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KINETICS OF GAS SYNTHESIS USING RECYCLE SYSTEMS
by

. Fo Shullz,l F. 5 Kam,z and R. B. Aﬂdﬁfsﬂﬂa

ABSTRACT

The Burean of Mines investigated the hydrogepation of carbon monoxide and
carbon dioxide over Bamey nickel catalyst and nitrided fused-iron catalyst
using both a single-pass and a recycle system, Activation energy over Baney
nickel catalyst is 29 to 32 keal/mole for sypthesis Srem either CO or CO,.
Pressure dependence of the gas comversion is to the 0.3 power for symthesis
from CO and to the C.5 power for synthesis from CO,.

Witrided fused~iron catalysts were tested using high zecycle rates and
3H,+1C0, 28B,+1C0, and 1H,+1CO feed gas at 21.4 atwospheres absolute pressure.
The relative usage of hydrogen (moles H, consumed per moles Hy+CO consumed)
was larger than in corresponding single-pass tests, and the relative usage of
hydrogen approached the feed gas ratio monoteonically as comnversion increased,
Activation emergy was found to be 12 or 13 kcal/mcle fresh feed gases of
3H,+1C0 or 28,+1C0. For single-pass operation the activation energy under the
same conditions was 19 to 21 kcal/fmole.

IRTRODUCTION
As a part of the Bureau of Mines investigations on couversion of coal to

gaseous fuels, the hydrogenation of CO and CO; on Raney* nickel and the hydro-
genation of CO on nitrided iron were studied, Commercial utilization of ceal
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Bureau of Mines, Pittshurgh, Pa., now retired.

2pegearch chemist, Pittsburgh Coal Research Center, Bureau of Mines,
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ZFormerly project coordinator-catalysis, Pittsburgh Coal Research Ceuter,
Bureau of Mines, Pittsburgh, Pa., now with Department of Chemical Eigineer-
ing, McMaster University, Hamilton, Ontario, Canada.
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imply endorsement by the Buveau of Mines.
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as a source of high-RBtu gas was brought cleser by the bench-scale demonstra-
tions of a tube-wall reactor coated with a catalyst of Raney nickel (7).
Catalyst life was sufficient to reduce catalyst cost to less than 1 cent per
1,000 fr® of high~Bru gas wbhen it was made from 3H,+1€0 at 240" to 300° € and
28 atmospheres. In 1960 (6) this cost was estimated at & to 5 cents, using a
Raney nickel catalyst adapted to @& fluidized process, Likewise bench-scale
tests using nitrided iron (3) in the o0il circulation process demonstrated the
feagibility of using this catalyst to produce relatively high-octane (92.9
rating) gasoline. The mitrided-iron catalyst produced high-octane gasoline
contajming up to 28 weight percent of alcohols which is equivalent to more
than 3 pilliliters of tetraethyl lead.

Onc of the more promising processes for supplementing natural supplies of
methane and synthetic gasoline is based on coal gasified with steam to yield a
mixture of H,, €0, and CO,. These have been the preliminary matevrials for
much research on the product developmwent of high-Btu gas and the reaction
mechanism and kinetics in the Fischer-Iropsch reaction (1-2, 5-12, 15).
Although the reactions and processes have been developed to 2 high degree of
efficiency, there are no comprehemsive data on the process variables, This
is largely due to the exothermic nature of the reactions and to the economic
necessity of complete gas cornwversion.

The first purpose of this study is to examine the rszaction rates for syn-
thesis of high-Btu gas at a variety of temperatures, pressures, and feed gas
compositions, using both single-pass and gas-Tecycle systems. The second pur-
pose is to examine the kinetics of the Fischer~Tropsch reaction over a
nitrided fused-iron catalyst at 21.4 atmospheres pressure and seversl temper-
atures, using several feed pas compositions at a series of input rates. For
each test the space~time yield (x5) was plotted as a function of reciprocal
space velocity (1/5) and the curves were extrapolated to a veciprocal space
velocity of zero; that iz, to a comnversion, x, of zero, where x8 = r (r is the
differential reaction rate). This rate could be related directly to the mole
fraction of H, and CO in the feed gas. As an alterpative, rtates could be
determined by graphical differentiation and related to mole fractioms of H,
€O, znd water at aoy conversion, Since the first method gave a limited awount
of data and the second method was subject to the inaccuracies of the technigque,
a recycle system was adopted.

In recycle experiments the differential reaction rate equals xS at any
conversion. The fraction of gas converted per pass can be kept so small that
zas compogition is essentially comstant throughout the catalyst bed, Thus,
the space-time vield, x5, can be related directly to recycle-gas composition.

EXPERIMENTAL PROCEDORE AND APPARATOUS

The apparatus (fig. 1), and procedure are essentially the same as those
described previousiy (3, 17). The reactor was.a Xk-inch, schedule -80, 347
stainless steel pipe, which had an inside diameter of 1.38 cwm by 60 c=, a
30-cm catalyst zone, and a 39-cm prehest zon: filled with aluminum wire.

SUaderlined numbers in parentheses xefer to items im the list of references at
the end of this veport.
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FIGURE 1. - Flow Diagram of Catalyst-Testing Apparotus.

Temperature was controlled by an electrically heated bath of boiling Dowtherm,
surrounding the catalyst and prebeater, with a pressure control system. A
recycle pump (16) was installed between the cold trap and the top of the reac-
tor., It consisted of a 1/&0-hp motor and a rotary pump designed to operate at
pressures up to 500 psig. Recycle rates as high as 60 volumes of recycle to 1
voluwe of fresh feed gas were used. The flow of synthesis gas from premixed
eylinders was controlled by a geared needle valve and measured by a calibrated
capillary flowmeter. The synthesis gas passed down through the catalyst bed
to a voom-tempevature trap and from there to a2 4° ¢ refrigerated trap. The
gas was then either recycled or allowed to exit through a back pressure regu-
lator. Tn the vecycle streaes the prebeatexr restored the gas to operating tem-
perature beforxe reaching the catalyst. High recycle prevented excessive tem-
verature variatiouns due to heat of reactiom. tthen recycle was oot used
overheating was minimized by limiting the amount of gas reacted per bour.
After exiting through the back pressure regulator, the gas was scrubbed with
potassium hydroxide soluticn (13) to remove carbon dioxide, TFor the tests on
the nickel catalyst the exit gas was sampled by both proportionator and spot
szmpler, and the surplus gas was measurad by a wet-test meter. For the tests
on the nitrided catalyst the exit gas was passed through a charcoal trap to
remove gasaous hydrocarbons and thence to 2 proportiomator, and the surplus
gas was measurved op a wel-test meter, Samples of the exit gas were analyzed
for carbon dioxide by the Ealdane merhod and by gas chromatography or mass
spectrometer for Hp, GO, and hydrocarbons.



Since the operational procedure was different for the two catalysts, the
testing will be described separately.

Raney Nickel Catalyst

The vatalyst was 6 to 8 mesh granules of Raney nickel (58 percent
aluminum-42 percent nickel) which was extracted with alkali to remove half of
the aluminum as evidenced by hydrogen evolution. The experimental procedure
consisted of fixing the composition of the fresh feed gas and the temperature
and pressure of the catalyst bed. Then a series of reaction rates and
exit gas analyses were obtained by varying the fresh feed gas rate. Fresh
feed rate, indicated by the symbol 8, is the volume of fresh feed (STP) per
volume of catalyst space per hour, The symbol x is the fraction of Hy+CO ox

H>+C0; reacted; x5 is the volume (STP) of B 4C0 or Hy+C0, reacted per volume
of catalyst space per hour.

Nitrided Fused~Iron Catalyst

The catalyst was 6-to-8 mesh granules of fused-ironm ammonia syathesis
catalyst D300l. The raw catalyst contained the following: 67.42 weight-
percent izom, 0.71 weight-percent 8iQ;, 0.65 weight-percent Crp0,, 4.61 weight-
percent MgO, and 0.57 weight-percent K30, and 26.04 weight-percent oxygen com-
bined with iron. The catalyst was reduced in hydroger at an hourly space
velocity of 2,500 at 450° ¢ for 40 hours and at 500° ¢ for 8 hours in a metal
block reactor {14). Nearly complete reduction was achieved.

The reduced catalyst was then nitrided because it had been found (4) that
a nitrided-iron catalyst produced lower molecular weight hydrocarbons than the
reduced iron catalyst. The nitriding was accomplished by treating the reduced
catalyst with ammonja at an hourly space velocity of 1,000 at 350° C for 12
hours. 7The nitrogen-to~iron ratio was foumd to be 0.47, Twenty-five cubic
cenrimeters of this catalyst were installed in the reactor at the center of
the boiling liquid Dowtherm. Above the catalyst 25 cu em of aluminum wire
pellets were placed to serve as s preheater.

The nitrided catalyst was tested at 21.4 absolute atmospheres pressure
using H,~to-C0 feed gas ratios of 1 to 1, 2 to 1, and 3 to 1. Temperatures
were heid constant at 274° or 2B&® C and 218° or 228° C. The flow rates were
varied to produce the desired CO,~free contractions., Sufficient time was
allovwed for the apparatus to attain equilibrium for each condition before
samples were taken for analysis. The time required for reaching steady state
conditions varied inversely with the space velocity. The recycle pump was
operated at approximately constant flow of 450 liters per hour or 18,000
volumes {SIF) per volume of catalyst space per hour. The fresh feed gas input
was L8Q to 2,000 volumes per bourx,
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RESULTS AND DISCUSSION

Bydrogenation of CO Over Ramey Nickel Catalyst

Single Pass

The rate of a reaction may be expressed in terms of Hp+CO and Hy+CO,
consumed. Thus for single~pass experiments the data have been plotted in
figure 2 asz the fraction of feed gas consumed, x, 28 a function of reciprocal
space velocity or time. To determine the pressure dependence of the reaction
of hydrogen with carbon monoxide, the conversion is plotred as a function of
reciprocal space velocity at several pressures im figure 3. The rate or con-
version, %5, is plotted against the absolute pressure for conversiomns of 10,
20, and 40 percent in figure 4. Deviation from lioearity occurs above

40-percent conversion. This is due to the heat of reaction being inadequately
removed.
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FIGURE 4. - Pressure Dependence of the Reaction 3H5+1C0 - CHy+H20 Over Raney Nickel
ut 282° C Single Pass.
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Recycle

For recycle experiments the gas conversion per pass was 1 percent or less
80 it was assumed that a constant gas composition persisted throughout the
catalyst bed. This procedure approsaches differentrial reactor conditions where
rate can be calculated directly as x8 (the volume of gas comsumrad per volume
of catalyst space per hour). The composition of recycle gas depends only on
fresh feed rate, temperature, and system pressure as long as the catalyst
activity remains congtant, Rate and gas composition can be plotted as fumc-
tione of time, or as presented in fipures 5 and 6, Tate can be plotted
directly as a funection of each gas component.

The influence of temperature on rate was measured at 261° to 281° C.
Rate, xS, was determined at three rtemperatures using a constant gas composi~
tion and plotted according to the Arrhenius equation log x5 = E/RT in figure 7.
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FIGURE 7. « Arrhenius Plot of 3H2+1CO Feed Gos With Recycle.
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Pressure dependence was measured for 3H,+1CO fresh feed gas at absolute pres-
sures between 1.0 and 21.4 atmospheres with the fresh feed flow adjusted to
give a constant composition of composite gas at 292° C in figure 8.

Hydrogenation of CO, Over Raney Nickel Catalyst

The hydrogenation eof CO; proceeds readily on Raney nickel catalyst, and
long life (1 year) with little change in activity was obtained, Hydrogenation
of COy is less exothermic, and the tendency to form elemental carbon oxr car-
booyls is decreased. Single-pass studies were made op this system. However,
interpretations remain relatively simple because the stoichiometry does not
change. About 1 percent CO was found im the exit gas at all conversions, and
at least 90 percent of the hydrocarbon product was methane. Figure 9 presents
typical data for the reactiom 4H,+1CO, ~ CH,+2H,0. The reaction closely fol-
lowed the stoichiometry of this equation for all conditions of the imvestiga-
tion. The temperature was 230° C, the pressure was 21.4 atmospheres, and the
input gas rate ranged from 100 to 700 bourly space velocity. The fraction of

| IR I P
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FIGURE 8. - Pressure Dependence of Methonotion Using 3H9+1C0 Gas With Recycle.
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gas couverted,
differential reac-
tion rate, space-
time yield, and
exit gas mole
fractions are all
shown as functions
-0 of reciprocal

) space velocity.
Rarte determined by
a graphical method
is shown as a
solid line (curve
r, fig. 9), and
rate determined by
numerical differ-
entiation (17) is
shown by triangu-
lar points (4).
e Gas data, with the
exception of water
—] vhich was calcu-
lated, were
~ .2  obtained from spot
szmples using gas
chromatography.
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in figure 11, A series of pressures were established at comstant temperature,
and the gas imput rate was varied at each pressure. Rates were compared at
constant conversions. They varied as the half power of the pressure, although
there is a siall decrease in this expoment at high conversions.

Bydrogenation of CO Over Nitrided Fused-Iron Catalyst

Two nitrided fused-iron catalysts were studied at a series of tempera~
rures and hourly space velocities at high recycle rates. Test 2372 was run
for 172 days at either 274° or 284° C., X-rvay analysis of the catalyst showed
Fe,0, and Higg FeyC, although it had started as ¢-FepN. Test Z388 was run for
31 days at 218° or 228° €., The X-ray analysis showed g-carbonitride and Fez0,.

Figures 12 and 13 show the percentage of gas veacted, x, volume of gas
converted per hour, x8, and recycle gas composition--all as a functiom of
reciprocal space velocity of fresh feed gas. The relative usage of hydrogen,
moles of Hy, consumed per mole of H,+00 consumed, is showm as z function of
conversion and fesd gas ratio in figure 14. Constaonkts obtaiped for the rate
constant a of the rate equation

_ G .6 D ek
T =& Py,  Pee *

are shown in table 1 and figure 15.
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FIGURE 11. - Pressure Dependence of the Hydrogenation of CO3.
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TABLE 1, - Values of constant of rate equation’

Test te, ° C Values of a
3H, +1C0 2%, +1C0 1H, +1C0
23?20--4:‘--.. 28“‘ &2 42 -
2372 irnnanna 274 32 37 -
Z2388icecnenen 228 - - 42
Z3B8. et uinea 218 - - 24

*From equation r = %8 = a phza.sptoo.a. Units of constant

a are volumes (STF) of Hy+L0 consumed per volume of
catalyst X atmosphere X hour.

dydrogenation of CO or CO, Over Ramey Nickel Catalyst

wmination of the upper portion of figure 2 shows that the slope of the
~on curve x at several values of 1/8 plus corresponding exit gas analy-
rate data in terms of gas compesition. This shows that the relation-

. +p becween x and 1/5 is linear over a wide range of flows. Thus rate is not
greatly influenced by flow, comversion, or gas composition. Nevertheless, an
attempt was made to base a rate equation on total gystem pressure znd on par-
tial pressures of H; and CH,. Figure 16 is a log-log plot of these data sub-
stituted in the equation

—- 5029 13 o
r =k .
Ps:u__‘ Pwe chu&

The curve is limear and thus could be expressed as

r=k p,,;za‘ae.

The slope of rhe curve in figure & shows rhat the rate of reaction using
3Hz+1CC is proportional te the 0.29 power of the pressure at pressures up to
at least 14.6 atwospheres and conversions of 40 percent.

For the recycle system the activation emergies for 70- and 40-percent
conversions can be obtained by an Arrhenius plot of rate (xS) versus recipro-
cal of temperature (1/K®)(fig.7). The slopes of these curves give 2 value of
29 keal/mele for 70-percent comversion and 31 kcal/mole for 40-percent
COBVersion.

A log~log plot of the rate (x8) as a function of the pressure showed a
linear curve in figure 8. The slope of this line gave a rate proportional to
the 0.27 power of the absolute pressure. This is 2 confirmation of the single~
pass observation., Since nickel is not a good water-gas shift catalyst
(Hz0+C0 ~ Hy+C0;) and because the water concentration was kept low by cooling
the recycle stream, the composite gas was simplified to Hy, CO, and CH,. 4&n
attempt was wade to evaluate rate in terms of total pressure and partial
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pressures., Figure 17 is an evaluation of the equation

r=k 2 O .27
P"a PCH4 .

The data were taken from three separate Tuns.

Alrhough there are differences in catalytic activities between the runms,

the activities within each run have the same dependence on gas composition and
fit the equation

=] .34ch -3 .07 .

r=l¢.p,,,2 ‘
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FIGURE 16. - Test of Equation r = k pZ;: 3-29pH,"/pCH " for the Reaction 3H2+CO - CHyg+H20
Over Roney Nickel ot 240° C.
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In the hydrogenation of carbon dioxide the stoichiometry of the process
is constant. Thus several acceptable equations can be uged to relate rates
and gas components, Figure 18 shows that rate is proportionzl to the CO,
concentration and inversely proportional to the water comcemtration. Five
separate sets of dara were represented by

- 0 .79 ~0 .29
r—chaa T TR0 -

Another equation was based on the following reaction mechanism:

1. The water-gas shift reaction (CO,+H, - CO+H Q) is fast and maintains
2 concentration of CO dependent om peg = PuyPeo/KyPy,o» Where k, is the equili-
brium of the water-gas shifr reaction.

2. The rate~determining step is dependent on both the hydrogen and
carbon monoxide concentrations.

3. The overall rate of methane syntbesis increased with total pressure
to the half power,

These assumptions, ipcorpeorated in a rate eguation, give

C «= =z -7
r =k .
PHa Pcnz P‘Aas

Figure 19 is a test of these postulates and an evaluation of n. Severzl sets
of data £211 on parallel lines with a slope of 1/4, and the equation becomes

- 0,5 0,25 =0 ,25
r=Kpg, " Peo, Bio e

The study of the kimeties of the Fischer-Tropsch synthesis on a nitrided
fused~iron catalyst under recycle conditions was carried out over several
months. The first catalyst (rest Z372) was operated for nearly & months,
during which time modifications had t~ be made in the apparatus to permit
operations without recycle pump failure. The catalyst activity had decreased
considerably by the time valid experiments were obtained, and operation at our
standard conditions required 274° ¢ compared with 240° C for a fresh nitrided
catalyst., At the end of this test the catalyst was a2 mixture of FeyzQ, and
Hiégg carbide, the only case where a nitrided catalyst had been comnverted to
Hige carbide during nonpoisoning synthesis. Low catalyst activity and loss of
the nitrogen wmay be due Lo the use of 2H;+1CO synthesis gas without recycle
and to the prolonged period of operation.

In the second test, 2388, the first inlet gas was 2ZH;+1C0 and recyele was
started almost immediately. Satisfactory comuversions were obtained at 218° to
228° ¢, and epsilom iron carbounitride was found in the used catalyst., Rate
dara for the twoe tests were similar, despite the differences in activity. The
rate, x%, decreased Tapidly as space velocity was decreased; that is, as the
partial pressures of H, and CO were decreased. The rate data were expressed
very well by the rate equation presenmted previously; that is,
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r=a puao'spca - £ 39'5Pk290'5:
where ¥ is the differentisl reaction rate; p,_, Pcp» and p, o, aTe the partial
pressures of H,, CO, and H;0, and 3 and £ are xate constants. IHere it was
assumed that hydrocarbon synthesis is rhe result of competition with the
water-gas shift reaction. Rates are proportional to concentratiens of H,, CO,
and Hy0 on the surface and these are proportional to their comcentrations in
the gas stream, Since the councentration of water vapor is low in the recycle
system, the rate equation can be simplified to

&

-

T =3%5 = a PHgo -QPCDQ.

Values of the rate constant are between 24 and 42 (table 1), increasing with
temperature. The activation energy, calculated according to the Arrhemius
equation, is 12 or 13 kcal for fresh feed gases of 2H,+1CO or 2Hy+1C0. Using

the same type of catalyst in a single-pass system, activation energies of 19
to 21 keal were obtained.

The relative usage of hydvogen in recycle operations as a function of
conversion is shown in figure 14, Data are available only for conversions
greater than 20 percent. Relative usages of hydrogen are larger in recycle
rhan in single-pass ocperations, as might be expected from the lower concentra-
tion of water vapor in the xecycle tests., The relative usage of hydrogen
appears to change monotonically towaxrd the feed ratio as the conversion is
increased.

CONCLUSTIONS

This study of gas synthesis kinetics using a gas recycle system has gener-
ally verified the studies made with a single-pass system. Using a Rapey nickel
catalyst anda synthesis gas of either Ho+CO or Hp+CO, the activation energy was
between 29 and 32 keal/mole. Methane synthesis from Hp+L0 gas varied as the
0.3 power of the absolute pressure, and methane synthesis from Hy+L0p gas
wvaried as the 0.5 power. The fundawental equation for the hydrogenation of CO
nay be written

rakmacnzs’
and the fundamental equation for the hydrogenation of €O, may be written
- 0.79_ -0 .29
r=k Peo, 2 .

Using & nitrided fused-iron catalyst in a recycle system the Hy to CO
usage was higher than in corresponding single-pass tests and it approached the
feed gas ratio as comversion increased. Rate in terms of total H,+CO reacted
was proportional to

which is consistent with the rate equation developed previously for single-
pass operation. Activation enmergy was 12 to 13 keal/mole for single-pass
operation.
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