EXPERIMENTAYL PART

. One of the principal objects of the present work wag to estab-
lish & theoretical basis for the empirically determined conditions
governing the Fischer-Tropsch synthesis on iron catalysts, With
this in view, the behavior of iron catalysts during carburization
and synthesis was studied by acid decomposition, reduction with
hydrogen, and thermomagnetic analysis. A relationship was
sought betweoen chemieal composition and activity of the catalyst
in the gasoline synthesis, with particular emphasis on the forma-
tion of carbides. The mechanism of the Fischer-Tropsch process
and the formation of free carbon on iron catalysts during pre-
treatment and medium-pressure synthesis were considered in the
light of the results obtained,

CHEMICAL STUDY

CARBURIZATION OF IRON CATALYSTS PRIOR TO MEDIUM-PRESSURE
SYNTHESIS

METHODS AND APPARATUS

The iron catalysts studied in the first part of this work were
prepared in large batches in the usual way by precipitating a
hot iron nitrate solution with sodium carbonate. The pbrecipitate
was washed and alkalized with potassium earbonate and then
oven-dried at 105°C. Aftep screening, a partiele size of 1 to §
millimeters was collected. The iron catalysts were treated with
carbon monoxide in g standard aluminum block oven (fig, 2)

Fioure 2.—-Apparatus for carburization of iron calalysts,

which eonsisted of an aluminum heating block containing g
copper-lined iren tube. This tube was used for experiments at
high and low pressures,

An amount of catalyst corresponding to 10 grams of iron was
placed in an iron boaf and spread out over g length of 30 centi-
meters., The boat was placed in the center of the copper-lined
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ifon tube, The system was flushed with ecarbon monoxide and
then heated under a carbon monoxide pressure of (.1 atmosphe'rc.
Temperature was maintained at 325°¢ - 1°C., by means of a
thermostat. Af the conclusion of the experiment, the aluminum
heating block was cooled with wet cloths to reduce the tempera-
ture to below 200°C, within a few minutes. Thus no sigmﬁqant
additional carburization occurred either during heating or cooling.

The carburized iron catalysts were markedly pyrophoric in air
but not in water. Consequently, boiled distilled water was drawn
through the cooled tube, making it possible to expose the catalyst
to aiv without danger. The catalyst was stored in closed flasks

- under boiled distilled water, ~ Since highly active catalysts evolved

hydrogen on standing, it was necessary to use them immediately.

ACID DECOMPOSITION OF IRON CATALYSTS CARBURIZED UNDER
VARIOUS CONDITIONS

METHOD AND APPARATUS

A number of methods are reperted in the literature regarding
the separation of carbidic carbon from Tree carbon by acid de-
composition of the carbide. Decomposition of the carburized-iron
catalysts with hydrochloric acid was carried out in the apparatus
shown in figure 3, During decomposition, carbidic carbon pro-

Frevme 8. —Appavatus Tor aneld deecomposition of iron entalysts.

duced gaseous hydrocarbons and the residual carbon was assumed
to correspond to the amount of free carbon initially present in
the catalyst. :

Conflicting data on the reaction of cementite (Ife,C) with acids
are reported in the literature, According to Hilpert,? cementite
in steels is completely hydrogenated in the presence of strong
acids. The carbonaccous deposits that originate from the decom-

211illpu1't,"5_., and Dieckmann, 1., work cited jn footuate 9 (p, 8).
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position of stecls tempered at 200° to 600°C. ave attributed to
the decomposition of higher carbides. Schenck and Stenkhoffs
have shown that acid decomposition of cementite can proceed
according to two different reactions:

(1) Fe,C - 6II'F = BFet++ |- CH, + H,,

(2) FesC 4 6H+ = 3Fe++ - C - 310,
The course of the reaction is determined by the concentration of
the acid, temperature, and concentration of ferrous ions. Re-
action {(2) occurs with weak acid and a high concentration of
ferrous ions. Reaction (1) is favored by a lower concentration
of ferrous ion and strong, hot acid. Work by Mittasch and Kuss?
justifies the assumption that decomposition of cementite (prepared
at 1,550°C.) may be ellectad according to equation (1).

The experiments described below were earried cut in decom-
position flagk Z (fig. 3), containing 1 liter of 5N hydrochlorie acid
which was heated to boiling in a stream of nitrogen. The catalyst
was placed in little glass dishes, which were introduced into glass
tube K. A plunger, S, pushed the eafalyst containers suecessively
into the decomposition flask., This precedure corvesponded to
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the eonditions of acid decomposition of cementite used by Schenck. -

Since the guantity of iron used was only 2 or 3 grams, the Torma-
tion of an undesirable concentration of ferrous ions was avoided
and an excess of acid assured. Decomposition wag very rapid
and generally completed in a few seconds. The flasks were then
filled with distilled water from the dropping funnel 7' almost to
the opening of the inlet tubes, and the product gas was swept
into gasometer G by a stream of nitrogen (introdueed through
tube /7).

In addition to nitrogen introduced as described above, the
product gas ¢ontained hydrogen and hydrecarbons in varying
amounts,  Carbon, originating from iron carbide and hydre-

genated during acid decomposition, was determined by combustion .

of the hydrocarbons; in the following discussion it will be re-
ferred to as carbidic carbon. The elementary carbon was filtored
off from the iron solution, dried, and burned. The residue con-
tained small amounts of iron which could not be eliminated even
by prolonged treatment with acid. The iron was detcrmined by
titration.
FREE CARRON

When carburized-iron catalysts undergo acid decomposition,
free and carbidic carbon is always present. A study was made
nf the quantity of free carbon Tormed under different carburi-
zation conditions, 'The effect of the rate of flow of carbon monox-
ide on the formalion of free carbon was examined fivst, In each
case an amount of catalyst equivalent to 10 grams of iron was
treated with 100 liters of carbon monoxide at 325°C. and 0.1
atmosphere pressure, the standard conditions of pretreatment.
The carbon monoxide was first purified by passage through two
columng containing soda lime and activated charcoal. The results
obtained Trom this series of experiments ave given in table 4.

i 8ehenck, L, and Stenkholl, ., work cited in Tootnote 24,
CMitlaseh, AL, aond Buss, K owerk eited in footnote 845,
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Tapts 4 —Effect of rute of flow of earbon monowide on Formation of free carbon

Flemperature, 325°C.; CO pressure, 0,1 almospheare; e, 10 grams]
IExperiment Rute of Tow Carhurization time Free ¢arben
No, (liters per hour) (hours} {erams)
1 100 1.0 0.56
2 i0 2.5 15
3 4 25.0 2.21

Table 4 shows that the quantity of elementary earbon increased
as the rate of flow deereased, that is, as the contact time was pro-
longed.  Similar resylts were ohserved whon the throughput
(liters of carbon monoxide per hour per gram of iron) was held
cconstant and the pressure varied. The lower the pressure, the
shorter was the contact time between catalyst and carbon monox-
ide and the smaller the amount of free earben deposited. In an
experiment similar to experiment (3) in table 4, carburization
was carried out at 1 atimosphere instead of 0.1 atmosphere; 4.32
grams of carbon per 10 grams of iron was obtained. :

Table 5 shows the effect of carburization temperaturce on free
carbon deposition.

TABLE bo—Iffect of carburization lemperaiire omn Jormelicn of free carber
[Rate ol flow, d liters €O per hour ner 10 grams Ye; pressave, 0,1 almosphere; enrburization
time, 25 hogrs!t .

Experitnent | Temperatu, e T'ree einrkom [ Experiment | Temperature I'ree earbon ’
No. [l eN] (srriarms ) ' No., “Ca {(grams)
. ' i ‘ a
1 175 0.00 L I 323 2.21 ‘
2 205 07 i ; 125 | o2 |
3 2 .89 | J '

No carbon deposition oceurved at 175°C., hut the catalyst turned
black. Ferric oxide, I'e,0y, was reducod to magnetite even bolow
200°C.  As the temperature was increased, the quantity of carbon
deposited increased to 10.02 grams of carbon per 10 grams of
iron at 426°C, The free carbon was large-grained and hard up
to 325°C.; at 425°C. it was oblained in a fine, sooty powder.
According to Hofmann,” the difference in propertics of earbon
deposited at different temperatures is determined by the orienta-
tion of the individual crystallites and by their regular increase in
gize as the temperature rises.

Table 6 shows the formation of free carbon as a function of
time.

[t will be seen from experiment 1 (table 6) that free carbon
formed after only 4.5 minutes of carburization. "This carbon hacd
a flaky, voluminous appearance, whereas it was hard and granular
after a longer period.

Figure 4 shows graphically the resulis listed in table 6. The
rate of carbon formation reached a constant value after about
2.5 hours, the formation of free carbon being proportional to the

‘]_'I-l_:\[-’:n-]-z-mn, U,, work cited in foolnote H0.
Rofmann, U, and Groll, E., work cited in feotnote 91,
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TABLE 6.—Fffect of corburization ifme on formation of free carbon

[Rate of flow, 40 liters CO per hour per 18 _e'r%gs: Te; pressure, 0.1 atmosphere; lemperature,
325°C.]

JFxperiment Carburization | Free carbon|l Experiment Cuvhurization | Free earbon
No. t".ime (zrams) No. time (Frams)
(minutes) {minutes) |
1 4,5 0.017 H 13 AD
2 u K 8 ! 130 05
3 18 48 n H06 : 1.88
4 375 41 8 1,560 | 3.23

carburization time. Fven after 25 hours of carburization, and
after 1,000 liters of carbon monoxide had flowed over the catalyst,
there was no perceptible decrease in free carbon formation.
Next, the effect of activity of the catalyst upon the formation
of free carbon was cxamined. Three iron catalysts of different
origin were treated for 2.5 hours at 825°C. and 0.1 atmosphere
with 40 liters of carbon monoxide per 10 grams of iron per hour.
Catalyst Z 7 contained 0.81 gram of clementary carbon per 10
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Wicure 4. —TFree-virhon deposition of  alkalized-iron (-:1l:|\y.it.ut 3257°C, and Ul atmnsphere,

40 liters of CO per hour per 10 grams of e,

grams of iron, catalyst Z 4 contained 1.07 grams of carbon, and
catalyst Z 8 contained 1.75 grams of carbon as shown in table 7.
In the synthesis (15 atmospheres, 235°C.), all three catalysts
showed satisfactory comversion (80 to 90 percent) of carbon
monoxide on the first day of operation. After 6 to 10 days,
conversion began to decrease for calalysts Z 7 and % 4, but the
activily of catalyst Z 3 was still unchanged after 55 days,
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TABLE T—Effect of eatalyst weliviiy on formation of free carbon

[Rate of Aow, 40 liters GO per howr per 10 grams Fe; time, 2.5 hours; pressuve, 0.1 atmosphere:
temperature, 825°C.1]

Period during which

Catalysl Free carbon, | ouiniyst showed fuil
. {rrams) activily in synthesis
(days)
zZ7 .81 ﬁf—}g
“Z 1.07 G—
A ‘ 1.73 1h+
Fi

CARBIDIC CARBON

The gas produced during acid decomposition of carburized
catalysts was measured and calenlated at standard conditiops.
In one sample unsaturated hydrocarbons were determined with
concentrated sulfuric acid; hydrogen and saturated hydrocarbons
were determined by fractional combustion. In a second sample,
combugtion of all the hydrocarbons was carried oul in oxygen
over a copper oxide catalyst at bright red heat, and the carbon
dioxide evolved was determined.

An experiment was performed in which the fotal carbon con-
tent of a carburized catalyst was determined both by acid decom-
position and by combustion in a current of oxygen. In the former
case, the sum of free carbon obtained by acid decomposition and
of carbidie ecarbon obtained by combustion of gaseous hydroear-
bons was 0.448 gram per gram of iron. The total carbon obtained
by combustion of the eatalyst in oxygen amounted to 0.423 gram
per gram of iron. These results were in satisfactory agreement
within the limits of experimental error and showed that no liquid
hydrocarbonsg were formed during acid decomposition.

The procedure for investigating the formation of free carbon
was also used to study the effect of various carburization condi-
tions on the formation of carbidie carbon. A quantity of catalyst
equivalent to 10 grams of iron was treated with a current of
carbon monoxide in a standard aluminum block oven under vari-
ous conditions of rate of flow, temperature, pressure, and time.
The effeet of activity of the cataiyst upon the formation of carbide
was also studied.

Table 8 gshows that the effect of the rate of flow of earbon
monoxide on the formation of earbidic carbon was similar to that
observed for frec carbon (see table 4); however, combined carp-

Tanik B—fffect of rate of florw of carbon monowide on the formation of curbidic
errhai

[Pemperadnre, 32670 CO pressure, 001 abmosphere; Mo, 10 grams|

Wxperinent Rate of low Carburization | Carbidie carbon
.

Nt {litors/hour) Lirma [hours) {ram)
[ N
1 100 1 i 0,253
2 49 2.0 ' A36
B 1 25 | RN




g4 ON CATALYSTS won

05[—ﬂ{~ -

SYNTITISNIS O nynnocannong

)
¥

e

BXPERIMENTAL DALRT

35

o T
| ! ) o | mamnmewen
’ P 4 1 dggdnias
A #[ AN :
)
CEI : - WO el e
= b S 25 i G0 11 1D
g g o] SRR e e
- : w Sﬂj
=
g ) — el [ £ e R T
m | | i = E
z S R I
(5] ! ! : : IR #
o ! i 5 h
Ecﬁ) . : l - —i S i it ks
b i H 1 ‘, E E g AN Y
< b | - ¢ -
g | | TE|ef—rf— —
,§ g 5 EI
; = 2 B8 Rty
e g ;_If 3 Sg’,e St Al hedes
| 22 E| a0
; s @ 3 .
: | : 5 :
f | = 0® ’ggu
. B -
S — 3= 2B | | 12u99%Y
i50 300 450 32 725
TEMPERATURE,°G, s § SE _
= A
Trrayry fe—Carhide formalion on ilhaiized-iron catulyvals durving ) Lowrs earburization sl 0.1 § Q
almasphere, A ers al () per haur ner 10 grams of e, = © 6
R o
g & -
bon reached s maximum valie for a flow rafe of 40 liters pew g & =
hour, while the formation of free carbon continued to increase s g
(table 4, experiments 2 and 3). g 3
n o . ” . . - @
The Iollowing scries of experiments show the effect of tem- fé & £ae. okl
perature on carbidic carbon {table 9 and fig. 5). R PR me
The quantity of carbidic earbon was still very smail at 225°C,, = 2 b
reached n maximuam value at 3¢ 5°C., and deereased abruptly at E i
425°C.  These results show that, in the course of 25 hours, car- 5 o 2
: L : N .4y g 2 Nl oo
burization produced considerable amounts of carbidic carbon only - =3 TRIEng
' a relatively navrow temperaiure rango, o mE mee
Table 10 shows the relationship belyveen the Termation of cap- 3= o
S
TARLE . — K ffeet of carinization temperature an (he Torsition of o bidie 5 = ?,é SOHTRENS
CArbon. from cwrboy scnomid = © EE s e
LRate of flow, 4 liters €O pop houy per 70 uran: Fe; GO Presscre, 0] Himosphere; |. % -
carbnrization Line, 25 hours| < | — T
——— —— i —— e e — ‘_‘
l lidl I . j o o
) Crivbidie . ) . . Uurhidie 2F D
xperiment Temperature | carhan s , Lrpeviment Teniberatyye | . o A S E SOLEER TR
SR e | T G & 25| e
I B e . L e o
I ‘ [}
1 () [CRITTR u i 0.454 —
2 225 ‘ iy 5 w7 ) i
B 275 ; Sink i é;_,f; -
- k ! —— ;E% jsm-f::ggg_
v Iy aeid deveiposition, & E:‘.:! —T i
SR

a Determined with fuming HaSCu.



a6 IRON CATALYSTS FOR SYNTHERIR OF NYDROCARBONS

bidic carbon and contact time, Perceptible amounts of carbidic
and free carbon were formed in the first 4.5 minutes of carburi-
zation. There was still little carbon after 9 minutes, After 150
minutes, carburization was almost complete under these condi-
tions, In 1,500 minutes, carbidic carbon content increased only
slightly. Prolonged carburization would ba detrimental to activ-
ity in the synthesis since the free carbon which continues to form
would block the active centers,

_Column 6 of table 10 shows the ratio of hydrogen to carbon
dlomde_. Under the conditions chosen, the acid decomposition of
cementite should proceed quantitatively according to the two fol-
Iowing equations :

(1} 7% FesC - 6u HCl = gy FaCl, - wH .
(2) n¥eC Jlr én HC1 == 8n, 1"6CL, -{- gﬁjfn(gm) 1.,

Accordingly the hydrogen to carbon dioxide ratio should never
exceed 2 : 1, Actually (according te table 10}, exhaustive treat-
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TGuki 6,--Carbide formation on alkalized-iron catalysts at 8259 ¢, and 01 atmosphere, 40 liters
of CO per hour per 14 grams of 1o,

ment with carbon monoxide resulted in a ratio of 2.5 : 1. The
explanation will be discussed in connection with the thermomag-
netic analysis,

The data from table 10 summarizing the results of experiments
on the formation of carbidie carbon as a function of the car-
burization time are graphically shown in figure 6. Compazrison
of figures 4 and 6 shows that the end of carbide formation could
also be seen from the shape of the frec-carbon deposition curve,
Once the carbide content reached a constant value the free ecar-
bon curve became linear,¢

The effect of varying the carbon monoxide pressure was studied
(table 11} ; incrcase in pressure resulted in a decrease of carbidic
carbon, in contrast to results obtained with free carbon.

"m]'lulitm-':; note.  ‘Fhe end of carbide Tormation did not eaineily exactly with innj
T i 2 ) @ 3 v the heginn
the constant rate of frec-enrbon deposition. Dr., Pichler believed that this discl‘ep;nc;;,\l\rnsl;s;o‘lj:
ably due Lo slight differences between the Lwo sampics used for these experimunts,

EXPRRIMENTAL PATT a7

TABLE 11— et of pressure on formabion of corbidic carbon from carbon
monoride

[Rate of flow, 4 liters CO per hour per 18 rams Fer temporature, 325°C.; ewrburization time,
25 hours]

Catalyst CO pressure Curbidie earhon H:
Na. {atmospheres) (gram) ‘ {ce.) o
1 0.1 [ 0.45 2,220
' L0 . B 1570
15.0 Al a0
4 : 1 | S0 2,370
‘ ki 1,520

[ 150
| - - B I

In order partly to characterize the hydrocarbons produced by
acid decomposition of iron carbides, their carbon number was
determined as follows: A sample of the gaseous hydrocarbon
evolved was burned and the carbon dioxide moeagured. The vol-
ume of carbon dioxide produced by combustion of the saturated
hydrocarbons was subtracted from this value. The difference,
corresponding to the volume of carbon dioxide obtained by com-
bustion of the unsaturated hydrecarbons, was divided by the vol-
ume of unsaturated hydroearbons, The carbon number of the
saturated hydrocarbons was determined similarly. Table 12 lists
the carbon numbers obtained for different carburization times,

TABLE 12.—FEffect of carburizaiion time on corbon mmber

Cathan No., Carbon Na.

: - Carburisalion
Lime Saturated time Saturated
thours) hydrocarbons (houws) hydroenrhons

P SONGHN Aty i et | R f—— -

2,
1.

Curburization
Unsaturated
hydroearbony

nsaturated

“ila

The high carbon number {or unsaturated hydroearhons in table
12 indicated the probable presence of C; hydrocarbons. On the
other hand, the carbor number of the saturated hydrocarbons was
very low. There was apparently no correlation between carburi-
zation time and carbon number,

OXYGEN CONTENT OF CARBURIZED CATALYSTS

The next step in establishing the composition of carburized
iron catalysts was to determine their oxygen content, The fol-
lowing solid phases can exist under carburization conditions:
Fes0y, Te, ¥e,0, and C. In the presence of a carhon monoxide—
carbon dioxide mixture the following reactions take place:

Fea0, |- 4C0 2 8Fe -1 4CO,,
3le ~- 200 == Ve, + CO.,
200 2= CO. 4 C.

The volume of carbon dioxide present in the tail gas from car-
burization with carbon monoxide was determined. Table 13 shows
the carbon dioxide to carbon monoxide vatios of the tail gas at
different intervals.



38

CIRON CATA LYSPS 1Ol SYNTHESIR OF HYDROCARBONS

TAsLE 13.—C0: : CO ratio in tail gus during carbrurization
IRate of flow, 4 liters CO per hour: temperature, A25°CL pressure, 0.1 atmosphere]

|
Tine H Time | COs 1 GO
(rminutes) (volume ratio) (minutes) (volume ratin)
J i
25 ; 1,92 365 0,458
ba ! 770 425 J34R
76 ; SO GUG ' 144
115 809 n 1,850 ' 673
166 ‘ g4 | 1,500 ; .66
205 } AL h l

After about 24 hours, the conmposition of the tail gas attained
a constant ratio of carbon dioxide to carbon monoxide of 0.069 : 1.
The equilibrium diagram for the system iron-carbon--oxygen
shows that only Fe
presence of a gas of this composition,

The carbon dioxide : carbon monoxide ratio of the tail gas
corresponded to the gas composition existing at the end of a
30-centimeter layer of catalyst. The carbon dioxide content
decreased steadily toward the gas inlet so that these portions of
the catalyst remained within the range in which free iron and
iron carbide are stable.

The changes in carbon dioxide content of the carburization end
gas are represented graphically in figure 7. The carbon dioxide
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FFieune 7..—Carhon lIinxifle cantent of tail gas during carburization of an nlkalized-iven catalyst
ab $25Y O, and 0,1 atmoesphere, 4 liters of CO per hour,

content increased rapidly during the first 45 minutes and then
decreased just as quickly to a value of 385 percent. This first
rapid formation of earbon dioxide corresponded to the reduction
of Fe,Oy to Fey0,. 1% then inereased again and reached a second
maximum of 40.5 percent after carburization for 2 hours, This
portion of the curve corresponds to the reduction of e 0, to Fe

and Fe;C are stable at 325°C. and in the E

i in a hard glass tube and heating it in an clectric oven.
¢ drying, the catalyst was reduced at 800°C. with hydrogen that
had been freed of oxygen by passage over a copper spiral af 400°C,

k. iron oxide sample was determined.

' "present for 42.6 grams of oxygen;

. burization (table 14 and fig. 8)

e
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and to the beginning of carbide formation (for a higher rate of
ki fiow, carbide formation had already started after a few minutes).

Onee reduction and carbide formation were completed, carbon
dioxide formation reached a constant rate determined s(_)lely by
the decomposition of earbon monoxide into earbon dioxide and

E free carbon.

In determining the oxygen content of the catalyst, the follow-

ing procedure was used: The catalyst was dried at 250°C. in a

current of oxygen-free nitrogen by placing the catalyst contaifner
After

and had been dried in a series of columns packed with caleium
chloride. Water formed by reduction of iron oxides was absorbed

. in a U-tube filled with calcium chloride and weighed. To deter-

mine its iron content, the reduced catalyst was treated with
hydrochloric acid until evelution of hydrogen had coased. The
iron content of the filtrate was determined by titration,

To cheel the procedure, the oxygen content of an unearburized
Analysis showed 0.3870 gram
of iren and 0L1648 gram of oxygen. Thus 100 grams of iron was
and in ferric oxide there is
100 grams of iron for 48.0 grams of oxygen. This deformination

also proved that the dried, precipitated catalyst contained almost

pure trivalent iron, present as ferrie oxide o¥ its hydrates.
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FI0URE 8.—Oxygen content of un ulkalized-iron catalyst durlng earburization at 325° C, and 0.1
atmuosphere, 40 liters of CO per hour.

The oxygen content was determined at intervals during car-
burization, to follow the course of catalyst reduction, _

The low oxygew content of the catalyst alter prolonged car-
indicates that only 1 percent of
the iron was still present as magnetite after earburization was
completed and that reduction was virtually complete after 2.5
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hours of carburization. This is also shown by the fact that the :
carbidic earbon reached a2 maximum value after the same length |

of time (table 10 and fig. 6).

Tasri 14.—Oxygen contené of an iron calalyst as « funetion of earburizalion

{ime
IRate of flow, 40 liters CO per hour; temperature, 325°C.: pressure, 0.1 almosphere]

Oxypen eontent Oxyien content

Carburization tinme Carburization tinme

(it es) (arams |i)l(.z(:-nl)[)0 Fraims iniviios) { sy 1i)$'nl]00 grams
- —_ | . i R
b
i 42,84 150 1
9 - 30,45 6u0 Rk
37 18.95 I ]

1.500

The influcnce of the rate of flow of carbon monoxide on the
reduction of iron ecatalysls was studied by a method analogous
to that used in determining carbidic and free carbon. One hun-
dred liters of carbon monoxide was passed over the catalyst at
two rates of flow (table 15). For the same amount of gas, the
higher rate of flow effected more extensive reduction. High rates

TaBLy 15, —Oxygen content of an iron ecatalyst as a funciion of flow rate o
vy i
earbon monoxide
[CO pressure, 0.1 atmosphere: temperature, 335°C.)

P

Oxygen content
{gvams per 100 grams iron)

Rate of flow Carburization time
(Hters €O per honr) (honrs)

B .50
J 1.24
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of flow arve thus necessary to preparve a catalyst virtually free of
oxygen.”
HYDROGEN REDUCYTION OF A CARBURIZED-IRON CATALYST .

Exhaustive reduction with hydrogen at atmospherie pressure
was used to determine the composition of the iron carbides
formed. This method has been used often to determine carbide
in carburized iron. It is based on the fact that carbidic carbon
can be hydrogenated to methane at lower temperatures than can
free carboen. According fo Bahr and Jessen,® carbidic carbon

obtained during the carburization of iron oxides can be hydro-.

genated at temperatures as low as 280°C. These authors found
that 260° to 265°C. was best for hydrogenation of carbidic car-
bon, sinee the results they ebtained at higher temperatures were
scattered. Any hydrogenation of free carbon scemed unlikely
at this temperature, while the removal of cavbidie carbon pro-
ceeds sufliciently fast.

An alkali-promoted catalyst was treated with a stream of car-
bon monoxide (40 liters per hour) for 8 hours in the aluminum
bloek oven to ensure complete carbide formation. Then 0.8 liter
per. hour of electrolytic hydrogen was passed over the catalyst

IIITT-![.".' ],:) Holmann, a product from which nll oxywen hus been climinated may be obtained
hy v hish temperatures and high rales u_l ﬂgw.
4 Rahr, 11 A., and Jessen, V., work cited in footnote 47,
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at 263°C. and atmospheric pressure. Ilydrogen and methane
were collected in a gas holder. Hydrogenation was interrupted
every 24 hours and methane determined by passing the hydrogen—
methane mixture over copper oxide at 280°C. until oxidation of
the hydrogen was virtually complefe, The residnal gas was swept
by carbon dioxide through a three-way stopeock into a second
gas holder. The methane content was determined by ecombustion
after removal of carbon dioxide.

This procedure not only gave more accurate resulls bocause
of the concentration of methane, but permitted the determination
of the rate of hydrogenation, as shown in figpure 9. The experi-
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Frouse 8. dlxdrogenation of 10,060 grams of a earburized, alkali-promoted (0.2 percent Kol

centalyst at 263° G, and atmospheric pressure, 0.8 liter off hydrogen per hour.

ment was interrupted after 408 hours, when 0,989 gram of car-
bon was reduced with hydrogen. The decarburized catalyst was
dissolved with hydrochloric acid. The resulting gas contained
no hydrocarbons, a proof of the complete hydrogenation of the
carbidie carbon. The catalyst contained 10.060 grams of iron
and 0.048 gram of oxygen. Assuming the oxide fo be magnetite,
9.934 grams of iron combined with 0.939 gram of carbon—that is,
a carbide containing 8.64 percent of carbon. This carbon con-
tent is lower than that of a carbide of formula Fe.C (9.71 per-
cent carbon), but appreeiably higher than that of ¥Fe,C (6.68
percent carbon). Figure 9 shows the carbon content of Fe,C
and Feo,C as dashed lines. The amount of carbidic carbon ob-
tained by hydrogen reduction is indicated on the ordinate axis
and the hydrogenation time on the abseissa. (With 0.9 liter of
hydrogen per hour, the rate of decarburization attained its maxi-
mum value only afier about 90 hours.) The horizontal portion
of the decarburization curve lies between the two dashed lines;
that is, the carbide scemg to be a mixture of cementite and an
iron carbide with a higher content of carbon,
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Acid decomposition of the catalyst, after removal of carbidie
carbon, gave the following result:

Carbidie ecarhon Free enrhon Hydrogen | Tron
{gram) (s ) fee,) | {zrams)
)] ‘ 1.4 ) 3,800 ’ 10
1 ]

The large amount of hydrogen is explained by the absence of
earbidic carbon, which would have combined with a considerable
amount of hydrogen upon reduction. Acid decomposition (with-
out prior reduction) of a catalyst which had been carburized
under the same conditions yielded 1.6 to 1.8 grams of free carbon
per 10 grams of iron (see table 6), while only 1.4 g=ams of free
carbon was present after hydrogenation.

SUMMARY

Carburization during pretreatment of iron catalysts was studied
by means of acid decomposition. The formation of free carbon
was favored by a higher temperature, higher carbon monoxide
pressure, and higher catalytic activity. Carbide formation stopped
after a relatively short period of carburization, as indicated by
tpe low oxygen content of the catalyst. Exhaustive carbide forma-
tion occurred only at low carbon monoxide pressures within a
narrew temperature range around an optimum value of 325°C.
Oxidation-reduction equilibria between gas and solid phase were
not attained.

A carburized-iron catalyst, reduced with hydrogen at atmos-
pheric pressure and 263°C. until no more methane was formed,
appeared to confain a carbide whose composition corresponded
to the formula, Fe,.;C. Acid decomposition yielded only half
that value for carbidic earbon and produced hydrogen in execess
of the calculated amount.

EFFECT OF CARBURIZATION OF IRON CATALYSTS UPON THEIR ACTIVITY
DURING MEIDNUM-PRESSURE SYNTHESIS

EFFECT OF CARBIDIC CARBON ON ACTIVITY OF TRON CATALYSTS

It was stated in the introduction that the carbides formed hy
the action of carbon monoxide on the metals of the iron group
may be considered probable inlermediates in the gasoline syn-
thesis. After the conditions were examined under which such
carbides are formed from iron catalysts, their behavior during
synthesis was investigalted. Deposition of carbon during this
process was studied concomitantly. Carburized, alkalized iron
catalysts were used. After operation under various conditions
they were decomposed in the apparatus shown in figure 3. The
deposit of high-boiling paraffing formed on the catalysts during
synthesis was removed by exhaustive extraction with toluene.
The extracted catalysts were washed with methano! o remove
toluene, and then with water to remove methanol.
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To determine whether any changes occur in the catalysts dur-
ing extraction and washing, a used sample was decomposed with
acid and compared with a sccond one which was extracted with
toluene before acid decomposition. The results, as given in table
16, show that the effect of toluene exiraction may be considered
negligible,

TarLE 16,—Effect of toluene extraetion on analysiz of a used iron eatalyst

[Analysis by acid decompesition]

Carbidie Trree carbon, livdrogen,
Sample carbon, (grams} (en,
(1o
Not extraected with toluenc 0430 375 2,104
Extracted with teluene For 16 hourso o __ A6 385 1,945

In the first part of this paper it was shown that the composi-
tion of the catalyst (that is, the relative amounts of chemically
combined carbon, free carbon, and magnetite) depends largely
upon the carburization procedure. Table 17 shows the advan-
tage of carburization at low pressures. Moreover, a smaller
amount of free carbon was formed at low carbon monoxide
pressures.

TaBLE 17~ Lrability of celelyst as o funetion of earburization pressure

CO pressure during pretreatiment €0 conversion

Zmm. BE e e e em e Maximum yicll still obtnined after 3 weeks
b -1 1 3 Gompletely inactive after 3 wocks

The experimental results of table 9 show the marked effect
of temperature on carburization. Table 18 shows the relative
durability of iron catalysts carburized at temperatures ranging
from 255° to 450°C. -

TasLe 18, —Effect of carbiding temperature on the durability in the synthesis
of an fron catalyst (copper-free)
[Synthesis conditions: Temperature, 235°C, 4 pressurce, 15 atmospheres; spnce veloeity, 4 liters
synthesis mas (NTP) per 10 grams e per hour]

Carbldie Period Carbidie Period
. Crrbiding earbon during Experi- | Carbiding earbon during
Bxperi- tempera- content which ment tempoers- content which
ment turet {grrams contrac- Mo, lure {mvams contrace-
No, {*C.) por 100 tion was (vC.y per 100 tion was
grams over 0o, grams over 605,
e} (davs) b I'e) {days) b
1 255 g 2 1 325 4.6 465
2 285 3.8 10 G L 4.2 20
3 205 1.9 24 7 450 1 ()
q 215 Al ol

a Carburization eonditions: Pressure, 0.1 atmasphere; spnce veloelty, 4 liters CO per 10 grams
Fe per hour; time, 24 hours .

¥ This cuniranction represents the deerease in the volume of synthesis pas (3C0 4+ 2Ha) result-
juge from the conversion of earbon monoxide and hydrogen into hydrecarbons.  IL was determined
tndirectln from the amount of nitrogen (which does not parcticipate in lhe reaction) present
before und rfter pussage throngh the reactor.  Tor almost eomplele carbon menoxide conversion,
the meaximum contraeiion obtained with ron eatalysts wus about 55 percent,

¢ Contraction never over 10 pereent, heavy carbhon deposition.
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It will be scen from table 18 that preparations earbided at
255° and 450°C. were entirely unsuitable as catalysts, In the
former case the initial contraction exeeeded 50 percent, but de-
creased after 2 days; in the latter the eatalyst was almost inactive.
Both catlalysts contained only small amounts of eaibidic earbon
as determined by acid decomposition. All of the other catalysts
showed good initial activity, but their durability varied consid-
erably. The eatalyst that contained the largest quantity of car-
bidie carbon had the longest life.

To study the reasons for variations in catalyst activity, active
catalysts (carburized as in experiment 5, table 18) were acid-
Lreated after being operated for various periods. Table 19 pre-
sents data for five experiments in which conversion wag still at
a maximum after 7, 21, and 112 days.

TapLE 1%.—deid decomposition of calalysts uctive in synthesis

Experiment Operating Con{raction Carbidie s ‘ 02
Nuo, tirne (percent) carhon i iters/100 | (mrams/100
(days) {pevcent) Poograms IPe) srams Fe)
i
] S0 23,
T 1
2 0 21,
7 ! 11
8 @ ‘ 1
i 1
iq 0 ] 28,
21 ! 1
o n i 1;
112 1 14

In each insfance, catalyst samples were analyzed by acid de-
composition at the beginning and at the end of the synthesis
tests. All experiments showed that the amount of ecarbidie ecar-
bon of the catalysts as determined by acid decomposition decreased
mavkedly after a few days of synthesis. After these few days,
however, the value obtained for carbidic carbon showed no fur-
ther decrease, even after months of operation. The eatalyst that
contained the highest amount of carbidic earbon before use in
synthesis—that is, 5.04 grams per 100 grams of iron—zreached
the lowest value alter 7 days (2.34 grams, experiment 1), The
volume of hydrogen cvolved during acid decomposition also de-
creased during the first days of operation and then remained
approximately constant over a long peried. The oxygen content
of carburized catalysts, before they weve used in synthesis, was
diseussed in the section on earburization. In experiment 1 it was
0.59 gram por 100 grams of iron. After 112 days of operation
(experiment 5} it had increased to 1.6 grams per 100 grams of
iron. The catalyst apparently suffered semce oxidation during
synthesis.

Table 20 shows the data oblained by acid decomposition of
catalysts whose activity had decreased Tor various veasons. In
all Tour experiments, diminished activity was assoeiated with a
decrease in the quantity of carbidie earbon and an increase in
the oxygoen content.  When the synthesis temperature was too
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high the carbon dioxide, which amounted to 506 percent or more
of the tail gas, appeared to oxidize the ecatalyst. In experiment
2, in which the synthesis gas was rich in hydrogen and the oper-
ating temperature was unusually low, the water formed in the
reaction apparently was responsible for partial oxidation of the
catalyst after a long operaling period. A series of experiments
with other catalysts with diminished activity showed a similar
decrease in carbidic earbon to 1 gram or less per 100 grams of
iron. A marked decrease in the volume of hydrogen evolved dur-
ing acid decomposition was observed simultaneously. These ro-
sults will be discussed further in the scetion on magnetie analysis,

TapLE 20.—Acid decomposition of cotalysts with diminished activity
| Protreatment: Temperature, 325°C,; GO pressure, 0.1 atmospherel

HExperi- : Contrac. Crrbidie Ia Oz
ment . . L. tion earbon {Hters/100 | (grams/100
No. Synthesis conditions (percent) | (rams/100 | grams Fe) | grams Fe)

' Eramg Fe)
1 {748 aperating days, S.G.2 rich 50 2.00 3.0 13.8
in CO, 15 atm., temp. pro-
gressively raised [rom 235° to
285°C. to maintuin constani,
contraction.
2 __, 150 operating dnys, 8.G.1 pich in 35 1.00 4.2 15.9
Ny, 15 atm,, temn. 210°C,
3 i 21 operating days, 5.G.¢ rich in 40 1 1 T 19.6
CO, 15 atw,, temp, 236°C,.
with evenlual overhenting to
400VC.
4 weo | Normal eatalytic activity de- 46 B 28.2
ereased by prolonged averhent-
ing above 300%C.

e 8.(G. = synthesis gas,
FORMATION OF FREE CARBON ON IRON CATALYSTS

The formation of frec carbon on active unpromoeted iron cata-
lysts during the hydrocarbon synthesis has been a source of
operating difficultics. Where horizontal reaction tubes were used
in such a way that the catalyst did net occupy the entire volume
of the tuhe, the synthesis proceaded for months and even years
without interruption. When the ecatalyst was contained in ver-
tical reaction tubes so as to leave relatively little void space, an
inerease in the internal resistance of the catalyst was observed,
resulting in obstruction of the reaction tube after operating in-
tervals which depended upon synthesis conditions,

Table 21 shows the amounts of free earbon {as determined by
acid decomposition of the catalyst) formed after various intervals
of synthosis,

In all the experiments, the quantity of free carbon increased
with operating time, The increase in free earbon in experiment 3
may be caused to some extent by the increased temperature nec-
essary for maintaining conversion. Contraction remained high
in spite of dilution of the catalyst with embedded carbon, In
experiment 4, only 40 percent contraction was obtained during
11 operating wecks. Very little free carbon was formed owing
to the low activity of the ecatalyst.



