the 
elements was less than lo, no correction was necessary for 
the thermocouple position. The deposition rate was determined 
by weight gain, the initial surface area, and the length of the 
run. 

The nickel carbonyl in high-pressure cylinders was obtained 
from the International Nickel Company. The hydrogen was 
diffused through palladium. The other gases were of com- 
mercially available high purity grade sold in compressed gas 
cylinders and were used without further purification. The 
deposition elements were low carbon steel or nickel tubing of 
commercial grade. A new filament, cleaned with abrasive cloth, 
was used in each experiment. Immediately before a deposition 
experiment, the filament was heated to 530°C. in flowing hy- 
drogen in the deposition apparatus. This procedure was found 
necessary in previous studies to nucleate carbonyl iron on steel 
filaments and was continued in the carbonyl nickel experiments. 
The use of either steel or nickel as the filament material gave 
essentially the same rate of deposition of carbonyl nickel, but 
the adherence of the nickel deposits to nickel substrates was 
signscantly higher than the adherence of nickel deposits to 
steel substrates. 

EXPERIMENTAL RESULTS 

Samples of the deposition rate data are presented in 
Table 1. The first three experiments illustrate the effect of 
temperature on the rate in the kinetically controlled re- 
gion, the fourth example illustrates the effect of natural 
convection, and the last four experiments show the effect 
of diluents in the diffusion-controlled region. Additional 
data are presented in the figures, which show in more de- 
tail the effects of the various variables. 

No gas phase, or homogeneous, nucleation was observed 
in any of the present experiments. The maximum tem- 
perature of 225°C. used in these nickel carbonyl experi- 
ments was purposely kept below the 248" to 305'"C. 
temperature range previously found to result in homogene- 
ous nucleation in the iron carbonyl system. All the nickel 
carbonyl data should therefore be free of homogeneous 
nucleation constraints. 

The effect of temperature on the deposition rate for 
undiluted feed is graphically illustrated in Figure 2. The 
rate is exponentially dependent at low temperatures but 
becomes relatively insensitive to temperature above about 
175"C., despite the fact that the conversion levels in all 
cases are below 8%. Since thermodynamics is certainly not 
limiting, and since there is still ample reactant available 
for reaction, it appears that a temperature level of about 
175°C. separates the diffusion-controlled region from the 
kinetically controlled region under the experimental con- 
ditions employed in this study. 

TABLE 1. DEPOSITION RATE DATA 

Total Rey- Gras- Fil- 
Expe- Rate, pres- nolds hof ament Added diluent 

No. cm.)(hr.) torr ber ber "C. Species % 
riment g./(sq. sure, num- num- temp., VOl. 

148 
152 
150 
192 
188 
182 
187 
184 

0.083 20 17 17 125 
0.24 20 16 14 150 
0.58 20 14 11 175 
0.81 200 14 1,050 175 
2.2 50 64 50 225 
0.82 50 13 6 225 
0.68 50 10 1 225 
0.51 50 18 4 225 

- - - - - 
Argon 
Helium 
Carbon 
monoxide 

0 
0 
0 
0 
0 
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Fig. 2. Effect of temperature on decomposition 
rate of nickel a t  a Reynolds number of about 

15 and a pressure of 20 torrs. 

These two regions of control can be further identified 
by the effect of diluents on rates at a constant mass flow 
of carbonyl, as shown in Figure 3. At low temperatures 
the deposition rate with carbon monoxide diluent is re- 
duced significantly more than the reduction obtained with 
an equivalent amount of argon, suggesting a strong re- 
tarding effect on the surface reaction by adsorbed carbon 
monoxide. This is not believed to be a thermodynamic 
effect, since the addition of argon should increase yields 
if equilibrium were being approached. 

At high temperatures, the addition of carbon monoxide 
gives nearly the same result as an equivalent argon dilu- 
tion. Helium additions least affect the deposition rate. 
Helium, of course, has a significantly higher diffusivity 
than does argon, while argon and carbon monoxide have 
very similar diffusivities. At the same time, all diluents 
would be expected to decrease the effective concentration 
gradient of carbonyl to a degree roughly proportional to 
the amount of diluent present. The order of rate retarda- 
tion and the closeness of the curves therefore suggest dif- 
fusion control with a small residual kinetic contribution 
at a temperature of 225°C. 

In the kinetically controlled region, one would expect 
only a small effect of flow on reaction rate, while in the 

Fig. 3. Effect of diluent on deposition rate of 
nickel a t  50 torrs total pressure. 
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Fig. 4. Effect o f  flow mte om nickel deposition 

rate a t  50 torrs total pressure. 

~ NNU/N;,?= 0.50 + 0.49N::'- 
1 I I I 

diffusion-controlled region the deposition rate should be 
dominated by %ow conditions. These expected interrela- 
tionships are supported by the data shown in Figure 4. 
At 175°C. there is only a small correlation between flow 
rate and reaction rate, while at 225°C. the reaction rate 
becomes quite sensitive to flow rate. 

An attempt to show the effect of pressure on the raw 
deposition rate data is presented in Figure 5. This ap- 
proach is not particularly rewarding because of the com- 
pounding effects introduced by partial mass transfer con- 
trol, even in the so-called kinetically controlled region. 
This is especially difficult when natural convection is an 
important determinant of the flow field. Under these con- 
ditions, the interfacial partial pressures are controlled not 
d y  by the rate at which a component diffuses in a given 
partial pressure gradient, but aIso by the magnitude of 
the transport coefficient, which is a iunction of total pres- 
sure. As the pressure is increased, the convective currents 
as well as the bulk stream partial pressures increase, which 
masks the effect of pressure, er se, on surface kinetics. 

effects in order to determine the true reaction order based 
on interfacial partial pressures. 

CORRELAtlON OF RESULTS 

Brown and Marco (20)  poinied out that the square root 
of the Grashof number is effectively a Reynolds number 
for natural convective flow systems. This concept was ex- 
tended by GiImour (21) to the / factor relationships 
origijnaIly derived by Chilton and CoIburn (22) for forced 
convection. By foIIowing these leads, the data based on 
the separate correlations of McAdams (23)  for forced 
convection at N R e  < 107 (corrected for Prandtl number) 

N ~ u / N p r l ' ~  = 0.35 + 0.49 N R ~ ~ . ~ ~  

N N ~  = 0.53 Nt3.0.25 Npr0.25 

at a cylindrical surface were replotted as log N ~ u / N p r l "  

A considerable effort was there P ore made to separate these 

(2) 

(3) 

and natural convection at NGrNpr > lo3 

'** -N,,/NK,? =10.50 7 0i49N~~21 7 
o*'o.lo I .o 10 100 lo00 

NR, or NIG/: or N,, 
Fig. 6. Hwt tronsfer correlations of natural- and/or forced-con- 

vection flow over a cylindrical surface. 

VS. log N R ~  or Ncr1f2, as shown in Figure 6. It can be seen 
that the natural convection curve, represented adequately 
by the expression 

N,vu/Nprl" = 0.63 + 0.49 ( N ~ ~ ~ ' 2 ) 0 . 5 2  (4) 
is almost within the experimental error of the data. An 
appropriate correlation for both types of flow is therefore 

Njvu/Np1113 = 0.50 + 0.49 Ncj0.52 ( 5 )  
since substitution of either N R ~  or N G , ~ / ~  for N c f  yields 
the correct value of NNs. A simple arithmetic average has 
been used for the first term of Equation ( 5 ) ,  since the ac- 
curacy of the limited low NRe or Ncr data does not permit 
other possible methods of averaging to be evaluated; in 
addition it provides an adequate degree of accuracy over 
the range of conditions studied. 

The method of combining the flow and transport param- 
eters of a combined forced and natural convective system 
was based on an extension of a proposal of Tsubouchi and 
Sato (24)  to combine the Reynolds and Grashof numbers 
vectorially. The general case can be represented by the 
expression 

( 6 )  
where 0 is the angle between the vectors of the forced 
and natural convection %ow fields. For horizontal flow used 
in the present study, 6 = 90" and Equation (6) reduces to 

N c f  = d( NRe sin 6) + ( N E ~  cos 0 + 

Ncf = d N R e 2  + NGr (7 )  
With this as the combined flow parameter, the previously 

Grashof Number 

Pressure, tor r 
Fig. 5. Effect of pressure on deposition rote of 

nickel at a Reynolds number of about 20. 

20.0 Range: NRe = 2-140 
0.0 
5.0 
2.0 
I .o 
0.5 

- 
- 

Fig. 7. Heat transfer data obtained in experimental reactor system 
with hydrogen and argon gases used. 
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400,000 

I + KaPai t Kr Pri 
Fig. 8. Correlating curves for second-order reaction. 

presented heat transfer data (1) are replotted in Figure 
7. A decided improvement at low flow rates was obtained, 
although at higher flows the data were a little below the 
vectorially combined modified McAdams curve. Although 
the McAdams Nusselt-Reynolds number correlation was 
originally derived from data obtained with air, by includ- 
ing the Prandtl number raised to the one-third power, the 
modified curve should also be valid for nickel carbonyl and 
its mixtures within the accuracy of either set of data. The 
Prandtl number of nickel carbonyl was estimated to be 
about 0.93 ( N P , . ~ ' ~  = 0.98) from the Eucken equation 
(25)  and its known heat capacity (18 ) ,  as compared with 
the value of 0.69 ( N p r 1 / 3  = 0.89) for air. 

This combined heat transfer correlation was converted 
to a mass transfer basis by use of the Chilton-Colburn 
analogy, and the drop in partial pressure of reactants and 
products over an effective film resistance around the cylin- 
drical element was calculated from the expressions 

rw = M ,  k, Ay (8)  
with 

k, = [ DarPNs,1'3Mr/dRTMb] 
[0.50 + 0.49 + (9)  

For four-to-one counterdiffusion of two components in 
binary systems (26) . .  

Ay = 1/3 In 

and Gillilands solution for a ternary system (27)  

By the use ot these expressions and calculated diffusivi- 
ties based on estimated Leonard-Jones force constants by 
the method of Hirschfelder et al. (28 ) ,  the interfacial par- 
tial pressures of the reactants were calculated from the 
bulk stream values. These interfacial values were then 
used to test various models for rate limiting surface ki- 
netics, including adsorption of carbonyl, tetracarbonyl de- 
composition, lower carbonyl decomposition, and desorption 
of carbon monoxide following the procedures of Hougen 
and Watson (29) for applying the Langmuir-Hinshelwood 
(30, 31)  adsorption surface reaction rate isotherms. The 
best model was based on a second-order surface reaction 
of adsorbed tetracarbonyl involving two adjacent sites. 
The ability of this model to correlate experimental data 
is shown graphically in Figure 8. The regression analysis 
of the experimental data is actually based on linearized 
forms of the kinetic expression, which does not necessarily 
give the best values for the reaction rates. By additional 
hand manipulation of the constants, slightly better expres- 
sions can be obtained. The final recommended equation 
and the standard deviation at 125°C. are 

0.0072( Pai)2 
r,  = u =  16% (12) 

(1  + 0.21 Pai + 0.22 P?q)2 ' 

and at 175°C. 
0.13 (Pai)2 

r ,  = u =  21% (13) 
(1  + 0.19 Pai + 0.13 Pd)" 

It should be noticed that at higher pressures (-100 torrs), 
an apparent zero-order behavior is expected, while at low 
pressures (- 1 torr) , the second-order dependence be- 
comes apparent. At intermediate pressures, approximately 
first-order behavior would be exhibited. The adsorption 
coefficients for argon and helium were found to be neg- 
ligible under all experimental conditions. 

On the assumption that the coefficients in the equations 
are exponential functions of reciprocal temperature, these 
two equations can then be combined into a general equa- 
tion valid over an extended temperature range: 

k o k 2  exp - E d R T  exp 2Ea/RT[P2ai - ( P 4 r d K e q )  2] 
r ,  = 

where 

[ 1 + ka exp EJRT Pai + kr  exp Er/RT Pri]' 

(14) 

k, = 1.8 x 10" g./(hr.) (sq. cm.) 
k, = 8.9 x lou2 torr-' 
k, = 1.52 x torr-I 
E ,  = 21,900 cal./g.-mole 
E ,  = 700 cal./g.-mole 
E, = 4,000 cal./g.-mole 

Three additional data points, which were not used in es- 
tablishing Equation (14),  are available to check the ac- 
curacy of this rate expression. For single data points at 
100" and 150"C., Equation (14) agrees with 5% of the 
experimental rates. At 200"C., where the rate is heavily 
controlled by diffusion, the agreement is only 75%, but 
this deviation is not unexpected, since the error in sub- 
tracting the diffusion resistance has been greatly magni- 
fied in the kinetic analysis. Simultaneous solution of the 
kinetic and diffusional equations for temperatures in the 
200°C. range yields a satisfactory rate prediction. 

The effect of diluents on the nickel carbon 1 reaction at 

region, is therefore quite different from their effect on the 
low temperatures, and hence in the kinetica r ly controlled 



iron carbonyl reaction studied previously. In the iron car- 
bony1 study, diluents added to a constant carbonyl flow 
increased the rate of reaction, while in the present study 
the rates were reduced. For a first-order reaction with a 
dual-site mechanism 

r = K,'Pa/ ( 1 + KaPa + KrPr) (15) 
r increases as Pa and P ,  approach zero (by dilution) when 
&Pa and K,Pr are much greater than unity. This was the 
model found to best represent the iron carbonyl system. 

However, in the nickel carbonyl system, a reaction order 
equal to or greater than the number of sites involved is 
necessary to explain the decrease in rate with partial pres- 
sure, that is 

r = K,'Pam/ ( 1 + KaPa + KrPr)  (16) 

where r approaches zero as Pa and Pr approach zero (by 
dilution) when m 2 n for all values of KaPa and K,.P,. 

The major contrast of this study and previous work is 
in the order of the reaction. Bawn ( 6 ) ,  Garratt and 
Thompson ( 7 ) ,  and Tonosaki (8) reported first-order be- 
havior at low temperatures and at pressure levels corre- 
sponding to the intermediate pressure range discussed 
previously, where apparent first-order effects would be 
expected. Chan and McIntosh (9) correlated their hetero- 
geneous results with an equation which corresponds to a 
first-order single-site reaction model. However, their maxi- 
mum temperatures were only about 80°C. It should be 
obvious that temperature as well as pressure can change 
the apparent and perhaps true order of a reaction, and 
first-order behavior becomes an increasingly better ap- 
proximation as temperature is decreased. 

The heterogeneous rates measured by Chan and Mc- 
Intosh are much less than the rates indicated by Equation 
(14). This difference may be due to lower effective SLIT- 

face areas of their low-temperature bright deposits as 
compared with the high surface area dull deposits ob- 
tained in the present studies. In addition, heating of the 
glass wool in the bulb employed by Chan and McIntosh 
was by transfer through the low-pressure deposition gases. 
Since the reaction requires 35,000 cal./g.-mole, their 
deposition-surface temperatures were probably signifi- 
cantly below the measured temperatures. 

Tewes, Zava, and Hoover (1 0) reported two data points 
which can be used to test Equation ( 14), and it was found 
that their data could be predicted within a few percent, 
that is we11 within the experimental error. Boettger and 
Fetting (11)  used a feed of 1% nickel carbonyl in nitro- 
gen, and because of this high dilution and somewhat less 
favorable transport geometry, they encountered appreci- 
able diffusion resistances at temperatures as low as 100°C. 
Assuming a first-order reaction, they obtained an apparcnt 
activation energy of 17,000 cal./g.-mole, which agrees 
fairly well with the apparent value of about 20,000 cal./ 
g.-mole obtained in the present studies. 

CONCLUSIONS 

1. The deposition rate of nickel from its carbonyl is 
affected by both diffusion and kinetics in the range of 
conditions of practical interest. In the system employed in 
this study, a temperature level of about 175°C. separated 
the two regions of control. 

2. The rate limiting step in the chemical reaction ap- 
pears to be best represented by a second-order two-site 
decomposition of absorbed nickel tetracarbonyl with an 
activation energy of about 22,000 cal./g.-mole. 

3. The carbonyl is apparently only physically adsorbed 
with an apparent heat of adsorption of about 700 cal./g.- 
mole. 

4. Carbon monoxide is more strongly bonded to the 

surface with an apparent heat of adsorption of about 4,000 
cal./g.-mole. 

5. Argon and helium are not significantly adsorbed on 
carbonyl nickel during deposition, and their presence does 
not affect the chemical kinetics except as they change the 
partial pressure of the reactants at the reaction interface. 
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NOTATION 

= specific heat at constant pressure, cal./(g.) (OK.) 

= filament diameter, cm. 
= diffusivit of mixture of jth and kth components, 

= adsorption energy, cal./g.-mole 
= activation energy, cal./g.-mole 
= mass flow rate, g./(hr.) (sq. cm.) 
= gravitational constant, 1.27 x 10'0 cm./hr.Z 
== heat transfer coefficient, cal./(hr.) (sq. cm.) ( O K . )  

= adsorption constant, torr-' 
= equilibrium constant for nickel carbonyl decom- 

= rate constant, g./(hr.) (sq. cm.) 
= adsorption coefficient, torr-1 
= thermal conductivity of gas, cal./ (cm.) (hr.) ( O K . )  

= mass transfer coefficient, g.-moles/(sq. cm.) (hr.) 
= rate coefficient, g./ (sq. cm.) (hr.) 
= molecular or atomic weight, g./g.-mole 
= combined flow parameter, ~ N R ~ ~  + NGr 
= Grashof number, d3g ( p f / ~ f )  ( p b  - p i )  /p,, 
= Nusselt number, hd/kf 
= Prandtl number, cyp,/kf 
= Reynolds number, dG/pf 
= Schmidt number, p f / D f p f  
= Sherwood number, k , d R T / D f P  
= order of reaction 
= number of sites involved in surface reaction 
== total pressure, torr 
= partial pressure at interface, torr 
= gas constant, cal./( g.-mole) ( O K . )  or ( CC.) (torr) / 

= deposition rate, g./ (hr.) (sq. cm.) 
= temperature of deposition system, O K .  

= mole fraction in bulk stream 
= mole fraction at interface 

sq. cm./ i: r. 

position, exp (64.2 - 10,50O/T) torr3 

(g.-mole) ( O K . )  

= diffusion potential, defined by Equations (10) 
and (11) 

= angle between forced and natural convective flow 

= gas viscosity, g./(cm.) (hr.) 
= gas density, g./cc. 
= standard deviation 

vectors, deg. 

Subscripts 
a = value for carbonyl 
b = bulk stream value 
c 
d = value for helium diluent 
f = film value 
i = interfacial value 
j 
k 
T = value for carbon monoxide 
w = value for nickel 

= value for argon diluent 

= value for jth component 
= value for k t h  component 
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Gas Absorption by Drops Traveling 

on a Vertical Wire 
SHANTI M:OHAN RAJAN and SIMON L. W R E N  

University of  California, Berkeley, California 

In the measurement of the obsorption of carbon dioxide gos by a series of oil drops moving 
down a vertical wire the variables studied are drop frequency, oil viscosity, wire size, and column 
length. A model is  proposed which assumes that the gas is absorbed by almost stagnant liquid 
film between and covering the drops, that the film i s  subsequently mixed with a drop as i t  
moves past, and that the dissolved gas is carried from the column in circulating loops of liqaid 
within the drops. The model leads to an equotion which correlates the data and gives a good 
approximation to the slope of the line. 

This study is concerned with the liquid-side controlled 
absorption of carbon dioxide gas by a series of white oil 
drops moving down a vertical wire. Adjacent drops are 
connected to each other by a thin liquid film, and both the 
drops and film are axisymmetric about the wire. Inside 
each drop is a circulating loop of liquid roughly in the 
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shape of a torus. Throughout this paper, drop is used to 
denote the combination of the circulating torus with the 
region surrounding it to form the observed bulge; torus 
refers to the circulating loop only. 

Figure 1 gives the geometry of the flow and also de- 
fines the nomenclature used. Figure 2c is a schematic rep- 
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