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TaBLE 25.—Clomparison of X-ray- and lectron-diffraction, patterns of phases in iron
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be made from it (18). Metals prepared by
reducing catalysts at temnperatures so far helow
the melting point and in the presence of pro-
moters are probably highly disordered and
stressed. The interstitial phases derived from
such metals will also be highly = stressed.
Furthermore the structures of the interstitial
compounds of iron are much more susceptible
to stress, and the results of stress will be much
more dramatic than in the case of the original
metal. This conclusion derives from the Higg
classification (41) of interstitial compounds
mto the stable and unstable forms, depending
on whether the ratio of the carbon atom radius
to the metal atom radius is less than or greater
than about 0.58. The interstitial iror, com-
pounds belong to the unstable group and reflect
this instability by the relatively low tempera-
tures at which they either decompose or
rearrange to form new phases, the large number
of structures which they can assume, and the
relative complexity of some of these structures.
Apparently surface disorder can be observed
only by electron diffraction.

TaBLE 26.—X-ray- and electron-diffraction data
of pretreated iron catalysts

Catalyst Phases indicated by 2
Pretreat-

ment 2

Experiment

Number |Type! X-ray Electron

diffraction | diffraction

=ty

X

QAOX

Q

WA

R

3. 'R,
_____________ A-2106.052_| S R, C._.___
N-32._______ A-2106.05._ S R,N______
N0 _____ D-3001_____ F R,N_____.

I F={used; P=precipitated; S=sintered.

2 R=reduced in Hy; C=carburized in CO; T=heat treatinent in helium
or vacuum at 450° C. N=nitrided in NH,.

3 a=metallic iron; M=magnetite; x=Higg carbide; C=cementite;
e~ C=hexagonal iron carbide; e-N=hexagonal iron nitride; MgO=
magnesia and Cu=copper. Phases are listed in order of decreasing
intensities of diffraction batterns; questionable patterns are marked (M.

In tables 26 to 28 the phases are reported in
order of decreasing mtensity of diffraction pat-
terns. When the diffraction pattern was very
weak or when many lines were missing, the re-

AS CATALYSTS

TaBLE 27 —X-ray- and electron-diffraction data

of Sfused catalyst, D3001 , taken during the
synthests

(1H:+1CO gas at 7.8 atmospheres.)

Average Phases identified by !
Testing, tem-
days perature
°C. X-ray Electron
diffraction diffraction

TEST X194, CATALYST REDUCED

0 .. @ ___ MgO, «

2 . 234 a M_______ MgO, M.
> 258 | o, M, x____ MgO, M.
22 _______ 258 | . MgO, M.
50 ______ 257 | o, M, x____ MgO, M.
64 ____________ 257 | M, x, a_ ___ M, MgO.
9 256 | M, x, 0 ___ M, MgO.
90____ . __ 272 | M, x, e _ __ M, MgO.
97 __ 300 | M, x, . __| M, MgO.

TEST X294, CATALYST REDUCED AND
CARBURIZED TO HAGG CARBIDE

O ) Xy O o __ MgO.
I 210 | x @ .. MgO.

120 T 230 | x. o, M?__|_MgO.
54T 228 | x, M_______| MgO, (%

61 ____________ 229 | x, M_______| MgO, (7
68 ____ 228 | x, M_______ MgO, (7)

89 1T 229 | x, M______]| MgO.
TEST X317, CATALYST REDUCED, PAR-

TIALLY CARBURIZED TO HAGG CARBIDE,
THEN HEATED TO PRODUCE CEMENTITE

O C.o________ MgO.
4 . 220 | Co________ g0.
10T 230 | C__ 1T MgO.
24_________ T 231 | C_____ 77| Mgo.
42 234 | C.M______ MgO.
56____________ 236 | C, M______ MgO, (M?)
(I 237 | C, M______| MgO, (M)
84 ____ 237 | C, M______| MgO, (M?)

! a=metallic iron; M=magnetite; x=Higg carbide; C=oen}qntite;
MgO=magnesia. Phases listed in order of decreasing intensities of
diffraction patterns; questionable patterns are marked (?).

ported phases were indicated in the tables as
questionable.

The data of table 26 (obtained with speci-
mens that were not used for synthesis) indicate
that iron and iron carbides in precipitated cata-
lysts were usually identified by both electron
and X-ray diffraction. Higg carbide in these
catalysts was obtained by both methods, re-
gardless of whether the oxides were first reduced
and then earburized or whether they were car-
burized directly. In a few cases the less intense
pattern was not found by one or the other
method. However, the electron-diffraction pat-
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m N - - . .
FasLe 28.—Phases indicated by X-ray and electron diffraction of used Fiseler Tropsch catalysts

(All tests with 1H,41CO gas unless otherwise noted,

Test Synthesis conditions Phases indicated by 2—
Catalyst type No. Pretreat-
and No. X— ment ! Pressure, | Average Testing, X-ray diffrac- Electron diffrac-
atmos- tempera- wecks tion tion
pheres | ture, © C.
Fused:
100V R__________ 7.8 267 6 | M,a __________ M, (MgO?).
152 | R__________ 7.8 270 T M e x________ M, (MgO?).
162 | .7 7.8 250 50 M, xoa .. A (MgO?).
225 \ R, N______ 21. 4 236 15 ) «CN*_______ __ CN (29, (), M(?).
D3001._ 236 | RN . 37,8 230 7| eCNs.__ T MgO, M
T 275 | BN { 1.0 265 3.
Ve 7.8 228 6| «CN*___ - MgO, M
286 | R, N, C____ 7.8 219 6| e«CNs _________ MgO, M
289 | R, C_______ 7.8 229 28 | x, (M?)________ MgO, (?)
327 | Ry N_______ 321.4 212 9| «eCONA (U ____| (D).
D3008______ 263 | By, N_______ 7.8 230 71 eCNs__________ AM?, (eCN?).
. A21020_ 164 | R__________ 7.8 286 4 | M oa, x .. __. M.
Sintered : '
A2101______ 166 | R__._______ 7.8 234 Tix, M. _____ M.
A2106.11.___| 266 | R, N.______ 7.8, 216 6| eCN_________ . «CN, 4 M.
A2106.052___.| 389 | R, C.___ 7.8 210 51 x, M, S________ M.
Cemented: T
A3213.24 __ | 131 | R._______ 7.8 232 4 M o_______ 25).
A3215___ - _138 | RO TTITT 7.8 242 6 | o M, x. T E?sﬁ.
A3218.20___| 186 | R_____ .~ 7.8 264 | I T ?9.
Precipitated :
L2002 _____ 119 | 7. ________ 7.8 244 S| M, x.________ M.
LH3001 81 | I_________. 7.8 233 9 | __. M.
P3003.05_____ 86 | I__________ 7.8 236 10 o M.
P3003______ 87 | I._________ 7.8 250 11 M.
%ig Il\gone ______ 7.8 236 5| M, eC, ¢ Cu..__| M.
P3003 24 |4 20| Lo 7.8 229 7 G*C, 4 ]‘[, Cu, X-- (?)
-l 273 | RINTI 7.8 229 6| CN,+Cu_ .~ «CN. +
324 | R, C_______ 7.8 229 8| %, Scco_______| M, (7.

! R=reduced in H,; N=nitrided in NH;; C=carburi i ;
I=inducted in synthesis gas. > rourized in CO;

? a=metallic iron; M=_m_agnetite; x=Higg carbide; e-C'=hexagonal
qarbxdg; eCN =e-carboq1tr1§e, S=siderite, MgO=magnesia. Phases
listed in order of decreasing intensities of diffraction patterns; question-
able patterns are marked M.

terns of iron carbides were not obtained with re-
duced and carburized catalysts that originally
contained massive, nonporous magnetite. Thus,
a carburized sintered catalyst (A2106.052) pro-
duced the electron-diffraction pattern of mag-
netite, whereas X-ray diffraction indicated the
presence of Higg carbide only. Although X-ray
diffraction patterns of many samples of a re-
duced and carburized fused catalyst (D3001) in-
dicated the presence of iron and Higg carbide,
electron-diffraction patterns usually -contained
only the lines of the structural promoter, mag-
nesium oxide. Only in the first sample of test
X194 with a fused catalyst (table 27) were elec-
tron-diffraction lines of iron observed in addi-
tion to those of magnesium oxide. However,
lines of enitride were found in the electron-
diffraction patterns of sintered and fused cata-
lysts that had been nitrided.

Similarly, the examination by electron
diffraction of samples of a fused catalyst

3 1H241.5CO gas used.

¢ Diffraction patterns of hexagonal carbide and e-carbonitride are essen-
tially indistinguishable. One or the other phase is indicated depending
on which phase is the more probabie in the light of its previous history.

% Possibly an alumina phase or phases.

(D3001), removed from the reactor at various
intervals during the synthesis, showed the
pattern of magnesia most prominently; how-
ever, the magnetite pattern was also observed
(table 27). 1In test X194, X-ray and magnetic
analyses (10) indicated the relatively rapid
formation of at least 20 percent of Higg
carbide and a slower rate of formation of
magnetite. However, the Higg carbide con-
tent reached its maximum and decreased slowly
after about 8§ days, whereas the magnetite
content increased throughout the testing. The
electron-diffraction data indicated the presence
of magnetite even in the reduced catalyst.
The magnetite pattern increased in intensity
and became more intense than that of magnesia
after 9 weeks of synthesis.

In test X294 (table 27) the same catalyst
(D3001) was converted to Hige carbide
before use in the synthesis. (See table 8 for
magnetic analysis.) Magnetite lines were ob-
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served by X-rays after 12 days of testing, but
these remained secondary to the Higg carbide
lines throughout the test. With the exception
of several unidentified lines found in three of the
samples, only magnesia lines were found by
electron diffraction. Thus, both X-ray and
electron diffraction indicated that this carbided
catalyst was oxidized at a slower rate than the
reduced catalyst.

Similar results were obtained in test X317,
in  which this catalyst was converted to
cementite before the synthesis. (See table 9
for magnetic analysis.) Here again, both
X-ray and electron diffraction indicated a
slower rate of oxidation than for the reduced
catalyst. The electron-diffraction pattern con-
tained only lines of magnesia for the first 42
days of the test; after this period, weak lines of
magnetite appeared in addition. The pre-
carbided samples of this fused catalyst were
considerably more active than the reduced one.

Data from other tests of catalyst D3001
(table 28) are similar to those in table 27.
After several weeks of use n synthesis, samples
that were reduced initially (tests X100, X152,
and X162) produced the electron patterns of
ma%netite and possibly magnesia, while X-ray
analysis indicated the presence of Higg carbide
and iron in addition to magnetite. A sample
that was mitially converted to Higg carbide
(X289) produced the electron-diffraction pat-
tern of magnesia plus some unidentified lines.
Fused catalysts D3001 and D3008 were reduced
and nitrided before use in tests X225 and X253,
In the synthesis the e-iron nitride was converted
to e-iron carbonitride, and no magnetite was
found by X-ray diffraction. The electron-
diffraction lines were difficult to interpret but
appeared to be those of e-iron carbonitride and
magnetite. In tests X236, X275, and X327,
catalyst D3001 was reduced and nitrided.

owever, after synthesis, lines corresponding
to the e-iron nitride or carbonitride phases were
not found in the electron-diffraction pattern.
In test X286 this catalyst was reduced, par-
tially nitrided, and carburized to form an e-car-
bonitride, but the electron-diffraction pattern
of the e-phase was not obtained from the used
catalyst,.

The results with sintered catalysts were simi-
lar to those obtained with fused catalysts.
After synthesis a sample that had been reduced
initially (X166) produced the electron-diffrac-
tion pattern of magnetite only, whereas X-ray
analysis indicated Higg carbide as the major
phase. A used, initially carburized, sintered
catalyst produced an electron-diffraction pat-
tern that could not be identified (X389). A
used, sintered catalyst that had been nitrided
(X266) produced patterns of e<carbonitride and

NITRIDES., AND CARBONITRIDES OF IRON AS CATALYSTS

magnetite by both electron and X-ray diffrac-
tion.

A used, cemented catalyst (X186) showed an
exceptionally sharp and well defined X-ray
pattern of Higg carbide. [ts electron-diffrac-
tion pattern contained only unidentified lines.
Catalysts of this type were made by cementing
a magnetite powder into coherent granules with
alumina from aluminum nitrate. Hence, each
particle of iron oxide was surrounded by a coat-
ing of alumina, and thus it is not unreasonable
to attribute the observed lines to an alumina
phase.

Precipitated catalysts that were inducted in
synthesis gas produced the electron-diffraction
pattern of magnetite only, although in test X143
the X-ray-diffraction patterns of hexagonal
iron carbide and copper were also observed.
The electron-diffraction pattern of a reduced,
precipitated catalyst (X245) could not be
identified, and the pattern of the reduced and
carbided, precipitated catalyst (X324) was also
difficult to identify but appeared to contain the
lines of magnetite. The reduced and nitrided
catalyst used in test X273 produced electron
and X-ray-diffraction patterns of e-carbonitride.

The experimental results may be sum-
marized as follows:

1. For reduced, carbided, or nitrided catalysts of
precipitated iron, electron and X-ray diffraction in-
dicated the presence of the same phases. The electron-
and X-ray-diffraction patterns of interstitial compounds
are similar, but have some characteristic differences.

2. After use in the synthesis and extraction, pre-
catalysts usually produced electron-
diffraction patterns of magnetite only, even though the
X-ray-diffraction Patterns contained lines of Higg
carbide and/or hexagonal iron carbide. Only a used,
precipitated catalyst that was reduced and nitrided
showed an interstitial phase, e-carbonitride, by both
electron and X-ray diffraction.

3. After suitable bretreatment or use in the synthesis,
fused catalysts containing magnesia usually produced
electron-diffraction patterns of magnesia or magnetite,
although X-ray diffraction indicated the presence of
metallic iron, Higg carbide, and/or cementite, The
only interstitial phases identified by electron diffraction
were nitrides and carbonitrides.

4. Nitrides and carbonitrides were the only phases
detectable by electron diffraction of sintered and ce-
mented catalysts.

An interesting result of these studies is the
apparent absence of iron carbides in the surface
layers of used Fischer-Tropsch catalysts. How-
ever, interpretation of the data is complicated
by the following factors:

L. If the carbide consists of small and/or highly
disordered crystallites, it may produce either indistinct
electron-diffraction patterns or patterns that are con-
siderably different from those of the bulk phases.

2. Unidentified lines found in some of the electron-
diffraction patterns may correspond to an unknown
iron carbide or a related phase. However, no lines
corresponding to the carbide reported by Eckstrom and
Adcock (80) were found by either electron or X-ray
diffraction.
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3. With sintered or fused catalysts, clectron-difirac-
tion patterns of carbides were not obtained, although
X-ray and magnetic analyses indicated that Hagg
carbide or cementite was the principal phase in a given
sample. However, since the electron pattern due to
magnetite either appeared or became more intense dur-
ing synthesis, it must be inferred that iron or sdme of
its compounds in some amorphous form is present in
the surface. In somec cases, catalysts converted to
e-iron nitride produced the electron-diffraction pattern
of the ¢ phase after both pretreatment and use in the
synthesis. Hence the e-phase must be present near the
surface as moderately large and ordered crystallites.

Considerable attention has been given to the
role of carbide in the synthesis (28, 59, 80, 86).
Although this section presents no direct evidence
concerning surface carbide, the presence of
magnetite and apparent absence of carbides
near the surface of active used iron catalysts
does not add support to the already questionable
carbide theory. In most tests, catalytic activ-
ity and selectivity remained essentially con-
stant over periods in which the surface layers
as well as the bulk of the catalyst were converted
to magnetite, so that magnetite may be a
principal surface phase in the synthesis. This
1s not s0 with nitrided catalysts, and the activity
and selectivity of such catalysts show marked
differences from those of inducted, reduced, or
carbided catalysts.
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The prominence of (he cleetron-diffraction
pattern of magnesia in fused catalysts contain-
g magnesia indicates the presence of the
structural promoter at the surface of the cata-
lysts. Since the diameters of crystallites re-
quired to produce a satis{ actory electron-diffrac-
tion pattern must exceed 30 A., magnesia does
hot appear to be dispersed molecularly in
reduced catalysts, but must be present in
moderately large crystallites. Although the
crystallites of magnesia are larger than expected,
these results are not necessarily contradictory
to the present concepts of the role of structursl
promoters in fused-magnetite catalysts (43).

Chemical analyses of used catalysts described
In a previous section indicate that part of the
magnesia promoter in catalyst D3001 was con-
verted to magnesium carbonate during syn-
thesis. This reaction proceeds more rapidly at
higher synthesis pressures, the conversion to
magnesium carbonate being small at 7.8 atmos-
pheres and large at 21.4 atmospheres. Table
28 shows that electron-diffraction patterns of
MgO were found in all samples of catalyst
D3001 used in synthesis at 7.8 atmospheres,
but not in the two samples used at 21.4
atmospheres.
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APPENDIX A —PREPARATION AND

COMPOSITION OF

CATALYSTS

Compositions of catalysts described in this
bulletin are given in table A-1. Procedures
for preparing these catalysts are given in the
following text.

TaBLE A-1.—Catalyst composition

(grams per 100 grams Fe)

-—

Cata!ysgltypeand K:0| Cu | Mgo | aL0, 8i0; { Cry04 | Zr0,
0.

D3001 _____________ 0.85 |______. 6.8 0.9 121

A3213.24 . ___ 12 S S 5.9 |||
A3215 . 512 PR I 3.6 | |
A321820______ ____ L76 3.5 |

FUSED IRON OXIDE

Catalysts D3001, D3008, and 13028 were
prepared by electrical fusion of iron oxide plus
promoters. D3001 and D3008 (19)! were com-
mercial preparations, and L3028 was prepared
in our laboratory by the procedure described
in an earier bulletin (73, p. 29). A2102 was

made by reacting a heated iron powder with

1 Italicized numbers in parentheses refer to items in the bibliography
preceding the appendixes,

oxygen, and its preparation was identical to
that of A2100 (73).

PRECIPITATED IRON OXIDE

These catalysts were precipitated from a hot
aqueous solution of ferric nitrate (plus copper
nitrate for catalysts promoted with copper) by
adding, with stirring, a hot aqueous solution of
sodium carbonate. Catalyst numbers with the
prefix L were made in about 1-pound batches in
laboratory-scale equipment, whereas those des-
ignated P were made in about 30-pound batches
using larger equipment and a filter press.
Preparation details of these catalysts have been
described (73).

SINTERED IRON OXIDE

- Agglomerates of sintered, fine particles of
magnetite ore were crushed to 6- to S-mesh
impregnated with an aqueous solution of po-
tassium nitrate (A2106.11) or potassium car-
bonate (A2101), and dried and heated overnight
at 500° C.

CEMENTED IRON OXIDE

Fine particles of Alan Wood magnetite, super
concentrate, were added to an aqueous solution
of aluminum and potassium nitrates, and the
mixture was evaporated to dryness (73).
A3218.20 and A3215 were heated for 16 hours
at 150° C., and A3213.24 was given the same
treatment, being heated finally to 500° C. for
16 hours.
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APPENDIX B.—TESTING PROCEDURES

Catalyst testing apparatus and methods have
been described previously (11, 13, 16, 58, 80).
The pretreated catalysts were transferred in
carbon dioxide to the synthesis reactor. Syn-
thesis gas was passed over the catalyst, pressure
was increased to the desired value, and the re-
actor temperature was increased rapidly to 200°

The temperature was then increased at
about 7° C. per hour unti] apparent contractions
(COs-free) of about 65 percent were observed.
Thereafter the temperature was varied by
small increments to maintain the contraction
at this value. In special experiments, the
temperature was kept constant, and the con-
traction was held at the desired valie by ad-
justing the flow. 1H;41CO gas was used in
nearly all synthesis tests.

Catalyst tests were continuous, except for
recovery of products at Intervals’ of 1 week.
Gaseous components were analyzed by a mass
spectrometer. liquid and solid hydrocarbons,
including dissolved oxygenated molecules, were
fractionated by a simple 1-plate distillation,
and the lower boiling fractions were analyzed
for functional groups by infrared spectrometry
(16). Usually these characterizations of liquid
and solid hydrocarbons were made on composite
samples of products that had received from
3 to 6 weeks of testing. Average activities,
Ape,' were determined by an empirical rate
equation (13) from weekly averages of space
velocity, contraction, and temperature.

charge into heptane, removing 3 to 5 cc., and
then returning the remaining portion to the
reactor (710). As a precaution, the synthesis
temperature wag lowered about 10° C. for a

—_——

. ! Defined as cubic centimeters of Synthesis gas converted per gram of
iron per hour at 240° C., when the flow is adjusted to give an apparent
contraction of 65 bercent.
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brief period after sampling, because the catalyst,
owing to partial extraction of high molecular
weight hydrocarbons with heptane, wus very
active in the mitial 2 or 3 hours.

catalyst samples were subjected to one or more
of the following analyses: (1) Chemical analy-
ses for iron, carbon, and nitrogen, if present,
by conventional methods. From these datg
and the ratio of promoters to iron an estimate
of oxygen content by difference was made. (2)
Powder X-ray diffraction. (3) Electron dif-
fraction on thoroughly extracted samples. (4)

hermomagnetic analyses (49). (5) Chemical
analyses for the amount of carbon dioxide
liberated upon treatment of the sample with

either as siderite or bromoter carbonates (75).

The product distributions are plotted as
percent of the total hydrocarbons. (The term
“hydrocarbons” includes oxygenated organic
molecules dissolved in the condensed hydro-
carbon phases.) Totga] hydrocarbons are dis-
tributed into C,, C,, and Cs+C, gaseous hydro-
carbons (determined by ‘mass spectrometric
analyses) and into the following distillation

30° to 185° C., 185° to 352° C., 352° to 464° C,
and above 464° C. The percentages of olefins
in the C, and Cs+4-C, fractions are indicated by
a number following the double-bond symbol
(=) in the block diagrams. Functional group
analvses of the two lower distillation ranges
by infrared methods (3) are indicated in the
following manner: Br indicates the bromine
number calculated from the amount of olefin;
OH is the weight-percent, of hydroxyl group;
and CO indicates the weight-percent of carbonyl
group present as aldehydes, ketones, and acids.
The selectivity data are for the actual tempera-
tures of operation given at the top of the block
diagrams, whereas the activity data are
corrected to 240° .



APPENDIX C.—SEPARATION OF CARBON MONOXIDE FROM
SYNTHESIS GAS

-

For use in pretreatment studies g relatively
simple method was developed for separating
carbon monoxide from compressed synthesis
gas available at this laboratory (74). Commer-
cially available compressed carbon monoxide
often contains sufficient impurities, including
sulfur compounds, to render its use in many
catalytic reactions undesirable. Thompson
(82) described an apparatus for preparing very
pure carbon monoxide by decomposing formic
acid in hot phosphoric acid. This method is
laborious and requires relatively complicated
apparatus for generating, storing, and com-
pressing the carbon monoxide.

At this laboratory, mixtures of hydrogen and
carbon monoxide of high purity (26) were
prepared by reforming natural gas and then
compressing it into conventional gas cylinders
for use in catalyst studies. A simple system
was developed for separating carbon monoxide
from hydrogen at liquid-nitrogen temperatures
and evaporating liquid carbon monoxide directly
into a gas cylinder. As this method obviates
the necessity for a gasholder and a compressor,
the cost of ‘the apparatus and installation was
less than $500. About 100 cubic feet of pure
carbon monoxide at 1,000 pounds per square
inch gage can be prepared from 1H,+3CO gas
by one man in about 6 hours, The preparation
requires 25 to 30 liters of liquid nitrogen.

A flow diagram of the apparatus is given in
figure 35. A 2.liter condensation vessel was
made from Schedule 80 stainless steel, type 304,
by welding caps of the same material to a short
section of tubing. This steel has high impact
strength at low temperatures and is less likely
to form carbonyls than carbon steels. A
l-liter purification vessel was fabricated from
Schedule 80 carbon steel with provision for re-
placing absorbents. All components of the
system were designed to withstand 3,000
pounds per square inch at room temperature.

The purification vessel was filled with about
equal parts of activated carbon, Ascarite, and
silica gel. The principal function of the
adsorbents was to remove traces of water and
carbon dioxide to prevent plugging of the inlet
or outlet tubes of the condensation vessel; the
secondary function was to remove traces of
impurities such as sulfur compounds, if present.

Before the apparatus was used, the system
was purged with synthesis gas by alternately

increasing and lowering the pressure. The
carbon monoxide cylinder either contained
carbon monoxide or had been evacuated. The
three-way needle valve, A-D, was closed.
Needle valve B was opened to the synthesis gas
cylinder, while pressure was being built up in
tge system. Valve B was closed, and liquid
nitrogen was slowly poured into the Dewar
flask. When the flask was filled, valve B was
carefully opened to introduce additional syn-
thesis gas slowly, so that the liquid nitrogen
did not boil too rapidly. When the hydrogen
pressure decreased the rate of condensation of
carbon monoxide, residual hydrogen was slowly
purged through valve 4. The volume of gas
thus removed was determined by a wet-test
meter that indicated when the condensation
vessel was filled with liquid carbon monoxide.
Then valve C was closed, and the pressure in
the condensation bomb was decreased to
atmospheric pressure by opening valve A,

The liquid nitrogen ‘bath was lowered from
the condensation vessel, and enough liquid
carbon monoxide was evaporated to purge
residual hydrogen from the condensation vessel
through valve 4. A4 was closed, and the
pressure in the condensation vessel was allowed
to increase above the pressure in the cylinder
containing carbon monoxide. Valve D and
the valve at the cylinder containing carbon
monoxide were opened, and carbon monoxide
was evaporated into storage cylinders. When
the pressure in this part of the system became
constant, 1) was closed, and the condensation
and evaporation procedures were repeated until
the desired pressure was attained in the cylinder
containing carbon monoxide.

Mass-spectrometric analysis of product gas
showed 99.8 percent carbon monoxide, 0.15
percent hydrogen, and 0.05 percent methane.
The efficiency of the process is about 80 percent,
based on synthesis gas, and 18 percent, based
on liquid nitrogen. ‘

In the evaporation cycle, failure to open
valve D or a plug in the tubing from the
condensation vessel would result in excessive
pressures in the condensation vessel. For this
reason, the apparatus was installed in an area
assigned to high-pressure experimentation, and
during the evaporation cycle the operation was
regulated from behind a protective barricade.
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APPENDIX D.—CONSTANT LIQUID FEED SYSTEM

Frequently it is necessary to introduce small
amounts of liquids into reaction systems at
uniform rates. The simple glass apparatus
(77) shown in figure 36 has been useful in
catalytic studies at atmospheric pressure.
Essentially the apparatus is in the form of a
glass U-tube manometer with mercury acting
as a piston to displace the liquid.

For the apparatus shown, a length of 2-mm.
inside-diameter tubing is connected through
stopcock A to a length of 20-mm. inside-
diameter tubing. The liquid, to be fed into
the system, is drawn into the 2-mm. tube by
opening stopcock B to the liquid reservoir;
C, to the tubing; and A4, to the atmosphere,
Finally, the level in the 2-mm. tubing is adjusted

to zero. Stopcock € is then turned into the
system. By adjusting stopcock D the flow of
mmercury can be regulated accurately enough to
insure a constant liquid delivery rate. A
further refinement in flow regulation can be
obtained by placing a mercury filled leveling
bottle above the mercury feed reservoir. A
constant level can be maintained in the feed
bottle by regulating the flow from the storage
bulb.

It is evident that any flow rate desired can
be obtained by using various conbinations
of diameters of tubing. In the apparatus
described, the areas of the tubing are in a ratio
of 100 to 1. This arrangement permits delicate
control of the feed rate.
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Ficure 36.—Constant Liquid Feed System.

‘U.S. GOVERNMENT PRINTING OFFICE : 1963 0O—683-935



