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As has been stated, the catalysts other than those belonging to tk PABLE S0~ Xeray diffraction petlerns and mognetic studies of promoled iron

10, 47, and 80 series do not form groups sufficiently integrated catalysts -
permit many conclusions. Catalyst, 48A was precipitated with s B Maetio s
dium hydroxide, 81A and 81B wit]) sodium carbonate: otherwise, the Phases Diftuseness | % Sy

. e - " . . . ; Ll uf pattern A0 =4
were similar to the 10 and 80 series,  They are inactive and it was su ) ot
gested in the section on Diflraction Studies that this is related § - T T r ato
the nse of sodium. Both 48A and S1B have quite high magnet I — 55 200
susecptibility. ‘These experimenta) fnets may be related to the obser A [T T 13, 400
vation of Michel and Chaudron ® that the solid-solution limit o 24 (A) 7,800

. ; \ 3 . . 231 | Feg(y (mag P I I P
sodinm oxido in yFe,04 is mueh more readily hydrolyzed than th 24 | Seo B e 800
corresponding solid solution of potassium oxide. Catalyst 50A hag ue SR i
very high magnetic susceptibility, and this is obviously related to th Ph o - @ i
presence of magnetite indicated by the X-ray diflraction pattern. Th S j '

magietic studios of the rest of the unpromoted iren catalysts are quite
meaningless beeause of the umeertainty of the catalyst composition

MAGNETIC AND X-RAY DIFFRACTION STUDIES OF PROMOTED IRON
CATALYSTS ‘

Catalysts 1E, 114, and 5A, prepared from ferrie salts with alkali
hydroxides, were prometed with cupric nitrate. Al these catalysts
were very unusual in that the X-ray diffraction pattern (sce fig. 40)
showed them to he quite amorphous. The magnetic susceptibility’
ol cupric oxide ia only 3.8 10"% and the magnetic suseeptibility of
hematite is not much greator. The fact that the susceptibility of:
copper-promoted ferrie catalysts 11 and 5A (table 56}, which have
been subjected to no reducing action, should he 88031075 an
20021074 respectively, is very surprising and shows that in thes
catalysts the iron oxide and copper oxide are not simply mixed to-!
gether,  This system CuO-Ite,0; has heen studied by Wartmann and
Thompson,® Forestier and Longuet,® and Milligan and olmes,
Imterestingly enough, Forestier and Longuet have shown that
ferrite, a ferromagnetic componnd whose erystal structure is
related to that of spinel and magnetite, can be prepared by addin
sodium hydroxide to a mixture of ferric and cuprie salts and boilin
several hours.  Milligan and Holmes have not been ahl
these results, The Iigh magnetic stseeptibility of 1K,

23 B
248
246
25 A

ferrite, and the high feld dependence of the magneti 40 A
of 11 supports this contention, On the other hand,
with Milligan and Holmes’s results, which show that these ¢

are amorphous as far as Xeray diffraction is concerned, Tt ig inte
esting to note that tho catalyst 5A prepared from ferric chloride has

& lower magnetic suscepti hility than those preparved from the nitrates,

85 A

¥ Waork cited in feotnote 70, p. 1556,

2 Wartmann, F. 8, and Thatupson, A. I., Treparation and Proporties of Copper Ferrite: Buresu of
Mines Rept, of Investiwalions 4228, 1934, pp. 1529,

® Purestior, H., and Longuet, T, Chimie physigue—formation du ferrite de cirivre 3 basse temperaturg:
Compl, rend., vol. 208, 1939, pp, T720-1750.

AT, W, O, and Holnes, 1, X-ltay Diftractlon Studios in (he System CuQ-FegOy: Jour. Am,
Chenw Boe., vol, 63, 1L, pp. 149-150,

Fravre 40.—XN-ry diffracticn patterns of promoted iron entalysts,

Catalysts 2313, 2413, and 25A were I)r'(\.]lnl'('(,l by D]'(.‘(:I.}Jltﬂ:f:l]lg{ f'slt'i'(‘llus
sulfate and cuprie sullate with IXOH, K00, :m(l_ NaOlllc,l 1.(15?(.(,‘ ‘l\f‘(ny(.\
In every ensc the diffraction pattern (sce fig. 40) revea ee \ ii llu )1?1(5;(‘11(1:;
of magnetite.  The reason the magnetite pattern appenarec 1f(1oq s
to be related to the fact that both ferrous and ferric (somc- (ll-lt,t!l 1)1
“wes probably formed by oxidation of ferrous iron d-url‘n_g p]]?])f:lj{b 1:)]1]1( !
mwon were present in additon Lo cuprie copper, whereas in 115, 5A, o
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xt few pages, nitrogen and carbon monoxide isotherms (at —195° C)
{ various unreduced and reduced Fischer-Tropseh catalysts are pre-

ted, along with thelr interpretation. These isotherms were deter-
iined by the conventional volumetrie method,™ and the total surlace
reas were determined using the simple Brunauer, Emmett, and Teller
guation,” * with the cross-sectional ares of the nitrogen molecnle
ken 08 16.2A°* The mercury densitics were determined at a pres-
re of about 1,000 millimeters of merenry.  An apparatus similar to
hat described by Rossman and Smith * was nsed for the helium den-
ty determinagions.  For the adsorption worle and the helinvm and
ercary densities the samples were pumped for T hour at 100° (G,
before the determination.,

11A only ferric iron and euprie copper were present.  As was expected
the presence of magnetite was accompanied by high magnetie st
coplibility.  Catalyst 85A was prepaved from ferrous chloride, cupri
chlorlc_le,‘ and potassium carbonate, As would be expected, 1t wik
very similar to catalysts 238, 248, and 25A. Catalyst 40A, preparel’®
from ferric nitrate, zine nitrate, and potassium carbonate, was comiig
p‘let'ely amorphous to X-rays (sce fig. 40). In this respech it was very

similar to 1E, 5A, and 11A,  Heating the promoted iron catalysts ford
2 hours at 250° C. had little significant offect. '

SURFACE PROPERTIES OF FISCHER-TROPSCH CATALYSTS

Two factors related to the activity of » eatalyst are arca and acces
sibility of the eatalyst surface. If the surfaces of catalysts are equall
accessible, the activity may be expected io vary dircetly with the areg
of the active component present. This may refer to the entire surfacs
of a particular component or to active conters which may comprisy
only a small fraction of the area of this component, Kmmett # %
and Harkins # have developed methods for determining surface are
by interpretation of the adsorption isotherms of various gases on thyd
catalysts. The total area may be estimated by selécting a point ¢
the physical adsorption isotherm which corresponds to the number of
{nolemtles necessary to cover the surlnee with a layer 1 molecule thie
The area per adsorbed molocule usually is estimated [rom the density
of the adsorbate in the liquid phase. Physical adsorption of mos
adsorbates is nonselective and henee gives the total surface ares, Tg
some components of the surface, it is possible to find gascs that wi
chemisorb speeifically on certain of its components in layers onl
meleeule thick; for example, the chemisorption of hydrogen and earho
monoxide on iron,® of earbon monoxide on nickel ® and cobalt {thi
work}, and earbon dioxide on alkaline oxides.® Tt is possible -ta
determine, in at least some cases, the pore distribution of a catalys
for pores smaller than 0.5 micron in diameter from the shape of th
higher relative pressure region of the adsorption isotherm.  Furthes
information on pore distribution ean be obtained {from determinatio
of specific volumes of catalysis, using mereury and helium as immersing
fluids, since at atmospheric pressure mereury will not penctrate ey

- lindrical pores smaller than about 5 mierons in diameter, Mon
elaborate experiments, in which the amount of merenry forced inte
capillaries of the entalyst at various pressures up to 10,000 P. s &
is measured, will' give complete pore-distribution curves.® Tn gh

# Wrmett, 1, 1., and Branan ', 8., The Use ow- T : LAY or Waals rpti i
E.?H']E’?u]rlblnll'{)]’llil-]fﬁftlll“ Surfuce A?mflor lroill-‘g_v[rﬁ(hgtr il(.)-{‘;ug{(ulllxllli)z; r("‘taltlil{ly‘srtl.l‘;: (3(()'11}-‘. "fxlfl\{]flelfi"gﬁcrfoﬁgf’"sﬂ

I3 g 1, Bmmett, P, H,, “,},’L‘”'f,‘e””"' ., Adsorption of Gases in ATaltimoleeular Layers: Jour,

AIJ?l.il(‘}ll(:ll]. Hoe.. v, ), 1998, pp. 30l

& Harkins, W, 12, durn (L, Surfaces of Sollds XIT, An Absolute Method forthe Nelerminnt h
Aren of i Pinely Divided Cryst ling .“:u!ill. Surfaees of Solids X110, A Vapor Adsorption .\lt-lhl')('il}(g?:]t;
Determnination of the Area of'w Solid Withotit rhe Assumption of a Moleeular Aren, aml Che Areas Ouenpiled

v
l!.%'{\'itmgen and Other Moleeales on the Surfuce of o Solid: Jour, Am. ¢ hem, Hoe., vol, 66, 1044, pp, 1362

COBALT FISCHER-TROPSCH CATALYSTS

Cobalt Fischer-Tropseh catalysts, as prepared and tested at the
Burean of Mines, contain in addition to cobalt, kieselguhr (KG) as a
tarrior, and thoris, and in some cases thorin and magnesia as pro-
oters. The Fischer entalyst contained Co : ThQ, : KG==100: 18 :100,
hile the Hall eatalyst contained Co : ThO, : MO : KG=100: 6 :
12 1200, The kicselguhrs vary with both souree and method of
preparation.  The properties of five kiesclgulrs will be deseribed
briefly as examples.” Suorface areag and bulk densities were doter-
ined on the samples, and clectron mierographs were made by J. T.
¢Cartney on the Burean of Mines electron mieroscope. The
propertics of the various kieselguhrs are given in table 57, with the
source of the material, and in figure 41, @ to e, the clectron miero-
graphs of these samples are shown at a magnifieation of 2,100, The
gsrioce arcas and the bullk densitics agree in at least a qualitative
g manner with the clectron micrographs; the arcas that may be esti-
® mated from the micrographs are of the same order of magnitude as
the surface arcas obtained by the adsorption method. The meore
compach structure of the Portuguese kiesclguhr accounts for the
Ehigher bulk density of this sample. Chemical analyses in table 58
show that Iron and aluminum are the chief impurities. [Milter-Cel,
Hyflo Super-Cel, and Portuguese kieselguhr have about equal amounts
E-of iron, while Diealite 911 and German kieselgubr have higher iron
content, and the German kieseleguhr has less aluminum.

£ 9 Bmmetd, I]‘. 1L, in Kreacmer's “Advances in Colloid Science’;: Interselence Mublishers, New Yorlk,
vel. 1, 1842, o 1,

-1 Work ¢ited in [ootnofo 86, p. 158,

B Work eited in footnote 87, 1, 158

9 Rosspan, 12, Py, aned Smith, W, R, Density of Carban Rlocks by Helium Drisplneement: Ind. Tng.

Ghem,, vol, 35, 1943, pp, U72-076,

% For genernl diseussion on Lypes of kieselgnhr see Calvert, Dintominceous Farth: Chemienl (ay alog Co,

New York, 1930, 251 pp.

i hrunmn-r. A, and Bmmeti, 12 1., Chomisorplions of Quses Tron Sy :

Ju;u'l._‘;\m. (,t‘lmmifs‘nc., vol. 42, 1940, pp. 1732«17::!5,1 i st on Synthetic Aumonla Untalysts
¢ Erumett, P, IL., and Skau, N, The Catalytic Hydro, enation of B 2 aver Metal O :

AIWI‘I.RChU[ll. Soc., vol. 65, 1943, '[l[l. 1020~ 1035, y yeros erzene over Metal Cutalysts: o,
" Ritter, 11, L., sl Dienke, T, O Pore-Slze Distributlon in Povous Materials,  Pressure Porosi

nEl(I !)o.uw"mnm!.i'on of Compleie Macropore Size Distributions, 11, Alacropine ige tli;!l‘;;;:t(lliur){;?[:lé%ﬁ;

Typival Torous Substances; Ind. Eng, Chem,, Anal, Bd., vol. 17, (545, PR. V3E-TUL ’
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Pore volumes, ! ee/g, I Used in
Butk | Snr- e i o
denn- | faee catalyst
sity, | area, Bonreo prepa-
g.fec, | m2fg. | Mievo.[Macro.] Potal rations,
Nu,
0,15 22.2 2.81 3.32 6, 01 1 Marine K, nnesleined, Lom- 1
poe, Calil.
- oo oo | Sunre as abave, buto aetd- 4]
extrictad,

.22 .0 2,27 1,77 | 4.04 | Saneag Fitter-Cel, but alkali- | A e |
irsatod and sintered st high 1., N
temperalure,
Jahloenn | o222 L4 3.63 | fresh water X from Teree- v
honne, Oreg. .
L 17.5 1,47 L03 2.40 | Probably a fresh-waler KG, o K, ¢
This material used by 1Ir.
. C. Hall of British Foets
H Itesearch Board for 1°, T,
culalysts.

,,,,, Ll 1.9 122 362 6. 84 | From entalyst factory, Rihr- I
chemie A, (1, Sterkrnde, A
freshi-water KOG oenleined ot

e C,

Mieropores have dinmeters less than 5 mierons and macropores dinmeters grenter than 5 micerons,

TavLr H8.—Chemical analyses of kieselguhrs

Filter-Col
Filer-Cel acid- Hlflﬁxx{-h(‘)ul

Nicalite
exlracted ol

Portugnese | Qerman

Weight percent as elements

85 18 87 148 87 3, 86

10 Q] .07 .01 006 0!

i3 10} 12 16 08 0%

Bt 0} i 46 [15) 27

______ [ix) ! 0d 04 05 L1
B 3.47 .60 it} 428 1.58 1. 66

1 Not detertiined,

A sample of Filter-Cel was extracted for several hours with hot
nitrie acid, washed and dried, and finally heated at 650° C. Thoe
extraction decreased the pereentages of aluminum and iron to about,
half. The weight-loss-on-ignition data indicate that Hytlo Supor-Cel,
Facid-oxiracted Filter-Cel, and Portugnese and German kiegobguhes
have probably heen heated to 600° C. or higher,

The electron micrographs of Hilter-Cel show it o be composed
. chiefly of thin pletes and rods. The plates, which appeared to be
portions of the disklike valves of diatoms, had irregular outlines, the
E longest. and shortest dimensions averaging about 5 and 3 mierons,
The plates were thin enough Lo be translucent to clectrons,  The
- plates were covered with cireular holes about 0.5 micron in diameter,
cand some fine strueture to diameters of less than 0.1 micron was
vigible. The vods were about 1 micron in diameter and 5 to 15 microns
in length.,
© Acid extraction and caleination had no apparent effect on the
b Tilter-Cel as indieated by the electron mierograph; but the surface
- aren decreased slightly, and the bulk density was higher,

|

Frioee 41,—Kleelrou micrographs of kieselruhr fisghor .
el 41— apshs sselguhrs and a Fisehor eatalyst (made by I, 7T, X :

E'%':fli-}il2{,‘:\2.‘:“531‘211"}&5?&2&‘Qﬂ’i.ﬁh’-“"(’? Buper-€el kieselgihr (X2,3000: ¢, (1 Sientite hi1 kigsoll\gﬁﬁfl(;??’l)mu:

ing Biler-el kisselgihe ()(T’;.‘IE}U)'." erman kieselguhe (X2, 100); £, cobalt Blscher eatalyst W8-I3 contatn.
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The 1lyflo Super-Cel also had a plate and rod struecture; howeve
both plates and rods were lasger than in Filter-Cel.  The fine struo:
ture found in Filter-Cel was not present.  The oulline of the Hyfly
Super-Cel particles was irregular. This rregularity, together with
the porous structure of the plates, secounted for the low bulk density
of Filter-Cel and extracted IFilter-Cel.

Dicalite 911 wag characterized by rods, perfornted disks aboi
8.0 microns in diameter, and elliptical particles. There was a co
sidevable amount of fine structure with holes avernging about 0
mieron in dismeter, and the surface area was larger than that of th

ogular in shape, which accounted for the higher bulk demnsity of t,}us_
iaterial. )

The German kicgelguhr was taken from the catalyst-testing factory,
ahrchemic A. G., Storkrade.  The diatoms of this material were the
Eiost perfect of any encounteved in this study. The most prominent
orms were disks and perforated rods or “ladders.”  The disks had
lameters of about 6 mierong, with holes averaging about 0.05 micron

CRISTOBALITE

T

U Lot b b

H.5.C.

U e L L

FILTER-CEL AGID- EXTRACTED

- Gristobatite

J.M.Hyflo Super-Cal *.

- Dicalite Speedflow

J.M.Type IT -

!| I||’;I ||il|1

FILTER- GEL RAW

Pbrfuﬁ'tia'sa K.G.

' J.M.Filter Cel acid-exfrae

Lo /! T
PORTUGUESE (ENG) K. 6.

Dicelite 6377

German K.G, [ | ‘ r ' | ) l
' QUARTZ
‘ Quartz .
Fravwe 12 Xeeay diTraetion patterns ﬂl'\':ll;inus k‘ivsvlpuI;u:.;ﬁlglx‘iéj n-n--:i7(:1:1;[“1:""((\, l I] I : 1 |I h I [!l[ l ||| |1|| I I ”! ||E I I| | h [ I
other kieselguhrs reported hore,  The pore volumes of this material 4.0 30 2.0 1.5 1.2

ANGSTROMS

reffeet the more compaet structure of Diecalite 911, compared with4 : -
: Fiovn g 43, —X-my diffraction analysis of various distomaccous carths.

Filter-Cel,

The Portuguese kicselguhr was considerably broken into small;
regular pieces.  The most common unhroken forms had a eircular!
cross section, and at least some of these appearcd to be porous spheres:
There was only a small fraction of plate and rod forms.  The cirenls
struebures averaged nbowt 4 microns in dimmoter and the smaller
picees about 1X2 microns. The particles probably had considerabl
fine structure, for the particle dirsmeter caleulatod from surface are
was about .2 micron, assuming cubie or spherieal particles. The
particles appeared thicker than the disks in Filter-Cel and were more -

in dinmeter.  The rodlike structures averaged about 515 microns,
with holes 0L3%to 0.5 micron in diameter.  Due Lo the proportion ol
elongated structures and rvather perfect disks, the bullk (lonmlty 0{
this sample was very low, and both the maero- amnd micro-pore volumes
¢ lareo. - '

We}%-l!::;fg(l.iﬂ'l'acLioll studies were made of F_{l)tcr'-Cel, acl(l—(‘xtl'le(ate(‘l
Filter-Cel, 1Tyflo Super-Cel, Dicalite 911, and Portuguese and G‘(-lmsml
kieselguhrs.  The diflraction patterns are s.ho\}m in figure 42, and

the intensitivs of the lines are plotted in figure 43, where the patterns
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are compared with known samples of 8 quartz and 8 cristobalite
These two compounds and, in addition, + tridymite, are the thre
forms of crysialline silica that cxist at room temperature. Ther
is also & large number of amorphous forms of silica, such as hydrou
opaline silica, vitreous silica, and chaleedony.

The Portuguese kieselpuhr proved quite amorphous, with onl

of the kiesclgubr,  No well-defined erystal faces or edges wore observed
in any of the micrographs. Similar results arc reported by Turke-
vich ¥ for a nickel-thora~kieselguhr catalyst.

TanLE 59.—Properties of unreduced Fischer-Tropsch catalysts

8 fow faint lines showing, which on comparison corresponded, line fo e | A :

line, with the strong lines of g quartz, This material may be assume St | 5SE copa, e
to be amorphous silica with less than 25 percent of microerystallin Outadyst Pom | elguhir - Hna-d ot | L9 | ol
8 quartz. Filter-Cel contained many of the same lines as Portugues 3. | mg -
kieselguhr and, in addition, some unidentified lines.  Acid-extracted ' ) o

Tilter-Cel was also largely amorphous. It still showed some of th B A

unknown lines found with raw Filter-Cel, although these secomed ' e I e VRO s T
wosker., Tle acid-extracted Filter-Cel also showed lines in addition P L3 vm o |owg 43
to those of raw Iilter-Cel, and these were identified as 8 quattz B 2 W oam| o
Dicalite 911 was quite amorphous and had a diffraction pattern simila T s R
to Portuguese and Filter-Cel kioselgahrs. a 1 daa | ma|
_ Hyflo Super-Cel showed a well-developed erystal structure whose & w3 G| Bzl o
lines corresponded with 8 cristobalite. Although cristobalite is not & . B - T
thermodynamically stable at any temperature to which the Hyflo seher (Co s Th0z: KG- - ' . .
Super-Cel was subjected in its preparation, it rather than the expocted . a 922 sa1|__ s s L
tridymite was formed because of the peculiar kinetics of the forma- ' Lp ot B I B S T
tion of cristobalite. The German kicselguhr gave a quartz diffvaction ’ ' i _ )

pattern that was more distinet than the patterns of Portuguese or 1 G =broken filter enke; T=a-in, x Yrin. (dinmeoter) pellets; LP=14-in x M-in. (dlametor) pellets,
Filter-Cel kiesclgnhrs. This was probably due to the calcination, '
As cristobalite was not present, it may be inferred that the samplo-,
had not been heated above 870° C., the upper limit of the stability of
quartz,

In table 59 are presented several properties of unreduced cobalt
catalysts, including the type and surface area of the kieselguhr used,
surface areas of catalysts, percentage of cobalt, mereury, and helium
densities, and micre pore volumes. The nitrogen isotherms of the
unreduced cobalt catalysts were of the usual S-type with only a slight
amouht of hysteresis indicating a system of pores of which the majority
was larger than 500° A, The bulk of the area of the catalyst wis
that of the “cobalt oxide complex” ® and not the kieselguhr. Un-
reduced Hall catalysts had areas varying from 78 te 110 square
meters per gram, while the unreduced Fischer catalyst 108B, which
contained more eobalt, less kieselguhr, and no magnesia had areas of
66.5—-84.1 square meters per gram. '

Electron micrographs of pelloted unreduced ITall- and Fischer-typo’
catalysts which had heen gently erushed in a mortar showed clumps of
cobalt oxide complex of varying size, alone and covering and filling
the kicsclgubr particles, and particles of kieselguhr almost frec of.
cobnlt oxide complex. A representative micrograph of Fischer catas
lyst 1088 at a magnification of 5,400 is shown in figure 41-f. Ttis
mteresting to note that although the kieselpuhr comprised about on
third of the catalyst by weight, only a small portion of it is visihl
The outline of the elumps of cobalt oxide complex were very feathery;’
indicating that these were probably elusters of tiny particles. This
agrees with the surface area of the catalyst being several times that:

The surface arcas of the catalysts are not additive with respect to
the kieselguhr used. Catalysts propared from fluy-caleined Hyflo
Super-Cel have lower surface arcas than thoso preparcd from natural
E kicselguhrs,

The bulk density of the catalysts reflects the bulk density of the
kicselguhrs used. In granular catalysts, the density varied divectly
with the bulk density of the kieselguhr, while the density of the pel-
leted catalyate appears to be funetions of the kieselgubr and the pellet-
ing, which is not always reproducible.  The bulk volume of an amount,
of granular catalyst containing 1 gram of kieselguhr was nearly equal
to the bulk volume of a gram of kiesclguhr., When the catalyst was
pelleted, the bulk volume was less than that of the kieselguhr that it
contained.

Tn table 59 are given the surface arens and pore volumes of several
mredueed cobalt eatalysts in granular and pelleted forms.  In every
nstance the surface areas of the pelleted catalysts were less than the
corresponding granules. The average pore diameter, d, caleulated
or cylindrical open-end pores from the micropore volume, Ve,
divided by the surface aveas, 4, where d=4 Vige/d, was about
250° A. for pellets and 800° A, for granules.  MC15 which containg no
kieselguhr had pores of 330° A., average diameterin the granular form.,
From the data presented and others, the following concept of the co-
halt eatalysts is given. The kicselguhr in the catalyst acts as a
‘brushpile” into which the particles of cobalt oxide complex may be
E placed without increasing the bullk volume. The cobalt oxide com-
plex is composed of clusters of much smaller particles than the kicsel-
guhr, and these particles probably almost completely cover the

B Cobalt axide complex™ ns used in this paper means the mixture of cobalt oxides and promoters; that
B Purkevieh, )., Bleetron Mieroscopy of Colalysts: Jour, Chem, Phys,, vol, 18, No, 6, 1945, pp, 235-284,

Is, everyLhing except the kiesclguhr,
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The fraction of metallic cobalt in the surface has been estimated hy
he chemisorption of carbon monoxide at —195° C. The carbon
monoxide isotherm is a composite of physieal and chemisorption,
he chemisorbed monolayer being formed at very low pressures, the
hysically adsorbed layers forming on top of this, as though the ehemi-
orbed layer were not there. Since the properties of nitrogen and
arbon monoxide rolated to physical adsorption are nearly idontical,
the nitrogen isotherm very nearly approximates the carbon monoxide
isotherm, The difference hetween the two jsothorms is the chemi-
sorbed carbon monoxide,

In table 60, data are given on the rednction of cobalt catalysts,
otal surface arcas, and the chemisorption of earbon monoxide on
educed Hall catalysts 89IT and 80J, Fischer catalyst 1083, and cobalt
xide powder.  The most common rveduetion proeedure is reduction
b 3607 or 400° C. in a rapid stream of hydrogen, SVH=6,000 for 2
hours.  This method at 400° C. reduced hoth Hall 89H and Fischor
08D eatalysts quite completely. The total area for the 97 drops
B from 81.4 (0 62.0 square meters per gram, while the ares of 10813 drops

from 84.6 6o 28.3 square meters per gram.  Carbon monoxide and
nitrogen isotherms wore determined on eatalysts 8OH and 89J reducod
by the vapid method at 400° (. The data ave plotted on o relative
pressure basis {the pressure of adsorbate divided hy the condensation
pressure) in figure 44, The carbon monoxide isotherm is equidistant
ebove the nitrogen isotherm, the difference being the volume of chemi-
sorbed carbon monoxide. The “X” on the nitrogen isotherms is the
volume of gas neeessary Lo form g pliysieal monolayer as determined
by the B. E, T, cquation. %

The presence of promoters in a catalyst velards sintering and malkes
reduction more difficult. Thus, the decrease in area, upon reduction
is the least with the doubly promoted 89 catalysts, groater with singly
promoted Fischer catalyst, and greatest with coball oxide powder.

kieseleuhr so that the total surface may be thal ol the cobalt oxide
complex.  In pelleting the small particles of the complex are pressed
togother so that some of their surfaee disappears. :

Upon reduction, these catalysts sinter to varying degroes, depends
ing, among other faciors, upon the promoters present and the exten
and duration of reduction.  The presence of promoters makes redy
tion more difficult and reduces the amount of sintering.  Thus,

250 750
“l %

" /

m
o

30y L. (S."I'.F.’} PER GRAM

1.5

100 f /9/ 1O

SCALE FOR REDUGED Go.

Tanrs 60.—-Adsorption of nitrogen and carbon monogide af —195° €. on unre-
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RELATIVE PRESSURE

Iauvies 44,-~Sorptlon of nitrogen and earbon monoxlde at — 1952 ', on redieed pelleted entalysts 8917 and
80J and reduced cobalt oxide powrder where oben polnts represent uitrogen and solid pointy represot
enrhon monixlde lsotherms.  Paints of reduced BOTI are given by O, two samples of redueed 895 hyn
and o, andl the redizcod oobalt oxide by A, The volumes of chemisorbed carbon monexide are given
in the lower urt of Lhe graph, :

B P P 0.0 67.2 15. 4 0.0
0 2 £, 000 17.9 36.9 8.4 4.3
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, A &1 19, 2 Nl
pitH 2 G, i) 17.7 G20 1.2 a1
- w— oL . LG .
4t 2 G, Oy MG 2,

B e oo B 3 .
200 41 1o 3.6 3.2 T4 L4y

UVolumes hydrogen por bulk volume of calalyst per houy,
2 Al adsorption data ey pram of unredueed ealalyst,

cobalt oxide powder can be quite completely reduced in 24 hours at
250° C. in a slow stream of hydrogen with a change in surface area
from 68.0 to 3.2 square meters per gram, whereas reduction of Hall:
catalyst 89H i a slow stream of hydrogen at 300° C. for 40 Lours is 8
only 65 pereent complete with a change in surface arvea from §7.2
to 49.5 square meters per gram,

B Work cited in footnote 85, p. 158,
B Work cited in footnote 86, p. 158,
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The amount of carbon monoxiq
g}(})bn.l}'. oxtde was smaller than anticipated. On irop !
hc?d Ll ;l(‘;;llé)s]g;bodbcagléon monoxide usually exceeded the physicalk
er by 30 percent or more, H : R
that emoanyer by : 1 - However, Bmmett? foyy
hat ¢ xide chemisorbed to 1o [
rbon mor sorb. we than a monolg ;
highly sintered ivon powders.  Thig may be due to c]lemisorp{f(fn%f

@monoxide than 89H, while 89J was the more active. This may
Erican that the active portions of the surface are not metallie cobalt
or that these surfaces are significantly different,

1 figure 45, nitrogen isotherms at —195° C. on catalyst 89J are
presented for the original and reduced catalysts. Both isotherms
dicate a capillyry svstem in which the majority of the pores are

ter than 500A. in diameter, since the isotherms show no tendeney
‘flatton at the highest pressures messured. The shight amount of
steresis of the isotherms indicates the presence of some pores in
he range of 16-60A. in diameter.
A limitod number of expertments indicates that probably all of the
-typo eatalysts sinter about an equal amount with tho standard
eduction procedure. It is possible therefore that some significant
orrelation may oxist between activity in the synthesis of reduced
atalysts with total surface area of the unredueced catalyst. Two
ethods of correlation were used: (1) Surface arcas of unreduced
atalysts per cubic centimeter were compared with the temperatire
ecossary to give a contraction of 70 percent at space velocities of 100
volumes of synthesis gas per volume of catalyst per hour); (2) sur-
ree areas of imreduced catalyst per gram were correlated against the
emperature required to produce a contraction of 70 percent at in-
ows of synthesis gas of 150 cubic centimeters (S, T. P} per hour per
eram. of unreduced catalyst.  Plots of these types arce given in figure
146, A and B. A graph of type A is strongly dependent on the weight
of catalyst per charge, while a plot of type B depends only on surface

e, In most of the catalyst testing the space velocity was main-
eined at about 100, and the average temperature plotted apainst
urface area per cuble centimeter gave a correlation of type A, as
shown in figure 46, A. With most pelleted eatalysts the flow of
synthesis gas per gram was about 150 eubic centimetors per grany per
hour, but on granular and seme pelloted cotalysts the flow differed
considerably from this value.  All the termperatures were corrected
to those corresponding to flows of 150 cubic contimeters per gram per
heur with the Arrhenins cquationt  With pelleted eatalysts this
correction is quite small, but it is quite large with granular catalysts. i
In both plots an inverse relationship exists betwoor activity and sur-
face arca. The triangles, which ropresent catalysts prepared with
ealeined kiesclguhrs, Hyflo Super-Cel, and Gorman Iieselguhrs, fall
into a fairly good straight line, while the cireles representing natural
=~ kieselguhrs ean be grouped within a rather narrow band, with the
“exception of points for tests 22 and 38.  Positions of the points along
- the lines are different in the two plots, but the relative position of the
‘lines is the same.

The following interpretations may be placed on the data (1) The
~catalysts prepared [rom caleined kiesclgulus wers less sefive when
compared at equal surface areas (and also cqual weight) than those
sprepared from natural kicselguhrs; (2) aranular and pelleted forms
of the same eatalyst showed about the same variations in activity
with surface aren as different pelleted catalysts. The pore volumes
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RELATIVE PRESSURE o8 ¥

W 46— Ad [ nt 1952 O nl 1 red h: an,
WGURE 45—/ Serplion of n trogen nt i ur o] L redo cobalt cata v T
{t s 4 : " T . On educed. and rac ol It cat ¥ysi 807, whe
()} T | ]("\‘l 5 )Lh Illll(lrlllgitd C!ILI]]} sLand O,] 1, and A represent o ferent sy Ioll'I]ES of redueed cntnlyat. ‘
SOrT D PoibLs dre so! y A € volume of gug corresponding to g monelayer s reprosg: ed by
i 1 1k I £ 1 i presented hy X,

cn.rE)m_l monoxide molecnles on one atom preventin
3_11 :?Jf_,[_[n;}ellt atoms due to sterie effects
IO : 3 \ - 0 . - * L
int:\ll-(lj‘,{"{]]:z' :tlgc:l::}uls:.]tlng1_r)f tfir&ees ]of mpurities on the surface, [y Is
sting A What an the reduction the into I
ntare o note ¢ Won the metal Tormoed 1 2X-
wonal platelets wigl, edees of about g mierons, many times ﬁ?ﬂl};?:e

of the ‘ediee
anreduced particlos, Catalyst 80, chemisorbod less earho
-I. Worlk cited In footiote 82 sy ) "
E}ylrl'k cited in fontnnde gy p. 158 |
Fmets, 12, ., cc)umnmimtion.f,ﬁ atlhors,

g choemisorption -
Another possible explang-

£d 1n I . .
i ‘):' W,whm‘v In=natura! logarithm, Q=flow rate, T=absolute temperature, B=2 culories, aned

F=24,000 calories us derermined in experiments reported in an earlier purt of this paper.



170 synTHETIC rURLs B RO A .
t145 FROM. HYDROGENATION OF CO—PART { CORRELATION OF PEYSICAL PROPERTIES OF CATALYS®S, RTC. 171

195
W26 241 1o . IRON FISCHER-TROPSCH CATALYSTS
e 14 PR e Many of the iron catalysts prepared and tested by the Bureau
o \ 2 il Mines were pure hydrated ferric oxide precipitated from hot solu-
5 » N 23N FE Bions of forric nitrate or chiloride with potassium carbonate or hydrox-
g I‘B\ AN o solutions. The catalysts were washed thoroughly but may still
w 85 dhd 3 N wntain traces of alkali or other components of the golution. Catalysts
g SVH = 100 forepared from forrie nitrate wore active, while those prepared {rom
b Contraction = 7pa Elirric chloride were inactive. _
S 200
A
175
© 25 50 :
SURFACE AREA, m? PER cc. 160
200
\920 T . ?
Mo Runsgc CPAT:LVST =
at Form KG, _
\Q24 14 L P HSsg ] : P T I”
17 K ¢ Port — | S 120 -
23 18 K G Port o . |
o 9 K 6 Port ¥ _
° 190 ~ 20 N P WS
W 35 2l 0 P oFc &
& 2 22 0 P F¢ = }
2 038 23 | P HSG 2 0
g 24 H P WSsC o
o 26 4 g Fg, °
o o}( 270 B pori
U P ¢
& w 2 338 v P Do =
180 | 4_J4 P FRe M
Oy o
o 22 40 =
Flow = 150 cc. {STP} per grom 18l 926 ‘M
. of unreduced catalyst 17 _é’_m_—-hﬂ
Contraction = 70 %, /ﬁﬁa-&—
2 D o:ﬂng,:.ogu:Q_-:::Q;:O:OzUZ
0% l % 0.2 0.4 06 08 1o
7 25 RELATIVE PRESSURE
reduced-iren catalysts at —195° £, where 10K,

Ieuns 47.—Adserption of nitrogen on unredeed- and
yoreduced pned reduaeed, sre 1 470, unreduend and redneed, O3
bnsnr])Li()n points are solid.

4717, unredueed, B¢ and 80A, unredneed, A

100
SURFACE. AREA,m2 PER GRAM

Flaury 16.—Varinti 4 y

4. —Varintion urucli\Il,x;l:u!rxvtrll:cvd-r:pl::zlr catnlysts of the 8 serivs with surface arens of unreduced
oy it ol o) lon al a space veloeity per hour ar Iil(l is tak : soran
ure of ' s ; 3 Is tukon us o monsure of
M per eebie contimeter of eatalys r ; fo o
! atalysi.  In part £, temperat !
or gram of unredueed eatalyst slotted ngainst sy Y iron oo
alysks containine natyral kieselgy e Tepres e R o brod prr

pyits conta ' Nt sEelzulies are represented hy and thy
Pelleted catnlysts wre given by opett points and gmnulﬁrg:)xmlyms ?’s;

Nitrogen isotherms at —195° C. determined on several unreduced
d reduced nitrate- and chloride-type catalysts are shown in figure 47,
th data for these isotherms in table 61, The total surface arcas
or most of the unreduced iron eatalysts are somewhat higher than
hose of the cobalt catalysts, but the cobalt entalysts contan about
“one-third to one-half kiesclpuhr, which has an area much smaller than

he other materials in the ca‘mlyst‘ The area of the cobalt 0;{1(10
amplex per gram ol complex is of the same order as that of the iron
atalysts. The isotherms of catalysts 10K and A7C indieate that
hese samples have o gellike structure with very fine pores such
g present in silien gel® The flattening of thiese sotherms at higl
elative pressures indicates complete filling of almost all of the pores.
An ostimate of the pore dinmeter may be obtained from the volume

+ For n hiblography of adserption woerk on hydroxide gols see, Cohan, T, H., Tlysteresis and the Capilloy
Theery of Adsarplion of Vapors: Jenr, Am. Chen. Soc., val, 68, 1944, pp, I8-104,

T1808GY - SB——12

is E)I(:le(l i
ow ol

gr_::rln ufl unreduced ey . H

with ealeined kieselpuhes 1y

g0lid points, K y A

of the granular catalyst were three to four times those of the pellets;
this implies that diffusion was not an importint factor anel tli [%e y St,
of the surface was available to the reactants,  This is not une\'a 'Héofl
smﬁ; the llow rates were low and the pores I‘Clﬂ.tiv.(_’ljlf large. pectets
‘o 1;1112 ?{(;‘L(l]‘?:tzrﬁdl(;?:l?:;:(Ll[igttlil?)pll;)fl{;gl to :m] amount cr())rre?])onding
the distribution of pt:(l)d'ucts. l 'I’('llvl,((\‘(JI[n{-f-z].fll‘ulj(\)’q‘LI;Llm(".q luced  sore
r.n.cl,ham:, C',_- Oy hy(h'ocn.l'l)on:q, and earbon dioxide L]mﬁl3(211}1{:‘;(50::3?1e
granular catalyst, as shown in table 47, : *
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and contained, in addition to iron oxide and ah
Zlrconium, sodinm, ealeium, magnesium, and silies, .
50A was composed of a sample of this material which had hee
powdered and sifted through o 60-mesh sleve, oven-dricd at 1499

' g  settled with unusual
of Fe,0s was nsed. The catalyst se | wi
ri?;l;idgili;;mafter eafch3 decantation washing and at no time t.cn(.llodl to
“become colloidal.  The hard, Dlack, dried catalyst wWas smurml ‘H}
ppearance to the forrie oxide gels of the 10 series.  The pellets hac

mina, titanium

i [ 1.40 grams per cubie centimeter at
for 18 howrs, mixed with 5 percent by weight of powdered graphits n apparent ‘hﬁk density of 1.40 grams p
and compressed into ¥- by Y-inch pellets.  The pills wero very dense aximum packing.

having a bulk densiby of 1,61 grams per eubic contimeter at maximum
packing.  Difleulty” in obtaining hard pellots was eXporience
because the powder was rathor incompressible. _

In the second preparation, 508, water-soluble impuritics wen
removed by refluxing the snmple for 40 hours with three fros] porfions
of distilled water until negative tests for chloride, nitrate, and sulfata®
were obtained in the wash waters, The oxide was then filtored on
suction filter and dried in the following manner; 24 hours ab room
lemperature, followod by 19 hours in the electric drying oven at
150°C. The ernshed product was siltod through 8 60 mosh screen,
mixed with 4-pereent powdered graphite, and compressed into pills
%ineh in diameter times %2 inch in length. The pellets were hard,
well-lormed, and Jark Brown, with a bulk density of 1.61 grams per
cubie contimeter,

Nitric acid (1 volume of water to 1 of concentrated acid, specifie
gravity 1.42, assay 70 pereent) was used in catalyst 30C to dissolve,
the iron in the washed raw material remaining from 508, The
mixture was heated with stirring for 2 hours at, 70°C and then dituted
with hot distilled water to a large volume, in order to facilitnte suction
filfration of the gelatinons mass.  The filtrate was concentrated to g
syrup and then evaporated to dryness.  The resulting residue wag
dried for 14 hours at 85°C. in the electrie d ry¥ing oven, then powdered
in a mortar and dried further for 15 hours at 151° C. Tinally, the
catalyst was passed through a 60-megh sereen, mixed with 4 percent
by weight of powdered graphite, and pelleted,  The pills were ¥ inch
in diameter by %, inch in tength, with a bull-density value smallop

than those of the two carlioy preparations, or 1.48 grams per cubic
centimeter, '

PREPARATION OF OTHER UNPROMOTED IRON CATALYSTS

Of the six remaining catalysts of this soiries, 4]8A, S?A,l &115]53011}) ;‘;?:
ipi om ferrie nitrate solution by sodium hydroxide, -
B o i sarbonate solutions, respectively. The
sium_hydroxide, and sodium carbon; o julions, respectiv ilroads
‘conditions of precipitation were about the sam  thos v
cg,gg'ibcd in thrc}z preceding preparations. 1JA]H LLhL ee DI Cgé?ii?ltﬁfwaﬁz
choct first, br J alysts precipitato ,
late brown at first, but the two ca alysts pre : _
hr?)?g alkalies gradually éhanged to tan during the subsggum}t Wﬂf‘.lhll rlxg
period. Decantation washing with a 1:1 volume ratio ohWa et t,o_
:Ea,tal st was followed in the usual manner by air- and then _ov_fi 1-
. dr iny at 160° C. Catalyst 81A dried to the hard, black gel sun; ar
' '-toythgee of the 10 series. However, the othcrri‘ Etw;_]) Cﬂ}ltﬁ}ysfsbw()'tf::
' ‘ I ar 1 olken edges. 10 hard, dark-brow
dry were brown and dull at the bro edges. Tl 1 rhebrown
b x] dilTer : . bulk density similar to those previous!;
B e orom s m} llets of the gellike 10 series and the
observed in comparison of the pellets o bgHJ e 10 sorles and the
: llike 47 series.  Catalyst 81A had a bulk ¢ ensity .3 gran
1;:15 (%ibi]c (ccntuimeter, which was complﬂml_)ﬁe W;‘thlthet 110 1se;gsr,n zv};:(l:}
: s 48A nnd- 80A had a bulk density of o out 1.1 grams pe
gﬁltjiyigltimeter. These values were of the samo order s those of
b e i e not precipitaled
» last three unpromoted iron catalysts were not. pre
ferrfi}éooyiiﬁ(?es. Cn!,alygts GOA and 70A WRI‘O p]_-olzmreil j:by ggmtﬁuﬁ fe‘lvl Ell(S
e nitrate, respectively.  In 69A powdered ferrie sulls e“
? urllft?(izﬁ &fg? ;2 dav’s inpn. mullle ovenr at an average Lcmpemtm(: o{f
5g500. C. During this period, 34 percent of the sullate was convertoe
to oxide. The apparent, bulk density of the pelleted produc‘:t wAs %;3}?
rams per cubic centimeter al maximum packing. 'O:}.L_{}l‘yst 70
gonsisted of ferric oxide obtained by ignition of ferrie n‘ljttat(lz )m (111.
“conter,” which is an open revolving v?sscl mom}%}nd at 3 45 ?r?ﬁ t,L iL‘::] d
! ! ] - 3 & | v 1 &Y -1+ e v S
g : below by a stationary warner,  The nitra
gggtgg 1&?[1({11 '1)000 C. ﬂ)r I hour. The resulting dark-brown mass was
mixed with about 50 cubie centimeters of water and heated bo dr'ynms?
" unzk;r 100° C.  This eycle was repeated twice u;é;bloatbré%}gg léd n%‘n]?s
' was obtained, whi as igni ; 5 ab 0 . he
s obtained, which was ignited for 2 hours a ' 325 ]
:z‘{cthpoowr] or 1'0,.51:1!'.ing from this treatment was so incompr essible Lh{t%\lt
was pelleted with difficulty only after 3 pereent gum arabic hndf )u,](;
"ad(iod as & binder.  The pellets had an apparent bulle density of }.4
- grams per cubie centimeter at maximum packing.  49A was o cata v%}
i grep&ired. from sponge tron. Fhe raw matorial, crushed to Pieces p]
Eppm\'imnt-t‘lv S-moesh particle sizo, was wetted with GN 111(.,{1? acis
“solution, then air-dricd on a glass plate at roomn Lcnzp()r&bpre}.; 1101“.9.
Subsoqu;ent.ly, the product was oven-dried at 150 C. for .114 ]O'IH 8.
At this point the eatalyst had gained 10 pereent in _wri.lg lii"U" (_1‘0.
material wag again steeped in 6N nitrie acid and oven-drie n.Li‘ H0" ¢ l
for 14 hours. No further gnin in weight of the product was observed,

PREPARATION OF NO, ¢g CATALYSTS

Limonite ore, which consists of a mixture of goethite (aFe,04,.H,0)
and hemalite (eFe,03), was the raw material for the 68 series, '

The sample in preparation G8A was powdered to pass through
“60-mesh, dried 15 hours, and compressed into hard, well-formed pills,
with n high bullc density of 1,75 orams per cubic centimeter. The |
[ubrieant was 4 pereent, by wetght of powdered graphite, ‘

In 681 powdered limonite ore was digested with T:1 nitric neid for
about 30 minutes. A black rosidue remained after filtration and was
extracted with another portion of 1:1 nilie acid and filtered. The
tortal residue, after drying lor 2 hours af, 120° C., represented 7 pereent
of the eriginal undried ore. The two filtrates wore combined, diluted
with hot distilled water to n volume caleulated to contain 0.3 mole of
forrie nitrate per liter, and precipitated at 75° C. witly potassium
carborate solution containing 3.5 moles of anbydrons K,CO; per
liter of water, A chocolpto-brown shrery resulted) whiel was washed
G Limes by deeantation, with o wash volume cquivalent to 1.5 tines
that of the precipitnge. A total quantity of 0.53 liter of wash waber
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The final product consisting of picees of 8- to 20-mesh size had-;a_
apparent bulk density of 1.75 grams per cubic contimeter at maximumg
packing.

on solutions was observed at 75° C. before precipitant was added.
me variation of the standard procedure was to Precipitate the
ttalyst constituents separatoly. In eatalyst 9A the hydrous ferric
vide was precipitated by ammonium hydroxide and the promoter,
ipric oxide, ‘by ammonium carbonate. The two slurries were then
smechanically mixed. o
Three catalysts—11A, 25A, and 39A—swere partly precipitated by
dium borate solution. TIn this procedure three-quarters of the total
atalyst was precipitated in the usual manner. - Kach constituent in
the fourth quarter of the eatalyst was individually precipitated at
Toom tempernture by saturated (5 percent) sodinm }')omte solution,
he slurries so phtained were mixed with the balance ol the precipitate.
Catalyst 39A also contained a canier, Johns-Manville Hyflo Super-
Tel, which was introduced into the solation containing the nnjor
ortion of the metal salts. .
‘Another variation in preparation procedure wag used in catalyst
44A. The iron oxide portion of the catalyst was precipitated in the
usnal fashion’ and washed by decantation cight times with a wash
water : preeipifate ratio of 3, Following vacuum filtration, the required
fruantity of ehromium trioxide in a coneentrated solu.tlor_l was mixed
mechanically with the wet pressed eake of hydrous ferric oxide. A
right-red paste was obtained.
.b ’%he ])l'ec]ipimte volumes varied considerably; they ranged from 0.4
to 3.0 liters per 100 grams of total oxides. The ferric-iron-promoted
eatalysts were bully and similar in volume to the unpremoted iron
eatalysts. However, the ferrous iron precipitates were nongelatinous
and denser than those from ferric salts.  Catalyst 434, precipitated
g from a ferric salt, was an exception to the observed correlation; its
volume was only 0.7 liter per 100 grame of oxides. In appearance
g most of the ferric iron catalysts were brown. The color of 5A, precip-
Eritated [rom ferrie chloride, was light brown; 43A, from ferrie and
cupric sulfates, was rust-colored.  All the eatalysts precipitated from
b:lerrous salts were black, ) )
" Washing was accomplished by the decantation method. Six to
nineteen washings were given the catalysts in volumes that varied
rom f 1:1 water:precipiiate ratio [or ferrie iron catalysts to a 5:1
water:precipitate ratio for ferrons iron entalysts. In the early prepa-
ations—as for example, in 18, 5A, 6A, 9A, 154, 204, 224, und 24A—
he temperature of the wash water was 80° C., but it was later dropped
0 65° C. The three catalysts partly procipitated by sodium borate
olution were washed with water at roomn temperature. One of the
errous iron eatalysts (24A) was nccasionally mixed by injection of
frenm of air during washings. The quantities of wash water used
er gram of metal oxides ranged from 0.23 liter in 20A to 0.68 liter
r BA, _ )
O'l‘]le precipitates were filtered on o suction filter alter the washing
was completed.  In 85A the wet-pressed filter cake was mixed with o
oncentrated solution of 0.12 pereent of potassium carbonate, based
n the weight of iron in the catalyst. The filtered catalysts were
pread on glass plates in enkes approximately ¥-inch thick and in most
ases woere permitfed to air-dry at reom tempernture until they were
£ dry to the touch, A few preparations (as for example, 5A, 284, 244,
£ 04, 11A, 6A) were not air-dried, but slowly oven-dried to the top

PREPARATION OF PROMOTED IRON CATALYSTS

Details for the 20 catalysts in this group are indicated in tables 1§
and $9. There were 14 two-component, 5 three-component, and’
polycomponent iron calalysts.  Of the singly promoted preparationg

T 10 were iron-copper combinations, with the eonstituents present
the ratio of 4 iron atoms to 1 of copper.  Catalysts 11, 9A, and 114
were prepared from ferric and cupric nitrates; 5A from ferrie chlorid
and cupric nitrate; 43A from ferrie and cupric sul(atos; 234, 244, 24
and 25A from ferrous and cuptic sulfates; and 85A from ferrous an
cupric chloride. T'wo catalysts were thortm-premoted iron prepar
tions. 15A, obtained from ferrous sullatoe and thorium nitrat
contained the oxides in the ratio of 5 : 1 ; DLA, from ferrie and theriy
nitrates, contained a ratio of iron : thovium of 5 - 1. Catalyst 40
was prepared from lerric and zine nitrates in the ratio of 4 fron atom
of zine. Calalyst 44A contained ferrie oxide and chromivm trioxi
in the vatio of 1: 4, from ferric nitrate and chromium trioxide.

Of the five doubly promoted iron eatalysis, 204, 21A, and 22A wer
oll prepared from the nitrate salts, cach eontaining 4 atoms of forr
iron, 1 of copper, and 1 of a third constituent.  In 20A the third
component was zine, aluminum in 214, and chromium in 22A. BA
from lervie. eWloride, Terrons sulfate, and euprie nitrate, contained th
following atomic ratio: Fetd @ Kot - (g -+ 8/3:4/3:1. BTA was!
composed of 3 atoms of forric iron, 2 of cobalt, and 1 of thorium, from
the nitrates. . ) 3

The polycomponent iron eatalyst was 30A. T4 was the only iren:
catalyst prepared on a carrier and had the following composition: Iron:
and cobalt, [rom ferrous sulfate and cobaltous nitrate, were present in %
atomic ratio of 4 : 1; 4 atoms of iron plus cobalt were present, for every
atom of copper from cuprie nitrate; the weight of Hvflo Super-Ce
(alkali-treated and caleined distomaceous earth) equaled that of th
combined moetal oxides.

All of the promoted iron eatalysts were prepared by precipitation
Most of them were mudoe by the standard general procedure adopted
for the precipitated nipromoted iron oxides. The salts containing the
promoter ion were introduced by dissolving (hem with the iron salt, so
that the metal oxides were coprecipitated.

The econcentration of the iron-plus-promoter solutions averaged 0.5
total mole of salt per Yitor of water; the concentrations of (he precipi-
tants ranged from 3.0 to 7.3 moles of anhydrous alkali per liter of °
water.  Temperatures of precipitation varied over a 10° range from *
70% Lo 80° ., and the time consumed in Lhe addition of precipitant 2
remained fairly constant at 20 to 30 minutes, These conditions were
found not to be as critical for this group of preparations as for the -
unpromoted iron catulysts, and for this renson more latitude in
temperature and rate of precipibation was permissible.  The preeip-
itant was ndded hot al, approximately 80° O in catalysts 113, 3A, and -
6A; it was added eold in Uhe other preparations.  In 240 and 864,
which were precipitated from ferrous salts, partial hydrolysis of the
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The composition of sample 234, collected hy W, F. 'I*‘mu‘lg!mr,“.\vsls
reported by him ns Fe: Cu: CoO o kieselgubr: 100 2 2.5 0 10 2 15.
This composition is somewhat different from that ol the eatalyst
preparation deseribed above.

PREPARATION OF COBALT AND NICKEL CATALYSTS

drying temperature of 150° C. Catalysts 26A, 39A, and 44A wers
immedintely baked at 150° (. :

Moest of the ferric iron promoted catalysts were obtained as typical
iron oxide gels, black, lustrous, and of conehoidal fractire, Catalystd
43A and 44A did not form black gels but were obtained as soft, friablg
rust cakes. The eatalysts obtained from the ferrous salts were o
tained as soft, dense, dark-brown, friable crkes. Data on the drying:
temperatures and times are summarized in table 19.  The yields of
dry catalyst averaged 103 percont, assuming the theoratical fo be t}
sum of the metal oxides ecaleulated from the starting materials,

To obtain the catalysts in a Torm ready for use in the converfersy
the dry eakes were powdered to pass through & 60-mesh screen, the
mixed with 4 percent by weight of powderad graphite, and comprosseq:
into pellots % inch in diameter by %, inch in length. In o few cased
slightly lnrger amounts of lubricant were nsed—6 percent in cataly:
94, b percent in 44A.  The pellet bulk density of the ferrie iron pro
arations averaged 1.3 grams por cubie centimeter, which was in t]
game range as the average value for the No. 10 series of unpromoted:
iron eatalysts, The ferrous iron eatalvsts were very compressible an
formed hard, dark-brown pellets with an average bulk density of 1,5
grams per cubie centimeter, 15 pereent more dense than the {etrie iron,
eatalyst peilets,

PREPARATION OF RUHRCHEMIE IRON CATALYSTS

Details for the 21 eatalysts in this series are summarized in tables
20 and 21. All the cobalt, nickel, and cobalt-nickel (:n,t.ﬂﬂ_ysts woere
supporied on an mert earrier, which 001'1&;1,&1;11150(]. al least 50O P(.\'llul,”f'
of the total product. In most of the preparntions the carrier was
diatomaceous earth, commonly known as kicselguhr, or an :Ll]_ml‘h
treated and caleined diastomaccous earth known by Jolms-Manville’s
trade name of Hyflo Super-Cel.  Other carriers ineluded aluming
pellets and sodium aluminosilicate gel.  The metal constituents were
grouped in the following manner: Cobalt promoted by thorium il five
catalysts; cobalt promoted by thorium and magnesium in nine batehes
B0 catalyst 89; promoted nickel in two eatalysts; promoted cobalt-
B nickel in {ive preparntions,

: I‘1011{1 the gl'oulp olf cobalt~thorium-kicselguhr catalysts, 2A EL!E(‘] 10813.
had the same percent composition, namely, eobalt @ thoria (ThQ,)
g Keselgulr ¢ 2 100 18 : 100 parts by weight, starting from the metal
nitrates. Catalyst 1213, also obtained from the nitrate salts, was
poorer in cobalt concentration and is deseribed in terms of the oxides
as follows: CoO : ThO, : kiosolgu%n' : :1 821: 18 : 100me'ts by \V{I‘}ﬁlnlt..
¢ The cobalt—thorium—magnesium—lkieselguhr preparations were differ-
: 3;11} batches of the smneécamlys{r—' B9A, B, H, 1,0, K, Iy N, oand O.
The constituents in this entalyst were present in the following ratio:
Co : ThO; : MgO (magnesia) : kieselguhir : 0 10026 : 121 200 parts by
woight. Catalysts 38A and 62A were nm]{ol-p]'onllotod_(:sstalyst_ﬁ pre-
pared in the luboratory of the International N}(:kel Is cl‘]mw-‘.lu]) b
Mellon Institute for Bureau of Mines tests. Catalyst 38A was 8
manganese-promoted nickel preparation, with the lollowing composi-
tion: NiQ : MnO : Na,0-ALO:-65i10, : : 83.2 : 16.8 : 100 pm't_-s by
weight, starting {rom niclkel nitrate, MANEZANO S sulfate, :_Llumml_lm
sullnte, and sodium aluminate.  Catalyst 62A was precipitated on the
earrier from niclkel and thorium nitrates in the 'followmrg; ratio ol con-
stituents: NiQ : ThO; : kieselguhr @ : 91 : 9@ 100 '11:(3 prqmotc([
cobalt—nickel eatalysts contained eguivalent ratios of the oxides of
£ cobalt and nickel and, in addition, at least one ather constituent qn.fl
i the carrier. This group of catalysts was prepured by the Inter-
wtional Nickel Fellowship at Mcllon Institute for Bureau of Mines
tests. In three catalysts the additional constituent was thor:u:n.,
giving CoO : NiQ : ThO, : kiesclguhr ratios as follows: G0A, 45.5 i
45.5 1 9 1 400 (type VIIT Celite%); 614, 45.5 :_4-5.51 19100 (typ‘o, lll
Celite); 64A, 46.36 1 46.36 : 4.6 : 100 (type VITI Celito), T“Sl)(‘(ztll\\l'(\()y:
! The composition of catalyst 65A was described as follows: CoO @ N l‘l :
- ThO, : alomina pelicts @ ¢ 20,1 1 2411 « 4.0 ¢ 100 parts b:y.' woeig '1t.
Cut&ﬂyst 36A, a nm.ngmmsc—uhu,nmun}—pmmoLudl 'prvpn,i-n[_.m;nN%u:
. cipitated on kieselgulr, had the following composition: CoO | 10
“MnO : ALO; : kieselguhr: 40 2 40 @ 16 = 4 : 100 parts by weight.

8 Work eifed in footnote 98, p. 104,
¢ Johms-Manville trade name,

The “best” iron eatalyst used by Rubrehemie 7 had the eomposition:
TFFe:Cu:CnO:deselguhr=100:5:10:30 and was prepared by dissolving
iron snd copper turnings, and ealcium carbonate {or lime)} in dilute
nitric acid.  The resulting solution contained, in grams per liter, 115’
to 125 of iron, 5 to 7 of copper, and 11 to 13 of caleium oxide, and n
excess of nitric acid. The iron was in the ferrous state. Defora pre
eipitation this solution was diluted with distilled water to lower th
iron concentration to 36 to 55 grams per liter.,

Precipitation was eflected by mtrodieing as quickly as possible the:
nitrate solution, heated to 98° C., into a boiling soda-ash solution 3§
(90 to 100 grams of soda ash per liter) while stirring vigorously, Th
quantity of soda ash used was such that at the end of the Preecipitation;
the pll was 6.8, The ealeulated amount of lkieselguhr (30 parts b
weight per 100 parts of iron) was then added to the mixture, The's
total time ol procipitation must not oxeeed 5 minutes. The mixtur B
was [iltered rapidly and washed with hot water until the filter eake
eontained about 0.5 pereent of sodiun nitra te, hased on the iron eon
tent.  More complete washing was unnecessary, and in fact lowered |
the desired content of calcium oxide.  About 200 to 220 cubic meter
of wash water per ton of iron was sufficient,

After waghing, the filtor enke was repulped and enough potassium
hydroxide added so that, after o subsequent additional [iltration, 3.0 -
to 3.5 grams of KOH per 100 grams of iron was retained. This was °
achieved if the eoncentration of KOIT in the mothor liquor was about :
U.0 grams per liter.  After impregnation the suspension was filtered
and the filter eake dried at 110° C., and subscquently shaped.

T Work eited in fontnote 88, p. 91,
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The filtered and washed catalyst was dropped on aluminum brays
and dricd in o steam-heated, circulating, hot-air drying elosct. The
abinet was 8 feet 1 inch high and contained 16 galvanized welding
wire-bottom trays which supported the aluminum plates whose
dimensions were 35 by 28 inches open on the long sides. .
- An oseillating granulator crushed the soff cake through a 14- to l}()-
mesh wire screen by the oscillating motion gf a sef of rolls. The
machine was of standard steel and east iron.  The powdered catalyst
was then mixved with graphite in a granulating mixer (':onst.ructe‘d of
teel and cast iron, and fitted with an inside spiral agitator. ¥rom
the mixer the catalyst powder went to the pelleting machine. The
arge pellet press was a 33-punch rotary tablet machine. The ]niros's
had a pulley with a speed of 380-760 r. p. m. and & Q—hp. motor.
Pellets were manufactured at the rate of 1,000 tablets per minute
and wore % inch in dinmeter and s to % inch in length.

room temperature by potassium carbonate solution, The resulting}
gel was filtered, washed on the [unnel, vepulped into a slurry, agni
tiltered, and again washed on the funnel, The precipitate was drie
nt 100 C. to give a yield of 117 percent, assuming complete dehydr
tion of the oxides. The product as received in the Burcan of Ming
laboratory was in the form of green, 10- to 50-mesh granules. Th
eatalyst was powdered and pelfeted in the usual mannoer. :

EQUIPMENT USED IN PREPARING CATALYSTS

Most of the eatalyst preparations deseribod were Inboratory batches
ondy 80H and 10813 were made on a pilot-plant senle.  Clhemicals use
in the laboratory-size preparations were weighod out on & metri
torsion balance whose capacity was 4.5 kilograms and whose sensitivit
was Js gram.  Precipitation in the laboratory was earried out i
Pyrex battery jars of various dimensions, depending on the bateh sizo
A JM-pound bateh was preeipitated and washed by decantation in
7-liter jar, 6 inches in diameter by 18 incles in height.  Other size
used weve the 8% by 18 inches, of 14-liter capaeity; 10% by 18 inches
of 20-liter enpacity; and 12 by 24 inches, of 40-liter capucity. Batches”
up to 4 pounds of finished ecataryst were prepared in the 40-iter:
jars.  The precipitated eatalysts were filterod in Coors poreelain
two-picee Biichner-type funnels, with steaight sides and permanen
perforated filter plate. The funnels were of 2- and 3-gallon capaeity. .

Drying the eatalysts at voom temperatures up to 180° C. wu
accomplished in o laboratory ecleetric drying oven. The over-ll
dimensions were 164 inches wide by 16 inehes deep by 25 inches high,
and the inside dimensions 11 by 11 by 11 inches.  Ovens were fitted
with adjustable latticed metal shelves, with room for five plates,

Small batches of catalyst up to 5 pounds were compressed in a
Stokes model “157 singlo-puneh tablet machine.  The pellot press had -
removable punches and dies, 2 single pulley with a speed of 80-100
“ropom., oand a %-hp, motor, Pellets wore manulactured at the rate:
ol 90 tablets per minute and were % ineh in diameter and % to % inch
in length. ;

In the pilot-plant equipment chemieals were weighed on Fairbanks °
counter-type scales with a 300-pound capacity, 2-pound beam, and
0.01-pound sensitivity.  The platform was 13%-inches square.  Pre-
cipitetion of batches larger than 5 pounds was carried out in a wolded
Monel tank mounted on four steel legs to n total heizht of about 50
inches. The tank had a diameter of 24 inehes, n height of 30 inches,
and a capacity of 60 gallons. The shape of the bottom was dished
and in the center was o I-inch-pipe-size outlot. The tank was fitted -
with a three-ving Monel steam coil for heating the contents of the
vesael.

Ifrony the preeipitntion vessel the slurry was pumped into an 18-inel,
four-cyed, closed-delivery,  washing-type, east-iron, 10-chamber -
filter press. The press had a (ush plate and frame patfern with
frames T-inel thick, with a total eapacity of 1.6 cubie feet. The
pump was o {urbine type, with a eapacity on water of 11 gallons
por minute al 20 feel hoad Lo 2 gallons per minute at 170 feet head.
The filter cloths were were made of preshrunk cotton twill.



