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, have been obtaippd on,
a mmber of German applications for purely formal reasons, - This is the
reason wlv only" foroign patonta exist on some of the imront!.gne. '

o~ ﬁxe basic patents ds'ce frol tho ‘yoars 1925-1926. In tho conru of
development - ospocially of active catalysts many process improvements have
'bo;g discovered, and. have 'boon gpplied in all the modern byd.rogenation
pl te. - . — K . B

\

.. We will mention first the’ dcvolopmcnt “worik, 1n the yoars 1927-1928.

" when applications of pressure ‘hydrogenstion had ‘beon widened and many
indnstrial advances made, E.g., the refining byd.mgenation, the pre-_
hyd.rogonation, the use of several converters connected in urin, operations

. with hydrogen in a ga.s circuit and the Joint hoating of tho raw materials
with lwd.rogen in gas heated tubular preheaters, all were "developed at that .

time,

»

. !oxt followed - 1mprovements in twdrogenation catalygta which wre of
deciding immortance for the indngtrial realization of the process. _ First
came the preparation of highly active sulfides, no:t .the discovery: of the
go-called dilute catalyst which offer the advantages of 1ncreased yield,
improved quality of the gasolines, combined with a considerable saving

. in valuable metals suck as tungsten. The prepmtion and use of these
catalysts 1s protected in almost all countries; These patentn will remmin
‘for some time yet under the patent protection; patents on a nnm'bor of.-
special processes in the field of hwvdrogonation and related fields have
been’ taken out, e.g. the TTH process,’ the THD process, the proferonf.ial

use of which is decided from consideration of the- pchex‘tiqa of raw |
naterial and ot ‘the requ.ired end prodncts.
‘  the text 'bolow gives tho principal patentl and. their development.
Yor this pmpoao the patentn have ‘been arra.nged in. the following grorml: _

catalysts:- general
‘b)  catalysts: halogens and acids
). catalysts: iron - fungsten
- catalystss synthetic ailicatos
catalysts: reactivation -




mor phau (treated together wlth b and (3 in tho text)
,‘.,natization c e e

- m proeeu R
‘11quid phase. (treated togethor mh u) and c))
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multi-stage processes - .
protreatnent L o »
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M process - _
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B&I lla.torials and. Iinishld gmﬂt

. ) -special starting mterialt o _
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. 6) the working-up-of hydrogenation prodacts o
d) the use of hydrogenation products
e) the production of low-boiling aromatic }\vdroca.rbons’
£) tha production of defin:lte polymclea.r componnd.s
) p{dnction of phenols _, I

c_ombination ‘Procossee

KR tho o é‘gr 4

" Hydrogenation and cracking
Ve !.chnic
a) materials
‘aa) . equipment

ag) Wickelofen
'b) hoating '

A 1list of German, French, lngl:lsh and. Amer.tcan pg.tents or pa,tgnt | o
~ @Plicatione arranged in these groups is to-be found in-the gppemdixr, — .
' 835- their Principal features are- mentioned. : _ T
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A few basic patents of ¥. Bergius (Gawm 301, 231, 303,893 and ‘others),
had alroady been issued when the I, G. l‘arbenindnstrio A G.. Imdwigsha!en/

materials, aftor thn dsvelopment of thn ammonia. a.nd methanol syntheln.
These patents have not been in industrial use, but were of importance to
the I. G. in the operation of their processes. After taking over the
EVAG (Erd¥l- und EKohle-Verwertungs Aktiengesellschaft) the I,G, hdd at
her disposal the German rights of the Bergius patents for the working-
up of the brown coal, brown coal tar and petroleum; the I. G. could at
all times obtain from the Eoberg¥n (Steinkohlen-Bergin A, G.) a license

- for the hydrogenation of bituminous coal and bituminous coal tar, beceause
they owned the majority of its stock,

¥o technically useful process of pressure hydrogenation could, however,
be carried out with the patents of Bergius alone. The process could only
be introduced industrially after the I.G.'s invention in the. field of
catalysts, which permitted a practically complete conversion of the start-
ing materials into valuable high grade products, .

Poisoning of ‘catalysts with salfur and other non-metals affected

very adversely the study and. the industrisl application of catalytic
processes with impiite raw materials, E.g., extremely mimte amounts of

sulfur were sufficlent to affect strongly the catalyst in the ammonia
' gynthesis, or even to make it completely worthless. The catalyst used

in other catalytic reactions, e.z. nickel in the hydrogenation of naphthalene,
"became impgired very quickly; even the purest commercial products could

not be hydrogenated with platimm, because they still contain traces of

sulfur, Indnstrisl hydrogenastion could be undertaken in such cases only .
_after an extremely careful preliminary refining.

Bergius therefore believed that the industrisl pressure hydrogenation
of coal and heavy oils would be only practical without the use of catalysts,
Kléver worked on the preparation of lubricants from tar and oil resldumes
etc by hydrogenation under high pressure, and he also considered sulfur
to be one of the substances interfering with hydrogenatdon and recommendnd
to have it eliminated from the raw materials (Germ 301‘7'73)

Indaod .all that was known then about catalysta aeemod to precluﬂg
-the possibility of effecting the hydrogenation of coal, coal products and
mineral oils with the ald of catalysts, 'becamsa all these raw. materials
always conta.in va.rying amounts of sulfnr.

The 1nvestigation of the use of catalyst 1n thegse processes without -
. ~Tregard to any preconceived ideas was therefore unqestionably an - -
exceptionally lucky and courageous act. The astomding Yadt.for thoss. .
dsys has been found for catalysis, that. the conversion actually could be
catalytically affected, and very effectively 'at that. by ﬁnﬂ.ing substances




which could act catalytically éven when oonte.ining the most feared
cata]yet polson, sulfur, .

‘me metallic conpoundo of the i gronp of the periodic syetem. and

among the different metalo. non-netals and. their compounds. !l'he dieoovery
of the particularly great catalytic efficlency of these metallic compounds
has actually made poeaible the pressure hydrogenation on a large indnstrial
scale.

{

These catalysts possess not merely tho‘property, of directing and
‘accelerating the conversion of coal, tars and oils into lower boiling
hydrocarbons, permitting higher thruputs and better ylelds under nilder
operating conditions than have been used formerly; these catalysts
permit also to malke 1t unmnecessary to free the materials used from the ,
elements which ordinarily act as catalyst poisons, Obviously, the application
of catalysts would heve been made immediately impossible if a complete =
sulfur removal and purification of raw materials were the necessary
pre-requisites, The regular raw materials with their usual sulfur content,
phenols and other impurities could be used withont any demage to the
catalysts, and the remarkable practical importance of ca.talysts for preuure
hydrogenation reactions are based on this fact,

The catalyst pa.tents applied for 'oy Kreach and Piler in the year
1925 were pioneering patents, which formed great milestones in the :
history of inventions. These inventions form the foundation of the great '
installations in whigh hydrogenation gasoline has 'been)prepared for many
years (0.% 2067, 3073, 3121, %068, 3072, 2128, 3166)1

The importance of this process explains the bitter fight begun insid.e

. the industry.against these patent applications. In Germany the attack

‘was led particularly vigorously by the Ruhrindnstrie, . in particular by

the Aktiengesellschaft fAr Steinkohleverflfissigung and the HIAG

(Holzverkohlungs<Industrie A.G.). In comnection with Professor Varga of

Budapest, their attaclks were based on the published patents of Bergius

and on cracking, as well as on the publications on catalytic hydrogenation

of unsaturated compounds, and as a result the patent enmination lasted

_over ten yeamrs,

" We will discuss in somewhat greater detail the patent fight on the
———basiccatalyst-patentsi —The-useof molybdemm in-eracking-and-in- hydro~-—
genation under normal or under only slightly raised pressure was known
from the'work of Ellis and McComb (Brit 160,907, US 1,345,589), If °
investigators had indped been directed by this literature to use moly-.
.* bdemm (0.% 3067, 3073, 3121), and had been moreover forced to assume '
. on the strength of ‘the data given by Bergius that molybdemum is-an active
catalyst this would have necessitated, that Bergiue himgelf would have.
used nolybdemm. Yo will . therefore present the opinion of Bergiue in -
which he admitted the eucceso ot/the 3 1n developing the cato.]ytic
roceee. : , ‘

1),




I may say, that the ¥llis and the Klever patents were
known to me but I could not deduct from them any particular
advanteges in using molybdenum, which anyway, has not even

been mentioned in the Xlever patent, Co

‘We have mot carried out systematic investigations on.
catalysts for coal liquefaction in our Mannheim-Rheinan
laboratory, because we did not possess the organization
required for it. However, even in the occasional chance .
-ezperiments on the accelerating action of different materials
upon hydrogenation reactions which have been carried out by

" us, and in which I ‘tested a whole mumber of addition
substances, I have never suggested the use of molybdemum in
spite of my kmowledge of this patent literature, o

I wish to emphasize that I consider the use of
molybdemm catalyst as a great step forward, which has
helped to make the industrial applications of the process
'practi'cal!'.

Bllis as well has taken a definite stand on the use of molybdemum
catalyst in the pressure hydrogenation (translation of an extract from
an opinion expressed in 1935).

"The only catalyst of }xgater importance kmown in 1925
wags aluminun chloride., It permitted cracking and re-combining
hydrocarbons at very low temperatures, and 1s the only
catalyst of its kind, Cracking with this catalyst is en-
tirely different from the purely thermal process and from
cracking with other catalysts, because the former process
operates at temperatures considerably below 400°C, while
the latter are active only at higher temperatures. It .
appeared for a time as if alumimm chloride could enter in
competition with- the usual non-catalytic thermal cracking, _
bq.t the pon-catalytic cracking has made great progress and -
has. kept alumimum chloride cracking far behind, so that the
uge of the alumirmum chloride process was limited to a single
plant in the United States, namely the Gulf Oil and Refining
Company, which also practices on a large scale the usual .
‘non-catalytic cracking, ‘.

. The development of the technique of petroleum cracking
was but little affected prior to 1925 by the use of other
catalysts then alumimm ch10r1d6..0s0e+s. The principal
influence of such Catalysts before 1925 in this field was of -

" a negative natire. The activity of metals of the iron groups,

- such as nickel, cobalt and iron was-in general recognized, but..

the principal effect of these substances consisted in

‘sebiing free carbon which was undesirable, and as a result




this experience tended to frighten one away from the use of
_these substances for purpoae of catalysis, or to reduce their
. WHOGeeocoore ¢ .

] catalysts than a.lunimm cbloride in ord.ar to 1ncraase the
benzol formation, and that was done even in the earlieet
days of the development of the cracking technique., The
effect of these materials is, however, doubtful in most
‘cases, and almost so slight as to possess no true practical
importance. In some cases materials of high commercial value
were suggested, e.g. chromium oxide, bat their effects had
to be very great to jusiify thelr use, because of the cost
of recovery of the catalysts from the carbonization residue,
and these materials have according to my best kmowledge found
no practical application. There were proposals also to use
cheap substances such as iron oxide.‘the recovery of which was
unnecessary. I may illustrate the use of such materials in
the early use of the so-called *Gyro-process", which
operated at relatively high temperatures and nade use of
a mixture of iron oxide and cement as a filler in the
. eracking tubes, apparently for the purpose of catalysis,
© Whig process has not been nearly as much used as other
.-. processes which operate at lower temperatures without any

catalysts,

Except for the above cases cataJysts have played bat -

a slight or no role in the United States gaaoline production
by oracikdng prior to 1925, Publications on the catalytic
pressure hydrogenation, especially the patents issued in
the United States to Carl Krauch and Mathias Pler became )
known at about that time. The process described by these
inventore differs from the earlier cracking processes by
preferentially working at much higher pressures than used
in cracking, and by the use of free hydrogen. The\pressure
hydrogenation process of these inventors was the first
practical commmnication of the spplication of catalysts
in high temperature processes which were used to crack |
mineral ‘oil by heat. This procese 1s used in two plants

_ in the United States, with which I am well acquainted,
and is in my opinion unquestionably a catalytic process

" in that the results there obtained conld not have been
obtained in the absence of the catalysts."

The patent ofﬁces ‘a8 well- differentiates 'betnen the 1nv,ention
and the cracking - technique prior to 1925. -

¥he cracking techniquc at first nsod. raised pressure

-

’
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temperature, e.g. from about 650 to 720°C.- No thought .
‘was given at first to the possibility of affecting
catalytically the thermal decomposition of heavy hydro-
carbons, The cracking technique developed further in
was simltaneously added to decrease the gum forming '
tendency of the cracked gasoline. It must, however, de
always borne in mind that the use of this relatively small
excess pressure during cracking was intended primarily for
reaching and maintaining the required cracking temperatures,
and not to increase the concentration of hydrogen for the
© purpose of hydrogenation acting upon the raw materials or
the cracking products. This difference in the established
methods manifests itself in the products of the processes,
and can therefore be best established by comparing the
products formed. The formation of considerable amounts bf
coke and .asphalts is practically unavoidable during
cracking, while in the cracking pressure hydrogenation
almost no coke is fomed-and relatively 1ittle asphaltic
materials, because the hydrogen present in excess counteracts
the formation of these materials and in particular of coke
by saturating theunsa.t‘lu‘ated compounds..-.._.-..._..'. '

The catalytic pressure hydrogenation methods of the I, G. represents
therefore a new path in comparison with cracking and treating with

hydrogen under high pressures without catalysts. ,

‘ _ . _
_ Rxample I of the German patent 609,538 (0.Z. 3073) states that a
phenol-free almost water-clear prodnct is obtained from brown coal tar
using a molybdemmm catalyst, and that the product distills mostly below

' 350°C, Migure I and Figure II below show the .improvement resulting from
the use of the molybdemm catalyst in comparison with the addition sub-
stances known before, such as fullers! earth, zinc oxide, zinc dust, -
nickel oxide and alkalized bog-iron ore, with which high-boiling. dark
colored tarry prodicts are obtained containing greater or smaller
amounts of phenol,

—_

The first catalysts to galn wide industrial application consisted
-of molybdic acid mixed with zinc oxide and magnesia. It has been found
satisfactory in refining, hydrogenation and cracking reactions and excells-
particularly in its resistance to machanical stresses and to chemical .
action, such as the asphalt contamination of raw materials,

'




’Figur‘ 1 e

Comparis‘on of Effioiency- of Mo C.ata»lyét with
other Substances in the Hydrogenation of
Brown .Coal Low Temperature Carbonization Tar
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. 'Me excellent catalytic activity of the heavy metal sulfides was
recognized simpltaneously with the catalytic.effect of mo]ybdam -
(0.2. 3068, 3072, 3120), The sulfides could be used alone or mixed <
with meta.la and non-metals, e.g. activated charcoal or oxlides, hydroxides,
- carbonates, halides etc. Even ammonia sulﬁde can be used as a catalyst,
Among the heavy metal sulf d.es : >
strong activity.

\
A patent war has also been fought over the sulfide patents, which
was successfully terminated by an exhibition test to representatives of
the German industry by the "High Pressure Experiments® Indwigshafen/
Oppan. Pressure hydrogenation tests with iron sulfide and iron
oxide showed the far greater effectiveness of the sulfides.

Crude cresol from coal tar and a de-hydrated brown coal tar
(Prodncer tar) have been used as the starting materials in .these
demonstration tests. The iron sulfide catalyst was obtained by sulfurizing
-pure ‘iron with hydrogen sulfide at 450°C, Pure iron oxide from the oxalate
was used as the iron oxide catalyst., The tests with crude cresol were
carried out in converters with 100 ml catalyst space. The catalysts were
compressed to cylindrical pills about 5 mm in diameter and of about the
same height. The reaction space was maintained at 450°C, with a pressufe
of 200 atm, The thruput was 30 ml/hr, and the hydrogen passed through
simltaneously amounted to 150 and 600 1i respectively. The tar
tests were run with the catalyats space of 500 ml, the reaction
temperature was 475°C.

. %he specific gravity of the products from crude cresol obtained
with the iron oxide was 0,918, while with iron sulfide it was 0.818.
The initial boiling point with the iron oxide was 82,5°C, with iron
" gulfide 100,5°C. Accordingly the products obtained with iron oxide contained
12,6% gasoline boiling below 100°C, while the products obtained with iron
sulfide contained no gasoline fractions boiling below 100°C. On the
other hand the proportion of gasoline boiling to 120, 150, 380°C was
very much lower with iron oxid.e than with the iron sulfide, and -namely

. -

Up to 120°C
" ¥150°C
“\w w8000
" [ ] mooc

The products obtained with iron oxigfe contained 50,76 of neutral
‘011, egaiiist 92,1% in the product obtained with iron sulfide.

. Experinents with raw cresol have’ w that the iron oxide was
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preferable in tho formation of gasol:lnos boiling 'below 100"0 than

the iron eulfide. On the other hand, in all the other counts, such as
specific gravity, neutral oil content, amounts boiling to 120, 150,
180 and aoo"c iron sulfide was profora'blo. _ :

“The spociﬁc gravi&y of the products made with iron sulfide proved
mperior also in the experiments with tar, _

Specific gravity of prodncts with iron oxide 0.894
" mlfide 0,850

The initial boiling point with iron oxide was '74°.°. while with
iron sulfide it was 92,5°C. In these tests gasolines boiling below
100 and 120°C have not been determined as in the raw cresol tests. We-
nay assume’ that the amounts of gasoline boiling below 100°C and 120°C
were greater with iron oxide than with iron sulfide, On the other hand
the fractions boiling to 150, 180, 200, 250, 300, and 325°C were
greater with iron splfide than with iron oxidb, and namely:

4

' ' ron Oxide 'Iron'Sulfid‘e
to 150°C ‘ ! '!4.2%% 8.3
* 180°C . 9. ' 18,
* 200°C . . : 16.0% . 25.%%
" 250°C o ss.g .47.922
" 300°C ‘ . 55. © 20,
" 325°C 68.1% 79.8%

Tis phenol content of gasolines boiling to 200°C amount to 15,56
with iron oxide, as against 1,35% with iron sulfide. The iodine rmmber.
of the de~phenolated gasolines was 66.4% when produced with iron oxide
and 9,6% with iron sulfide. The specific gravity of the middle oils"
bolling between 200 and 325°C, obtained with iron oxide was 0,922, with X\
iron sulfide 0,881l. The phenol content of these middle olls was 13,65 :
with the iron oxide and 0.92% with iron sulfide, thewaniline point - ,
(a measure of the degree of hydrogenation) was + 19,7 with iron oxide
and + 30,6 with iron sulfide. The corresponding lodine rumbers are 32
‘and 15,1. No appreciable differemce could be found in the sulfur
content.

: Comparative tests performed with tar have prodnccd ‘esgentially tha
same kind of a picture favoring the iron sulfide catalyst, as was obtained
in the éxperiments with raw cresol. : :

Tests with coal gave similar advantages to sulfides against the -

oxides, Autoclave tests with Brassert coal (pasted with ‘bituminous coal-,
~-tar oll) at 150 atm initial pressure, 440°C, and the addition of 5§ of
either iron oxide or iron ev sulﬁ.do gave:




kg oil from 1,000 ¥ asphalt in
¥g bituminous coal total oil

4 utilization
referred to

pure cogl

.. . .
Iron oxide ) 710 10,0
Iron sulfide 760 7.5

90
98

Ed

with the discovery of the sulfide catalysts.

ou Middle 0il was hydrogenated under 15 and 75
477°C in 200 ml high pressure converters, filled

'I.'ho favorable effect of higher pressures has alsoc been established

atm total preesu.re a.nd
either wlth chips of

clay or with a catalyst composed of 80 parts cobalt sulfide and 20 parts

manganese gulfide.

The composition of the original oil was,’

specific gravity . 0,942
phenol content 25,1

boiling point curve:

A2 - 225°C 8.6

~250° " C Bl.4

-300° c 92.8

distillation end 312° Y 96.2

o

~After- phenol *removal o

specific gravity = = 0,893

unsaturated ‘ . abt 43,

%

sulfur o 1,35 ¢

The results of tests are shown in the table

below

__Effects of Pressure Puring Eydrogenation With thou telye

/

Prossures . 15 atm He

Catalysts or filling Clay Chips Cobalt +
. Manganese

Sulfides

&
75 atm K’

Clay Chips ~ Cobalt +
: ,1 Mariganese
___Sulfides

Final Products: |

Phenol content : 13.;' $ 16,0 %

de-phenolated end-’ ‘ e
_products, #p.grs . . 0,892~ 0.872 '
* Unsaturated - , 31.1 44— 19.8

01 far- — Os

Bdning curve:

" aZ0000 . - 13.f “ 13.0¢,

s $  aas 4

0.883 0
268 % 21
'.13'%_ : .oos¢ :

15.4 % 426 4.
2

;o B 457 % 46,6 4

-

_48.2 4 77.5 g
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The catalytic “activity of tungsten and molybdomm salfides excoeds
that of all the other sulfides,

One may start with the sulfites or sulfates instead of the ready
made sulﬁdns. because they are converted to sulfides dnring hydrogenation
or by the additlon of sullu ~i':ﬁ"= g, 6.8, the metals or &
oxides, . ' :

The sulfides can be produced in a variety of ways, e. g, by treatment
of me , oxides, hydroxides or halldes with Lydrogen gulfide at an
elevatéd temperature. It has also been suggested o carry out the hydrogen
sulfide treatment at increased pressures (0,Z. 7017). The sulfurization
may also be carried out at increased pressures and in the presencé- of
hydrogen (0.2. 5851). It has been found that sulfides prepared in
different ways behave catalytically differently. ]

Treating the metallic sulfides produced in any way with sulfur or
with oxygen-free.volatile sulfur compounds increases-their activity.

(0.2. 6935, 10,870), These sulfides differ from compounds previously known
in that they are saturated with sulfur and do not contain a trace of oxygen. ~
With the usual methods of preparation of sulfides, small amounts of oxygen
are still present, which reduices their catalytic activity in the pressure
hydrogenation of coal, oils, etce The Germ 686,456 (0.Z. 10,870) shows

that the gasoline yield of the petroleum middle oil hydrogenation with
oxygen-free re-sulfured tungsten sulfide increased by 58 to 65§ against

the commercial tungsten sulfide, o

sulfides prepared by way of the ‘sulfo_salts (0.2. 6935) have a
particularily high catalytic efficiency. Tungsten sulfide catalysts
prepared in this way have been used industrially on a large scale and are

sed whenever the hydrogenation reaction is the principal in importance,’
“e.g. in the prehydrogenation, the lubricating oil refining, the MM
process, and has been used for a long time also in the splitting reaction
(benz ination) . .

~Sulfides of several metals can be convenient]y propared by a double
decomposition of sulfo-salts with heavy metal compounds in solution or
suspension- in water or in organic solvents, such as acid amides, acid
chlorides, amino'acids, koto aclids, emines etc. (0.2. 8233), :

Such sulfide mixture can also be prepared by heating mixtures of
ammonium sulfo salts prepared in the dry way and containing the metals
of, the VI group in the .acid radical, with finely divided metals of the
iron group prepared from carbonyls, to tempera.tures in excess of 300°C
(0.2, 12,089). _ . N

, According to this patent appncation the nickel-tungsten oa.ta.lyst.
frequently used in hydrogenation and dehydrogenation, is obtained by
nixing _nickgl‘ obtained by a them_oanposition of nickel carhowl
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with ammoniwm sulfo tungstate in a molar proportion of 1 & 2, and treating
the mixture at 400 to 450°C in a stream of hydrogen.. Such a catalyst
produced in a dehydrogenation test a gasoline.with 57% aromatic hydrocarbons
from a coal liquid phase gasoline containing % aromatie[lwdrocarbons.

Weo may mention under the sul 5 areo the
sulfides in combination.with smaller amounts of strongl
gulfides (0.2Z. 9136, 9675, 9982).

Thue a catalyst has been used composed of 85% FeS and 156 WSa. 4
comparison of the activity of such a catalyst with tungsten sulfide and
with molybdemm sulfide, and with & mixture of 85% WS; and 15f FeS
ghows that the phenol reduction proceeds almost as well as with the
tungsten sulfide, but that the hydrogenatlon is much weaker, so that the
neutral o1l was composed of 66% aromatic hydrocarbons.

Catalyets ¥S oS 85 WSa s

. 154 ¥eS  85% YeS "

% of neutral oil ! 99
$ aromatic. hydz:ocarbons in 66
neutral oils

. Sulfides msy also be deposited upon carriers such as bleaching earth, .
clay, activated charcoal etc.. These carriers may be pretreated in certain

ways e.g. sprayed or saturated with hydrochloric acid, sulfuric acid,

nitric .acid, phosphoric acid or organic acids (0.2, 7732) or else charged

with halogens or hydrogen halides, (0.2. 8231), The catalytically most

active carrier consists of a siliceous mass, e.g. fullers® earth, pretreated

with fluorine, hydrogen fluoride or hydrofluoric acids (0.Z. 8695). Such

a pretreated fullers! earth mixed with about 10% tungsten sulfide has

found industrial spplication as a catalyst for the splitting pressure

hydrogenation. ,

A middle oil obtaimed by pressure hydrogenation of brown coal prqduces
with such a catalyst at 426°C and 200 atm hydrogen pressure 60% of -186°C
gasoline, while the same catalyst in which the fullers! earth had not
been pretreated produces only 40% of -185°C gasoline.

s
It has been found that in the pressure hydrog'ena@ith this
catalyst the fomation of methane is suppressed in favor of the higher
gageous hydrocarbons. This method of operation is therefore well suited
for the production of large amounts of propane and butane (0.2, 9496).

We may mention in addition that when' sulfides are u,sed.f the splitting
is suppressed in favor of an increased yield of the products richer in
hydrogen e.ndla boiling range within the limits.of the starting materials,
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if pressure hydrogenation with the heavy metals sulfides.be carried
out with the addition of small amounts of basic materiels, in particular
of ammbnig. or of substences which produce ' ammonia (0.2. 8490).

1
BALN

about the proportioning of the amounts of sulfur to be added. After
publication of the use of molybdemum and tungsten sulfides 1n the-
pressure hydrogenation and the advantages of the presence of hydrogen
sulfide in the reaction converters, in amounts of 1-6% of the hydrogenating
material, J. Varge has applied for patents for a similar process two years
later. The German patents refer to our methods of operation in which the
hydrogen sulfide concentration in the reaction space is altered depending

on the improved activity of the molybdemm and tungsten catalysts with

every particular starting material, until the optimum"efficiency is obtained
with regard to the yield of the desired .reaction prodncts. The hydrogen
sulfide content in the hydrogenation reactor.is then set at the level

found to be the most advantageous (Germ 639,762, 761,884) .

The I. G. possesses additional patents on sulfur concentratlon e.g.
the catalyst is added to the starting material for hydrogenation before
heating, and substances promoting the catalytic activity, such as sulfur
containing substances are added after heating (0.Z. 8425). The starting
paterials such as coal may also be pretreated with-sulfur (0. z. 8620,
8621). A still further method of the I.G.'s consist ik adding sulfur only
‘intermittently, and the time intervals when none or only very little sulfur
is gdded, are extended until the increased activity of the catalyst '
resulting from previous additions of sulfur has begun to decrease (0.2.
10,391), .

The basic molybdemmm and sulfide patents have been discussed in
somewhat greater details and the other catalyst patents will be only
briefly mentioned. Details can be obtained from the patent 1ist in the
appendix, .

Special patents similar to molybderum have been obtained for the
other metals of the VI group of the periodic system, especially tungsten
and chromium (0.Z. 3166, 8863). _ -

The compounds of chromium can be used’ jointly wi_i_;il the sulfides of
molybdemum or tungsten (0,2. 12,632, 12,633, 12,986),

When uéing iron compounds it is advantageous to add to them alkall
netal compounds (0.Z. 8483, 8711, 8962), in contradiction to the.metals
of VI group, ._These substances may be used as sulfides (0.2. 10,735).

~  In.addition to tlie highly active catalysts of the VI and VIII grqdp_s,'
‘tests wers also made with silver, copper, cadmium, zinc, lead, bismath, -
titanium and tin in the metallic or in the combined form, as well as with

the oxides and carbonites of zinc, manganese, compounds of vanadium alone




or mind with.other“metals, e.g. of the VIII group, or their compounds

- (0.2, 3283, 3701, 3712). .Of these elements tin has acquired a greater
importance (0.%. 9124, 9278, 9179) and is introduced by the I.C.I. in

“the form of tin oxalate as a catalyst in the lwdrogenation of bituminoua

Hetx'ganol—forming catalyate are of importance when working with
hydrogen, containing carbon monoxide (0.2. 3266). :

A mumber of applications cover the use of metallo-organic compounds,
which may be used upon carriers (0.Z. 6442, 6633, 6636, 6792, 8554,
9222, 9179, 11.658)

Furthermore patents have been applied for com'binations of” different
metallic compounds. Good results have been obtained in the use of
combinations of metals of the IV to VIII group with compounds of metals
. of the II to VII group, which are usually-used in smaller amounts than
" those mentioned first (0.Z. 3699). The use of catalysts consisting of

three metals is very significant, with two of the catalysts belonging to

groups higher than ‘the IV:'(0.Z. 5102.L 10,380).

* Other substances 1n addition to the metals and sulfur are of .
importance. Hydrogen halides and organic halides increase the activity of
the metal-containing catalysts (0.2, 3700, 7384). Halogen~-containing

_catalyst compositions have found greater application in the coal hydro-
- genation, Hydrogen halide was used at first in the form of hydrochloric
acid to neutralize the basic constituents of the coal ash prior to
pressure hydrogenation, Larger smounts of hydrogen chloride were later
used (0.2, 8162). Other acids such as the oxygen acids of sulfur and
nitrogen may also be used (0.Z. 7493),

Difficnlties with construction materials have been experienced when
operating with halogen, in particular where the steam formed could condense
during cooling after leaving the reaction space. The I.C.I. inserted
a vessel containing alkaline compounds between the converter and the -

" catchpot, where the hydrogen hallides would be neutralized before 'reaching
the critical temperature range. Simllar processes have also been used
by the I.G. {0.Z. 8447, 10,020), Some substances combining with the
halogens can be added towards the end of the reaction (0.Z. 8555). It
has further been attempted to passivate the walls of the vessel by the
addition-of arsenic compounds (0.Z. 8136).-

The use of metal halides fogether with halogen and haIOgen halidn
was more significant (o.z. 8170).

“Fot only the coal used in hydrogenation may be pretrea.ted with'
halides, but activated charcoal and similar adsorption materials may
be subjected to a similar pretreatment before being used as. carriers
(0.2, 8231). Similarily, carrtera ‘may be pretrea.tod. with other acid
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naterials (0,Z. 7732) or with gases (0.2, 7728, 7841),

The addition of halogen compounds in the form of hydrogen halide or
organic halogen compounds is particularly: advantageous when iren, zines,
tin, titanium,. manganese and lead are used (0.Z. 8534, 8553, 9174, 9212),
as '811 as- . i v ana v P -m .‘ 394 A0 O

Boron, phoéph_orus, arsenic and the compounds of these non-metals
have been successfully tested and patents applied for (0.Z. 3700) «

. Magnesia, chromium.oxide and metals were used as garriers in Add.:l_._tion
to fullers' earth and activated charcoal (0.2. 4096, 3701),

Fallers! earth has been found particulally advantageous as a
catalyst carrier among the many substances tried, and its catalytic
activity has been increased by pretreatment with halogens, in particular
by fluorine, by swelling (0.Z. 9100).or by the addition of active gilica
(0.2, 14,062), as well as by the addition of definite amounts of oxides
of magnesium, zinc or beryllium to produce a sultable acldity (0.2, ,
12,807); as a next step alumimm silicates have been produced synthetically,
Thig was done by combining silicecus materials ia the form of gels with
golutions of salts of metals (0.Z. 10;157, 10,167). The silicate 1s -
preferably formed from the solution of silicate gel with a pE botween
3 and 7 (0.2. 11,079, 11,081, 11,226, 11,252, 11,316, 11,623). The
finighed silicate must be free from.alkali metal compounds when used
as a catalyst (0.2, 11,196). ' o . .

‘A silicate thus prepared can be used as a carrier for the compounds
of metals, in particular of molybdemm, tungsten, vanadium or chromium.

Synthetically produced silicates containing compounds- of the metals
of the II, III and/or the VIII group of metals and pretreated with
fluorine are also. very well snited as catalysts, if the finished silicate
contains less fluorine than is equivalent to the metals of the 1Y, Il
_andfor VIII group contained in them (0.Z. 14,782, 14,819).

. Water soluble magnesium salts or metals of the II, III or VIII

groups have been mixed with the known hydrogenation catalysts ifi order

to increage their mechanical strength (0.Z. 4025, 4517). The much used
molybdic acid 1s given the necessary mechanical strength by combining it
with zinc oxide. The finely dispersed metallic compounds are mixed with
water, the water evaporated from the paste, the mass ground with the addition
of dry metal compounds to produce a very hard catalyst containing molybdic.
acid (0.2, 8248) which is distinguished by being very 1ittle affected '
by the high molecular weight substances. '

_ The cafa_lysts ‘may be used in a fixed bed arrangement in the, reaction
gpace Or else in the finely divided state, In this case it is advisable

to add the catalysts or some parts of it to different locations of the
installation (O._Z. 7312). . R C S ’ o T
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'The 1ifé of the catalyst in pressure hydrogenation is very long,
e. g. one to two years; the catalysts can then be',gain.made ready for use
in o variety of ways (0.2. 5898, 6403, 8056, 8843, 11,079).

N




II. Methods of Operation
a1) YVapor Phase

The experience gained in the industrial synthesis of
ammonia and methanol, both of | ; based on catalytic gas reactilons,
determined the applications of. £he Hethods in the initial operations
with tars and oils, The vapors were led over fixed bed catalysts. In
case of higher boiling oils the foed was finely dispersed in the catalyst
space by pulverization, aromatization, etc (0.2. 3161). It has been
found, however, that with the higher boiling feed only then low bolling
final products and a lasting activity of the catalysts could be =
obtained if the thruput a.nd the partial pressure of the. feed were kept
low (0.Z. 3618).

Middle oile were therefore selected for the splitting reaction as
the starting material in order to permit performing the reaction in a
pure vapor phase (0.%Z. 3636). It may be pointed out in this comnection
that operations in the vapor pha.se in thia field were mndamentally new,

The vapor phase reaction has been maatered to su.ch an ex‘tent that

1t became possible to systematically investigate catalysts in vapor phase
reactions and to arrange them according to their actlvity. The catalysts
in general were used in a fixed bed and in some cases thelr mechanical
strength improved by additional compounds (0.Z. 4025, 4617, 8248,  13,043).
Experiments have also been conducted.with finely divided catalysts
.fluidized by the gas, (0.Z. 3678, 6676). The causes of the drop of the
catalytic activity with higher concentration of the feed have become
recognized more clearly, and this has permitted operating with sppreciably
higher partial pressures (0.Z. 5839), when the gasoline formed was removed
from the converters and all the other products were re-circulated by-means
of pumps (0.2, 4169, 4423), The thruput was increased in this way and
“the quality of the prodnct in particular the anti-kmock property of the -
gasoline, was favorably affected (o.z. 5084, 5839).

A suitable choice of the catalysts e.g., metal sulfides upon carriers,
permits the extensive conversion of the raw materials i#- the vapor phase
hydrogenation into valuable gaseuns hydrocarbons such as propane (o.z.
9157, 9496). ) ,

aa) Aromatization and. aa) droetion

4 Depending on the natu.re of the materials used in the wvapor phaso,
para:fﬁnic and naphthenic hydrocarbons can be dehydrogenated or converted
into cyclic compounds in the vapor phase. In such a case there is a more.
or less extensive new formation of aromatics, with the evolution of hydrogen.
- The materials to be ‘dehydrogenated may also be conducted over catalysts
~ in the presenco of hydrogen, - mdrogen-conta.tning gas mixtures, or inert
~ gases, ‘It has been shown that the presence of hydrogen during dehydro-
N gena.tion strong]y dapressos the fomation of high. mo}:ecular weight compoundl




and increases there‘by the activity of’ the catalysts, improving the
yleld and the thruput. When operating in this way, temperatures were
selected of 450 — 600°c and at eithgr normal or 1ncreased pressures.

!!he pressure hvdrogenation of middle oile e.nd gaeolinee, preferably

1n the vapor phaee on the strength of the experience obtained at, tempereturel
at 500°C and above, with the production of final products enriched in | :
aromatic hydrocarbons. . The formation of high molecular weight coke-like
substances was prevented during this ®aromatizing pressure lwdrogenation'
but the gasification is greater than during the cracking presgure hydiro-
genation which is carried out at lower temperatures (0.2. 3617, 384%).
Under such conditions it 1s recommended to form first from the initial
products the higher aromatic hydrocarbons in a more or less pure state,
and then crack these to the required low-bolling aromatic hydrocarbons,
The principal catalysts are the oxldes of the metals of the VI group which
can be advantageously deposited upon.carriexrs such as alumina, pumice,

or activated charcoal (0.Z, 3464, 3474, 3617, 3847). Later, a chromium-
vanadiun catalyst deposited upon activated charcoal has. a.cquired greater
import;ance for the aromatization under high pressures.(0.Z. 11,328,

11,729

The dehydrogenation process for gasoline has been developed frqn the
sxperiences gained in the dehydrogenation with hydrogen-and the aromatization
under high hydrogen pressures. The feed is dehydrogenated at low hydrogen
‘pressures, o.g. 30 - 60 atm with a gasoline vapor partial pressure of'

0.5 to 3 atm, using as catalysts a mixture of the oxides or sulfides.of
the.metals of the VI group with those of the VIII group (0.2, 7950, 7952,
9987, 10,210, 11,578). When operating under such conditions and using as
feed a pressure hydrogenation prodnct boiling ‘oelow 256°C, safety fuel -
could be obtained (0.2. 10, 210).

Work with the original catalysts deposited upon alumina, e.g. alumina
—-chromium or alumine~molybderum oxide, were then resnmed at normal pressures
or at 3 - 50 atm to convert the paraffinic hydrocarbons into cyclic
compounds (0,Z. 10 062).

a,) The mm Process

The Standard 0il COmpa:w of New Jersey and. the Kellogg Cmupany
produced aromatics a few yea;ce later with the above mentioned catalyste
and at pressures of 2 - 40 &t Unlike the aromgtizing pfessure hydro-

" genation operations.at high preesuree, no e.ttention was pald to the long

1ife of the catalysts, and intermittent operations commonly used in the
catalytic cracking were adapted with short operating cycles, followed by

the reactivation of the catalysts. The reactions are carried out in the
presence .of hydrogen which 18 introdnced gt the.beginning of the reaction
and is contimiously circulated throngh-ont the process; the reaction ‘proceeds
without hydrogen consumption, because. hydrogen is steadily formed as a
reeglt of dehydrogenation. This- o-ca.lled H.P, (hyd.ro-foming) proceee




was moetly used by the Standard 0il Compaxy and the xellogg COmpaxv for
:the improvement of the octane mmber of more paraffinic gasolines,

: !l'hie method of operatione was studied by the "Division of H:lgh 'Pressure
lxperimente" of the I. G. !hey found that preesuree 1n excess of 40 atm and

gene.tion gasolines. 1n particu.lar from 'oituminone coal._ The process
adjusted to the German conditions called the ®DHD Process®. Higher

yields were obtained at higher pressures when working with naphthenic
gasolines and their octane number ‘was higher than during operations at

lower pressures, In addition, the 1ife of the catalysté was improved,

and the.cycles used could be.lengthened. The partial pressure of hydrogen
in the DHD process was 20 - 70% of the total pressure, but was kept below

30 atm. The gases leaving the reaction space were recycled in a-proportion
of 0,5 ~ 4 cbm per kg of the feed (0.Z. 11,888). Naphthenic middle oils
could be worked up in the same way (O.Z. 11,808), whilé lower pressures

had to be used with paraffinic middle oils (O.Z. 11,807)., The most active
aluming was obtained by precipitetion from alumimm salt solutions at. .
temperatures sbove 80°C and a pE of 7 - 10 and then heating (0.Z. 12,718, \/\
12,694, 12,916, 15, 032)., The alumina obtained by peptization with nitric
acid has been found to be particulsrly well adapted as a carrier-sabstance
(0.2. 12,054, 14,183, 15,033), Small amounts of one or several of the
oxides of molybdenum, chromium, tungsten, or vanadium were added to this
alumina, BSmall amounts of other metal compounds added to the above catalysts
have been found to be beneficial. Among these were the fluorides of —:.
metals, ammonium, or of non-metals free from alkalies, (0.Z. 12,743, 12,924);
also the compounds of lithium, megnesium, beryllium, zinc, zirconium or
titanium (0.2, 12, 657) have shown to possess good additional catalytic
properties.

. The catalyst in the reaction space may either be arranged.in a f
fixed.bed or else be in the fl ed state (0.2, 12,897, 13,679, 12,926,
13,627). ‘

7

The DHD process may also be used for the production of low boiling
aromatic hydrocarbons by de-alkylation of the higher boiling aromatic
hydrocarbons and in this case it has been found advisable to add up to
30% of silica or silicates. to the catalyst (0.Z. 14,368, 12,207), -

The high boiling mrdrocarbons can be converted into middle oils
under the DHD conditions, and the latfer.converted by.cracking pressure
hydrogenation into anti-knock fuels (o’z. 12,180, 12,769), -

The IHD products boiling above the end point of gaeolines can be . v
converted into anti-knock gasoline by cracking pressure hydrogenation
in the presence of active silicates, (0.2, 14,123). The silicates can
be entirely or partly replaced with alumina and heated with fluorine
compounds or oom'bined with metallic flnord.des (o. %, 14,431)s .

DHD permits also’ carrying ou.t . refining preesure bydrogenation of




contaminated crude hydrogenation middle oils and a catalyet eoneiet:lng
of alumina, molybdsmum and.nickel has been found suitable for the
purpose (0.2. 12,477, 12,478, 14,410).

Th

5 . ting 1iak bet " talwtic
pressure hydrogenation and the catalytic cracking proceeeee becanse of
the manyfold applications.

b) Iiquid Phase

The liquid phase was used by Berglus without any catalysts
as a single stage process, but it was not successful in this form, since
1% produced principally heavy products of little value and operations
could not be modified for the production of any definite final products.
The use of the liquid phase in combination with the vepor phase was of
deciding importance, as will be discussed below under "Multi Stage
Processes”.

¢

In the 1iquid phase the hydrogenation gases had to be brought into
intimate contact with the liquid. The mixing arrangement described in
the Bergius patents Germ 337,388, 289, 946 was insufficient to utilize
the hydrogen satisfactorily and to prevent a deposition of asphalfic
materials. Operations in thin layers was recommended to bring about a
good contact of the 1iquid with the gas (0.Z. 3590) and later on & good
distribution of the gas was "produced by leading the hydrogenation gas :
into the tars ‘through porous plates, (0.Z. 3605) A good gas distribution.
can also be secured by the use of orifices and by other methods (0.2.
4420, 4932). On a large industrial scale the minng of the two components
is done by conducting the liquids.and the gases thraugh several converters .
connected in series (0.Z. 4445) . N :

Catalysts are equally important in the liguid phase, Special catalyete
and means.for keeping them in an intimate mixture with the feed are :
described in patents 0.Z. 4423, 5141, The use of finely divided catalysts
in the liquids leads to a circulation of the liquid with the suspended
catalyst. The catalysts are kept at.a certain concentration, and enough
meke-up feed must always be added to corresponi to the amount of the lower
boiling products withdrawn, thus maintaining. the original concentration .
of the catalyst, (0.2. 5141, 6136). Catalysts may be recovered under
certain conditions by withdrawing a certain proportion of the oil-catalyet—-
recycle (O.Z., 5141)- P
+

-Bergius operated ‘only in the. liquid phage and he mentloned in his -
. patents ‘certain additions (alkalyzed iron, lux mass or red mad, alkali
metals); however, these additions were supposed to be effective only for
de-sulfurizing and for dispersion, Larger amounts of them are added to
the original feed and removed from it and they are not to be coneidered
‘a8 catalysts, : ) :




In the preparation of the paste a high bolling oil, a product of the
reaction, is used in the hydrogenation of coal for the production of
middle oil. Should, however, a heavy oil or a fuel oil be desired as the
end product of the process, the coal is pasted.with the hydrogenation
niddle oil produced with the residue (0.Z. 9187, 9817, 13,114, 13.555).

Coal can also be pressyre hydrogenated in the powdered form without
any pasting medium, In this case the solids can be separated from the
vapors and gases without great drop in the temperature (0.2. 13,988).

c) ggg Pressures |

In 1925 the catalytic pressure hydrogenation of coal, tar,

and mineral oil was carried out on a small scale at 200 atm and at
600 - 1,000 atm (Pr 616,237). Large scale operations in Leuna have shown
that 300 atm are advisable for that purpose. Experiments with hydrogen
. dissolved at 500 atm and above wers carried out in 193Q (Germ 669,049).

At the same time operations were conducted with a finely divided catalyst
assing continuously 'through the reaction space at 500 and 1,000 atm

Pr 718,9566). Pinally, higher boiling substances, such as brown coal
tar and petroleum residues were hydrogenated with finely divided catalysts
at 400 atm. Operations were condncted in 1932 at 300, 500 and 1,000 atm
with diluted catalysts in which the carrier substance, such aeubleaching
earth was pretreated with hydrogen or with acids (Fr 747,459, 762,324,
44,183 supplement to 750, 296)

When bleaching ea.rth pretreated with hydrogen fluoride was found
in the course of this work as a carrier for molybdemum and tungsten
compounds, with this catalyst experiments were carried.out under pressures ™
of 300, 400, 500, 700 and 1,000 atm (Fr 800,972, 821, 792). :

The direct lwdrogenation of coal was also 1nvestigated at pressures
of 250 - 500 atm, especially for the production of lubricating oils from
brown coal." .

o The pressnre hvdrogenation of asphalts and pitches in the liquid
. phase at pressures of 300 - 700 atm was closely investigated in 1935, 1936,

Yarge mmbers of experiments with asphaltic substances and with coal of
varyling carbon content at pressures exceeding 200 atm (o.z. 9274, 9397,
10,101, 10,552).

1

. Vspor phase hydrogenation at 700 atm was studied eyetematicallx
simultaneously with the experimental liquid phase hydrogenation at 700

atm (0.2, 9366), Results showed that operations could be conducted at

700 atm with higher thruputs and with a simultaneous reduction in the .

. amount of the" molybdemm and tungsten deposited upon the carrier eu‘netancee.

-1t is even poss:lble to operate at preesures of 400 to 800 atm with




the addition of oxidoa or sulfides of the metala of the VI group, whon
oporating with refined yrodncts (Fr 841 898, o.z. 11 os6, 12 390),

d) Iult:l Ste Proceuu

!ho great variety of the raw materiale to be hydrogenated as
well as of the finished products makes it preferable in many cases’ not to
. convert the raw materials in one stage to a definite finished product.
Pressure hydrogenation is therefore carried out in several stages. The
different stages of the processes may be carried out at different temperatures,
pressures in different phases. catalysts and occasionally with the recovery .
of intemediatos.

The mlti stage processes have acquired the greatest industrial
- significance in the mamifacture of gasoline from coal, tar, and high
boiling oils, The first stage.-is carried out in the liguid phase and
produces middle oil., This latter is split together with other similar
products in the vepoxphase in a second stage (0,Z. 3106), - :

" The considerable differences in the mode of acting of catalysts
brought about a staged treatment by catalysts, with alternating splitting

and hydrogenating catalysts in the different stages, with a recovery

of those products from every stage which were particularily valuable

in that form, and which occasionally were treated further.separatély

(0.2. 3688, 4445, 4890). The removal of polymerization products which
would herm the catalysts may be one particular purpose of the pretreatment,
and this treatment raises the life of very valuable catalysts (0.Z. 4481),
It may be worth while to separate products which can be but little improved -
at moderate temperatures and to treat them separately at higher temperatures -
(0.2. 4444, 5037), to prevent a strong gasification of the previously formed
lighter fractions. The different pressure stages (0.Z. 4334) are of
particular importance when other prodncts than motor fuels, e.g. lubricating
‘0ils, are required.

e) Pretreatment - -

The refining effect of pressure hydrogenation catalysts can be
utilized to have the first stage perform a refining pressure hydrogenation,
 and then treat the purified products obtained using very sensitive catalysts

in a second stage (0.2. 3288, 4434, 4809, 5256, 5621, 5768). Hydrogem '
-poor raw materials, which contain princ:lpally asphalis,  are first i
hydrogenated under milder conditions, which remqves any asphalts present.
It is advisable to remove the lubricating oils and paraffins before the
next cracking hydrogenation (0,%Z. 4890). Asphalts and resins may also
be removed by adsorbents or by liquefied methane hydrocarbons prior to
. the catalytic presspre }:wdrogenation (0.2. 5322, 6679, '?106)

B {’ 13 particularly - ad.visa'blo for tho hydrogenation of oils and tars
in the liguid phaee with a fixed bed catalyst to remove the asphaltic

p——




‘materials and resins with .adsorben'ts. ty .chsmical'a'gents or by vacaum
: distil;.ation, as it is done in the vapor phase (0.Z. 5965, 6106, 9752,
10,464 . 1 . : o

with the catalyst
actlviity especila y 3 ¥ | A6 CATALYBUB, < Dol-rge
advantageous to -remove nitrogen bases with greatly diluted acids, which
do not affect the olefins (0.Z. 8330, 14,733). Another pretreatment consists
in the distillation at atmospheric or reduced pressures (0.Z. 6881),
which permits one to select a high end point hydrogenation feed (0.2.
8160). In comnection with this process the pressure distillation of
asphaltic raw materials and of pitch has been developed. The oil fractions
tims obtained as vapors were catalytically hydrogenated under pressure
(0.2, 11 308, 11 665, 12 209). ‘ ‘ _

A

To -adapt the hydrogenation more efficiently to the desired products
the raw materials may be selectively extracted, and to convert the hydrogen _
-poor. fractions into anti~kmock fuels,.and the hydrogen-rich into dlesel
oils and lubricating oile (0.Z. 7494, 8436, 10 632).

It is at times necessary, at iimes preferable to dry the coal before
hydrogenation (0.Z. 3343, 3676, 4477, 4631, 4771) by heating it under
pressure (0.2, 4168), or to deash it (0.2, 9568, 8986), e.g. by treating
with acids (0.2. 7756, 8088, 9590, 10 053, 7962), or merely to neutralize
with acids the basic constituents of ashe ' '

£). Refining Bydrogenation

- It already has been mentioned that the catalytic pressure
hydrogenation may also be used for the refining of impure products.
We thus can refine catalytically in the vapor phasé crude benzol (0.2.
2288, 5067, 5955), crude gasoline (0.Z. 4434, 7951, 11 960), crude phenols
(0.2. 7120) and oxygenated products of the reduction of carbon monoxide
(0.2, 8520, 8521), as well as other volatilizable hydrocarbone similar
to middle oils (0.Z. 4434) or even lubricating oils (0.Z. 6084). Refining
hydrogenation of high boiling products may also be carried out in the
1iquid phase, We can refine and improve the quality of heavy olls, fuel
oils, and lubricating oils by catalytic pressure hydrogenation (0.2 4809,
9721), and improve their quality. Paraffins (0.Z 4793, 6598), waxes

" (0.2. 3731, 7149) and glycerine (0,Z. 14 550) can be freed from impurities
in this manner, Finally the industrial production of a high grade vaseline
was daw)reloped using the refining pressure hydrogenation (0,2, 14 714,
14 810). ‘ . o .-

g) Production of Hydrogenation Imbricants

. The quality of the lubricating oils produced can be also greatly
improved by refining., By splitting one part of the lubricating oil o
results in the production of an oil which is greatly superior to the ~ .
‘original oil, chiefly in the color, viscosity, and viscosity “index (0,2, 7284), .




Processes have been developed in the course of time to obtain good ” _
lubricating oils from coal and to separate them from other hydrogenation
products (0.Z. 8065, 8334, 8693, 908Y, 9543). ,

The TTH process falls into the range of pressure hydrogenation
under mild conditions. In thils process oils and tars containing high
boiling asphalts and gums were pressure hydrogenated with fixed bed
catalysts at 270 - 380°C under such mild conditions that the asphalts and
gums.were reduced with an increase of at most 10 to 20% in the proportion
of oils boiling below 350°C (0.Z. 9533, 9636). The temperature may be
raised above the above mentioned-limit only towards the end of the reaction,
after the asphalts and gums have been converted (0.Z. 10 128),

1) Pressure ‘Extraction

2 Pressure extraction is also considered as a pressure hydrogenation
of coal under.mild operating conditions, with the production of high boiling,
fusible materials. This method of separation was used in 1926 with a tar
middle 0il fraction as the extraction medium, e.g. bituminous coal tar
distillation fractions boiling between 250 and 320°C, or lower boiling
fractions, 180 - 300°C, such as benzol derivatives, or the phenol-containing .
brown coal LTC tar distillates. The process may be conducted also in the
presence of small amounts of hydrogen (0.Z. 3894, 3942). The extracts or
the residues can be later pressure hydrogenated. The yield can be increased
by heating the coal under pressure prior to extraction (0.Z. 4062). The
presence of catalysts is very advantageous during extraction especially
when small amounts of hydrogen are used (0.Z. 9168). The available
pressurs hwdrogenation catalysts favor these reactions also.

" In addition to the extraction media mentioned above we may use the
80 ~ 150°C fraction of the pressure hydrogenation or cracking products
‘high in aromatics (0.Z. 4828), or the 170 — 260°C fraction of the pressure _
hydrogenation product of the extraction, and the pressure hydrogenation
/xzzust ‘be., so) conducted. that the fraction would contain 5 - 40% of cresol
0.2, 9747

Patents have also been issued to A. Pott and H. Broche on-the .
_pressure extraction at higher temperatures (e.g. Germ 632 631). The I. G.
" has concluded an agreement with Stinnes in:1936 which gave the I, G. a
license to use this method of o peration. .

“‘_—‘—_mérrtra‘voimninous l‘rterature—on—ox%raeﬂenm The Rttgerswerke

preasure and at elevated temperatures as early as 1918 and 1922 respect:lvely
with a high boiling bituminous coal ter oil and hydrogenated naphthalene,

and only the extraction with such middle oils and the use of-hydrogen wers -
new, The I, G. has bridged the gap between ordinery pressure extraction .

‘and presaure hydrogenation by the preasure extraction 1n presence of lmh'ogen -




¥, Uhde hae applied. 1n 1934 for a patent on a pressure extraction
process with less hydrogen than, calculated from the absorption capacity
of the carbonaceous substance (0. Z. 10 708), H. C. lander, F..S. Sinnatt,
and I. G. King have .converted coal in 1927 by an incomplete hydrogenation
under pressure into a pla.etic and eticky ma.es, which was liqu.id at
mass (Brit 801 720). 'l’he I.c.I. hae obtained a patent in 1928 on a
binder for coal briquettes obtained by pressure hydrogenation of a coal-
oil paste under such conditions that the hydrogenation was incomplete.
A hydrogen absorption of 2 - 3% by weight of hydrogen was understood to
take place here (Brit 322 194) :

In order to avold a.:w patent litigations, I. @. has decided to take
over the patent application of F. Uhde. The agreement with the firm ¥.
Uhde was made in 1936, , S e '

"Experiments on pressure extraction with small absorption of hydrogen
were resumed in 1938. Coal paste was pressure hydrogenated with such a
high thruput, that only a prelimina.ry hydrogenation to a Pusible product
could result. .

k) Use of Prehydrogenated Coal for the Production of Coke

The products obtained by pressure extraction in the presence of
hydrogen can be used in briquetting in the same way as coke oven and LTC
pitch, They may thus be pressed with coal to a so0lid mass which is then
carbonized at a low temperature for the production of tar and coke (0,Z.
10 740)., The pressed mass may also be used for.firing or gasification.
It is desirable that the prehydrogenated coal should have a softening
point of 45 - 180°C, best 60 - 100°C. . If this requirement is not met
the product is pretreated by distillation, extraction, addition of pitch
or organic solvents or by treatment with oxygen-conta.ining gases (0.2,

12 510 end supplements) .

Such extracts are very well suited to the prod;u.ction of carbon
kelectrodee (O 2. 14 115/16)
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I1 Raw Materials and Finished Products

a) _Q_gevcial Raw Materinls

' Pressure hydrogenation processes are not limited to the workifg
up of coal,tar, TINOTAL o1l; , -bhe-treating-of
011 shale (0.%. 12 785) lignite (0.Z. 8685, 10 154), gums (0.2. 9452)

fats and fatty acids (0.Z. 7809) thickened washing oils (0.Z. 9452),
polymerization products (0.2. 3541, 7677, 10 038), condensation products
(0.2. 5471, 13 386), aldehydes and ketones (0.2 12 277, 12 339, 14 190),
organic acids (0.2, 65699, 6865), with the recovery of valuable products

from these raw materials,

b) Hydrogen and Hydrogemation Off-Gas

‘ The cost of hydrogen plays an important role in the process,
and the production of cheap hydrogen, the proper treating of the circulation

gas and a proper utilization of the hydrocarbon gases obtained are of
importance.

Hydrogen from any source may be used for hydrogenation. Should
electrolytic hydrogen be used it must be freed from oxygen before use
(0.2. 6631), Hydrogen mist be freed from unsaturated hydrocarbons, oxygen -
and nitric oxide whin obtained from solid fuels(0.Z. 6640).

Hydrogen is used industrially in a gas circult. The circulation gas. '
contains the' gaseous hydrocarbons, hydrogen sulfide etc formed during the
reaction. ’ : . ’ . '

The concentration of saturated hydrocarbons and hydrogen sulfide in
the circulation gas is so much reduced by pressure scrubbing with low
boiling oils, such as gasoline or middle oil, occasionally with higher
voiling oils, that the gas can be returned to the reaction space (0.2,
3604, 4601). Partial pressure release results ina separation into the
hydrocarbon-richer and hydrocarbon-poorer fractions (0.2. 3604, 4889).

A further recovery of hydrocarbons from the off-gases is done by
recompression or by low cooling of the pressure released gases (0.2.
5103, 6967). . .o ;

- The hydrocarbon gases may be used for the production of hydrogenation
hydrogen by conversion with oxygen—containing gases, such.as alr, stean,
carbon dioxide (0.2. 3226, 3339, 3761, 7211, 6933, 6934, 7182). Olefins
and. oxygenated products are obtained from fractlons in which such hydro-~
carbons as butane and propane have beeh enriched. '

Some_ of the fractions are used eeparately; e.g. for a conversion with

. 'oxygenated gases for the production of olefins, which can be further
—- converted into aromatics (0.Z. 3298, 3855, 4226). = .

'




Another method of production of hydrogen consists ine conversion of
" a circulation gas in two stages at different temperatures. Methane is
. converted with steam to hydrogenemd carbon monoxide at a higher temperature,
carbon nonoxide converted with water to carbon. dioxide and lwdrogen at

,'

In addition to the above mentioned patents on hydrogen and hydrogenation
_off-gases, based on the inventions by the "Hochdruckversuche' (High Pressure -
EBxperiments Division), there exists a mmber of patents of other I, G.
concerns, which have not been mentioned here. _

c) ‘The Processiz_lg of &'drogenationlnesidne

At first great difficulties have been met in the processing

of the solid carbonaceous residues obtained in the pressure hydrogenation.
At first extraction experiments were made, such as with methanol alone or
mixed with cyclohexane (0.Z. 3267, 3247). .The residues were heated with
flushing gases in worm driven kilns in 1927 on a larger scale with a
partial recovery of the oil contained in the residues (0.2. 4095). 4
rotating furnace was developed in 1935 since the development of bitiminous
coel hydrogenation (0.Z. 9165, 10 185), which was filled with balls 61
with other tumbling shapes. The solids were first separated from the
oily constituents by centrifuging after the addition of solvents (0.Z.
4391, 7949, 7966, 11 234, 11 340), The residues were contimously

~ extracted with a variety of solvents suck as liquefied sulfur dioxide,
aromatic hydrocarbons and their mixtures, or with pressure hydrogenation
products like middle oils (0.2, 4394, 4484, 4756), this process wad combined
with filtration (o.z. 4591, 5399, 5482, 10 435). ; ' »

/

Heating of the residue for a length of time or: the addition of the
flocculation agents can facilitate the separation of oil from solid con—
stituents (0 z. 4831, 5640, 5733 5907, 6457 7913, 8434, 8616) .t

d) Uses for Hydrogenation Products

- The increasing requirements in the octane mumber of gasoline
as a motor fuel could be met e.g. by a choice of special starting materials
for the preasure hydrogenation processes, by ‘'a preliminary conversion of
unsuitable raw materials into' suitable materials, by blending knocking
gasolines with aromatic gasoline fractions (0.Z. 3850, 4342, 4530, 4829
. 5153, 5?49) ‘\ .

el
- 'The pressure hydrogenation gasolines ca.n ‘be blended with other low
‘boiling products, e.g. with gasolines from other sources (0.Z. 3306, 8321),
polymerization gasoline (0.2. 6549, 7544), casing head gasoline (0.Z.:
_4707), or with’ a.llqlated benzols (0 Z. 12.422, 12 080, 14 153, 14 516).
Hydrogenation gaeolines of different boiling ranges, or different anti-
knock gasolines, also could bé blended (0.Z. 6623, 4829). "It is rather .
surprising that gasolines with a guEing tendency can be improved by the .

2




addition of gasolines refined by hydrogenation, (0.Z..7894). The ,
addition of metellic anti<knock agents to bituminocus coal hydrogonation
gaeolines is particularly ' effective (0.Z 8557).

(O.Z. 3324, 8384) The converaion of coal hydrogenation resid:ues into
industrially valuable materials, such as filter mass or-activated charcoal
is covered in the 0.Z. 5412, and 5530. The hydrogenation residues can
also be used as plasticizers, for impreégnation or as fillers for rubber—
like masses (0.Z. 10 177, 12 345, 12 707)., The resins from pressure
extraction or hydrogenation products are basic materials for lacquers and
insulators (0.2, 13 187). )

e) The Production of Uniform Low Boil Aromatic drocarbons

The lovJ boiling aromatic hydrocar'bona, in particularly benzol

_ and 1ts homologs gan be'Gbtalhed in a very simple way from the high boiling
cyclic compous or fmn products containing the latter, e.g. heavy benzol.
The heavy benzol is for that purpose first refined by pressure hydrogenation,
then aromatized with the production of conasiderable amounts of benzol,
toluol, and xylol (0.Z. 8116), These products can also be obtained by
treating aromatics, hydroaromatics or+heterocyclic compounds such as the
tar fractions and heavy benzol or by treating cresol and the 1like, with -
steam at elevated temperatures (Fr 612 327, 32 260) or with hydrogen,
occasionally mixed with nitrogen, carbon dioxide or steam at either

normal or elevated pressures (Fr 612 908). . Cyclo paraffins (0.Z. 3499),
naphthaline (¥r 629 838), may also be considered as starting materials

for the production of aromatics. Tuere exists also a process to convert
phenols into benzol, toluol etc, in which the phenol rediiction is only
partly complete during the first pass, and the unaltered phenols are
returned to the reaction space (0.2. 7301). 4 reduction of phenols by

. treating with hydrogen under pressure in. the presence of mo]ybdemm or-

- activated charcoal is claimed in O, Z. 7441.

The principe.l starting material for the production of low boiling’
aromatics is gasoline. The latter is heated to 500°C with hydrogen in
the presence of catalysts either under pressure-(0. Z. 3617, - 384'7), or at
atmospheric pressures (Fr 619 838). The ‘dehydrogenation of gasoline is
best carried out with such catalysts,.as nickel-tungsten with a total ° :
pressure of about 50-atm (0.2. 7950, 7952), or with finely divided ca.talysts '
(0.2, 7757), 1t also is advantageous not to: work with'the, Yotal gasolino )
. fraction, tut only with a part 6f it, in particular that which boils above -
- '100°C (0.%. 5839, 6082), This fraction can be converted into aromatic

. hydrocarbons eveh without the presence-of hydrogen (0.2. 829, 6951),

"~ Mreating of gasolimes with hydrogen, as well as without any additions is

mentioned in the Fr 629 838. It is occasionally advantageous to subject -
the gasolines to a hydrogen refining prior to the cracking or aromatization
(0+2. 7642, 7836).. The-anti-knock properties of gasoline may bGe improved
by isomerization with metal halides-and- then dehydrogenation (0.2. eaoe).




A sultable method to isolate aromatics from gaaolino 15 the treatment
with propane and. sulfur dioxido at. low temperatures (0.Z.. 8907).

Low boiling aromatics can also be obtained from middle oils such as
are obta.ined o.g. in the distillation, cracking or prossure lvdrogenation

presmro bydrogenat:lon (O 2. 361'7. 3847. 3636. '7453) ‘.I!he yield on- tho ‘
low boiling aromatics may be increased by aromatization of the middle oil
in several stages (0.Z. 7152,.8591). . The readily polymerizable substance
present in the oil present the’ danger of affecting the activity of the

. catalysts, which makes it advisable to remove the harmful substances

by distilldtion (0.Z. 8160), refining pressure hydrogenation (0.Z. 4333),
preliminary hydrogenation to hydrogen-rich products (0.2, 4880), by propane
treatment (0.2Z..7106, 8436, 8160), mild hydrogenation below 300°C (0.Z.
7835), or by treating with chemicals (Fr 703-696), The aromatization can
be carried out in the liquid phase with a finely divided catalyst if no
refining is intended. Middle o0il may also be treated with selective solvents
and only the hydrogen—poor fractiqn pressure hydrogenated to particularly
high anti-knock gasoline. The low boiling aromatics can be obtained by
carrying out a cracking cycligzation with steam or without any gaaecms
additions (¥r 628 838, 612 327, 32 260). _

Keav‘y 0ils or residues can also be used for the productian of low-
boiling aromatics. The Pr 628,838 recommended producing the higher
aromatics first and converting them by cracking or aromatization into low -
boiling aromatics, .

f) The Production of Pure Polymuclear Compounds

Polymuclear hydrocarbons like pyrene, phenanthrene etc have been
obtained from the products of pressure hydrogenation or pressure extraction.
The high boiling products of pressure hydrogenation are dehydrogenated -
and the polymiclear compounds separated by physical or chemical methods, -
(0.2. 8165), 1,12 benzperylen and coronene can be obtained by the
distillation of the hydrogenation residues and are separated from the
distillate (0.Z. 9207, 9265, 9894, 10 456, 10 533).

g) Production of Phenols

. Large amounts of phenols are formed in the liquid phase coal
hydrogenation together with hydrocarbons. The phenols are separated
- from the pressure hydrogenation products by treatment with water under
pressure (0.2. 11 025), using low-boiling hydrogen-rich hydrocarbons
at definite temperatures (0.Z. 11 027) with liguid ammonia, or with selective
solvents vhich dissolve well the neutral oils, but are poor golvents for
phenols (0.2, 14 004) Phenols can also be obtained from bituminous coal

A

" molecular weight phenols “to be converted into low molecular woit
phenols (o.z 13 151, 14 241, 15 ooo). .




IV Combination Processes

Hydrogenation and Cracking

oils and vork on problems of the refining

. The processing of oils and
industry in countries with large oil supplies have led to processes
combining pressure hydrogenation and cracking, By pressure hydrogenation
difficult-to—crack-oil rich in sulfur and asphalt can bé converted into
olls easy to crack (0.Z. 4333). The introduction of sufficient hydrogen
has permitted the cracking of products which have been formerly considered
entirely unsuited for cracking, as bituminous coal tars or oils produced
by extensive cracking (0.2, 4880). A vanlety of combinations has been
tested by experiments and the processes developed have been protected by
_ patents (0.Z. 4337, 4940, 10 364, 11 371, 11 543).

One particularly fortunate complementary process to the cracking
processes is the hydrogenation of asphalt-containing oils and residues,
In this way the distillation and cracking residues of these oils-could
be largely. converted into valuable oils (0.2. 6894, 10 059), Particularly
high grade gasolines could be produced bty aromatizing pressure hydrogenation

of cracked middle oils (0.Z. 7718).




V. Industrial

a) Materials of Construction and Special Eauivment
Pressure-hydrogenation-requires-better—construction-naterials

than do the. ammonia. and methanol synthesis because of the.composition
of the raw materials, especially with regard to erosion, resistance to
sulfur and strength at high temperatures.

But also the construction materials have a certain effect upon the
hydrogenation products by decomposition of these products to coke and ,
methare this is principally the case on metal ‘surfaces which are increased
by the attack by hydrogen. /{\

All these requirements upon the materials forced the development

of special new materials.
7

About the same precautions as used in methanol synthesis mmust Dbe
observed when working with water gas or gases in which carbon dioxide and
carbon monoxide are in part formed during synthesis (0.2, 3104). Because
. of the high sulfur content in theé feed stocks of the pressure hydrogenation,
copper is excluded at these temperatures, Aluminum can be uged if phenol
and water content are low up to temperatures of about 500°C (0.2Z. 3323).
The plating of equipment with silver has also been found satisfactory
(0. 2. 3892). . Chromium.stesls have been found very satisfactory for the
purpose - (0.Z. 327, 3279, 6186). When carbon monoxide-free gas is used
* 1t 1s recommended to work with the exclusion of iron, and thé more so the
"carbon-richer the starting materials are. It is necessary for that purpose
to have the reaction space and the parts of the apparatus which come in
contact with the hot reaction materials to be built with corrosion
resisting materials, or-else have them clad with them (0.Z. 3698, 3892).
Alloys containing chromium, molybdenum, tungsten, vanad.ium. and mangenese
have been found very suitable here,

) The simultaneous attack by hydrogen and sulfur under high pfessure
led to the use of double wall reaction\vessels. A special steel of high
chemical corrosion resistance was used for the inner vessel, and the ocuter

" yessel .was.made of mechanically strong special steel (0.Z. 4328) Later
. on, in order to spare the use of the expensive speclal steels in"the double
wall high pressure, _converters, thé converter jacket was made of ordinary -
S2 material (carbon steel) and provided with ventilation holes. Subsequent
experiments showed dbrass to be permissible becmuse of its resistance to
corrosion by hydrogen, sulfur and hydrocarbohs (0.2.5688, 5689). It
found applications in particular for the lining of the high pressure -
converters. This permits the use of a single instead of a double wall
converter vrhich is.covered with a hydrogen and swlfur-resisting coating.
(0.2. 6015, 5688,,67618, 8420). In more recent times the high pressure
converters were provided with en inside heat insulation which supports a
chemica.lly resisting basket which need not e pressure resistant.




To facilitate the manufacture of- the high pressure equipment the ,
. "wickel" high pressure convei-ters have been created, which consist of an
-." inner tube, on which steel bands were spirally wound in several layers
(O.Z. 10 392. 10 519). It ha.s been found here adviea.'ble to provide one
which would. correepond in ehape and position to the grooves (O.Z. 10 554,
10 812, 10 733). :

. ' Alloys with less than 10% chromium, e.g. with 6% chromium have been '
found satisfactory for preheaters and heat exchangers, if the usual]y
harmful nickel 1s replaced., e with molybdermm (O.Z. 6186)

Special steels are familiar from the cracking literature? ‘It is,
however, impossible to predict suitable construction materials for the *
pressure hydrogenation from experience with construction materials in
cracking., This can be seen from the fact that the literature on cracking
recommends materials which can be used in high pressure hydrogenation ,
together with those which are not sulted for pressure hydrogenation.

b) Heating

. The method of heating used by F. Bergius and St. L8ffler :
(Germ 303 332)with high pressure heating media e.z. with circulating nitrogen
~or hot water, were initially used but they are too complicated. At that
time no sufficiently hydrogen and sulfur-resieting material was known

and the heat had to be supplied by super heating hydrogen in an electric
heater, corresponding to the method <used in the ammonia synthesis (0.Z.
2682)., The feed was then preheated in a molten bath or by hot water to
somewhat lower temperatures, as by F. Bergius. This method of heating

was no longer applicable with larger thruputs, and was therefore-abandoned
and a different form of preheaters was selected (Brit 192 849, 192 859,

US 1.592 772). .

. One such form of preheaters for the feed stocks was 'the construction
of the tubes themselves as electrical resistance heaters (O.Z."3805)
In this case a ‘major part of heat was recovered by heat exchange inaide
the reaction vessel (0.2. 4085), .

A realization of the fact that a layer of liquid provided a certain
protection against hydrogen and sulfur upon the pressure-resistant wall,
permitted the joint heating of the feed and of hydrogem in the preheaters.
"fhis permi?ted an increa.se in the preheat temperature of the reaction feed -

0020 4871 :

The use of hydrogen and sulfur-resistent materials permitted finally
the joint heating of the participants of the reaction/up to the’ reaction
: temperature in the preheater 'by direct heating with comhu.etion gasea
- (0.2, 5133, 5830).

7
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The danger of crust formation and of the decomposition or damage to
" the product made it ‘netessary to operate with low extess temperatures
and led to a special construction with a controlled heat.supply and the
use of finned tubes provided with return bends (0.2. 5897, 6743). When
I b in ash guch as coal were used, the return pieces had to be

ma,de of particularily resisting materials and readily replaceable (0.2.

9968, 13 332). . In that connection.such processes have been developed for

internal heating by the addition of carbon monoxide or of ozygen—containing
erials, ‘such as phenols-(0,2. 5883), -

The bydrogenation reaction is exothermal, and control of the reaction

temperature is of the utmost importance. In practice this is accomplished-- -

by the addition of part of the hydrogemation gas in the cold state

(0,2, 8424, 9100). This makes it also unnecessary to preheat all the
participants of the reaction to the reaction temperature. In many cases
1t 1s sufficient to preheat the greater part of the starting materials
with hydrogen in the heat exchangers and preheat only a small part with
hydrogen in a preheater to the reaction temperature.

" Coal paste may also be preheated in heat exchangers, with the larger -
proportion of the coal paste prepared with a small coal content and heated
in-heat exchangers, while the rest of the paste is prepared with a larger
proportion of coal and is preheated in a tubular preheater. It is also
possible to by-pass the preheater (0.2, 10 473). ,

When ‘several heat exchangers are used, 1t 1g advantageous to preheat
only the hydrogenation gas in the colder heat exchanger and lead it
together with the feed to be hydrogenated through ‘the rema.ining hotter
~heat_exchangers (0.2. 14 538),

The heat required in the reaction could be supplied without incurring
large losses of energy by equipping the introduction of the gas heated )
tubular preheaters with finned tubes, the use of heat exchangers in the
preheating zone the distribution of the feed among the different heating
agzregates depending on its consistency, and an-extensive heat recovery
from the reaction produots made it possible to supply the heat required
in the process without great losses,






