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FORMATION OF TRON CARBONYL BEIWEEN A 1/2% Mo STEEL AND
HIGH-PRESSURE GASES CONTAINING CARBON MONOXIDE

H. Inouye and J. H. DeVan

ABSTRACT

An atomic absorption spectrophotometer was used to
measure the formation of iron carbonyl between 1/2% Mo steel
pipes and flowing high-pressure gases (to 6.9 MPa) containing
carbon monoxide. The net formation rate, ¥, of iron carbonyl
was measured as a function of the velocity, temperature, and
pressure of the gases to determine the conditions that prevent
its formation. These variables and the gas composition
affected ¥ as follows: (1) Rate P increases linearly with
the gas velocity. Under equilibrium conditions, r is pro-
portional to the gas velocity, but it reaches a limiting value
above a critical gas velocity when equilibrium is not main-
tained. (2) Between 44 and 266°C, 7 increases with temperature
to a sharp maximum at 177°C in a gas mixture containing
17 C0-51 H»—30 CH4,—2 CO2 (vol %). The corresponding maximum
in carbon monoxide occurs at 245°C. The data predict that
iron carbonyl formation will be negligible above 270°C in the
gas mixture or above 285°C in carbon monoxide. _(3) Rate »
depends on Pcg in accordance with the equation » = kPgO, where
7n =4 to 5 under equilibrium conditions and n = 2 off equi~
librium., The analytical procedure used to detect %6 vpb
(volume parts per billion) of iron carbonyl and *1.5 vpb of
nickel carbonyl in flowing high pressure gases is described.
The reaction rates are described in terms of kinetics and
thermodynamic equilibrium.

INTRODUCTION

The production of synthetic natural gas (SNG) from coal involves
reacting hydrogen and carbon monoxide over a Raney nickel catalyst to
produce methane. Deposition of iron on the methanation catalyst converts
it to a Fisher-Tropsch catalyst, and this is thought to be one of the
reasons for the decrease in the methane yield during the lifetime of
the catalyst.1 Iron pentacarbonyl formed by the reaction of carbon

monoxide with the steel piping leading to the methanation reactor is



believed to be the source of the irom.?2 Therefore, this study was
directed toward finding practical methods of preventing carbonyl
formation in structural steels, initially through a systematic evaluation
of various steels, then by a study of preventive techniques such as
coatings. This report summarizes the variables governing the formation
of iron carbonyl resulting from the reaction of 1/2% Mo steel (A 334-P1)
with a flowing gas mixture containing 17 CO-51 H,—30 CHy—2 CO2 and with
100 CO (vol %) between 44 and 266°C and gas préssures to 6.98 MPa

(1000 psi). Iron and nickel carbonyl formation between type 316 stain-

less steel and the above gases was also briefly investigated.

PREVIEW WORK \

A literature survey® of the thermodynamic and kinetic data for
iron and nickel carbonyl formation was completed before we started
this study. The principal conclusions of this survey are summarized
below. At moderate temperatures (100—250°C) and pressures (0.1—101 MPa)
the attack upon steel pipes by carbon monoxide is limited by the reaction
rate. In static carbon monoxide the formation rate, %, of iron carbonyl
from iron powder® or millings® reached a maximum at 200°C for carbon
monoxide pressures between 10 and 100 MPa. An analysis of data from
Ref. 5 showed that r increased significantly with the gas velocity;
however, the effect of temperature on carbonyl formation in flowing
gases was not determined.

Stoffel® determined that » depended on Pééo, whereas the data of
Mond and Wallis" gave a pressure dependence of Pé667. A pair of data
points in Ref. 5 indicate that depends on Pé676' Table 1 (based on
Ref. 5) is a summary of the corrosion of steels of interest in carbon
monoxide and in a gas mixture containing 30 C0—60 H,—10 N, (vol %) at
101 MPa (1000 atm). Although a direct comparison’of the data in each
test gas cannot be made (because the dependence of ¥ on PCO in the gas
mixture is unknown), the data show increasing resistance to carbon
monoxide attack as the chromium and nickel contents in the steel
increase. In contrast, an increase in the carbon content of iron

from 0.1 to 2.9% (cast iron) increases the corrosion rate by a factor



Table 1. Effect of Alloy Composition on the Corrosion of
Steels Exposed to Gases Containing Carbon Monoxide?

Steel Composition Weight Change, %, in

(Wt %) Carbon Monoxide 30 CO—60 H,—10 Nj

0.1c¢C —1.98 b

2.9 C (cast iron) —71.58 b

1/2 Mo—0.15 C —0.87 —2.91
3 1/4 Cr-1/2 Mo —0.18 —0.04
5 1/4 Cr—2 1/4 Si—1/2 Mo ~0.07 —0. 04
14.2 Cr 0.00 0.00
18 Cr—8 Ni +0.01 +0.01
5 Ni —0.38 —0.03
23 Ni —0.02 0.00

%%Rods 0.6 mm diam X 40 mm long exposed for 402 hr at 200°C
to static gases, at 101 MPa (1000 atm) pressure. Adapted from
H Pichler and H. Wallenda, Bremnst. Chem. 21: 133 (1940).

bNot tested.

of 35! The cast iron rod was reduced to a skeleton of 'phosphide
eutectic of cast iron with a narrow residue of ferrite" having the
same initial dimensions. 1In the case of all steels, any measurable
amount of corrosion by carbon monoxide was accompanied by a net
increase in the carbon content due to the deposition of free carbon
on the surface. Data from Ref. 5 further show that the corrosion
rate of the 1/2% Mo—0.15% C steel can be expected to be significantly

greater in the CO-H,-N; mixture than in carbon monoxide (see Table 1).

EXPERIMENTAL PROCEDURE
Autoclave System

Figure 1 is the schematic arrangement of the type 316 stainless
steel system used to measure the formation rate of iron carbonyl. The

two autoclaves placed in series are each 159 mm OD by 16 mm wall by
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1. MIXED GAS TANK 7. FURNACE 13. FUEL FLOWMETER

2. CARBON MONOXIDE TANK 8. HEISE PRESSURE GAGE 14. AIR FLOWMETER

3. HYDROGEN TANK 9. FLOWMETER 15. ATOMIC ABSORPTION SPECTROPHOTOMETER
4. HIGH PRESSURE VENT 10. LOW PRESSURE VENT 16. AIR SUPPLY LINE

5. ACTIVATED CHARCOAL AUTOCLAVE 11. FIBERFRAX FILTER 17. CHART RECORDER

6. SPECIMEN AUTOCLAVE 12. ACTIVATED CHARCOAL FILTER

Fig. 1.  The Autoclave System and the Atomic Absorption Spectro-
photometer Arranged as Shown was Used to Measure *6 vpb and *1.2 vpb of
Iron and Nickel Carbonyls, Respectively, in Flowing Gases to 6.9 MPa
(1000 psi).

705 mm long. The test gas from gas cylinders flows continuously through
a bed of activated charcoal at room temperature in the first autoclave
to remove any metal carbonyls that might be present. Steel specimens
are heated to the reaction temperature in the second autoclave and are
then allowed to react with the gas leaving the charcoal trap. The
effluent gas from the reaction vessel is cooled and depressurized to
normal temperature and pressure (20°C and 0.1 MPa) and analyzed for
its carbonyl content with an atomic absorption spectrophotometer (AAS).
Pressure regulators on the gas cylinders and a Heise high-precision
absolute pressure gage were used to control gas pressures to *69 kPa
during a run. The flow rates were adjusted as desired by regulating
the rate at which the effluent gases were vented to the exhaust system.
The test gases were supplied in steel tanks at 10.3 MPa and were used
without fufther treatment except as noted above. The vendors' analyses of

the gas mixture, which were within 2% of the nominal, were assumed to be



correct. The gas entering the reaction vessel was preheated to within
5°C of the autoclave temperature with heater tapes around the feed
lines. A three-zone furnace around the specimen autoclave was used to

hold its temperature to within *1°C along its 700-mm length.

Test Procedure

The 1/2% Mo steel specimen consisted of four lengths of pipe each
33.3 mm OD by 4.75 mm wall thickness by 600 mm long and coated on the
outside with water glass (Na»S$iO3) to excludebcontact with the test
gases. ' The specimen surface area exposed to the gases was calculated
to be 1795 cm?. Forty-eight aluminum rods, also 600 mm long, filled
the bore of the pipes and the spaces between the pipes and the auto-
clave wall to reduce the void volume and area (2881 em® and 42.43 cm®),
to increase the heat capacity of the autoclave, and to reduce the
temperature gradient. ”

In‘a typicai run, the steel pipes are ptetreated in 1.03 MPa
(150 psi) static hydrogen for at least 16 hr at 150°C or at the test
temperature if over 150°C. Aftér the system is vented and hydrogen
is purged with the flowing test gas, the system is preésurized and
the AAS is placed in operation. The carbonyl concentration in the
effluent test gases is continuously measured until a conétant value
is reached for each gas flow. 'Experimentally,‘this point was reached
afterri.S complete volume changes in the autoclave gases. The net
formation rate'of iron carbonyl is computed aé the product of the volume
fraction of iron carbonyl, as determined by the AAS, and the volume flow
rate of the effluent gas at normal temperature and pressure (NTP). At
the conclusion of a run, the system is depressurized, and the steel pipes

are reconditioned in hydrogen before the next run.

Calibration of the AAS

Brief's technique7 with minor modifications was used to calibrate
the AAS. In this technique the iron or nickel carbonyl in a 50-liter

sample of a reference gas is absorbed in an appropriate solution, then



complexed to form a colored solution. The optical density of the
complexed metal in the solution is measured with the AAS in terms of
absorption units and compared with standard solutions containing known
levels of iron or nickel. The calibrated reference gas is then used

as the standard to determine the carbonyl concentration in the effluent
gas from the autoclave. The uncertainty iﬁ the output of the AAS was
about *5 absorbance units, and a sensitivity ofbl.3.vpb per absorbance
unit for iron carbonyl gives aﬁ analytical capability of detecting

+6 vpb. For nickel carbonyl the sensitivity was 0.3 vpb per absorbance

unit or a capability of detecting *1.5 wvpb.

RESULTS
Flow Rate Effects

Typically the iron carbonyl concentration in the effluent gas from
the specimen autoclave decreased uniformly with the gas velocity* as
shown in Fig. 2., The product of the iron carbonyl concentration
(expressed as vpb) and the gas flow rate (liters/min at NTP) is the
formation rate of iron carbonyl in units of nanoliters (at NTP) per
minute. The specific formation rate, > , is defined as the rate of
iron carbonyl formation per square centimeter of reacting surface
and is determined by dividing the formation rate (nl at NTP/min)
by the specimen surface (1795 cm?). For convenience, figures showing
reaction rates also give the equivalent grams of iron removed per
square foot per yvear. The specific formation rate, }, increases with
the gas velocity up to a critical velocity and remains constant at
higher velocities (Fig. 3). The ranges of values for » above the
critical velocity, Vé, for various temperatures and pressures are
summarized in Table 2. On the average, Vé is 10.2 cm/min in the
mixed gases and increases to 27.8 cm/min in carbon monoxide and is

independent of temperature, pressure, and . In the higher temperature

*Gas velocity (cm/min) = flow rate at the test conditions
(cm3/min) + 42.43 cm® (void cross section of autoclave).
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Fig. 2.  1Iron Carbonyl Concentration in Flowing Gases Decreases
With the Gas Velocity When the Reaction is Governed by the Formation
Rate. (a) In 5.5 MPa (800 psi) mixed gases at 155°C. (b) In 1.2 MPa
(170 psi) carbon monoxide at 220°C.

L

runs the iron carbonyl concentration was’independent of the gas
velocity [Fig. 4(a)]. Under these conditions r is calculated to
increase linearly with the gas velocity as shown in Fig. 4(b). This
behavior was observed in runs 4, 20, 25, and possibly 3 and 17 in

Table 2.
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Carbonyl Increases with the Gas Velocity to a
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Governed by the Formation Rate. (a) In 5.5 MPa
(800 psi) mixed gases at 155°C. (b) In 1.2 MPa
(170 psi) carbon monoxide at 220°C.
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Fig. 4. Iron Carbonyl Formation When the

Reaction Between the Steel and Carbon Monoxide
is Governed by Equilibrium. Steel was exposed
to 6.9 MPa (1000 psi) mixed gases at 177°C.

(a) The concentration is independent of the gas
velocity. (b) the net rate » increases linearly
with gas velocity.



Table 2. Critical Velocities, V,, for the Formation Rate, P,
of Iron Carbonyl Between a 1/2% Mo Steel and
Gases Containing Carbon Monoxide

a

Run  Temperature Pressure ¥ P
(°c) (MPa) (psi) (cm?/min) (nl/cm? min)b
In Mixed Gases
3 200 6.9 1000 11° 5.38
177 6.9 1000 Not observed 7.01%
5 120 4.8 700 12 4.65
16 200 3.4 500 10 0.13
17 200 6.9 1000 10° 3.92
18 155 6.9 1000 9 4,52
19 98 6.9 1000 10 3.44
20 266 6.9 1000 Not observed 0.09d
21 177 4.8 700 10 1.71
22 177 3.4 500 14 0.73
23 b4 6.9 1000 4 0.50
25 225 6.9 1000 Not observed l.45d
27 155 5.5 800 8 3.99
28 155 3.4 500 13 5.33
Av. = 10.2
In Carbon Monoxide
37 200 2.1 300 22 6.28
38 200 1.1 160 28 1.76
39 220 1.2 170 28 1.71
40 242 1.2 170 33 8.29
AV. = 27.8
%Gas velocity above which r is independent of flow rate.
bAt 20°C and 0.101 MPa (1 atm).
zQuestionable.

For a gas velocity = V, (av.).
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Temperature Effects

For the mixed gases a bell-shaped curve is obtained when 7 is
plotted against temperature (Fig. 5). This curve, which is slightly
skewed to the right, shows that r increases with temperature to a
maximum at 177°C, then decreases sharply above this temperature to a
very low value at 266°C. A similar plot is obtained for carbon
monoxide; however, 7 reaches the maximum at about 246°C and falls
off more rapidly with temperature than in the mixed gases. The
formation rate of iron carbonyl for each gas at a PCO of 1.17 MPa
(170 psi) are compared in Fig. 6 to illustrate the large effect of

the gas composition.

ORNL -DWG 77-20775

30
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TEMPERATURE (°C)

Fig. 5. Iron Carbonyl Formation is Governed by the Surface
Reaction Rate Below 177°C and by Equilibrium Above This Temperature.
The bell-shaped curve is a result of these competing processes. Data
are for the mixed gases at 6.9 MPa flowing at 10.2 cm/min.
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Fig. 6. Iron Carbonyl Formation Between 1/2% Mo Steel and Carbon
Monoxide is Promoted or Retarded by Hz, CH4, and/or CO,, Depending on
the Reaction Temperature. Comparison is for PCO = 1.17 MPa (170 psi).

Pressure Effects

The dependence of v on the pressure of the mixed gases was
determined from several separate runs (3, 4, 16, 17, 21, and 22 in
Table 2), and the results are plotted in Fig. 7. The value of » is
proportional to P3-% at 177°C and to P°-% at 200°C. 1In co, v varied
as Pééo at or below 200°C and varied as Pééa at 240°C (Fig. 8).

Effect of Test Gases on 1/2% Mo Steel

After the tests described above were completed, the steel pipes
still had an_adherent coating of Na»5i03 on the external surfaces;
however, the internal surfaces were covered with a black loose deposit
assumed to be carbon. Analyses of turnings 0.51 mm thick from the
inside surface of the pipes showed that the original carbon content of

0.05 wt % had increased to 0.30 wt % after testing in the gases.
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Carbonyl Formation from Type 316 Stainless Steel

The reactions between type 316 stainless steel and the test gases
were studied to determine whether the autoclave system was itself a
source of carbonyls. No iron carbonyl was detected with either the
mixed gases br carbon monoxide at temperatures to 3009C;’howeVer, at
200°C nickel carbonyl was measured in the effluent gases at concentrations
just abo?e the detection limit as shown in Fig. 9. The formation rate
of nickel carbonyl between type 316 stainless steel and the mixed gases
at 6.9 MPa is about 10 pl/cm® min (0.04 g/ft? year) at 200°C and

decreases to about 7 pl/cm® min at 155°C.

ORNL~DWG 77—20771
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Fig. 9. Nickel Carbonyl Near the Detection Limit of the AAS Forms
Between Type 316 Stainless Steel Autoclave and 6.9 MPa Mixed Gases. No
iron carbonyl forms at 200°C.

DISCUSSION

The present results confirm that the formation rate,'i, of iron
carbonyl between steels are carbon monoxide depends strongly on the

gas flow rate, pressure, temperature, and steel composition; however,
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this study further shows that the specific effects of these variables
are significantly altered by the gases associated with the carbon
monoxide, as discussed below.

Two distinct respomses of ¥ to the gas velocity are observed,
depending on the temperature. At the lower temperatures »» increases
to a limiting value (Fig. 3), then becomes independent of the gas
velocity. This suggests that » is diffusion limited up to a critical
velocity, then becomes limited by a surface reaction. These critical

velocities, V _ , in the mixed gases and in carbon monoxide were on the

e’
average 10.2 and 27.9 cm/min (Table 2), respectively, and were evident
only in those tests run at the lower temperatures. - That these velocities
are in the same ratios as the molecular weights of the test gases (i.e.,
11.9 and 28.0 g/mol) suggests that V, is determined by the interdiffusion
coefficients of carbon monoxide or the iron carbonyl in each gas. At

the higher temperatureS'f increases continuously with the gas velocity
and exhibits no tendency to stabilize at a fixed formation rate (Fig. 4).
This characteristic appears to be associated with the carbonyl reaction
reaching equilibrium, as discussed in the following text.

The increase in » with temperature is attributed to an increase in
the rate of carbonyl reaction, and the sharp decrease in » with tempera~
ture at the higher temperature suggests that the reaction is approaching
equilibrium. The competing processes result in the curves shown in
Fig. 6. 1In Fig. 10, logarithms of iron carbonyl pressures attained
in our tests with the 1/2% Mo steel in carbon monoxide at 1.17 MPa
are plotted against 1/T and are compared with the equilibrium iron

d8_'1 0

carbonyl pressures calculated from publishe equilibrium constants

for the reaction of pure iron with carbon monoxide. At the higher

temperatures our data give P values one to three orders of

Fe (CO) 5
magnitude greater than the values based on published equilibrium data;
however, the temperature dependence is almost the same as that predicted
by Syrkin® or Brief.® The falloff of our iron carbonyl pressures from

the log P versus 1/T relationship at the lower temperatures

Fe(CO)s
suggests that the pressures are limited by the surface reaction rate.

The equilibrium constant for the formation of iron carbonyl between
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Fig. 10. In Equilibrium with 1.17 MPa Carbon Monoxide, Pre(c0), is
One to Three Orders of Magnitude Greater Than Published Data. Falloff
from log F?e(CO)s versus 1/T relationship below about 250°C is due to
nonequilibrium conditions. 1 atm = 0.10 MPa.

the 1/2% Mo steel and carbon monoxide above 245°C, based on our test
data and assuming that the reaction is Fe + 5C0 = Fe(CO)s, is calculated

to be

log K = 9681/T — 28.188 , (1)

in terms of pressures expressed in atmospheres. Similar calculations

for iron carbonyl formation between the steel and the carbon monoxide

in the mixed gases above about 177°C resulted in an expression signifi~
cantly different from Eq. (1) even in terms of its temperature dependence.
This suggests that the carbonyl formation reaction in the mixed gases

involves a different chemical sequence than in pure carbon monoxide.
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Figures 7 and 8 show that » depends very strongly on the gas

pressure and can be expressed by an equation of the form

» = kP" (2)
where
7 = formation rate of Fe(CO)s,
k = constant, and
P = npartial pressure of CO.

Our results for tests in carbon monoxide show that » is not constant

but increases with temperature between 98 and 240°C (i.e., from 1.96

to 2.30); however, these values are in general accord with a pressure
dependency of approximately Pééo as found by Stoffel.® As noted earlier,
n also increases with temperature in the mixed gases, the pressure
dependence being 3.8 at 177°C and 5.0 at 200°C.

1If the equilibrium reaction for iron carbonyl formation is
Fe + 5C0 = Fe(CO)s , (3)
then the equilibrium constant is

= 5
X PFe(CO)s/PCO . (4)
Thus, under conditions where the reaction rate to form iron carbonyl
is sufficiently fast for the specimen surface to approach equilibrium

with the gas before it leaves the reaction vessel, the limiting pressure

. . . 5 M
of iron carbonyl, [PFe(CO)sleq’ is given by the product K(PCO) . Since
P
P o= [—ggiggli] » Flow Rate , (5)
Total

then

. KPCOS
I’max = mg = Flow Rate, (6)
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or

P = KX(P

4o .
max CO) Flow Rate, (7

where
X

mol fraction of CO.

Under these limiting conditions, 7 should vary with the fourth power
of the carbon monoxide pressure (at a given flow rate), or when n = 4,
the iron carbonyl concentration is presumably approaching the equilibrium
value,

On the other hand, the net reaction between iron and carbon monoxide
must result in the formation of both iron carbonyl and free carbon as
experimentally observed. Since Fe3C is formed during the deposition

11

of carbon, a possible chemical sequence satisfying the observations

might be as follows:

3Fe + 2CO = FesC + CO2 , (8)
Fe3zC + 15C0 = 3Fe(CO)s + C , ' 9)

which when added give
3Fe + 17CO = 3Fe(C0)s + C + CO2 . (10)

Recalculation of the pressure dependence of iron carbonyl formation

on PCO in the manner described in Egs. (5) through (7) énd assuming that
the reaction proceeds as in Eq. (10) gives n = 4.7 as the upper limit;
that is, 7 should theoretically vary as the 4.7 power of the PCO under
conditions approaching equilibrium.

The reaction sequence given by Egqs. (8) and (9) is reasonably
consistent with our test results for the mixed gases. 1In Fig. 6 we
assumed that r at temperatures above the maxima is governed by thermo-
dynamic equilibrium. This conclusion is corroborated by our prediction

that r = kPé67, compared with a measured value of r = kPééo in the mixed

gases under conditions approaching equilibrium. Since our measurements
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of the pressure dependence of » in CO were in the temperature range
assumed to be governed by the surface reaction rate, values of n < 4.7

(e.g., m = 2.0 to 2.3) should be expected.

SUMMARY AND CONCLUSIONS

A 1/2% Mo steel was exposed to high-pressure carbon monoxide and
to a gas mixture containing 17 C0—51 H,—30 CH4—2 CO (vol %) to measure
the rate of formation of iron carbonyl in steel piping leading to a
methanation reactor. The variables affecting the formation rate, f,
were confirmed to be the gas velocity, temperature, and pressure. This
study also shows that the presence of Hy, CHy, and/or CO, in CO can
significantly promote or retard the reaction of steel with CO, depending
on the test conditions:

1. Rate 7 increases linearly with the gas velocity. Under equi-
librium conditions, r is proportional to the‘gas velocity, but it
reaches a limiting value above a critical velocity when the reaction
is governed by the surface reaction rate.

2. Between 44 and 266°C, the formation rate, }, of iron carbonyl
increases with temperature to a sharp maximum at 245°C in 100% CO. The
maximum occurs at 177°C when the CO is mixed with Hz, CHy, and CO».
Extrapolation of the rates to higher temperatures indicates that no
iron carbonyl should form above 270°C for the mixed gases or above
285°C in carbon monoxide. The data further suggest that r is governed
by the reaction rate up to the temperature of the maximum formation
rate but that thermodynamic equilibrium is achieved above this tempera-
ture. The expression for the equilibrium constant for the reaction

1/2% Mo steel + CO = Fe(CO)s was calculated to be
log K = 9681/T — 28.188 in 100% CO,

when the pressures are expressed in atomospheres.
3. The equation r = kPZO describes the pressure dependence of

the formation of iron carbonyl on P In either gas, n increases:

co’
moderately with temperature to a probable limiting value of 4.7 under
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conditions approaching thermodynamic equilibrium. In contrast, when

r is governed by the reaction rate, n is approximately 2.0.
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