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A. General Infroduction.
- 1. Historieal.

. immediately preceding 1900, a' number. of isolated examples of catalytic hydro-
‘genation, principally ‘with platinum or palladium, occur in the literature at

- considerably earlier dates. Thus, DErvs?, in 1863, studied the catalytic reduc-
tion of hydrocyanic acid to methylamine in the presence of platinum, pE Wirpg?

together with ~hydr0gen, over ‘nickell, _copper, cobalt, iron or, in some cases,
platinum; and the “development of hydrogenation in the liquid phase, inel g

the treatment of bodies in solution, is to a large degree due to the work of Paar,
SErra, WiLLsTATTER and, especially in the case of hydrogenation under pressure,
IpaTiEY. . o BRI - :
e . 2. The. Catalytic Activation of Hydrogen.
. Catalytic hydrogenation is based on the activation of hydrogen at metallic
- and other surfaces, the activation‘prdeess_ leading, to the acquisition by the
hydrogen of redctive properties similar to—but.in many cases exceeding in
intensity—those of the g8s in.a nascent state. Thus, while both nascent and
 eatalytically activated hydrogen readily saturate a number of simpler ethylenic

‘work bLeing " probably, ‘a3 already mentioned, the direct

. of benzene, It mayf‘be-no!;ed,’_howgyer,' in‘t:onnection with this
mparison of hydrogenatiori . by nascent ' and - by -eatalytically
rogen, that—while the latter. method is of universal applica-
ict parallelism between ‘the case of reduction. by the two
‘eOntra. to'the éxgmplesvalready given, the hydrogenation
group to'an aleohol;-in spite of the ease and rapidity

irried out in' the presence of. ordinsry metallic

Jhotvever, while reduction by pascént by

disappeared, it has at any rate been relegated to a sub.
nly byg‘thefjm;hive;sality, of the catalytzememod but also

o128, 200 (1888). .

um. France 6, 175 (1868); 21, 445 £1874); Ber. dtsch. chem. Ges.
: ;f:fp{ql;,d;;;‘cliem;sg.g418f(1871);‘_;6,~"-1;>.s;(-13,72)‘ [ o
1: Liebigs: Anin: em.,-Suppl. §, 57.(1866). .
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by the quantitative yields and freedom from side reactions which are usual[iy‘

associated with the latter method,

The general Scope of catalytic hydrogenation may be illustrated by the ‘

following reaction classes, the list being, however, not exhaustive:
1, Satumtion of Various Unbatumled Linkages:

R-CH:CH-R'+ H,—R.cH,.0m,. g

. a
R-CEC-R'»R-CH:CH'-R'-»R-CHz-CHz'R’.
b .
CH v CH, CH CH,

f' = N - /:Q\\_ \‘ ) : ' i
HC CH H,C/ CH, HC ¢H H,lc/‘- (,JH, - HC—CH g CH,
. - i - o
HC é‘H H,C CH, HC éH H,C cCH, HC cH H,é éH,

A AN N\Z NS N
Poize Ga, N N ol o
. c e .
R - G H,OH etc, R-C:N R-CH,-NH,.
>CO - \CHon © _)Qg“ H ete | T Ve NE,
f Ph-N:N~Ph->Ph-NH-NH-Ph. :
2. Reduction with, Elimination of Ozygen efc. _
CO,-Co > CH,. Nox N » R '
a ‘ ,‘(/ o= | A R >CO - R}.{>0Hi
R-CH,0H-R- CH,. (In which the\r{n/g fs :lt-har benzenoid, hydro- g a«
. b A ) aromatic or_heterocylic.) . P S
R~COOH-—>R'CHZOH->R-CH3. R'N02->R-NH._..' _ R*CH2CI'—~,>R'CH3‘.
v e - f - ’ g L

plai;inum metals generally—oceur, with the exception of copper, in Group VIIT

of the periodic system. All thege metals adsorh hydrogen specifically; indeed,

their activity ig obviously boung up with this common prope

-
-~

In addition to these more usual catalysts, certain other elements, for instance, "

zine, have been used for catalytic hydrogenation generally, although to g limited -
degree; and 5 numl?er_ of other :neta!s,‘including.'sﬂver; gold, lead, tin and thal. -

hydrogeén, it is also possible to induoe._hydrogenation*by;-, employing elements
‘whose union with hydrogen is usuaily associated with the foruiation of definite -
) ordinary hygrogenatton, for
Instarice the reduction of ethylene %0 ethne; and specia] hydrogenatiOn,reactions .
nay even be catalysed by the alkali metals. These Jess common catalyste’ will

chemical hydrides. ~ Thy caleium_ wil] catalyse

be dealt with later in the present section: PRI

Another class, which ig of greater !mpormnce hm the standpomtof pmc

tical hydrogenationthan those mentioned: iy the prece
oxides such gg those of chromium, Imanganese. or zine,..
In the unreduced oxide. form' ‘enter into chemisorpt;

B&ndﬁ\schdcrxxt.ﬂyse‘,defVH[L R

1249
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‘and mduce its activation; but, under the normal conditions of their use, it is

difficulty is enhanced by the fact that they are far more frequently employed
in conjunction with other components in sach a way that they also act as

regarded as consistin , under the conditions of use, of metallic nickel or copper
supported on a possibly also partly reduced chromium oxide, which, in addition
to exerting some inherent activity, derives its high efficacy as a carrier from the
intimate degree of the mutual dispersion of the nickel ~nd of the chromium
oxide, the use of a body such as a metallie chromite as g starting material being
merely a very corvenient and cffectve method of securing the initial lattice
penetration which is conducive to intimate contact between the components
even after reduction: indeed, it has been shown, for such two-component cata-

“examination gives evidence of such lattico pe'netraﬁon. This view of these cata-
lysts is sapported by the fact that few, if any, reactions which can be carried
out with nickel chromite or copper chromite cannot also be effected with nickel

above complex type, can also be induced by copper or nickel on an external, ,
in itself inactive, carrier, such as kieselguhr, in place of on an internsl and active
carrier such as chromium oxide. Zinc chromite, which is, in general, a mild
hydrogenating catalyst, which easily hydrogenates a carboxyl group to give
an alcohol but does not readily induce the saturation of an ethylenic or of a
‘benzenoid bond between carbon atoms, can also be viewed from the same stand. |
point. Finally, there exists-an increasingly important class of high-temperature _

“hydrogenation catalysts containing the oxides and sulphides of metals such as

secondcompnnent,hasled to the postalation by }maazy;-authcrsvof a modi-
: ﬁea,tmnmthemolecu}arfomof ‘ hydmgen adsorbed ‘by catalytically active
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metals. Poranyyt regards the dissociation of hydrogen into atoms on the catg. _
lyst surface as the eéssential factor in the activation of the reacting molecules, the
activity of the catalyst being due to its dissociating power and to jtg preferentia]
adsorption of free atoms. It is pointed out that the dissociation of hydrogen
by a catalyst should, in spite of the high dissociation heat (100,000 cals.), be

This hypothesig of atomic hydrogen as the active :agent in catalytié‘ hydro.-
genation by metals hag been taken 4 stage further by O. ScHMIDT?, Whe has

SCEMIDT makes g sharp distinction between such micro-pores and the rather
indefinite term internal surface, since, in the former, the adsorbed species may
be regarded ag being completely surroundeq by the catalysing meta], the
rate-controlling factor in a hydrogenation reaction is, jin accordance with
SceMrpr’s views, the diffusion of the substrate into the micro-pores, the reaction
velogjty should be influenced above all by the diffusive mobility of the substance
hydrogenated. This was, in general, found by ScEMIDT, on the basis of changes
in the unsaturated body and in the solvent, o be the case; but it should pe
pointed out that ‘diffusion rates ajso Pley an important Part—especially ip
liquid systems—ip, determining the rate of supply, both of the molecular species
hydrogenated and of the hydrogen itself, to s catalytic surface in the ordinary
sense, in addition to any possible further diffusion into Inicro-pores, It may be
noted further that Scamiprs considers that, in the hydrogenation of ethylene
by catalysts such as caleium, the activation of hydrogen'also' occurs jonically,
but through negaiively charged bydrogen in place of through protons, and on
the surface in place of in the interior, as witi nicke] i . :

1z, Elekgsmehem.j angevy, ph'ysik.'Chém.;Ba,‘- 361-(1929),
" 2 Z. physik. Chem. 118, 193 (1925); Apg. A 1685, 209 (1933); Ap;
-3 Ber. dtsch. chem: Ges. 88,-551098‘9(1935),i"*. Rk G
¢ Z. physik; Chem., Abt. B's, 280 (1929 8,.167."

5 J. Amﬁ."chem;'S;_oc; 60;.“.630‘;‘»(1938),.,»_,-z.ji;_ R
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bution of the heat of adsorption—or ¢f a heat of association generally—to the
energy of activation of the process.

On grounds of its heat of adsorption, hydrogen, or, in general, any other
adsor™ed species such as ethylene, will, on adsoiption, acquire additional free
heat energy liberated as the result of the adsorption process and corresponding
in magnitude with the adsorption heat, Q. This heat, which is initially resident
in the adsorption complex, will, in the absence of the reaction of this complex
. with another adsorbed or free molecular species, gradually become dissipated
by radiation or by erergy redistribution through the adsorling lattice: con-
sequently, this additional energy in thz adsorption complex may, according
to the time which elapses betw. - the actual formation of the complex and its
participation in a reaction, have any value between zero and Q; and, by virtue
of this contribution of adsorption heat towards the energy of activation, only
the balance, namely, £ —YQ, in which YQ is the sum of the contributions
from the adsorption heats, will be required to raise the energy to the value
necessary for reaction. This leads o an expression for the reaction velocity
of the type! k= ae—iE—xoyRT

in place of the ArrmENIUS relationship,
' ‘ k=ge—EIRT

in which £ is the normal energy of activation, the probability of reaction, and
with it the reaction veloci , being thus increased by the reduction—by the
XQ term—of the energy hill to be surmounted. This view is borne out by
experimental evidence based firstly on the reversal of the temperature coeffi-
cient of hydrogenation reactions as soon as a certain critical temperature,
dependent on the system, has been passed, and, secondly, on the change of
: kixietic‘fom.of the reaction, with the temperature; and it would seem that.
under the conditions which obtain in catalysis, the effective contribution may
approximate in value to the normal adsorption heat of either one or both reac-
tants (hydrogen and unsaturated body) according to the conditions.

4. The Kinetics of Hydrogenation. |

Tt is found in practice that the general kinetics of liquid-phase hydrogenation
at a constant hydrogen pressure correspond, according to the conditions, with
the two alternative types of reaction path shown diagrammatically in Fig. 1.

In the first place, the reaction may be approximately of zers order, the rate
of a.bs«?‘rption of hydrogen remaining approximately constent until a stage in

_to the presence. of clogging poisons or reaction residues which are deposited
o8 the catalyst as the reaction proceeds, o orosed

% 7UR STRASSEN: Z. Dhysik. Chem., AbtiA 169, 81 (1934). — Scawas: Ebeada
1P, 21 (1934). — Maxwan, Moox: J. chem. Soc. [London) 1935, sa9, aae %"
ok ~ : Proc. Roy. Soc, :[London], Ser. A. 86, 137 (1619):

L RA NG, -HILbrrem: ,
PR27 (1920); 99, 490 (1621). — Maxee’: 3. chera. Scc. (London] 116, 585 (obs)




1251

other factors, in such a way that thi
by the disappearance of the unsaturated g

common, byt were observed by Arm.
STRONG and Hoorreg jp some cases.
Further, since the. distribution, of the
unsaturated body between the free and
the adsorbed phase is adversely affected, .
from the adsorption side, by Increasing
the temperature, it should be Possible,
by increasing the reaction teraperature,

to produce conditions such. thay, 5 hydro-
genation which ig linear at g Jow tem-
Perature becomes curved ag the temperature ig

- Under. conditions in which the velocity is controlled by the concentration
of the unsaturateq body, Scawas and his collaborasorsi have rightly lajd
emphasis on the tmportance of the adsorbed rather than on the free’ concen-
tration. Thus in 5 cage such ag the‘liquid-phase,hydrogenaﬁon of. ethyl cinna-

substance could be b#sedz on g LANG_MUD{.

’ L ScwaB,Bnmmmxx . Z. physik. Chein. Abt. 22, 393

- B 2g, 3 (1
U ScmwaR: Z: physik. Chem., Abt.'A" 171 421 (1934). -~ 75
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Dable 1.

Concentratlon | = —de | de Concentration " —de. ! —de
of ester expressed as | de” i . d¢e of ester expressed as | dac dt
"its hydrogen value I (observed) { " (calculated) tta hydrogen value ! (observed) | (calculated)

123 23 L 202 11.5 89 | 95
10¢ - , 18.4 , 17.9 33 7.9 ‘ 7.9
82 ; 14.9 ' 15.7 18 i 5.2 ' 4.6
66. i - 13.6 ! 13.5 10 ; 2.7 2.7
52 P11 113 5 : 1.4 ! 1.4

Similar considerations apply to gas-phase hydrogenation. Thus, the kinetics
of the hydrogenation of ethylene itself, as the simplest unsaturated hydro-
carbon, have been widely studied?, it being found that the reaction velocity
is, at atmospheric pressure, in general proportional to the hydrogen partial
preasure and independent of the partial pressure of the ethylene. As has been
pointed out by Scawas and Zorx2, this' independeénce on the ethylene pressure
is, as in the liquid systems dealt with above, obviously due to observations o!
the kinetics under conditions which include an effective saturation range ‘in
the adsorption isotherm of ethylene on the catalysts employed (platinum, nickel,
copper. etc.).

If, however, the ethylene reaction is carried out under conditions outside
the saturation range for this gas, for instance, at low pressures or at high tem-
peratures, the hydrogenation velocity nay, in addition to varying with the
hydrogen pressure, also vary with the partial pressure of the ethylene. "Condi-
tions of thig type were obtained by zUR STRASSEN?, and S(HIWA;;‘ has treated
the kinetics of ethylene hydrogenation under these conditions from the stand-
point of the adsorbed concentrations in a similar manner to that given above
for liquid systems. It should be noted that the possibility of calculating the
change in the reaction velocity, as the reaction proceeds, on the basis of simple
-Laxemtie adsorption isotherms may be regarded® as additional evidence of

- the catalytic action, in such cases, of a range of energetically homogeneous
catelysing points. ' ’ : S v , "
* ~ The temperature coefficient of hydrogenation processes is of considerable
interest since, by virtue of the dependence of the reaction velocity on adsorbed
concentrations, a reversal! in the sign of the coefficient, namely, a decrease in

noticed, for instance, in ethylene hydrogenation, by a number of workers®, and -
has been studied in detail by KraR? and Scawas®. Krar, who observed a tem-
perature of maximum velocity at 130° in the hydrogenation of ethylene on
nickel, regards the increase in the adsorption rate of ethylene with increasing
temperature as a responsible factor in the positive temperature coefficient
- under the conditions in which the kinetics are controlled by the ethylene ad-
~ 'sorption,- this influence of the adsorption rate being—if ‘the temperature is
* Ripzar: J. chem. Soc. [London] 121, 309 (1922) — Prask, Hagris: J. Amer.
chem. Soc. 49, 2503 (1927). — Prase: Ebenda 54, 1876 (1932). — Doxuse, KALBERER,
Scausrer: Z. Elektrochem. angew. physik. Chem. 86, 677 (1930). o s
T * Z.physik. Chem., Abt. B 82, 169 (1936). . = .
© -7 Z.physik. Chem., Abt. A 169, 81 (1934).
- § Z physik. Chem., Abt. A 171, 421 (1931). L o

.8 48, BRENNECKE: loc. cit. ~— ScrRwag, STARGER, V. BAUMBACH: Z. physik.
- Chem., Abt. B 21, 65 (1933); 25, 418 (1934). = . R - '
. * RIDEAL: J.-chémi. Soc. [London} 121, 309 (1922). — Grassr: N uovo Cimento
(6) 11, 147 (1816). . 7 Z.physik. Chem., Abt. A 188, 215 (1938). . ..
. ® Z. physik. Chem., Abt. A 171, 421 (1034). . o C '
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- increased suﬁiciently-ultimate]y dominated by the influcnce of quantity
adsorbed, which decreases with temperature; and, on studying the velocity
of the adsorption of ethylene on nioke] at low pressures ang at various tem.
peratures, maxima hoth '

in the effective rate and §
In the quantity absorb. 3
ed were found at 1300, g
namely, at the reversal &
Doint, G

According to  the
views of zug STRASSEX
and SCHWAB, the rever- 47 g
sal in the «:gn of the
temperature coefficient
In the hydrogenation of 4 0
ga=eous ethylene is pe.
garded ag being due to
the falling—ag the tem-
Derature range corre-
Sponding with reversal
Is reached—of the ad- : ,
sorbed concentration of ethylene to g value which i

200’
e -
° Ao

i D o
P :
2 4
~§ / 35 ’
< . oL N B
s ,

20— : ~
§'§: ] V@ o i moight of
s 1 | A crotonic qeif -

ol . ‘ 1 - / :

P) I B R %

~ Timg irmins

Fig. 3. _Kydrogenmogot a-éeonig aciq (t:‘19,4;-7'0,0'l§.> ‘ | B
of the reaction kinetics as the temperature I8 raised. Thus, Zmz Sm Assmg,hg_
investigated the hydrogenation of ethylens on- g nickel ribbon cagalyst at.low.

Pressures and at Various temperatures, found that, whiléf-thé;ifeac "ontjvgldcity‘
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- Similar maxima in "the-temperature-velocity curves and a similar change
m the kinetic form with increasing temperature have also been observed! in
the liquid-phase hydrogenation of ethylenic derivatives. The variation with
temperature in the velocity of hydrogenation of crotonic acid and maleic acid
urder varying conditions is shown in Fig. 2, in which are also included, for
comparison, ZUR STRASSEN’s results Wwith® gasecus ethylene.

The change in the kinetic form as the temperature is rajsed is illustrated
by the next two figures which, as before, refer to the hydragenation of crotonic
acid, dissolved in a solvent, in the presence of platinum. Fig.3 relates to tem.
peratures below the reversal point. Under these conditions, the reaction path

sudden and complete cessation of reaction which is characteristic of processes
of zero order. Fig. 4 shows the fundamental: change in the kinetio form at
higher temperatures. Following a transition type during the temperature range
- corresponding with reversal (80—909), the reaction path became evenly curved, lost

its characteristic phase

260 T

3 f"‘“‘° of sudden cessation and,

L / T el MMLO at these higher tempera-
S 20 el - “tures, was found lo be

3§ / /gf o ' very nearly of the first

. o 10 order with regard to the

5 & ; - crotonic acid, i. €., under

§= thesé conditions the rate

> Wwas approximately -pro-

portional te the concen-
tration of the unsatur-
ated body. This corre-

~ Y pr : P - Sponds with results in
7Time, iy mins " ‘ - gusphase hydrogenstion
~ Fig.4. Hydrogenation of crotonic acd (¢ 100—110,4¢). ~ in which the velocity

, : : .~ has, asg already stated,
been found under some conditions to . vary directly with the partial pressure of
the ethylene: moreover, a first order curve may be regarded as derived from
the simplest form of adsorption isotherm, namely, from a region in which the
adsorbed concentration varies approximately linearly with the free concentration.

o _a.)jlnfluevaée of Pré.ésur . ‘
" In the ‘above treatment of “liquid-phase—as distinct from gas-phase—
hydrogena,tion‘, some account has °n. given of the variation of the velocity

i ’MOOEE»RIG'HTEE, VAN ARsDEL: Ind. Engng. Chem
‘vJ.'.,_Soi;.‘ﬁc}:ém.,_Ind:,"*flﬂ;'{?’lﬁ!)l'.lf"1921 : ~— ARMSTRONG, H ITCH: Proc. *. Soc.’
[London}, Ser. & 100, 340 (1921). L[ EmeR: Proe. Roy. Soc.
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simple relationship also occur. According to the experimental results of Apx.
STRONG and HILDITCH, normal {i.e. direct) variation with the pressure oceurs
provided, firstly, that the concentration of the catalyst is not too low (in general,
not below 0.1 per ceng with nickel) and, secondly, that the body hydrogenated
Table 2 shows the variation for pinene, at 160°, in Table 2.

the presence of 0.2 per cent of nickel; and a similar Partial preseure Relative rates

. . ] . of hydrogen
;:;l-a:;;%r;rihlliﬁ O;Liie observed for ethyl cinnamste ang (Atm.) " hydrogenation
If, however, the percentage of the nickel wag 1 ; 5‘00

reduced substantially below ¢.] per cent, subnormal § 5'8§

variation with pressure occured, i. e. the hydrogenation -
rate increased less rapidly than the pressure. This ig illustrated by Table 3,
which refers to the hydrogenation of ethyl cinnamate at 1400,

Table 3.

Hydrogen . Relative rates of hydrogenation with Hg’drcgen Relative rates of hydrogenation with
T S .. e e e, assure e TR : —
Tatmy.  oomey Ni {0.017 % Nt | 6.008% N Tatmy.  0.08 % B [ 00179 ¥1] 0.008 9, N7
! : i H .
1 ;o L00 . 1.00 i 1.00 3 I 3.00 £ 2.26 1.35
2 2.08 193 i 1.32 4 i 395 | 253 ©1.43

It will be seen thet, with these low catalyst ¢oncentrations, the rate of supply
of molecular hydrogen in the gaseous—and consequently, in the liquid—phasge
is 1o longer the directing factor in the determination of rate, .

ith & number of unsaturated aleohols op free acids, on the other kand,
ARMSTRONG and Hreorren observed a greater incnea.se-;n the hydrogenation rate
than that corresponding with the direct increase in the bressure. Thus, with

Relative rates of byd:ogg;ution

the normal variation given by an ester v — _Witht
-such as ethyl oleate or by a glyceride of (Atm.) JIB%N | 015%H

“oleic acid, the abnormal variation being

1
~ apparently dependent—at o rate with - 2 228 | 233
P 3 Penc y y - 3 3.74 ‘ 4.88

~ On the whole, these results of ArmsTRoNG and Hrprreg, especially tﬁoae
on normal and. subnormal variation, are in agreement with the experience of

caused to flow over g stationary catalyst. RTEETI

- .- Under modern conditions, there is a tendency, with bodxee whxch be
hydrogenated only with difficulty, to employ far higher pressures, for instance,

* J. Soc. chem. Ind. 89, 120T. (1990,

100 . 300 - .
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of the order of 100—300 atm. While many data exist for the time required
- at these high pressures, little systematic work has been done on the quanti-
tative comparison of these rates with those at lower pressures.

' - b) Influence of the Solvent.

In many cases, especially where small quantities of a substance are hydro-
genated, it is convenient to treat a solution of this in a suitable solvent rather
than to hydrogenate the substance alone. Accordingly, the use of organic sol-
vents such as acetic acid, alcohol, or ether is common in hydrogenation prac-
tice. Water can also in some case be used, although, on grounds of the limited
solubility of the organic substances crdinarily hydrogenated, this is not common.

"The hydrogenation velocity varies considerably with. the solvent taken. Thus,

- WouLstiTreR and HaTr! found that the hydrogenation of naphthalene with
platinum 6ok place far more rapidly in acetic acid than in ether, and this effect
was confirmed by KELBER and ScEWARZ2, who went to the length of making

~ colloidal palladium containing a protective colloid stable in acetic acid in order

- to allow the use of this solvent.

- Some observations by the author and STONE® of the relative rates of
hydrogenation of a standard unseturated body (crotonic acid) in various sol-
vents -are given in Table 5. The system hydrogenated consisted in each case

of 1 g. of crotonic acid, 9 c.c. of ‘the solvent and 0.1 g. of a standard preparation

- of non-colloidal platinum containing 0.0085 g. of metal. Hydrogenation was

carried out at 209, in a;'me(_:hanically driven shaker. The rate of reaction, £, is
expressed in c.c. of hydrogen absorbed per minute, the reaction course being
approximately of zero order. Specially purified poison-free solvents were employed.

Table 5.
I O i, corrected | . Solubility
© . Bolvent : _ k- for vap?ur;pressurd of hydrogen Viscosity of solvent
e B of solvent | P T e
Acetic acid..... | . 187 190 ' 0.0563 1.24
. Ethyl acetate ... 17.5 19.6 L 0.0758 045
“Chloroform . .%..." 152 - 19.3 ; .0.0596 0.56
Ethyl alcohol ... 141 © o 15.0 . 0.0766 1.72
- "Cyclo-hexgne ., ... C 116 - 12.9 : — 0.96
. "Ethyl ether . ... 11.2 26.8 : 0.118 0.23

‘The concentration of the dissolved hydrogen in the solvent will be a fune-
“tion of the partial pressure of hydrogen in the gas phase and of the solubility
~ coefficient; and, in-addition, the rate of transport of the gas from the gas phase,
“through the solvent, to the catalytic surface will vary with the viscosity and
. with other—for instance mechanical—factors which determine the rate of
. diffusion or-'mixing: accordingly; the respective values for «, the BUNSEN
- solubility coefficient for hydrogen, at 209, in the sclvents in ‘question, and for
“"the- viscosity of the solvent, r;, in poises, have also been inserted in the table.
‘It-will be seen that, after correction of the hydrogen pressure for the partial
- pressure of solvent vapour in the gas phase, there is little difference in the rate
- ~in-acetic acid, ethyl acetate or chloroform. The somewhat lower rate in ethyl
+ -alcohel may to some degree be.due to the high value of the viscosity, and the
- higher corrected velocity in ether to the higher hydrogen solubility ‘and Iower

. viscosity. The quantitative influence of the viscosity and of the solubility is
", .t Beri dtsch. chem. Ges. 45, 1471 (1912). |
"2 Ber. disch: cliem, Ges. 45, 1948 (1012).
%J. chem. Soc. [Londun] 1888, 454.




Binfithrung. 635

not known sufficiently to justify the insertion of the appropriate corrections
for these; but it seems justifiable to assume a saturated hydrogen-solvent layer
at the gas-liquid interface, the hydroe- . ¢incentration in which is proportional
to the soluhility at the partial pressure in question and from which the transport
of dissolved gas to the cata- g
lyst—both by diffusion and by
mechanical mixing—is facilitated
by a decrease in the viscosity.

In connection with the solu-
bility of hydrogen in the solvent,
it may be noted that this in-
creases (not decreases) with in-
creasing temperature throughout
the temperature range ordinarily
used in hydrogenation!. Thevari- -
ation in the BUNSEXN solubility
coefficient, «, for a number of
solvents, based on measurements
of the author and Moo, is shown
in Fig. 5. ,

The influence of viscosity in 5 L
liquid-phase hydrogenation has g
been examined by O. ScEMIDTE, T d
who has emphasised the import-
ance of diffusive mobility as a {
factor in hydrogenation velocity. 5

Kolue of cux 102
. ~

ScaMmoT found that the velocity 0 20 W s 4 .

of hydrogenation of & given sub- - Temperatore ¢

Stance in varioug Bolvents mried’ Fig. 5. - The BUXSEX so!ubil.ity cocificient a fora number
of solvents,

in general, parallel to the vari-
ation in the viscosity of the solvent; but the velocity was apparently also
influenced by the value of the heat of adsorption of the solvent on the catalyst,
which is a measure of the strength of the attachment (Haftfestigkeit) of the
solvent to the catalyst. This effect is shown in Table 6, which contains, in place

Table 6. _
- - _Time of balf re2ction, in mips, .
Solvent 2 4 y o x =~ o

Methyl alcohol ... .. 9,300 0.0061 73 ¢ 11.4 355

Ethyl alcohol ...... 9,680 . 0.0121 10.2° 7 118 ) 342

- Is0-Propyl aleohol .. 9,860 0.0223 18.2 . 1202 342

n-Butyl aleohol .... 10,610 0.028 11.8 14.8 - - 720
~Tert.-Butyl aleohol . . 9,430 —_ 18 .20 L —

Is0-Amyl alecohol ... 10,680 0.045 63 20 , 1,530
o-Methyleyclohexanol 15,800 0.217 73 © 400 —
Cyclohexane ....... - 7,34Q -0.009 25 10 —_

of the heat of adsorption, the values of the heat of vaporisation, 1, of pﬁe solvent.
Ac::ordix;g to A. _EUQKEN?, the heat of adsorption is equal to al%. The figures

! W. Tmaosew: Z. physik. Chem., &, 141 (1890}. — (. Jrst: Ebenda 87, 342
(1901). — A. CHRISTOFF: Ebends 79, 456 (1917). — J. Hongcn:lnst. chem. Phys.
Res., Tokyc 17, 125 (1931). — E. B. MaxteD, C. H. MoON: Trans. Faraday So~
82, 769 (1936). - * Z. physik. Chem., Abt. A 176, 254 (19386). .

- Ber. physik. Ges. 16, 348 (1914). - . R ‘ -
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given in the table refer to the hydrogenation of the methyl ester of undecylenic '
acid at 20°. ' B ’ '
- It will be seen that, in the homologous alcohol series, the reaction velocity
decreases with increasing molecular weight. A similar variation, from solvent
to solvent, to that given above for methyl undecylenate was also observed for
-the hydrogenation of methy: acrylate. - _
While, .as already mentioned, the use of water as a solvent is, if only for
“reasons_of general solubility, not very common, special cases exist in swhich
this is- preferable to an organic solvent. Thus, J. HoveEN and A. Prat! have
shown that acetic acid may advantageously be replaced by water in cases in
which the by noimeans regligible dehydrating action of this acid tends %o cause
a change in the body hydrogenated. For instance, oxy-acids, such as salicylic
acid, or amino-acids, such as suiphanilic acid or p-aminobenzoic acid, are far
more satisfactorily hydrogenated in water; and hydrogenation in the presence
of water may also be applied—with, for instance, a non-colloidal platinum
catalyst—to aquecus suspensions of bodies which are only slightly water-soluble.

¢) Influence of the Degree of Agitation.-

In liquid-phase hydro‘genatibn, in which gaseous hydrogen is brought into
intimate contact with the solution either by shaking this in hydrogen in a
mechanically agitated: reaction vessel or—with non-volatile liquids—by the
passage of a rapid current of hydrogen through the liquid, the reaction rate
will in general increase more or less rapidly with any increase in the degree of
‘agitation, in‘that a more intensive agitation tends both to increase the gas-
liquid interface which is the means of entry of the hydrogen into the solution
and also to facilitate the mixing of this probably saturated surface Iayer with
the bulk of the solution, thus bringing the supply of dissclved hydrogen into

contact with the catalyst. : - I ‘
. Some typical figures for the influence of shaker speed on the reaction rate® are
given in Table 7 in order to illustrate the great dependence of the rate actually
‘ “T Mo 7. Variation of Hydrogenation observed in practice on the degree of
o a8ble i. . sgitation employed ; but the exact vari-
. Rate with Shaker Speed. ation will, 01;' c{:gse, differ from ap-

“Speed of thaker |Rateotabsorption) o, 00 paratus to apparatus. The figures given
of hydrogen " .

‘D";?e":‘m"” c.cs. f)eroglm 3 resction rate  ip Table 7 were obtained in an apparatus

240 13 ! Lo Of the type ﬂlustrated in Fig. 16, with

325 - 112 3.6 a charge consisting of 1 g. of crotonic

. 385" 145 1 1L2 - acid, dissolved in 9 c.c. of acetic aeid,

. 580 187 - 144 . and 0.085 g. of platinum, hydrogenation
0T 2060 . 158" -being carried out at 20°.

~ - It.will be seen that the curve rises very steeply at first but subsequently
“flattens as the shaking speed is increased: consequently, in quantitative measure-
'ments of rate, in general, the shaker employed should be run at a relatively
- high speed in order to reduce to.s minimum the effect of ‘any unavoidable varia-
- tions in the shaking factor due, for instance; to variations in belt slip; or, better
- ~still, some-form of direct conpling to & constant-speed motor should be employed. |
S0 o ud) Influence of Structuve on the Veiooity of Hydrogénation.
~ . While the influence of the chemical stricture of the substance hydrogenated

“varies. considerably }wjth*t'l;é;;\cqnditiqnspf "hydrogenation, certsin regularities

X Ber, dtsch: chemn: Gos. 49, 2204 (1916).
2 Maxrzp, SroNE: Unpublished results. -
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exist which to some degree connect the structure of a body with its ease of hydro-
genation. In general, ethylenic and, above all, acetylenic linkages hydrogenate
far more rapidly, especially at low temperatures, than either benzenoid bends
or —CO groups attached to a ring or a chain. This last point is to be noted
in view of the general ease of reduction of a carbonyi group by nascent hydrogen,
the use of which for the reduction of an ethylenic bond is very limited. Further,
as is alse four ' with nascent hydrogen, the velocity of hydrogenation of an
ethylenic linkage decreases with the chain length of the body treated. These
points, namely the lower rate of hydro- i '
genation of a long-chain compared with Table 8.

a short-chain ethylenic body and the - Relative reaction
) v Subs : ted * ¢

relatively low rate of hydrogenation of whatance hydrogenate velocity

benzenoid bonds and carbonyl groups, Grosonic acid. ... . 100

are illustrated by the typical resuits Oleic acid............ 0

summarised in Table 8, which refers to ggnzoic acid ......... 1755 T

3 NZENS ... ...coveun.. .
some observed relative rates of hydro- Acetophenone ... ;- 155

genation under similar conditions, in o7
the presence of a platinum catalyst in acetic acid solution at 40°!. The sub-
stances were in each case carefully purified from  catalyst poisons, by adsorption
of these with platinum. ‘ R R
The preferential reduction of a shors ethylenic chain compared with that
of a relatively long one is also exercised if both chains are contained in the same
molecule. Thus, GOLEXDEE? found that if allyl oleate or allyl elaidate is hydro-

genated with, for instance, palladium, the allyl double linkage is saturated

before that in the longchain fatty acid. S o

The influence of constitution on the ease of hydrogenation has been examined
more systematically. by O. ScmapT3. With corresponding compounds of the
type, CHj : CHR, namely, in ethylenic compounds. containing a terminal double

bond, an increase in the chain length of the group, R, led only to a slight

increase in the time required for half reduction. This is shown by, for instance,

the following figures:

Table 9. .,
* Time, in mins., for 50 per cent
Substance hydrogenated . reduction in presence of
© X Pt | co.
Aethyl aciylate, CH,=CH-COOCH, ............. | 55 | 906 | 68.0
Methyl undecylenate, CH,=CH - (CH,), - COOCH, . |. 7.3 | 114 . B5.0

¥urther, the acids, in general, hydrbgenate more slowly than their esters, as may
be seen from the following results with nickel (Tablel0). . . RN

The presence of phenyl groups was v , Table ‘10. . ‘
shown to depress, in some cases ;very - T T e T meeTor
considerably, the rate of hydrogensation Substance hydrogenated | 50 per ge;'ﬁoﬁmm'
of an ethylenic linksge in an attached x l/" o e Y ——
chain, the effect being greater if ad- Acrylic acid ...... SR N EREEI.
ditional phenyl groups a,z%:éintr(?dubed. élﬁ;hyl. “‘,’_'3?{:‘9?*' TR I?g S
s effect of additionalsubstitution gyt Seid oo | 2T
s 2lso_caused if alkyl groups are Sub- snemis aeid .. | 178
stituted for bydrogen in the ethylene Ethyl cinnamato ... FUSTE SRR 1 R

e — g ORI ) B B v

3 ED, STONE: J. chem. Soc. [London] 26, 672 (1934). " - . =
? J. Chim. gen. {russ.) 7, 317 (1937), - -
- * Z.physik. Chem., Abt. A 176, 237 (1036).
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molecule. Thus, compounds of the type R,R,C=CHR,, such as isoamylene.
(CH,),C==CHCHy,, hydrogenate especially slowly. It will be noticed that, as
- already mentioned, the general tendency is for complicated molecules to hydro-
genate more slowly than simple ones. The effect of phenyl substitution is shown
in Table 11. : \

Table 11.

. o o ] " Time, in-mins., for 50 per cent

Body hydrogéﬁéted ‘ hydrogenation in presence of

o o ‘ Pt | XN | Co

Ethyl crotonate, CH, - CH=CH - COOEt ..... s 3.6 | 50 | 110
Ethyl cinnamate, CgH, - CH=CH - COOE¢t......... 307 7.5 240
Styrene, CeHy -CH=CH,'.............civvivvenes |0 o — & 7.1 —_
Stilbene, CoHy * CH=CH -C,H; .................. — | 340 —

 With cis-trans isomers, the cis form, in general, hydrogenates more rapidly
than the trans form: thus, with maleic and fumaric acid in the presence of nickel,
the times for fifty per cent hydrogenation were, in a typical experiment, found
. to be in the ratio of about 1:2.5. ’
G. DupoNT! has investigated a number of further regularities, using alloy-
- skeleton nickel at room temperature and at the ordinary. pressure. Substances
containing & terminal—CH : CH, group—such as styrene, CgH,+ CH : CH,, the
- correspending - phenyl propylene, C;H;-CH:CH:CH,, or undecylenic acid,
CH, : CH - (CH,); - COOH—hydrogenated quickly and with linear reaction paths.
" The hydrogenation of a secondary double bond, —CH : CH—, took place in
_ general more’slowly than.that of the primary grouping, CH,: CH—. This was
shown. for instance, with maleic acid, HOOC - CH : CH - COOH, and cinnamyl
aleohoi, CsH; - CH : CH - CH,, - OH. Further substitution of the ethylene residue,
i.e. the presence of groupings of the type, R,R,-C:CR,H, or even of
. B4Ry C:CH,, usually decreased the hydrogenation rate to a low value and
. may even prevent effective hydrogenation under the above conditions.
" - Special interest is attached to cases where the molecule to be hydrogenated
.~ contains two or more double bonds, in that the presence of a second unsaturated
. linking in general raises the reactivity of the other bond. Thus, even if both
~ unsaturated groups are tertiary, DuronT found that one was usually reduced
- whiie-the other remained unattacked. This also applies to bodies containing one
tertiary and one other linking, in which case the unsaturated tertiary linkage
‘remained unhydrogenated. For. further regularities, reference should be made

to the original paper. . | :

-~ The speed of reduction of nitro groups is of particular interest in view of
-the ease with which these are reduced both by relatively inactive catalysts
and by nascent, hydrogen. The slowness of hydrogenation of ordinary nitro-
benzére in’ the liquid phase has, for instance, been commented on by GREENZ.

-Sirice, however, ordinary. specimens of nitrobenzene contain many of the sulphur

-compounds which are present in the benzene from which they are made—possibly
;pertly as mnitro-derivatives—and may, in addition; contain traces of sulphozic
- acids, this slowness is probably-die to poisons:indeed, it was found by MaxTED

. and Stone (loc. cit.) that the purification of nitrobenzene from catalyst poisons

- gavea product which absorbed hydregen, in the presence of a platinum catalyst,.
- at #bout:150- times the rate of absorption by the purest nitrobenzene which
© could: be' purchased -and about 2.5 times the rate of absorption by carefully

s

. Soe. chim, France.(5) 8, 1021 (1936).
j_Soeg:ghw }nd';;_{ia;,-;ﬁz,?‘:-(1‘933>'- Lo
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_ e) Competitive Hydrogenation.

The distribution of hydrogen between two competing reactants may, in
some circumstances, bear little relationship to the relative rates of hydrogena.-
tion of each reactant when hydrogenated alone. This effect has been studied by
ApxiNs, Drwoky and Bropepick! with a platinum -catalyst, using pinene as
a standard reference body. Pinene, when alone, is hydrogenated much more
rapidly than cinnamic acid: however, when a mixture of these is treated,.the
cinnamic acid ‘is reduced before the pinene. Again, pinene and octene are

fluence the degree of relative attack, In addition, a case of anomalous distri-
bution of hydrogenation between-methy! oleate and nitrobenzene in the presence
of nickel has been observed by GREEN?, who obtained, however, only. 2 slow
liquid-phase reduction of nitrobenzene alone, in opposition to its usual ease

f) The Influence of Foretgn Bodjies. ‘ _

In certain cases, apart from the question of catalyst Ppoisoning, small quanti-
ties of foreign constituents in the system hydrogenated have been found to
exercise a farreaching effect on the Speed and continuity of the hydrogenation.

Probably the most important effect of this class is the influence of traces
of oxygen. WiLLSTATTER and JACQUET® found that the smooth:hydrogenation
of bodies such as the anhydrides of phthalic, naphthalic or maleic acids in the
liquid phase with platinum was dependent on the continued presence of small
quantities of oxygen in the system, since the reaction, after taking place norm-
ally for a short time, comes to a halt but can be re-started by admitting a trace
of oxygen. The number of re-activations necessary for complete hydrogenation

last activation 5600 c.c. of hydrogen. g A
While this phenomencn is shown actively only during ‘the hydrogenatlon

of certain fypes of _compound, the hydrogenatiog of: which leads especially -

for oxygen is not confined to bodies which show this effect, since th_e;hydr&
genation of, for instance, benzene comes te a similar stop if poison-free phthalic

anhydride is added: farther, WILLSTATTER and WALDSCHMIDT-LErTzé prepared,
with great care, oxygen-free-platinum and palladium by several methods and

- showed that; these were inactive. for hydrogenation in’general.  Thus, benzene,
cyclohexene or limonene vremained-,unhydrogenat@d, provided that ‘no_oxygen

was present; bat if the hy'dro’gt_:n; was removed from the shaking apparatus and -~

! J. Amer. chem. Soc. 51, 3418 (1929). *.J. Soc. chem. Ind. 85, 52T (1933).

¥ Ber. dtsch. chem. Ges. 51, 761 {1918y, - - -
- ¢ Ber. dtsch. chem. Ges. 54, 113 (1920). -

1256
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the catalyst treated with air, which was, fmally, replaoed by hydrogen, the
hydrogenation then took place in the normal way.

A similar series of halts, which could, as before, be suppressed by penochcal
treatment with oxygen, was observed by CaroTHERS and ADAMS! and by Kaur-
max and Apams?® in the hydrogenation of various aldehydes, including benz-
aldehyde, heptaldehyde and furfural, with platinum prepared from the oxide;
and these workers made, further, the remarkable observation that the necessity
for re-activation with air or exygen could be avoided by adding to the system
& trace of an iron salt, such as ferrous chloride. The addition of iron in this way
not only, according to the quantity added, either eliminated the halts altogether
or greatly increased the volume of hydrogen absorbable between subsequent
activations, but also increased the velocity of hydrogenation generally; and, in
most cases, smooth and rapid reduction to the corresponding alcohol took place.
The use of relatively large concentrations of catalyst for the liquid-phase hydro-
genation of aldehvdes or ketones recommended by earlier authors® can accord-,
mgly be avoided by working in this way. The amount of iron salt required
is very small; indeed, larger quantities than the optimum amount tend to reduce
the reaction rate. As an example of the effect, 21 g. of benzaldehyde, dissolved
in 50 c.c. of alcohol and containing 0.23 g. of platinum, required 22 hours treat-
ment, with four reactivations of the catalyst with air, if no iron salt was present.
If, however, about half a milligram of ferric chloride was added, the reaction
proceeded in 7 hours without the necess1ty for reactivation with air.

5. The Poisoning of Hydrogenahon Catalysts,

In view of the detailed treatment of catalyst poiconing in another section,
the subject will here only be dealt with briefly and with specxal reference to its
incidence in hydrogenation.

" The common metallic hydrogenation catalysts—-mckel copper, cobalt iron
‘and the platinum metals generally—are all readﬂy poisoned -by the presence in
the reacting system of traces of sulphur, arsenic, phosphorus, or certain of their
compounds, which, even if present in smalil amounts, are preferentmlly adscrhed
on the surfacé of the catalyst, in such a way that the surface elements in the
catalyst lattice, by virtue of their obstructive occupstion by the ‘poison, are
no longer free for normal adsorption or catalysis. In addition to these commoner
toxic elements, many others, such as mercury, lead, zinc and tkallwm, may, if
in a suitable form, act as hydrogenatmn poisuns: further, the activity of these
~ catalysts is also suppressed by a number of other toxic eompounds including the
cyanides and carbon monoxide, in which the toxicity is inherent in the chemical
grouping rather than in the presence of a poisonous element proper, the common
property of all these poisons being their preferential and obstructive adsorption.
The suppression of the activity of a_catalyst may also take plaee mechanically,
by the deposition of a. cloaking film of; “for instance, a colloidal or inscluble
by-product or residue or, especially at high temperatures, by. carbon deposition.

‘While the classical work of BREDIG and his collaborators on the action of -
poisons in the decomposmon of hydrogen peroxide laid the foundation for the .
quantitative study of poisoning generally, the systemaiic quantitative investiga-

* tion of this effect in catalytic hydrogenation may be regarded as beginning with .

~ the measumments of KELBER who, in 1916‘ studxedm conmderable detzul the toxm'

. J. Amer. chem Soc 40, 1071 (1923), 48, 1675 (1924)
'.,’ &, Amer. chem. Soc: 45,. 3029 (1923)..- -
3 e.g. Vavon: C. R. hebd. Séanees Acad: Sca. 154 359’ (1912)
¢ Ber. (itsch chem. Ges 49, 1868 {1918).




including hydrogen sulphide, carbon disulphide and

potassium eyanide, on the activity of various forms of nickel in the hydrogenation -
showed, among other results, that the sensitivity of.

effect of a number of poisons,

of cinnamic acid. Krusrr

the metal to poisoning depended on its surface-to-mass ratio: thus, a finely-
divided nickel was, by reason of its greater relative surface, less sensitive than a

relatively coarse nickel

support, such as kieselguhr,

divided, nature of the nickel ‘even if
 The quantitative variation of the

content of the system' was investi
activity was found to vary linearly
with the poison content until the

greater part of the activity had

been suppressed, when a region of
inflexion o¢curred, accompanied by

& more or less abrupt departure of
tke poisoning graph from its initial

Linear slope. This is shown, for the

typical cases of the poisoning of-

‘Platinum by sulphir and mercury,
‘in the liquid-phase hydrogenation
of oleic acid, in Fig. 6. Other
poisons, for instance arsenic or zinc,

~ behaved similarly;

for other catalytic resstions?; in-
cluding gas reactions. It was alsg

found that the general kinetic form - ]
of the react; ion remained undistur- S

bed by partial poisoning, e. g. a

zero-order reactivn remained of : N LT A
\ 7 both from this standpoint and from that of rate of cata-
lysis, the unobstructed fr tion of the catalytic surface continues to work

For the main portion of the- poisoning

zero order: accordingly,

linearly with the

in'which % is the activity
¢, of the poison, &, is the

st ey -

by factors of two types. involvidy,

-

1600 >, STONE: J. ch

prepared by reduction
; and the sensitivity could be still' further decreased by employing a’
which, by preventing gintering, maintained the finely:
this .is exposed to a high temperature.

and the same -
type of variation was also observed

| e poison content, the influence of
may. be represented® by an equation of the type:
of the catalyst in the presence of & conoemtration.
coefficlent. The value-of «, under compars

iyst on a numerical toxicity. scale.

3 g MaxTan: 7. chem.Soe. [Loi.don] 119, 295 (Q921):.7 s
o3 Ja'chem. Soc. [London} 121, 1760 (1922). — MaxTED, DUNssy: Eben
4600008 Maxrep -J. ‘chem; Soe. ﬂmn@@q}%ﬁ;_;ﬁ'zzj(leu); :
 Hagdbuen der Katalyae, Ba vIGn . - L Londe ente AN0eR

from its oxide at & higher tem-

activity of the catalyst with the ‘poison

d by the author! in 1921. In general, the

200

=

N & & = IR I -

~ Fig- 6. Hydrogenation of olele seld; po!mmgmpha

normally.
in which the activity falis
the poison on the activity

graph,

activity and « is the'poisoning
¢ conditions, constitutes a very.

ity of individual” poisons

ive toxicity of & poison per g. mol. will; in general, be determined.
- Satalytic surfuce and, sécondly, the surface covered.
Accordingly; for the general treatment of

» the length of the adsorbed life on the'
by each molecule adgorbed.

of toxisity
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i) whmh z ) tha mean. adsorbed life of the poison and s is a size factor correspond-.

,mg with the area of catalyst. obstructed by each molecule of peison. .

"I, a8 s the caso with strong poisons, the adsorbed life is relstively’ long,
,_tho eﬂ'echve toxicity: :shionld be detezmined pnncxpally by the moleculwr size
of the inhibitant. Thatthisissoisshown -

in Fig. 7 and 8 and in Table 12, which 405&01%

5

N
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“ - v_ w2
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.,?5 . - RN
& O e
b .
5% ] xE_g -
51 S I . RN SN
g . - - ,
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thmconzmz. g.-amozsulphnr xlo.’
!‘ig? Kydrmmonolmtunlc w!dwiu:
pm:n@hlyst.

Polson content, g. ~atoms of sulphur x 10°.

Fis 8. . Hydrogenation of crotonic acld with
" a nickel catalyst.

.

t-oxlcmes of a number of sm‘yhur compounds towards a platmum and a nickel
"catalyst for the hqmd-ph&se hydrogenatmn of crotonic &01d1

S _” . mulPtcatalyst With Ni catalyst

oo U Inhibitent ¢ " Mol.wt, ‘Relative Reiative

sy TR A axlO‘“ toxiolty TaxicTe toxicity

o : perg.atom S perg.atom S
" Hydrogen sulphide .. ‘34| 3.4 1 .18 1
Bulphurl oo e b (82%. 64 1.8 C— R

Carbon disulphide ..... "]~ "~ 76 { . 64 1.9 18.2 2.4
'ﬂus;)hen ....... .82 i 148 4.4 33.3 4.5

. '.v‘s_c Al . Q_..‘- P r' 191 ; : 16 7 5 0 49 0 5 4

The platmnm e&talyst employed was a relatlvely ooarse-gramed unsupported

. »prepmtmn, Whﬁma.s

the nickel was far more finely divided and supported on

,-the “ratio “of the sensitivities of the catalysts towards a given
puxson——-ns ‘shown by the difference in: ‘the’ order of «, the poisoning coefficient,

platinum 3.5 ané 39

hid

-.which ¢an also be used as » measure of the sensitivity of a catalyst to pmsomng— _
5 thecnierofﬁf&ytaone, ‘but it is of interest to note that, 1in spite of the
: de difference in sensitivity, the relative toxicities of the various poisons,
e Tatio of the’ toxicity of a given sulphur compound to that of an-
ﬁother Was very: ‘similar. for ‘both: metals. ' This similarity might be expected
ounds of the sunﬂanty in’ m&gmtude of the lattice constants of nickel and
A } each laf,tme bemg of the face-centred

of molecul_ar;sme n tha toxm’cy is seen’ more’ systematxcally by
< BR ‘

3 series’ of _strong: poisons such .as the alkyl

Soc {London] 1987 603

Som: relntxve toxiciﬁ% in these two series of compounds
thiol to’ cetyl snIphlde or the correspondmg thiol—
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towards a phitinum catalyst for the hydrogenation of crotonic acid! are sum-
marised in Table 13. .

Table 13.
Inhibitant Mol. wt, : Chain Length. Belatlve molecular

Hydrogen sulphide ............ 34 , —_ J 1

Methyl sulphide ............... 62 ‘ 2.58 | 7.1
Ethyl sulphide ......_......... a0 1' 3.50 i 10.0
Buty! sulphide ............. ... 146 6.08 ‘ 15.1
Octyl sulphide ................ 258 : 11.12 ] 25.8
Cetyl sulphide................. 482 ; 21.20 ! 34.1
Ethyl mercaptan ........... ... 82 ‘ 3.50 3.9
Butyl mercaptan .............. 90 ! 6.08 6.0
Octyl mercaptan .............. 146 ; 11.12 10.1
Cetyl mercaptan............ ... ’ 258 21.20 13.1

it will be seen that the molecular toxicity both in the thiol and in the sul-
phide series increases progressively with the chain length; further, that the
sulphides, which contain two alkyl chains to each sulphur bead, are, as would
be expected, more toxic for a given chain length than the corresponding single-
chained thiol. »

The increased toxicity per unit of sulphur brought about by the attachment
of a normally non-toxic hydrocarbon chain or other structure to the sulphur
atom is of considerable interest since long-chained molecules of the above types
may be regarded aseeonsisting of an anchor (i. e. the sulphur atom) attached more
or less permanently to the surface and of z residual mobile chain, which—a].
though of suck a structure that, in the absence of the poisonous element, it would

inclugion of the extra sulphur gtom. .
HS-CH,-CH,- CH, - SH (Propylene dithiol). (1)

CH;-CH,-CH,-SH (n-Propyl thiol). 2)
CH3 v CHz hd CH2 . CHg . SH (D-Butyl thiOI). ) . (3)

On the other hand, if the two ;sulphur anchors are adjacent to one another,
in place of being at opposite ends of the hydrocarbon chain, little effect on the

* Maxrep, Evaxs: J. chem. Soe. [London] 1987, icod.

41%
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s i ﬁ‘x&ﬂa&i .by the second sulphur a.tom, an a.nalog being the ineffec- .
#wum. {n & buat of two anchors at the same place—instead of at opposite.
-l resteieting the area of circular drift.
soond factor in determining the toxicity of an inhibitant i is, 48 already
wuerd, the adsorbed life; for, zrrespectwe of the molecular size, a body
m %3 a poison by virtue of its possessing an abnormally long adsorbed
- d with that: of normal reactants, the immediate consequence of this -
Sl mm life being the obstructive ‘occupation by the poison of catalytic
$sow which would otherwise be free for the adsorption and catalysis of the
reacting specx% of the system catalysed. It should be noted that the
of & poison between the adsorbed and the free gas or liquid phase is
iy emneoted mth the lengtb. of the adsorbed life and can be used as
& means of measuring this: further, a
s }g | relatively long adsorbed life implies the
= )i g w gt <) e | -Substentially complebe adsorption . by the
1. oeGapr | catalyst of all tke poison present in the
- ' system~—provided that this amount does
s | not exceed the saturation limit for the
] | catalyst present. For some poisons under
- certain conditions—particularly in gas-
phase hydrogenation at low temperatures
—this is approximately true; but, in most
B Y it B L - cases, a small bub,measmable residuzal
—1— -1 concefntration of the poison remains in the
S A N free phase; and, by studying the con-
S ditions of the distribution it is possible to
introduce a correction for the non-adsorbed
poison and thus to plot the activity of
: — . et catal;y::uingamt%:dwnoeu:ﬁgon of
y - poison \} T on its ce, in
i%ﬂr&mﬂma!mmpm m place of metely aguinst the total poison
. ‘Total AsE, present, -mols X 10~ (graph T). ~ present in the .system. Gmphs of this

AN, abaotbed, a-mmamm—-(mphn) ' type are called true poisoning graphs; in
‘wnﬁmsb to eﬁec&i’ve pmsomng gmphs based on total, in place of on adsorbed,
poison. The necessary correction for converting effective to true toxicity is usually
f-ﬁm‘& gteat for stroug poisons with- the catalyst concentrations usually ‘tsed in
. ) ... . practice: thus, Fig. 9 shows
et e the effective and the true
T~ T ] 5~ Ppoisoning graphs for arsine in

ied | ECN adscrbed - the ' liquid-phase hydrogena-
teeim 10ce tion of crotonic acid with a
e St z0iBon | platinum catalyst in a system
.62 | - 1.7 - consisting of 10c.c. of a N-
63 7 L72 . solution of crotonic acid in
igg : acetic acid and (}Oag ofpla-

1 qng. 0 tinuml

CULI6 Inordertcuetermme true

e 140 :texidhea, it - is . accordingly
easnreth&eﬁ'eohvetmmtv butalsoto determme the
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In' general—provided th@t the amount of poison prése'nt' is.iibt boo great—the
poison adsorbed on the catalyst varies linearly with the total amount of poison

1259

- Present and consequently, by a wellknown rule in proportion, =ls¢ with the final’

concentration of poison in the free phase. This is showr - Taiie i4, which
refers to the adsorption of cyanide ions (from potassium cyanide} by 0.05 g of
platinum black of average activity, the volume of the system being 10c.c. "

. It will be seen that the cyanide, which is & poison of only medium toxicity”

 in catalytic hydrogenation, is by no means completely adsorbed on this concen-

tration of catalyst: further, the partition between the free and the adsorbed

phase follows a linear course, as‘is shown by the constancy of the ratio in the-

last two columns of the table, provided that the total poison present is not ni

'~ excess of a concentration which falls slightly below 16 X107 gmol.

: ’5 ~ L e e s — o T S >
alrue Toxicifves X =S

e H)s|
\

S

3

TN

>."br<

L

| Achiy of cotagst,

.0 : . : R .
Abeorbed _poison. &-mols x 107 (H.S8, 'Asn',, CX'); g-mols x 1077 (Zn, (CH,.8). :
Fig. 10. Eydrogena.tfqn of c:otenic acld with a p!aﬂn,eatalyst._ Trae toxicities of some poisons.

‘A courss of sxmxlarform, namely, an initial linear portioﬁ followed by 8

more or less abrupt, break from the initial slope as the poison content passes a
critical ‘concentration was- given by a number of other molecularly simple -

poisons, the general form of the relati nship being shown in Fig. 1 0.

. Given & knowledge of the partition of “the poison between the catalyst and
the free gas or liquid: phase, it becomes possible to draw trie foxicity graphs in
o i ncpactivity of tho catalyst is plotfed against the poison actually Sdisbeg
on its surface. Some typical graphs of this nature, sga for the hydrogenation

of crotonic acid in the presence of 0.05 g--of platinum, ‘are shown in Fig 11t~

It shonld be noted especially that the general ‘form of the true ‘poisoning
graphs is of the ﬂéxailih"egx;jypﬁglso_bbs’ervad for the offective poisoning graphs,
The most probable. general significance of .a linear relationship between the -

of the aoFotson content; and the eatalytia activity is tho matual squiioras
~of the cstalysing. surface elements -concernéd. " While -this point’ cannot, for

reasons of space, befﬂrtherdmuﬂs@dhm,ﬁ@@dbepomdoutth%by
sing poisons of known size as molecular mensnring scales; it cat bo shown tha -

the m active point bo active

oo

i
L »

distance. Point in the surface of catalysts such
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.as platmum or: mckel is proba.bly the ordmary la.btme distance, Accordmgxy,
ull gurface elements:are potentially active both for adscrption and for catelysis:
further, true poisoning graphs of the type of Fig.10 may be interpreted as
ewdence for the ex:sbence of at least two types or ranges of potential catalysing
‘5w ' — , or adsorbing ' lattice-elements,
.T ER A RS "1 ] all elements of a given type
T o N i bemgapparently mutually equi-

': ; " valent. - This -is" by no means
sk " incompatible with the adlinea-
BT ‘tion theory of ScEWAB and
Wi “Prerscr?; but it may, alterne-
S300 DR FE tively, be-caused by the parti-
I REE . | cipation, in adsorption or cata-
2 Pfﬁﬂf&”’ , TN W ow lysis, of -& second or even of

T s it ;g =atams #19=7 177~ “more deeply seated lattice layers

Fig. 11, Hydrogenation of crotonic seld with a platin catalyat,  I® the catalyst—or catalysis
__Actmty ot the catalyst plotted sgainst the poison, actually or s.dsorptxon on an ah-ead
o.b-aorbed on its surlace ,
, R ' adsorbed layer—both of whmh
. cases. would glve a secondary mnge of, mthm themselves mutually eqmvalent
o ca.ta.lysmg or. adsorbmg pomts ,
- " R 6. Heat of Hydregenatmn : :
© . Hydrogenation is usually accompanied by a considerable evolutmn of heat,
.which, during the hydrogenatlon of substances on a large scale, may cause a
- very considerable rise in temperature if no provision for cooling is made. .
In general, however, this heat of hydrogenation cannot be calculated with
: »f'a.ccuracv from combustion data, since it depends on differences in heats of com-
~'bustion. 'Thus, H.v. WARTENBERG and G.KRAUSE? have pointed out that
f'calculat»ed ‘heats of hydrogenation based on published values for the heats of
© combustion may, in some cases; vary by as much as 100 per cent, depending
" on.the value accepted for the combustion heats. These workers determined
- the heat of hydrogenation of ethylene directly, by causing ethylene and hydrogen
to react in n calorimeter in the presence of colloidal palladium. The results
gave a value, for the reaction heat at constant pressure, of 30.6 kg. cals. per
- g mol of ethy]ene hydrogenated In later work however a somewhat hxgher

L=

Tabae 1s. » o e
Q.mggpcr R S Q.mwste_:
(iiwlwm) Snbsta.neahydxogeoaaed e (Ilﬂ-—{Tgﬁc&B) :
189,824 -Tetramethyi~ethylene 726,833
e 3{},115‘_ o j Allens (4-2Hg) ..., 71,280
30,341 {1, 3-Butadiens. (+2H,} - 57,087
. 186,137 - '} 1,4-Pentadiens (+2H,) .. | - 60,790
: Y ethy},,_ ylene 1A{~.'-28,491 {1, 5-Hexadiene (+2}I,) .- 60,525
’ﬁns.-Methyhsopmpylethy-c e +1'1,3-Cyelo hsmd;ene ST B
P 27 99’2 e (+2H) w.aclii. e - 55,367 -
- 28,502 Cyclo tadxene (+2H,) . 50,865

26,920 - - _ 'Benzene (+3H., ........ iIs '49,302 :

. Chem, Abt. B 6, 1 (1020). — Soitwas,
em 35 135 {1929) —--Scxwzm. B'cmonyn
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figure nas been obtained; and FD Rossint, as a result of 'jexaminaéidii' of
available data, comes to the conclusion - that the most trustworthy value is”

. combustion heats are known fa,ccumtely,- the’ 'inc'limct,niét;hod‘ gives

ives -a, figure

which is confirmed by the direct calorimetric determination of the reachion heat.”

" Probably the most “systematio series of direct measurements- of beats of .
" hydrogenation are those of sz-zmowsxy_and his -eq}-erkers.?,' whose ‘results -

- are summarised in Table 15,

For a discussion of the : _gularivties,' réfergﬁce';vsh@d{_bq madetothe orx~ :

~ ginal papers.

takes place on calosum 'at room

and STEWART at 100° and st

- mediate formation: of- calcium hyd.z-x:de,'jit'ina.y--bé noted that while & ‘caloiin.

ptalyst was found to bo considerably more. active. s provious saturation -
ith hydrogen, the interaction of ethylene with calcidm hydride was relativily

S ,7..HYdrog-énati§;i- with smhg'Up@ﬁ#l{édt:’x_!_jﬁtél .
. While, in the large majority: of cases, hydrogenation xs_camedoutmpmc-_

i

- very glow. " The formation, of a'surface hydride -in which the hydrogen molscules

Ber. dcsc'h.c.hem cher: 1. Ges,
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,,,a.s Thydrogenatlon ca.talyst at high
hye ; ar;_the special cass of. the conversion of ‘poly-
oyclic hy_, { i ) ne, - ‘anthracene,  phenanthrene and
sﬁlbene{ ;into ,rednaeﬁ denvabes Thns, naphthalene’ gives ' practically - pure
;-Sodium ‘hydride cannot; on.the other’
or. of - benzene or toluene, or for hydro- '

ma.y be forhned,_ which'd y ,
| PTO ct m longer combmes ,mth soémm N&phtha.lene however, forms _

and hydmgemtmn. O!;her_’bod.tes which form’ ‘sodium’ addrt.mn
ATE B in ’;be:._hylirogenated m addition to. those aIready
‘ and -butad:ene

mmon 'hydrogena:hng elo-
‘,tal(ys%;of faar acmvxty and’
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i each case. The activity of rhenium. was confirmed. by- Q; ScEMIDTY, e
" In the work of M. 8. Praronow, 8. B. Avissmow and W. M;;Kgésgn.:mnm-

for cyclohexene in aleoholic solution. -The results at ‘higher temperatures in'the
gas phase were complicated by decomposition. . Nitrobenzene; at 250—3009, gave

some aniline, cyclohexene underwent partial hydwgenatidn' ﬁg'.'éyclbhgxgne,“bdt

room temperature for the hydrogenation of maleio acid in aqueous solution and

benzene decomposed: without. sensible hydrogenation. ' . . i
-Somewhat more satisfactory results were -obtained on using rhenimm sup-
ported on a ca.rrier_‘a&a'dehydrbgemtio’n;'catalyst “for ethyl alcohol, an 11 to
12 per cent yield of acetaldehyde being given by ‘cne passage over the catalyst
at 3009 and 14 per cent at 6009. With isopropyl alcohol® yields of acetone up .

£0.85 per cont were obtained, the optimum tempersture being 4009, T

- B. General Hydrogenation technique. |
The present chapi;ér is'designed to deal wzthlabomtory Pmﬁqq in 'do'ﬁ:iection _

genated in a state rcasonably free from ‘catalyst poisons, otherwise either the
reaction will fail to take place or an inordinately large propértion of catalyst -
will be necessary, the greater part of which will be acting as an ‘adsorbent for. -
the poison rather than as a catalyst proper. - However, by far the greater number
- of substancee are, in their ordinary pure commercial forn , sufficiently free from
inhibitants to be hydrogenated _wi,thouty-"_diﬁ‘i.eplty;and the necessity for speéeial |
purification—save for the ordinary methods of re-distillation, re-crystaliisation, :

‘practice, almost exolusively confined to substan 005, such sa benzene or naphtha.

lene, which contain sulphur compounds. {e. g, ‘thiophene or thiohapﬁtbenegi)_l:hé?b
removable by distillation. Tn such cases, & general method of purification don-

&ists in pre-treatment with & preliminary charge of the catalyst, or with a related

catalyst; or it is n many mstances possible to break up the poison and to trans-
form it into a more easily absorbable form in which it can then be removed
by adsorption. ;E.labmﬁ&pm:fﬁc&ﬁﬂnrin' bhig way is, however, as already stated;
instaney, oy socseacy, uiless sperially purified standard mmbstancer o
Instance, for kinetic studies or for comparison of hydrogenation speeds,-are -

- -Commercial electrolytic hydrogen, -which contains as impuri
of oxygen; constitnies the most satisfactory practical sou

usually sufficiently pure ‘to: be"used directly.
supplied; but' f it is-desired to remove the

W or—at & higher temperaSare—cc oxygen.
ed very couveniently by passa > thirongh a bulb containin .o el

e .

1 Ber. dtach. chem. Ges. 88;. 1098 .(1935).
3 -Ser. dtech. chem. Ges. 68, 761 (1935). -
;'i:f‘1Bé!&f?’%@fﬁi%?ﬁes%;69'.-%':1050;raeas_).
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cf commercm,l electrolytm hydrogen is seldom necessary Hydrogen made from
-ezine, for instance in a’ generator of K.lpp type, is. by no means so suitable as
electrolytic hydrogen on account of its arsenic content and reqmres purification.
" Probably the most satxsfactory method of- purification consists in sorption of
the hydrogen by pailadium maintained at room. temperature, the gas being
subsequently pumped off at a higher temperature but the method is, in._prae-
tice, only suitable:for the preparatlon of small quantities of the gas, even when
& fair amount of pallladmm i available. Hydrogen containing a trace of carbon
_monoxide, such 85 i5 obtained from most of the processes starting with fuel, is
‘also less suitable than' electrolytic hydrogen: The small quantity of carbon.
“monoxide may be removed by ‘passage of the hydrogen through s heated tube
‘containing active: nickel,” preferably on a granular support such as bauxite or
“pumice, or as nickel chromite or in the form of nickel turnings previously
-activated by anodlc oxidation in - sodium ‘carbonate solution; but, for effective
‘Yemoval, prossure treatment with these catalysts is prefefable and, in any case,
the metharle formed remains in the hydrogen as a diluent. ‘Accordingly, from
‘every -aspect, electrolytw cylinder” bydrogen ' constitutes the . most practxcal
- source of the gas for general laboratory use in hydrogenation. -
. The most suitable apparatus will obviously depend on the
L .;;form of the 'body to be hydrogenated and especially on whether
+ ' the reaction-is to be carried out in the liquid or in the gas or
~ vapour phase. Tt will, ‘accordingly, be convenient to conmder
e ”ga.s-phase and hqmd~pha.se appa,ratus sepamtely.

L Gas-phase Hvdrogenatmn. R L

A convemenb type of apparatus which is very smtable for ,
.o general use either for the hydrogenation of gases or of uqmds
'wmthe vapour statemﬂlustmtedm}?lg.m :

* It consists of & ‘pair of concentric tubes, 4 and B, cf Pyrex
= . or similar glass of the shape shown in the dmgram the catalyst,
" .. C, being contsined in'the upper portmn of the inner tube. These
‘Wb 4 tubes sreiinsertéd into a metal (e.g. iron or copper) furnace tube,
1t ¥ D, of somewhat- larger diameter, which is wound on & mica
; . foundation with resistance wire or t}&pe the whole being covered
C with magnwa-asbestos sectional lagging. The measurement of -
tempavature is carried out by a thermccouple inserted at £. It
270 will be seen that.the mixture of hydrogen and. of the gasto be
SR "‘_hydrogenated enters the larger of the glass tubes by way of the
~side -piecs; passes upwa.rds through the anriulus between the two -
‘*tnbes-—wb1eh acts to soms extent asaheat, excha.nger-—-the gas
turning downwards: through the ‘catalyst to the exit at B. The
eatalysc ‘which should " be- of granular form {i.e:supported on &
granizlar carrier such as- bau_xlte; pumice or silica gél, or prepared
Aan gramﬂes or-in: another- ‘compsct. form without such support)
an, in: this type . pﬁamtus, be. changed very easﬂy by takmg s
r tu g A

ot cpndensatmn 'bemg prevented, oo
s"of ' electrital winding’ on the connec- -
posmb‘le} between the bubbling vessel and the

o:dropped. ,.buretteordroppingfnnnel

urm:ig Jmmber bnt for
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small-scale working, a bubbling earburettor in which the vapour content of the
hydrogen is maintained by suitable temperature adjustment, usually constitutes a
* more easily regulated method of addition. With either method of adding the vepour,
-& condenser, with appropriate cooling, should be attached to the exit tube, B, for
the condensation and recovery. of the product. - I
’ Where it is not desired to set up 2 special apparatus, hydrogenauion may be
carried out in apparatus of simpler type, without electrical heating, by employing
~ a large U-tube, immersed in an oil-bath, as the catalyst chamber; or even two
. pyrex distiiling flasks, as in Fig. 13, may be used. In this latter arrangement,
the smaller flask acts as the carburettor while the larger flask contains the cata.

- noted that rubber stoppers cannot be * .
used in places in which these become
hot, onaccount of the dangerof poison. . _
"ing” from the suiphur contained in -
these. o o
In most cases, whatever may be the
type of apparatus used, the rate of flow
of the mixture through the eatalyst is -
adjusted to a value such that substan-
tially complete hydrogenstion oceurs in
one passage through the catalyst; but,
sbould the reastion—for instance, by
virtue of an abnormally low tempera- . S
ture or for any other reascn—be ab- F-13. Simple s for the hydrogenation
nermally slow, it may be necessary, as » o o
an alternative to using a larger catalyst chamber or more than one chamber in
- series, to circulate the g8 or vapour mixture through the catalyst; and in any
case, if the extess of hydrogen is to be recovered and re-used, some form of
circulation is necessary. While circulation on a large scale, in whick mechanical
. pumps can be used, is relatively easy, it is not common in laboratory practice

-

t0 recover the excess of hydrogen, which is conveniently burnt at the exit of
- the apparatus. In cases, however, in which for any reason circulation of a gas
* mixture on a laboratory scale is desirable, this may be carried out very simply,
without the use of a special pamp, by means of an arrangement which has been
successfully used by Scawas and his co-workers! for gaseous reactions such as
- the hydrogenation of ethylene and which might probably also be used for mix..
tures of hydrogen with a vapcor of a liquid body. In this apparatus, which is.
illustrated didgrammstically in Fig. 14, the circulation depends on - the con.
~vection caused by a temperature difference between the reaction vessel and a

+of the circuit. For further details reforence should bo made to SCEWAB and
~ZOBRN’s Paper. It is obvious ﬂz&% with such an arrangement, the rate of circa-
lation is not known; but the principle has much to recommend it; from the stand-
Dot of simplicity, in avoiding the nocessity for & positively acting ciroalatics,

iy 0 SumamEn and SENDERRNS”eatly work on gas-phase hydrogsnation, fincly.

pe

.. v. Bauumacn: 2. physik. Chem., Abt. B 21 65 (1933}
Ebenda 25, _-413,.1§1?3¥?§?‘f1,. G. M. S&WA& H: Zows: Ebends
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" were employed. Thess .were distributed in = more or less even layer along a
_horizontal tube through which the mixture 'of hydrogen and the vapour of '
the substance to be hydrogenated was passed, the liquid being usually vapourised
from a drop faed in the tube itself. An apparatus of this type is shown in Fig. 15;

1

“Fig. 14. Apparatus of SCEWLE and ZOEN for gas-phase hydrogenation.

and,asmev:dentﬁ‘om the large ‘amount of work which was carried out with
--thilg:"simple"g;;apggment,_ it forms qmte an effective method of hydrogenation.

ot i S vt s

‘gas-phase

of  hydrogenation, the reduction of the catalyst
© apparatus itself, preferably immediately before the cayt;t
ydrogenation, the temperature being changed from that
+4o that used for the reaction. It is usual to employ a
iydrogen, the rate of fiow of ‘the gas being 'ineasured
1gh s meter or by means of a flow gange of the orifice type. -
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B : 2. Liquid-phase Hydrogenation. o )
- By far the greater number of hydrogenations are, in practice, carried out
in the liquid phase, using finely divided catalysts in suspension in the . liquid.
The method -allows the use of low and easily controllable temperatures, and
thus avoids to a large degree the formation of decomposition products due to

excessive or irregular temperatures, smooth and complete conversion to a single

product being a common feature of liquid-phase working. : v

With catalysts of the platinum group, the reaction is often carried out at
room teraperature. The body to be hydrogenated is usually dissolved in.a
soivent, e. g. in water, acetic acid, alcohol, ether or cyclohexane, although in the

10 c.c. of solution is usually sufficient if the linkage to be hydrogenated is not
too difficult, and far less catalyst is often used. Catalysts of the nickel class,
although they possess slight -activity even at room temperaturel are usually
used at higher temperatures, for instance, at 120—180°, without & solvent, the
- body hydrogenated being in a Liquid state in any case by virtue of the high

temperature. It may, however, be noted that nickel and other catalysts which

are specially suitable for low-temperature working may be made by *2aching
suitable nickel alloys according’ to' the -method developed by Ranky, details

of which are given elsewhere. Apart from this special form, finely-divided nicke] -

or other gimilar catalysts are usually supported on a kiesel or other carrier;
and a larger .
-for platinum is usually employed. For leboratory working, ] ,
nickel in the body hydrogenated msy be taken as an average figure for this;
but far smaller proportions are used in technical work in ‘which economy of
nickel is important. ' ‘ : oo '

- In most cases of laboré.tory hyd:ogenaﬁon; both in the liquid and in the

gas phase, the use of an increased pressure is not necessary, above all for ethylenic
linkages: accordingly, a description of pressure apparatus, which is of specisi
‘use for the rapid liquid-phase hydrogenation of aromatic or heterocyclic rings
or of ketonic groups, with a low concentration of catalyst, will be deferred until
a later section. ‘ ‘ : '

dependezit

 hydrogen through the liquid containing the catalyst; i suspension, for instance,
- tﬁe_i'ne!ins"{i)f_-iégitétion, is wasteful from the standpoint of ga’ consumption,

since, for rapid reaction, a very rapid stream of hydrogen has to be used. Tt -
does, however, constitute a rather primitive means of hy: rogenating a- sub.

- -stance such as a glyceride, the excess of ‘hydrogen being usua

leoven the sido orm of the distillg flask, oo
ey ractice, the simplest method of inducing intimste contach botwesn the
- 2 2A end the hydrogen consists in dsing some form of mechanioal shakey by

Thcans of which the liquid is shaken with the ges.: In an appe: atus of this type
vhe hedeoucl the liquid is shake mmbymmWWMa
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ratio of catalyst to unsaturated substance than that given above

955, 1868(1916): 50,305 (1917); 54, 1701 (1921), "

)
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‘ An apps.m*uvs of this type, which has been used by the author continuously
for over 20 yearbl mth only minor modifications is shown dmgra.mmatlcaﬂy
in Eig 18. . '
* .The charge to be hydrogt,n&ted is mtroduced by means of the stoppered side
tube, into the shaking pipette, 4, which is immersed in a bath provided with BIf

- -electric heater controlled by a thermostat, the reaction pipette being mounted in a
.. light. detachable metal bloek- which is shaken wvertically by means of an eccentric
_drive actuated by & constant speed motor. For smooth running, the vertical driving
- rod, on which the connecting rod is clamped, must be properly guided to give an
" acourately vertical motion; and, to avoid splashing, the length of the vertical stroke
-should be such that the bulb of the glass pipette does not emerge from the water
“in, the thermostat at the highest part of the stroke; nor, similarly, should the metal
.. connesting block break the surface of the water &t ivs lowest position. A suitable
- shaking speed is 400—-500 doubie strokes per minute.

B ..q.._,__v,,l:f e s "

I | | .
2 N
~v,_‘_..",.,:,~._

el
eV s}

o]
e 1 AR | I
: //////m

: Fig 16. Appargmu for h}'&rogenaﬁon Rn the l&quid state

The reaction pzpetbe is eonneo%ed, by mearis of & short’ pleoa of rabber pressure
ptnbmg,tothe gasmeasunngsysterm which consists of a main burette, B, a reserve
bureite, 0, and a drying tube, D, containing granular soda-lime or calcium chloride.
Fhe main hydrogen supply enters the apparatus at &, B bamg a 3-vmy sbopcock with
alternative connection 10 vacuum and to the hydrogen’supply. .

.+ /T'ouse the apparatus, 4 is detached from'its rabber connection, a}so Dy Ioosening
he thumbserews, from the vertical driving rod. Tt is. nsuallyconvementto keep the
necting blook permanently on the thick-walled; amall-bored stem of the pipette,
':stm.:bamg_shmidad from ‘breakage from the points’ of ‘the thumbserews on the
blosk . ‘the hole in. the block with' rubber faced with metal

aadﬁastenedmztnplacebya
B and C, are the completely -
he e ,"'a:bthexrupperendsclosed
: _.,bw mm:emOn and tha ‘whole
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to immerse it in the bath (by re-clamping the metal block on the vertical rod of
the shaker) until the fina] filling with hydrogen. Finally; hydrogen is introduced
into the burettes by opening the stopcocks at the top, that at C, also the stopcogk at B,
being then closed. The volume in B is then read off, the shaker is started, and the
be seen that, when this volume is exhausted, a reserve volume
can be obtained from C and - that there is also provision for
refilling C as required, the connecting tube between ¢ and the
hydrogen supply having been previously swept out with hydrogen.. -
For hydrogenation on & small scale, 4 may have a capacity of
25 c.c., and contain an actual charge of about 10 c.c., 0 and B

course of the hydrogenation followed by the disappearance of ‘the gas in B, It will

being ordinary 109 c.c. Hempel burettes: but the size can, of
course, be increased proportionately as required. - :
While, in an apparatus of the above type, the hydro-
genation dees not usually begin with any substantial speed
before the shaker is started, it may be necessary, in some
circumstances, not to add the catalyst until the phase of
preliminary evacuation and filling has been co pleted. A -
design of shaking flask ‘which “permits this, in which the _r
catalyst is contained in a side-piece (see Fig. 17), attached Flg. 17. Shaking flask
by a ground-in joint and . capable of rotation, has been °@-°§§f&mmd
described by H. O. L. Fiscrms and E. Bagsl. ‘After eva. = DARE
cuation of air and replacement by hydrogen in the usual way, the catalyst is
added to the main charge by turning the side-piece. . - .. . ‘

- es

" For the hydrogenation of Iarger volumes. of liquids, 'ﬂ;q shakmg appamtus |
fogether with the gas-measuring system will need modification In order .to be
adaptéd_to’the greater ‘weight of liquid te be shaken. Par_bimllaxfly for reactions

employing a hydroger ‘reservoir-in’ place of an ordinary ‘gas-holder, to work

at an increased pressure without special apparatus provided that .this pressure -
is not too high; but for ‘Pressures above about 2 atmospheres, particularly if
the volume to be hydrogenated is appreciable, properly constructed steel appara-

tus should, on grounds of safety, be used.”

- Meny. alternative forms of apparatus. for liquid-phase hydrogenatmn other
‘than those of shaker type have been described in the literature, Th"esPecmHy

described by A. Cax 3% and is illustrated disgrammatic

The agitator 4, is consiry
8 series of perforated discs; the bot:
forations. The axial ‘wire bearing this agitator terminate: at’
softiron cylinder; B. M. is‘ian",,eléct;;-‘oinagnét' of. adju
mechanical - current Interruptor; and, on making and b eakin . eurrend
8gitator rises and falls, The remainder of the apparatus is “conveniently. irsde

- Pyrex or similar glass. ¢, consists of o reaction veéssel, O, of the shape sh,
. Dected with = gas burstte, B, which can also, b ;used 8s & manometer, an

"1 Ber. dtsch. chem; Ges. 65,313 (1022)
* Tl Soc, chirm. Belgique 48, B(1937).
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-stopoock, E, for evacuation and filling with hydrogen. It will be seen that, by

‘working in this . way,’ the necessity for & rubber or tubular metal spring connec-

-tion to & .shaking vessel is eliminated. In CasTILLE’s work with this apparatus.

: -the ‘current was interrupted about once a second, by means of a pendulum, and
- mercury was empioyed in the gas burette.- -For working at pressures higher them
T T Coe ‘atmospheric, ths resction vessel could

b R ... ..%. . be fastened in its place by means of

" " “screws. A further and somewhat sim-

.. ilar magnetically operated apparatus
“hasalso been employed by B. ForesT1l.

" 3. Hydrogenation under Pressure.
~ 'While it is unnecessary in most
cases of catalytic hydrogenation to
use a high pressure, this may be
--necessary- in special- eircumstances,

_ particularly, as already mentioned,
~ in the liquid-phase hydrogenation of
ring compounds with nickel or the

- iquid-phase hydrogenation of ke-
...~ tonic groups with this catalyst or
- with copper, including related cats-
— lysts such as copper chromite.
Fig.18. Apparatus of CASTILLE for liquid phase  ~ _ -The use of pressure in gas-phase
.o bedmgemstions L pydrogenationisrare: thus, benzene,
naphthalene, heterocyclic- rings and ketones all hydrogenate weli in vapour
- form with, for instance, nickel; although, under these conditicns, more decom-
‘position usually takes place than if the hydrogenation were carried ocut on the -
. Hquid substance. On.account’ of the zarity of high-pressure gas-phase hydro-
- gemation, 1io account of apparatus for this will be given; but, if this is required,
i Teference should be made to high-pressuré apparatus’ of the type used for the
. synthesis ‘of ammonia. Such -apperatus hes, for instance, been successfully
‘used for the hydrogenation of carbon monoxide to methyl alcobol, in which
the high pressure is required for the displacement of the resction equilibrium

- in‘the direction of methyl alcohol. - :

- For liquid-phase ligh-pressure hydrogenation an autoclave provided with
- externally operated sgitating gear may be used—and has been successfully
- ‘employed, for instance, by SCEROETERS? for reactions such as the hydrogenation
- vof naphthalens r* vuoderate pressures—but,. for really high-pressure work, it

lss:mp npler t, o au zhegiandswhmhmnecessa ry with externally dri?en agita-

by moving the reaction vessel as a whole, this vessel being usually given
oscillating or rocking motion, in view of the weight of high-pressure appara-

tus, fath _$hsn:the.vertical motion which is-employed with smali ‘and light

‘glass vessels, On.the whole, on acoomnt of the greater solubility of hydrogen
‘% M‘t . - o . y

pressutes, & far loss interisive agitation is necessary than at low prossures.
cponmggthehghpm ‘hydrogen.: supply is made by means of -
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In PETERS and STANGER'S apparatus (Fig. 19), the liquid to be hydrogenated is
piaced in a horizontal glass reaction tube, 4, which is closed at both ends but has

o
" PRESSURE

CAGE DUmEr g/~

~oy

"ﬁéfJ % Tt
e 7 B

o
—
o
W7

\.:"\

R 1
‘ Secnon swowwe merwap or 4 )
P A \CIOSWE wELL

Fig.19. Appeuratus of Perexs ang SPANGER ior hydrogenstion under pressure.

a small hole at the top side. This reaction tube is contained in the electrically heated
High-pressure tube, W, which can be rocked about its central point by a rod and
excenter. The capillary metallic connection for highpressure hyd- = . 4
rogen is wound around the oxis. The permiscible degree of agita-. ~ - +
tion is not great; but, as pressures of the order of 160 to 300 atm., -
only moderate agitation is, as alréady mentioned, required. s

An alternative type of apparatus, which can be rocked or
shaken according to its size or weight, is shown in Fig. 20!, This
is most suitably attached to the high-pressure hydrogen supply,
a8 before, by a small-bore coiled metal tube. - - ‘ s _

In the figure, 4 is the connection for this supply, which ter-
minates within the vessel in a bent tube, of the form shown, in
order to prevent the splashing of ‘the hydrogenation liquid into the ERiRaE N
gas line, and B is a thermocouple pocket drifled in the wall. "The . - | R
~ outside and inside diameters in Apking’ apparatus, which wasrelat- = | . iy B

ively ‘small, were 5.4 and 1.9 om. respectively, the external and = -
internal lengths being 16.3 and 14.9 em.; and the apparatus could =~ |-
be used for up to 80 ©.c. of liquid, with Pressures up to 300 atm, The L
bomb wes provided with shaking gear in the usial way': a suitable
i asws was obtained by electricel winding; and & presurogaugs

the advantage of having only ors closure. - A, larger:veese
. preferably be mounted at’ & small angls ‘to the horizo

of being used vertically, and rocked in place of.
o 2 th0 above descriptioemengin
for reasons :

s of space; and, for further information’

C1H Anxilééé'-;i;'.""Améi-."c!i"em\.,_/SQq-, °, 4272 {

Handbuch der Eatalyse, Ba, vy, ¢
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thickness and the various gypes of high-pressure closure, reference should be

msde to any standard textbook dealing with the subject (e.g. to that of ToNGUE?).

Deteils relative to some of these points are also contained in ADKINS' paper?,

and in a paper by the author®. In making closures, it should. be borne in mind
- that jointing material containing sulphur (such as vulcanised fibre) cannot be
.used in hydrogenation apparatus with ordinary catalysts, at any rate in parts
- which come into contact with liguid or ‘which are exposed to a high tempera-
- ture: farther, for ilie sake of safety, it is absolutely essential that all apparatus
. should be : properly constructed and periodically tested in strict accordance
~~with high-pressure practice. For hydrogenation on a larger scale, internal agita-
- tors are employed in place of moving the apparatus as a whole; or agitation
~-may be obtained very effectively by a circulation pump in conjunction with
* baffles in the reaction vessel. | .o L e

e —,'..Cm.-ilydre‘genaﬁon Catalysts.

-+ Hydrogenation catalysts may for convenience be divided into two types,
namely into the classical metallic catalysts such as platinum or nickel and into
. & second, more recently introduced, class containing various catalytically active
" oxides or sulphides such as chromium oxide, or molybdénum oxide or sulphide, -
or -composite catalysts related to these. This second class is usually of more
- limited application, but its members are in many cases tolerant towards-sulphur
- and.other normal poisons. LT A
. The present section deals mainly with spesial methods of preparation of

some of the more important. hydrogenation catalysts of these types, princip-
. ally.-from. the standpoint of standard laboratory technique. Accordingly, no
- attempt has been made to deal with catalysts which are not in common use.

T a DI 4 Metallic Catalysts. N
. Into this class fall the elements of the transition gromps—nickel, cobalt,
~iron and the platinum metels—and, outside the group, copper. Other metals,

. in addition, possess sufficient activity for specially easy reductions, such as the

~ conversion of nitrobenzene to ani¥ine, but are not sufficiently active for general
hydrogenation, although in some cases, e.g. with zinec, an activity comparable

with that of the normal hydrogenating metals may be shown. g
.. With catalysts of this group, activity is dependent on the gtrict observance
of definite’ preparative technique, including the absence of catalyst poisons
_and the avoidance of temperatures high enough to cause sintering. Tho form_
. inwhich the catalyst is used will depend on whether it is to be suitahle for liquid
- Phase hydrogenation or for the treatment of gases or vapours: further, the effective
..ared of the metal iz cften raised to o high value either by methods of prepa-
ation which lead to relatively finely divided or—especially with the platinum -
even 1o colloidal forms, or by the use of porous ‘supports, which also

¢’ reduction. of catalytic surface'at high temperatures by sintoring, It
the: platinum ‘metals’ as being especially suitable for hydro-
‘media at-low temperatures, while catalysts of the nickel group

high temperatures; but this generalisation is perhaps hardly
tnary nickel catalyste—apart from special catalysts of the

nsy,. if suitably prepared, ‘show appreciabie

tion of High-Preesure Chemical Plant. London: Chap- -
- cit. - .- # Chim. et Ind. 45, 366-(1026).. .~ .



activity at room temperature, while metals of the platinum group are used both
for hydrogenstion and for dehydrogenationi, in. some circumstances;, in- the
temperature range usually reserved for the nickel group. Within-each group,
moreover, there is a definite gradation of properties in that, for instance, copper

is, in general, a milder hydrogenating catalyst than nickel and is’less Likely-to

- cause decomposition;’ but earlier statéments that a ‘given metal is incapable”

of acting in a given reaction have, with inér.eas,ing_‘knowl_edge-b'f xtheirﬂjprgp@xjg{- ,
tion and use; in many cases, had to be revised. ‘Thus copper, which was at one -

time thought to be incapable of hydrogenating & benzenoid " bond, has, in later -
work, been shown to be active both for benzene and for aromatic bodies generaliy.

It will be convenient to consider, firstly, the preparation of catalysts of the
platinum group, which are usually easily reduced from their compounds, in
solution or in liquid suspension and, secondly, the preparation of -base-metal
-catalysts. Whichfeql‘zia'*.‘:igher reduction'temperatures. S T

1. Metals of the Platinum Group. Pt, Pq, (R, Ru, Os, Ir).
. €) Ordinary Platinum Catalysts. :

From the standpoint of practical hydrogenation, only platinum and palla-
diuim are of importance, although the remaining metals all Possess catalytic

-

activity and have in rarer instances been used for hydrogenation. The same .

general method of preparation may be employed for each of these metals; save -
in the few cases where the relatively small difference in chemical- Pproperties
within the group renders & particular preparative method unsuitable for metals -
other than the one for which it is deseribed. The platinum metals are, in general,

employed for liquidphase hydrogenation, i the form of finely divided. sus.
pensions: in some cases they have been used in a colloida] state.  They have, to

they are good vapour-phase dehydrogenation catalysts, with which freguenﬂjr“,f

may be reduced with an alkaline formate or with alkaling formaldehyde. Moxp,

Ranmsay and SEmmrpst recommend the following procedure for reduction with

an alkaline formate. . - ‘

25 g. of chloroplatinic acid are dissoived in about 506 c.c. of water ;a.na.fbb.i_rea.“

- After neutralising with sodium carbonate, the boiling solution ig slowly poured into -

a boiling solution of about 25 g. of sodium formate in 500—890 e.c. of water.” Violent
'_effervqscenbe; accompanied. by the precipitation of the platin: » takes place; and,

i order to avoid: the Possibility of loss, it is; in practma,foundadmsabietohava

‘Teady o large ciean basin (the suthor uses & large circular poeumatic trough) inf
 capricious and, in soms sage. ;' the mixture necds to bs maintaied £ roy Lo

at the boiling point’ before the precipita ation—which may occur suddenly and v

‘ontly—takes place: It is, howsver,  ‘reliabls and ‘conveniont ‘way ‘of obtaining:

| Sipe platinum in good yield. After precipitation, T is v
{isulled water many (for instance, twenty) times by deoaae, ation... It ususlly-
 Teasonably quickly at-first, o long traces of electrolytes are present;.bu
. Iater stages of washing, it may be s essary to: allow it to. remain for

. 9% even overnight,. before once mors decanting, aud 1t o

tO 2 g t -E‘u ,,.indrderj 'to rédm‘th’e"- R ~°f »‘ !.,, ”.“altﬁoﬂuﬂgh' w e o " 35 k.

has, in the author’s experi

¥ Philos. Trans. Roy. Soc.%ondon, ‘Ser. A 188, 631 (1885)...

the platinum is wash ed with

#70% only been roquired in ono ot instemens spreent

1266
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aver mpny years' working with the method. Finally, the washed platinum is dried
-8t:100—110° in air, and ground-in an egate mortar to break up any lumps and to

‘obtain- a homogeneous preparation. . ..

- Reduction with formaldehyde yields an equally good product. =
. . According to the directions given by. O.LoEw?, 50 g. of platinum chloride aré
dissolved in'a small quantity (up to 50—80 c.c.) of distilled water, then mixed with
70 c.c. of 40—45 per cent formaldehyde. 50g. of sodium’ hydroxide, dissolved in.
an equal weight of water, are added, with good cooling.' The greater part of the metal
‘is precipitated at once. R: WILLSTATTER and D. HATT® recommend that the alkaline
mixture should, after this initial precipitation, be.raised to 50° for about a quarter
of an hour.: The washing is usually carried out by, decantation, and there is some
tendency. to the formstion of & yellow solution still containing a.little platinum
- {some of which is precipitated on boiling); further, the platinum may in later stages
_of  washing become highly dispersed, and. settle. only with difficulty, as before.
“RFRULGEN® has stated that this tendency may be overcome by shaking the pla-
- tinum with distilled water containing a little acetic acid. It is stated that vigorous
- ‘shaking, -coupled with the presence of the acstic acid as an electrolyte, prevents
the platinum from going over into a colloidal condition. : '

.+ "The direct Teduction of platinum or palladium from their chlorides or oxides
“nisy also be carried 'ont with hydrogen. ‘Dry. reduction does not, in genéral,
- lead to'an active catalyst, on account of sintering effects: further, in the case
-of the chlorides, platinum chloride is-less essy to handle, on account of its deli-"
: quescent’ character, than: palladium: chloride: Probably the quickest method of
‘all for the preparation of s palladium catalyst; of reasonably high activity con-
-sists in suspending finely ground palladium chloride in an organic solvent, such

a3 oyclohexane or decalin, thropgh which o stream of hydrogen is passed. The
‘hydrogen chloride. prodiiced during the Teduction is partly removed with the
~gas stream ;- but: sodizm carbonate may be added to neutralise this. As a still
-gimpler alternative, “palladium: chloride may be added as such to the solution
. of the substaice to be hydrogenated, in almost any solvent and with or without

the ‘addition of sodium carbonate, reduction being effected, for instance, by
* shaking “with hydrogen.- The reduction, as suspensions in liquids, of platinum
ot paliadium ‘oxides- is ‘still more satisfactory; and may even, if required, be
~carried out in ‘water. Platinum oxide is, however, not easy to prepare in good
-yield by the action of sodium carbonate or hydroxide on platinum salts, on

-acoount - of . theformation ‘of soluble alksline platinum componnds; but preci-
- pitated platinum: oxide  (e: g PtO,) or palladium oxide, by whatever method

they are. made, reduoes essily and gives & very active catalyst. The iempora-
~fure’of reduction of platinum oxide depends on the method of preparation and
Jon its previous history.. It ‘nsually réduces, with hydrogen ‘and in a liquid sus-

ss the suspending medium. In. practice; the temperature is gradually
aised, with passage of hydrogen through the suspension, nntil reduction, which

king- platinum oxids o palladium
:has"been :developed 'by Apams and

1 chloride -being fused with an alkali
iy reducible-oxides are obtained,
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which can be added directly to the éystem to be vhydrogenated, in -t;hét _iheyv
readily pass into metals in the presence of hydrogen, - - = | e

For the preparation of Platinum ozide, V. VoormEEs and B. Apawms? give
the following directions. -~ = - o e

20 g. of sodium nitrate are mixed, in a 150 c.c. porcelain casserole, with platinum -

. chloride, corresponding with I'g. of Pplatinum, préviously dissolved in 5 c.c. of water,
The mixture is heated gently and stirred with a giass rod until water has been expelled,
when the temperature is raised to fusion. - r the.brown oxides of nitrogen cease

o be evolved, the mass is allowed to cool and treated with 50 c.c. of water, The

brown precipitate is washed by decantation and finally on g filter until-the filtrate

no longer shows the nitrate reaction. Tt is, however, difficult to obtain’a completely

alkali-free product, the 'usual alkeii content of S .
the washed product being about 2 per cent for . - Table 16. ,
a fusion temperaturs of 400—500° and rising for: Maximmm tempera- | Time, in mins., .
~higher f“monpewrzpemtm RN mqfcmm “tion of matele aad
The most suitable fusion ‘temperature? is - '390—400" |- : 10
400—500°, the varistion with temperature of - 490~500 | 11
fusion in the activity of the resulting catalyst - 590—600-. | - 19
for the reduction, under standard conditions, = 650 RRETEE ¥ RN
of raieic acid being summarised in Table 16." qJ0 o180,

>

The same temperature (400—5009) - is also'_conducive‘to thé»\productionrof an
oxide ‘which is most easily reduced‘by;hydro.gen.‘ L S

f Tadle 17.

Fusion mey, if desired,
be carried out in other
nitrates, but the resulting ~~ o o T Tempersiase T :
catalyst is apparently not " wuston medimn | 2P | of fusion . - required for reduction
so’active".as‘_ when so-- . 1 . benzal
dium nitrate s employed. 1ono, L...... | 253 [ 480500 | 12
ADAMS and SHRINER’S o NaNO; ... .. |'312 | 4905007 ~'  1g°.
sults with other fusion:ﬁtKNOa ~337 5. 490—500; . o5 -
media are snmmarised in Ca(NO;),...... 561 | 500580 | - . .gg.
Table 17. It will»beho._gsBa(Nga),:..;.. 5751 600—630 | . 135
ted that the temperature STV 03)s - ---. | 645 |

SC. .- *C. . i byresulting piatingm .

630640 | No redustion

g7en by Abaxs and SwRINER (500—530°) for the fusion of the platinum’chloride
with calcium nitrate is lower than the normal melting point of the latter gaif,
but probably this was fiep'r.essed:bxzthqplatinnmfsalt%—.posﬁkly; by some water

still présent.

‘The above fusion methodls s. genﬁral onewluch ean be appheda}sato other
metals. of the platinum .group. ThnsRLSEm and RAnAzm give’ the

- B0 g. of sodium ,;;itrgte;and-atsoxq;;o@gf- palladous chlori  COTTe
2g. of Pd are thoroughly mixed 'ﬁl_:a‘é‘-lé?fc-éf-.j casserole, tl T evaporat

and maintained between 5759 and '800° for five minutes. . It-is then codled, dissolved:

ol it essilled woter, and the palladods oxid Fltered. ot h ek

 Frached with pure W‘”mw“tendmbemewnmdalaanuteu%mmmn f
- words may be said

the meth(_idé
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‘genstion with catalysts-of the platinum group. The employment of a support
“(kieselguhr; magnesia, calcium; carbonate, active carbon, barimm sulphate, etc.)
-in” goneral increases considerably the catalytic effectiveness per unit weight of
‘platinum, although a-support is not necessary in liquid media to prevent sur..
face. reduction. by sintering on account of the low hydrogenation temperatures
“employed: . further;” n-support may to some. degree render “more difficult ‘the
subisequent ‘recovery of platinum for re-use; by simple solution -of the spent,
in aqua regia.” If a supported catalyst is desired, the reduction of pletinum

chloride.solutions, especially by the alkali formate or formaldehyde method, can
Teadily ‘be .carried out in the presence of the carrier; or platinum or palladium
oxide may be. precipitated: on to kieselguhr, carbon, or barium sulphate etc. A
quick method, which has been used by the author, for the production of supported
pla.tmumconmstsinevapomtmg & solution of the chloride on to kieselguhr,
‘which - after thorough' drying ‘in. an.oven at-100—1599 is quickly (to avoid
.deliquestence} ground under decalin..,'—.Tboe-saspensrion 18 reduced, at the lowest
- temperature”at which reduction ‘occurs, by passage of hydrogen through the
" suspension, after which it is washed on a filter with alcohol to remove the decalin
-and subsequently, ‘very thoroughly, with water. It must not, during. tho-
- washing, be-allowed to dry, otherwise it may glow and lose activity. This -
= tendency is also observed, Ain general, with all methods of preparation in which
-platiny ‘prepared in the presence of organic soivents or in which it is Hable -
dsorbed hydrogen or carbon monoxide. It i particularly dangerous
b al preparations of platinum to employ a vacumm desicoater for
g or storage; in that, on sudden admission of air, a rise of temperature and
loss of activity. may occur. This applies very widely both to supported and to
-ansupported- platinum,” and’shoald be noted as a general caution in dealing
- with il forms” of platinum or related ‘metals. A properly prepared platinum
* stock; whether on'a support ‘qr(n{it,}may,;;xbwever, be stored in stoppered bottles
for many months without sppreciable cange in activity. Lo
In o systematic study of the varistion of the wetivity of a supported palladium
" catalyst with the" particulsr support ed, T.Samavrrecaxs and W. Moses!
. found that the effectiveness in the series of carriers: blood charoosl, bone charcoal,
- Sugar charcoal, barium suiphats, kieselguhr, diminished in the order given,
 save that hariai eulphate and kisselguhr were spproximately equal, The cate.
e prepared, for instance,-by immersing the support in a pailadium
olution in air, ~which ‘hydrogen for reduction after

k of Paar, Skrea, KsiRgr, and their -
ion methods in the presence of suitable

» prepared for-instance by BrEpia's
;. by no means essentia in ordinary.
soditm. hydroxide under conditions for

T Samarrrscaza, K. AEANN,
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details of which reference s‘hould be-made to the origina.l paper. The degrada-
tion products are, after addition, for instance, of acetic acid, divided into two

groups, namely into so-called protalbic acid, which is thrown down as a preci-

 pitate, and into so-called lysalbic acid, which remains in solution, - Both classes
of colloid are purified by dialysis before use. , e

' In order. to prepare colloidal platinum protected by sodium lysalbate, C.PaaL
and C. AMBERGER! add 2 g. of chloroplatinic acid, dissolved in & little water, to

a solution of 1 g. of sodium lysalbate in about 30 ¢.c. of water containing additional

sodium hydroxide in quantity sufficient to combine with the chlorine contained in
the platinum salt. Hydrazine hydrate is added in slight excess, whereupon the clear
dark-brown solution darkens, the process being accompanied by foaming and by
the evolution of gas. After reduction has taken place, the solution is dialysed against
water, filtered, cautiously concentrated on & water bath, and finally brought to

dryness in a vacuum desiceator. It is obtained in the form of black, very lustrous,

‘brittle lamellae, which are easily and completely dispersed in water. '
- Soditum protalbate may be employed similarly. Thus, Paar and AMBERGER took
2 g. of sodium protalbate in 30 c.c. of water, and in the presence of' soda, as before,

added 3.6 g. of platinum chloride,” After completion of the reduction with hydr. -

azine, vhich took 5 hours, the colloidal platinum was dialysed as before.

“For the preparation of colloidal palladium, 1.6 g- of palledium chloride {= 1 g.
Pd) was dissolved in 25 c.c. of water and added to 2 g. of sodium protalbate con-
‘tainirg soda in slight excess. The reddish-brown solution wes then treated with hydr-

- azine hydrate, as for platinum, and the colloidal palladium was purified by',dialynis,..
. concentrated 8t .60—70° and dried in vacuo, Colloidel iridium could be obtained "~

similarly.- - .~ . . A S ‘ , L
' As'an alternative method of reduction, hydrogen may be used. In an example

given by Paar, and AMBERGERS &-solution of 2.5 g. of palladium chloride (=15g.
Pd) in: water acidified with a very little hydrochloric acid was added to 50 .c. of
water.: containing 1.5 g. of ‘sodium protalbate and slightly more soda than was .
necessary for reaction ‘with the chlorine of the palladium chloride. The clear, dark-

brown solution was heated to 600 on & water bath and hydrogen was passed through

for two hours. The solution became black and, as far as coald be seen, no separation -

of non-colloidal palladium took place: however, if, for instance in & partially filled

flask, the gas current splashes some of thy liquid on to the heated glass, the metal

produced in these splashes is non-colloidal. Purification by dialysis was carried out
as before. I . v

Gum _arabic was introduced as a protective colloid for platinum metal cata~
\ lysts by A. Skrrad, who observed that palladium was precipitated in a stable
colloidal ‘form on treating with hydrogen an aqueous-alecholic solution of

- of gum arabic without special precautions being taken at all. The above remarks
apply also to the preparation of colloidal platinum*. The- colloidal preparations -

- are purified by dialysis and are dried: with. the usual precantions.

e the production of colloidal platinum ‘metals which remain -effectie in.
82 and A Senwams? recommend degraded gluten

- acelic -acid sohdion, C,”
-as the protective colloid.-
.2 Ber. dtsch. chem..Ges. 87
. }'Ber, dtsch. chem. Ges; 88, -
-+ Ber, disch. chem. Ges. 42,
% A.SErra, W. A. Mevee: B¢ .
. b Ber. dtsch. chert. Ges. 485, °1950° (1912).: . ]
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- "Thus, 4 g. of palladium chloride, dissolved in & little. water, are added to 16 g
~of a solution prepared by heating gluten with acétic acid and containing 50 per cent
‘of the degraded gluten. The clear, dark brown sclution is made slightly ammoniacal,
8nd hydrazine hydratc is added drop by drop. After the completion of the reduc-
tion, which is accompanied by foaming and by the evolution of .gas, the solution is
dialysed against water and carefully évaporated, as in the other methods. The black
‘'scales .are easily dispersed both in water and in acetic acid, and are also not readily
. coagulated even by mineral acids. . The above proportion of protective colloid to
- pelladium leads to & preparation containing 20 per cent of palladium. ‘

S c) Platinum Metal Catalysts jor Gas-Phase Use. .
A few remarks may, finally, be made with regard- to platinum and other
. catalysts for gas phase working.  Finely ‘divided preparations are, in general,
- not suitable for use in this way, since the mixture of ‘hydrogen with the gas cr
‘vapour to be hydrogenated can only be passed over the surface of such catalysts;
- and, although metallic' powders have in some cases been used both for gaseous
bydrogenation and dehydrogenation, it is preferable to use a granular support,
- or'to;make up a mixture of finely divided platinum with a finely divided support
 into ‘granules by means of a pelleting machine, and thus to produce a catalyst
_-which permits, without undue obstruction, the passage of a gas mixture through
.its mass.  Probably the simplest  method of making a catalyst of this nature
~consists in impregnating asbestos, pumice, silica gel, bauxite, or other fibrous or
 grantlar carsiers with ylstinum or palladitim chloride, or, in the case of osmiom,
/with osmic acid; but the activity of the resulting catalyst will depend largely
~on the conditions of the reduction. If dry reduction is employed, some checking
_of the sintering effect which leads to an inactive catalyst and which is due largely
" o rapid uncontrolled reduction, can bo obtained by using hydrogen in conjunc--
~Hon with'a large excess of an inert gas, such as nitrogen, the percentage of
~hydrogen being increased-us the: reduction proceeds; but a more satisfactory
" way-is to reduce the palladised or platinised granules-in a liquid mediam, which
controls the tefperature and from which the granules csn- afterwards bo
‘removed. An especially suitablé method consists in reduction by hydrogen in
& Yquid in which the platinum or palladium’ compound is insoluble, e. g. in deca-
lin.  As an elternative to the use of granular supports, pelleted catalysts which
‘are ‘stable. at” reasonably high temperatures, can be made by passing finely

divided platinum on a finely divided support (for instance, a catalyst consisting

-of 80 per:cent of kieselguhr and 20 per -cent of platinum) through a pelleting
machine, tho ukricant and binder depending on the substance to bo hydsogumated.

7. 2. Metals of the Nickel Group: Ni, Co, Fe, Ca." :
The mefals of this group are reduced from their compounds with grester
difficulty chan the platinum metals and, consequently, require other methods
of ‘preparation, the ‘miost ususl method. being the reduction of the oxids with
loes'of activity by sintering. In-view of the relatively high
 wietals require, the uss of a refractory support.
ntage, in. that. drction can, in -
which  would rissible in-
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aqueous alkalies, whereby the metal is left in a highly porous, almost sponge-
like state. Such catalysts are of high activity at low temperatures, but collapse
on being heated beyond a certain temperature range. -
/ .
_ a) Preparation by the {2edzwtwn of Oxides elc. I
The reduction of oxides or of various salts such as the basio rbonate, the
formate, or others, which in many cases pass through the oxide as an inter.

to give the most active catalysts, above all avoiding the exposure of the materials

both to high temperatures and to conditions which give a less reducible oxide.

Nickel may be made very conveniently, and in a highly active form, by the
reduction of the basic carbonate either as such or after, conversion of this to the
black oxide, Ni,0,. B I L

In order to prepere the carbonate, 112 g8..of purest nickel sulphate and s slights

excess (120-—130 g.) of the calculated weight of sodium carbonate crystals are dissolv-

ed separately in water and poured simultaneously, at room temperature and ‘with:

vigorous ‘stirring, into: a third ‘beaker containing the support -(e.g. 71 g. of Kiesel-

guhr, made into & thin paste) if one is used.. The above proportion of support gives -
& catalyst which, after reduction,. contains about: 25 per cent of nickel. ‘The: ratio .

i

of the support to the nickel can of eourse be increased: in some commeéreial cata- -
lysts the ratio is as high as 10 to 1. After Pprecipitation, the nickel carbonase is filtered

on & Biichner funnel and thoroughly washed with eold water. Bince & basic car-

bonate "of not very constant composition is produced, the amount of soda Tequired

for the precipitation of a given weight of nickel sulphate varies somewhat with the-
conditions, but it is essential that the soda should have been in excess, as. will be
shown by the absence of green colour in the first filtrate. There appears to be little
advantage in substituting nickel nitrate for the sulphate, the eatalyst made from
either salt possessing about the samse actj ity. Similarly, sodium hydroxide ‘may,
if desired, be substituted for sodium earbonats, with “precipitation of nickel hydr-
oxide; but, again, no advantage is obtained. Indeed, nickel hydroxide is usually

more difficult to filter and wash and, in practice, the carbonate.is almost always used.

Duriog the drying of the washed filter caks, this should notbeexposedtotem

- which warm air is passed. Drying is best carriad ogt slowly and may take from &

few hours to several days, according to the amount 0. be treated. ‘Ab
‘1ot be dried ‘by heat alone. . S LT e S e
-The thoroughly dried nickel rbonate, after being ground

~ highly. active catalyzt. ‘If this is done, ‘& not too_large quianti
 carbonate is placed in a porcelain, dish 4 ated, with con

’ ' - ¥ \ rou fine ‘powder in-
& mortar or mill, is reduced directly;.or it ‘may- be previously converted. into the
Do Oide, Nis0y. This intermediate step is not essential, but it corteialy’ givés &

1269
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ﬂame Gen.eml hydrogenatlon experlence has shown that this black oxxde of nickel
gives & more active catalyst than most specimens of the green oxide; but it iz doubt-
ful* whether it has’ any real’ advantage over & c&refally prepared baslc carbonate
‘reduced as such.
- Nickel’ onde may also be made by the ignition of the mtmte Whlch exther
akme or mixed with a support such as lneselguhr is. placed in a poreelam dish
and hea.bed “with st.irnng, on an air-bath, as descnbeci above, untxl the evolution
of oxides of nitrogen has ceased. The method avoids the rather long ‘washing
and drying operations which ¢ are necessarily associated with preexpltated oxides
“or carbonates, but it does not, in general, lead to catalysts of such high’ activity.
~Alower acnmy—-especmlly in certain gas-phase hydrogenatlons or dehydrogena-
- tions, in which a too vigorous catalyst may. lead to excessive decompomtmn
~at high tempemtures or -to a product more hlghly hydrogenated than is
- desired—is, in- s0me cases, actually advantageous. - - Further, in place of using
—an-oxide; good- mekel catalysts .may also be made by the direct reduction with
nydmgen of a number of organic nickel salts, for instance, mckel formate, solu-
tmns of these being used, as before, to impregnate a porous carrier. -
The general effectiveness “of - mdxvxdua.l supports varies somewhat with the
parhcula.r specimen taken, but A. Ramax and O. StisER! obta.med the follow-
mg resnlts for the various. camers given. in Ta.ble 18 S

SR . f'.’,:i . Teble18. _ o
Dm0 TV U Belative activity - S il < < { Relative activity
o "33"“‘1‘ 0 | per unit pf-'nickgl“ oo Cawdler. " | per unit:of pickel
k0, ) Ceriaviiannnaa. | 28
1.4 Aluming L. ..., SR X
'17 ~"Kiesciguhr....‘,,.';..,;v RN v

Zt wﬁi be‘seen th..t*kleselguhr ‘wa,s bhe most efficient of the carriers examined;
'but the lesser’ ‘efficiency of su supperts of the carbon type is not in; conformxty
wrbh the: results of other workers and’ may be due to the use’ by Kamax and
ofirelanvely low-suifaced specimens. ‘As a further and very effective
methcd “incorporating » carrier, co-precxpxta.tmn may: be. employed. Thus,
- hydroxides or carbonates of metals ‘such  as” nickel or: copper may be co-
pmp:tated with; for “instance,. ‘magnesium hydroxidez, = . .

The. reduction of nickel oxide, ‘or.its equivalent, to metal is ‘the fmal

“in all' the: ‘above ‘methods of prep aration; and thexemperature at which' thrs_
- reduction eﬁ‘ected n addmon to its »’speed ‘and: duration, aré of. paramonnt.i
5 of mckel""'pmdueed. “With: an-
alysts, the mﬂqenqe' : th;s tempemture is especially marked.
ity. may be indu ced ot pushing ,reductxon,to com- .

s




I'S_I'ydyie'rung'skatalysatoren.» 667

, hiydrq‘gen,'aftéf:pamge through the flask, »fnay' be burnt. at the sidearm or at a jet :
‘attached to the side-arm by rubber tubing: The contents of ‘the flask may, if desired,

be shaken pericdicdlly to assist the. uniformity of ‘the_ reduction. In general, no

~ also be carried out in an electrically heated furnace; but the use of a fused-salt bath
. constitutes a very effective method ¢f temperature control and enables the change
in colour (blackening) on reduction to be readily seen. A mixture of about equal
parts of sodium and potassium nitrates melts at abouf 2209 and may be readily
_melted by & simple Bunsen burner in a small metal saucepan, or even ir a large
"“enamelled iron mug. It is ‘advisable, when re-melting the bath from the cold, to
allow the bungen flame to play on its side, rather than on the bottor alone, in order
to avoid what may be dangerous. spurting of the molten salt during early stages in
its melting, due to the development of pressure by the expansion of an enclosed
liquid layer at the bottom without free access to the surface. . - - .
- - Precipitated " nickel oxide begins to reduce in ‘hydrogen at a temperature
which may. vgry between 2100 and 23001, The optimum reduction -teémperature
has been the subject of considerable work. Thus, &.-M. SceEWAS and L. Ruporrpr?
. give the following relative figures for an unsupported nickel catalyst (Table 19).
- From these, the optimum temperature would - - 7 - ST
seem to be about 3509, This is somewhat higher than ____~  Table 19. - . =
. that obtained by earlier workérs: thus, SApaTrER  Reduction I L ity

. and SENDERENS recommended 300—3509, the lower - g """ | of reduced nickal
limit of these temperatureg giving tzhe‘;highe_l"agti- 308 | - Leo
vity;. but the best reduction temperature varies, "~ 356 - L6

‘a8 has already been stated, widely with the history . . 406 . . L0035 7
-of -the mnickel oxide {in that ignited oxides reduce . vggg*‘, g%g
a% higher temperatures and give less active cata-. - DT SR SR
lysts thaxt those prepared ‘at low temperatures), as well agt with the size of the
. batch reduced, and. with the time and rate of passage of the hydrogen.. The
reduction time also’ varies but, in a flask reduction, for j nee with not more
than. 50 c.c. of catalyst contained in & 200 c.c. distilling flask, -
. should be sufficient,. provided that - thshydrogencurrentlsreasonably rapid;
b VAth supported nickel catalysts, higher reduction temperatures still may
be  employed. Thus, C. Keuses?: found that a. support: such as : kieselguhr
- prevented diminution of effective surface by sinter- - = ok e T oy
ing even at 450%, and A. Kamay and F.Hirtget " Table 20.)
 obsarved that » kieselguhr-eupported nickel cata. I i
- lyst increased continuously in activity as the reduc.
. Hon temperatare was raised from 345% to 5500, This
- -is supported. by the previous results of A. Katrax -
.and H.C. Harp1® which are summarised in Table 20. .

flask, 111/, hous.
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mekel, ltmaybehandledm air for a short time withont.‘ldﬁng activity or

“becoming -hot provided that it is quite cold and that the hydrogen has previously
been ‘removed as -far -a8 possible. by passage of ‘nitrogen or carbon dioxide
through the reduction vessel, The inert gas apparently forms a temporary
. protective covering, which is sufficiently persistent to-permit the transfer of
the catalyst from a reduction flask.to the reaction vessel in which it i3 'to be

~used; but it may in cerfain cases be advantageous to reduce in the reaction
“vessel xtself,eepecmllylmmedmtely before the nickel ig actually required, and

‘thus to avoid the Lecessity-for transference, with the attendant possibility of
loss “of ‘activity; although the risk ‘of this is not great if proper precautions
.- In-the fc regoing  directions, attention ‘has been paid principally to nickel
‘catalysts.  Copyper, cobalt, and iron catalysts are made in similar ways, the prin-
cipal preparative difference lying in the temperature required for-the reduction

_with- hydrogen-of the oxide to metal. The reducibility of coppen oxide varies
gma.ﬁyw:thrbsmethod of preparation; but, in general, a reduction tempera-
. ture” of just ‘below: 200° gives a -satisfactory catalyst if the copper hydroxide
- or’ carbonate is unsupported!; ‘but’ supported copper_catalysts may, as with
 be recaced ‘at-high r temperatures. _Similarly, a temperature of about

400" has been recommended: for. cobalt oxide and about 450° for iron oxide. -
i+ The course of the reduction by hydrogen of all the above oxides is auto-
“catalytic; in that it is catalysed, at the oxide-metal interface, by metallic nuclei.
‘The velocity -thus -beginsslowly, then rises to s maximum ard subsequently
'fldéétegggg,'-"‘;'._lfhé.--kan@c@a‘lytic"‘re_dnt:tion of nickel oxide  has bheen investigated
25 - Bmerox and P. H. Baatwr® and the comesponding reduetion of come
oxide by C.R. A Waienr, A. P.Lvsr and E. H. Rexsrs? and by R. N. Prase

ndH. 8. Pavropts o 0 o S
;i b) Reduction $n Liquids.

: ‘““ mg catalystsmade by the;redﬁctip'n. of oxxdes, a few remarks

low. 300°, reduction may’ also-be cirried out by leading a ‘current of

regerd-to wet reduction. If the oxide or other compourd - -
frough & suspension of the oxides in a snitable organie liquid. .Qver- .

Mﬂm very effectively prevented and under- suitable con- "
ctive catalysts ave obtained. The-method was used at one time
n-of glyceride oils; the nickel catalyst. being produced in- -
pending nickel oxide- or: carbonate in the ‘cil%and passing.
n ascount of the water. produced, its use for sub. |

Béances Aced. S,
- Boc, 482798 (1024), -

;1 (1878);°85, 475 (1879).
Te-glean) - A
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in the ordinary. way; but better. results are usually obtained with pelleted cata-

“lysts made by- passing finely divided ‘supported catalysts through a pelleting

;machine. : Thus, ‘nickel carbonate or*oxide on the uwsual kiesélguhr base may

i By means of a steel punch and ejects the Peﬁ%,-—thetomﬁon‘beiﬁg‘réﬁégﬁédf

continuously. = -

. An entirely diﬂ'ei'ént;typé“ of catalyst which is also very suitable forg&s-

phase hydmgenatibq is made. by anodically oxidising nickel turnings in an elec-

‘produced, and the turnings, -which are usually contained in nickel cages, are,

‘after thorough washing with water, placed in a cylindrical reaction vessel and

'hydrogedaﬁOn"aiz temperatures lower than those usually employed with metals

reducedmthhydrogenxmm iately before the Passage of the mixture to. be
~hydrogenated. Thig catalyst may also, if required, be used for liquid-phase hydro-

atmosphere; oo | -y . |
d)AlZoy-s&eiembydrogemonmdystﬁ P
Highly active nickel and other catalysts, which are especially suitable for

-genation by allowing ‘a film ' of the liquid to flow over the nickel in'a hydrogen -

of the nickel group, may be propared by dissolving owt the aluminium com-
ponent ‘of a nickel-aluminium alloy by means of aqueous ‘8odium  hydroxide3.

copper mt 4o noys miay also be used and the method may also be applied to

- The alloys themselves, in- the" case of mckel-alummmm,may be- made by

e

nickel should in the fusion method be used in the form of compact Ingots since
the finely-divided metal oxidises superficially and does not readily ‘alloy ‘with

aluminotkermic methods or by dissolving ni kel in ‘molten aluminium®, ‘The -

. the aluminium. The activity of the resulting nickel doss not vary greatly with
. the. composition Of the initial alloy, a.suitable‘composition corresponding to

Chiem. &4; 220 1941~
ull Ssc. chim. France. (59 3, 1022 (1930)
: « physik. Chem;, Abt,

l el et Sl

T 183838

N
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. .306 g. of the finely ground alloy are added slowly (in two to three hours) to a
solution of 300 g. of .sodium hydroxide in 1200 c¢. c. of distilled water contained in
_.a-4Jitre beaker and surrounded .by ice.  The mixturé is then heated.on a hot plate
for four hours; with oecasional stirring, at 1151209 A further 400 c.c. of an approx-
imately 20 per cent solution ‘of sodium hydroxide is then added, and the mixture
‘kept 8t 115--120° for about threo hours, or until hydrogen is no longer evolved,
--after-whick-i% is ‘diluted to a volume of 3 litres. "The nickel is washed six times by
_decantation, and then alternatively on a Biichner funnel and by decantation until
the filirate is neutral to litmus. The nickel is then washed three times with 95 per cént
- aleohol and kept under alcohol, Tt may also be stored under water; but it is strongly -
_pyrophoric when dry. As a slight modification of the above procedure, it is' con-
“-venient, in order to avoid undue violence during the first stage of the leaching, to
_cover the alloy with water and to add to this the sodium hydroxide solution in small
. quantities?, the reaction vessel being, as before, cooled in ice. As soon as’the. first

- violent action is over,. the vessel can: be placed on-a water-bath and the leaching
- continusd, Wwith about- three. changes_of "20—30 "per "cent soda in the ordinary way.
- Throughout the preparation, it i8 necessary to bear in mind the easily ‘oxidisable -
" . and-'pyrophoric nature of the nickel, which is produced -in a heavy, easily washed
. state, -Particularly, on replacing the water by aleohol, it is necessary to aveid the
- drying of part of the nickel cn the sides of the vessel, which should be washed down
iace of storage under a liguid, it may, for convenience in weighing out, (since
0ot be. weighed in air without protection) be stored in & solid such as stearin,
e of alechol which adheres to-the metal—which, of course, cannot be dried— -
being xémoved by passage of hydrogen ‘through ‘the stearin-nickel susperizion at 8~
:temperature slightly above the: melting point of stearin. The stearin-is now allowed
to solidify with vigorous mechanical stirring in an atmosphere of nitrogen or hydrogen,’
in ‘order 10 ensure & wniform - dispersion. of nickel throughout the solidified mass.
‘When cold, it can be cut into.small pieces for weighing; but it is found to be inad-
. Yisable: to powder. the -suspension,  since in that case somé diminution: in activity
urred.on storage.’ In its final form, the nickel can be stored ‘for at least several .
closed bottls without appreciable change in activity by oxidation;, but -
fent £0 seal up in an evacusted vessel any stock not required immediately.
stock sealed up in"this ‘Way, nitrogen is. admitted; bat this precaution

S ture of alloy-skeleton catalysts is their abnormal activity at -
peratures. Thus Joveer and ADEmNS (loc.sib.) state that, .whereas

- the p & supporied nickel catalyst, could not be hydro..
, 100%,. complete. hydrogenation was obtained with_ alloy-
X6 237, at a hydrogen pressure of 23 atm.; and G. Duront?,

P W

rature, ob

H. Zomxt found, as-

ity increased with the
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content of réntgenographically: amorphous material in the catalyst, but that
the most active preparations contained the largest nickel crystallites. -This'
- latter cbservation would seem to show that the activity due to crystallograph-
ically amorphous particles is sufficiently high to outweigh the activity of atoms.

in the normal lattice. In any case, activity due to extra-lattice atoms, or ‘even

y levz

to & highly-surfaced, sponge-like structure, such as would be expected in cata- -

lysts prepared by a leaching process, should be relatively easily destroyed on
exposure to heat, in that labile extra-lattice material will tend 'to become re-

-arranged in normal. lattice form, and any sponge-like structure will tend,to' :

collapse.  This relatively rapid loss of activity during use is observed even at

150°, whereas ordinary, and especially supported nickel catalysts continue to

‘work even at higher temperatures ‘without such diminution in effectiveness.

Alloy-skeleton metals are thus essentially low-temperature -catalysts -although; -

as has already been ‘stated, ordinary kieselguhr-supported ‘nickel msy also be
prepared 80 as to be active at room temperaturel.: Alloy-skeleton catalysts
are usually used in practice in relatively high proportions per unit weight of
-unsaturated body treated. They are especially useful in selective hydrogena-
tion {(q.v.) in which, according to G. DupoxT (loc. cit.), distributions of hydro-
‘genation are obtainable which are impossible with, for instance, platinum black;

and they will also, in some c...es, very. conveniently permit the arrest ofan acetyl-

enic hydrogenation at the ethylenio stage.

. On account of the different optimum temperatures of use ofa.lloy-skele‘hon

and of ordinary supported nickel catalysts; it is difficult o compare the catalytic

effectiveness, per. unit weight of nickel, of typical catalysts of the two types;

but, if 140—160° i3 taken as the tempersture of ‘maximum activity of supported

nickel in liquid-phase hydrogenation and if 110-—~120° is regarded as the ‘highest

permissible temperature with alloy.skeleton nickel, on account. of ite collapse

&t higher temperatures, it was, in the case of the hydrogenatios of an oil, found
-unit weight of nickel, “of the-alloy- . fure otwmm ;}‘Wﬁ‘;"‘m{ ks
the working temperature wasalsbdeter-- 42 10 |
its ordinary supported form af 1600 150 | 108 | -

 kieselguhr-supported nickel has abo’ut‘_ ) ' Table 21
skeleton. The varation of the initial  «c. .
-mined and compared with the activity -~ g6 | . s

that, as a very rough figure, an average’ Lo
twice' the catalytic: effectiveness, per. Tempera. | Relative thitsor | Belstive initial sctivity,
activity of “alloy-skeleton nickel with DY e
‘of an equialent weight of mickel B 113 | 33

" H.’Zorn® recomimend heat ; kel with technical,

for 25 minutes at 16009.- The product is then powdered and added in smaf
0,530 per’ contcaustic : ;

ac

‘about, three timos the caloulated quantity f soda, It is then refluxed with the soda..

for'20 hours ard afterwards

:soda. solution cooled, as “before, in. ite aud containing
wached bwice with fresh dilute sod:,..nd about six times -
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- The friability of the alloy and the activity of the nickel vary with the ratic
of nickel to silicon. ' SoHWAB and ZoeN give the following figures, in which the
activity of mickel from the silicon alloy was also compared with that obtained
~with aluminium. It will be seen that the alumininm alloy, in this case at any,
L ... Tabess. . rate, gave the moreactive cata-
S —— s e WVe — lyst; but. the activities wepe
Ksck;rlo‘;t:“’m , Nat;nro of alloy - - .L iytic activity - compa;‘ed at 1509, forthehydro
: ' - i . Lb150°  -genation of ethylene.
g@gi,’. cees bsz c-l’ﬂFriable' de e :13 - . Alloy-skeleton hyd}:ogenal;
iSi...... ifficult to powder. | - 1 tion catal containing meta.
Nigl, ... . Frisble. - 6 pper thaﬁ?ckelhavea]soheen
described. Thus, the ‘corresponding sron “alloy-skeleton catalysts <have been -
prepared, in a very similar way to nickel, by R. Paur. and G. Hooy! by treating
—an-iron-aluminium-alloy -with alkalies: and ‘copper ‘and cobalt catalysts of this
-type bave been studied by L. Foucounav®. Copper is most easily made from
' copper-zinc-aluminium alloys, since alloys of copper and aluminium alone are
';von.lyjsldwly»:@tt&cked,by‘so‘da;.‘-* DU IR T ;
.- 'Thus, DuvARDA’s alloy (50 pér ceut Al 45 per cent Cu, 5 per cent Zn), which
. sy be bought in finely powdered form, is added to a 30 per cent solution of sodium
. hydroxyde, cooled in ice s for nickel. When the first action is complete, for instance
- after 10—11 hours, the solution is heated gently until no more hydrogen is evolved.

- Ib.is retreated with soda twice (i.e. three times in all), and washed and preverved

_under aloohol. " oo | L
. :The resulting copper possesses an activity only approximately equal to that
‘made by reduction in the ordinary way; and it can also be mads by leaching
. the alloy with hydroohloric acid,”in which' case the ‘catalyst. is loss active,
 Povcounav. applied it to many of the standard reactions for which copper is
 Spedislly suitable, e. g. for the dehydrogenation, st 170—270°, of ethyl aloohol
‘to aldehyde and of bénzyl alcohol to benzaldehiyde, and fx e reverse reaction,
~mamely for the hydrogenation of aldehydes and ketones o alcokols a 125--150°

athydmgenpmssmes up to 100atm. - Aromatic rings were. hewever,” not
- attacked. - Tt will be noticed that in this ‘work, the cataiyst w-.s used only at
relatively high temperatures. . 0 ¢

“...In ‘the" case- of ' cobalt; co t-aluminium . alloys were made aluminothermally
- (L. Foyoounav, lo. eit.) by allowing ‘20 g. of ' aluminiom to" react with ‘150 g. of
COaOAThomgotwaspowderedmasteelmmandpwedthmugh & fine sieve.
The method of preparation of the catalyst is, as with copper, very similer to that of
12 hours, is heated not higher than 608 urtil hydroger is no longer
tment (twice) with atda and subsoqumns. ety oy T

&Bﬁahnehqmdto ‘become blue owing to the

used by FoucouNau, at 176—2509, for
-and other. aleohols and for various hydrogenation
ire, 4 100200 Unlike copper, it readily hydrogenates

ab & temperature of 175--200° is usually neovssary for
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II. Hydrogenation Catalysts of Oxide and Sulpbide Types?

Hydrogenation catalysts of this type, especially molybdenum oxide or
sulphide or tungsten oxide or sulphide, differ from catalytically active metals
firstly in being less susceptible to or even completely indifferent to the presence

of ordinary catalyst poisons and, secondly, in being, in some cases) capable

or copper chromite) itself Probably partly passes into metal in the presence
of hydrogen at the temperature employed for the reaction. Oxide hydrogenation
catalysts may be divided into two classes, namely, those of the chromium oxide
or chromite type, including chromium oxide itseilf and other simple oxides, and
into a second class of oxides, containing molybdenum oxide and tungsten oxide.
Hydrogenation catalysts of the sulphide type may be divided somewhat similarly
into classes represented, for instance, by nickel sulphide~and by molybdenum
sulphide. ‘ C ‘ 7 ‘
_ 1. Catalysts of the Chromite Typet. S
Most of these catalysts coatain chromium oxide or its equivalent, in con-
junction with a second component; -bet chromium oxide without such addition
is active at, for instance, 4000 both for the general hydrogenation of ethylenic

0.04 molar. The precipitate is washed 4-—10 tives by decantation, dried’ at
119° and’ broken dnto granules of suifable size. The catalyst becomes active
for catalytic hydrogenation at 350317, Chromiui1 oxide. may also be:made
by the very gentle ignition of ammoniuw bichromate. in a vacuum; but Lazier
and VAUGHEN report that the ignition of ~hromiun: nitrate or oxalate led to
inactive catalysts. Amorphous chromium oxide, on being heated, in some cases
suddenly glows and becomes transformed into a light green modification, -this-
glowing being 2ccompanied by the loss of its activity. A further method, which

- H.8.Tayror and I Mim‘;m&m? ~for ‘pregaring

beiing & solution of chromio nitrate ‘with ammonium  gosty ate, thi

- adding ammonia, and again‘boiling. ~After being washed; the preci

again boiling . ipitate is dried
at 100-—140° and heated t0 460%in hydrogen. ._,Mgiré‘"usua?lly,?hqﬁeve_x‘,*‘- chromium

~oxide is employed in ‘comjunctioniwith nickel, copper or zinc. These catalysts

+ on meral eupgort, the chromilin oxide bang shes Apgerper s %
aluming in alumina-iron ammonia o telysts, although, i thex‘:aseoi'chmmxum-

oxide supported-metals or:

2 W. A Lz,  J. V. Vagames
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R. Sraromr! have shown that abnormal mutual activation (or, in some ‘cases,
~abnormal deactivation) only takes place in composite oxide systems in which
X-ray examination gives.evidence for some form of chemical combination or
of inter-lattice penetration. - . ’

_+ H.Avrins and R.CoNNOB? give the following directions for the. prepara-

. Ammonium hydroxyde (about 150 c.c. in an exemple given) is added to & solu-
“tion of 126 g.:(0.5 g. mol.) of ammonium dichromate in 500 c.c. of water until the
formation. of ammonium' chromate is complete, this being indicated by a change in
colour from orange to yellow. After allowing the solution to ccol, 241.6 g. (1 g. mol.)
~-of cuprie nitrate crystals (- 3H,0) in 300-c.c. of water are added with stirring. The:
reddish: brown precipitate is filtered off, dried at' 100-~110°, then finely powdered
-and " decomposed by: heating gently in a porcelain cassorole over a bunsen flame.
After the decomposition } has begun, thé heat of reaction iz almost sufficient in itself
~to complete’ the decompasition; and, as soon as the spantaneous reaction is at an
- ‘end, the casserole is heated further until fumes cease t, bo evolved and the contents
- are ‘converted to-a black powder which is so finely « dadd a8 to be almost like a
liquid. 'The heating must be carried out cautiousis  *. movement of the flame
and stirring, in order'to avoid local over-heating, T .udact is allowed to cool.
‘suspended in 200 c.c; of a 10 per cent solution of acetic acid, iiltered, washed thor-

“oughly with water, dried for 12 hours at 100—110%, and finély powdered. The vield

" of ‘copper chromite from the above quantities of materials should be about 113 g.
No special reduction before use is necessary since this occurs under the conditions
3. C. W. Frazee and C. B. JACEsON® propose a slight modification in making
-an anslogous mickel compound: - N

- ‘One ganol.-(290°g.) of nickel ‘nitfate crystals (+8H,0) end one g.mol. (160 g.)
-of chroriio aeid are dissolved in 250 c.c. of water, and to the solution -3 g-mols. of

-ammonium hydroxide axe added all 2t once with rapid stirring. The yellowish red
predipita “filtered off on an suction funnel and washed once with about 50 c.c.

: of 'water t0 remove the mother liquor. After drying at 110, a sampla of the preci-
‘pitate has the compodition, Ni,O - (NH,), - {CrO,);. This is decomposed by hest in
;' the manner described above for copper chromite. The decomposed material corres-
- ponds t0. 2NiQ:- Cr Oy, - 0 T S B '

" i/ The-catalyst is reduced before use with hydrogen in the usual way. FRAZER
~and JACKsON recornmend that the temperature should be raised at the rate of about
-120%an hour until 3502 is reached, this temperature being then maintained for at
-least.4 ‘hours, . The temperature is subsequently still further raised—at the rate of
~90? per-hour—to 540% After being maintained at this tempersture for half an hour..

~‘the reduced pyrophori¢ catalyst is cooled in carbon dioxide or nitrogen and introduced
into the liquid. to be- SEF CEER

hydrogensted. . -

talysts prepared by the ignition of copper ammonium chromate,
- both: ¢h d of catalyst and its-activity are found to vary with the quantity
of animsnium hydroxide used for its precipitation; and it is found advantageons
te:barium, caldium, or megnesium, which apparently stabilise the

st excestive reducticn and inerease their activityd. -

of a solution eentaining 2.1 o. of hyvratad conptr aiirmce and 31.3 g
8t80% were added to $0t c.c. w1 o ~olution containing 151.2 g. of
chromate . and 225 c.c. of 2% por eent ummonita. hydroxide at
- procipitate was filtered. prese::! v ik g spatula, and drained as far
wanextdried OVQmight 8 77 4 and tdecemnosed in three por-

Mom:; Abb, T 27, 430 (1084). . )
emy 8oo.. B4, 105291931 - . Ame . shem, Soc. 58, 950 {1836).
FR.PoLRERs, H Apxans: J. Avwr. o¥t ... Soc. 54, 1138 (193:).
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tions, with stirring, in a casserole as above, using a free flame, wlich was removed
when the decomposition had begun. After continuing the stirring, there was a
sudden evolution of gas and the mass becamle black. The product was leached with
10 per cent acotic acid (600 c.c.) for 3u minutes, fillered, further washed with 600 ¢.c.
of water in six portions, dried overnight at 125° and powdered. The yield was 170 2.
- Catalysts containing magnesium, calcium, or strontium may be prepared in the
SAme way as that given in the preceding peragraph. In preparations on onethird
the above scale, 10 g- of MgNO, - 6H,0, 6.6 g. of caleium nitrate or 8.5 g. of stron-
tium nitrate was substituted ' for the barium nitrate, the yields being 34, 38, and

Mixed oxide catalysts of similar composition are also made by the decom-
position of oxalates, nitrates, .carbonates, or even by mechanically mixing
copper, oxide and chromium oxides. _ConNoR, FoLrers and ADEINS Tecommend
the following procedure for the preparation of a catalyst from a ‘mixture of
carbonates: : , B -

5.4 g. of barium nitrate were dissolved in 50 c.c. of boiling water, 77.2 g. of
hydrated chrominm nitrate [Cry(NO,),16H,0;, separately, in 450 c.c. of warm water,
. and 100g. of hydrated copper nitrate [Cul¥";,3H,0] in 160 c.c. of water. The
fhmesolutions ‘were mixed a$ 359, and94.4 g.c?. -unonitm_: carbonate [(NH, )aCos-HgO]

with §0 c.c. portions of water, dried at 110—120°, powdered and decomposed, ir two
Portions, by.ignition, as before, at 180—2309. The product was suspended in 100 c.c,
of 10 per cent acetic acid, filtered, washed twice each time with 75 c.c. of water,

and dried at 110—120°. Yield, 57 g . o o
© Zinc chromite is made by methods similar to those used for nicke! on copper.
J. SavEr and H. Aprms! recommend dissolving 250 8- (1 g. mol.) of ammonium

dichromate in 600 ¢.c. of water, ‘concentrated ammonivm hydroxide being added .
until the colour of the liquid has changed from orange to yellow." This should require- ‘
&bout 400 c.c. of ‘ammonis, 379g. (2¢. mols.) of zine nitrate, dissolved in 800 c.c,

of witer are now added; and the yellow precipitate is filtered, washed ‘and . dried -

overnight in an oven at 859, The zine chromate thus produced may be decomposed

to chromite by gentle heating, as before. =~ .

According to another method of preparation 2 ,_2'00‘3. of ‘zino oxide rw'e're’ mxxed
with 22 g of chromic acid and enough water added to form a ‘thick paste, 100 g.

of 4—8 mesh pumice was mixed with the Paste and the mixture dried st 1500, It
-could, of course, also have been pelleted or etﬁru@ed:ei_ﬂmg alone or with a finely-

divided support such as-liesslguhr or clay. ..

Zin chromite is of apecial interest in that it doss not eadily hydrogenate
simple unsaturated 'carbo'n-'caern‘.linkaggs ‘but very -

£roup or even a carboxyl group. Tt 'ac‘cordingly.’dbes“not' hydrogenate ethylenes,

but is & good catalyst for the reduction of acetone to isopropyl aleohol; and, with -

bodies containing’ both an unsaturated linkage and = carboxyl group (as_such; -
or in the form of an ester’ the latter may- be reduced while the double: bond -

Temains unattached (J. Saver ‘and - H. Apxins, loc. cit.). Tn this it differs

~ fundamentally from tb: metals such as nickel. Thus; ‘with oleic seid: ~
 ACHs-(CHy),-COOE -

CH"{CH’L'CH:CH'(OH&?‘CCOH g

:'J. Amer. chem. Soc. 39, Lqsgr, o R
" VACUREN:. J. Amer. chom. Soc, 58, 3710 (1935

easily. reduces a carbonyl

1274
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.+ Ntckel chromite, on-the othér hand, has very nearly the same hydrogenating
- properties as metallic nickel, copper chromite occupying an intermediate position
according to the temperature at which it is used.. The action of these catalysts
 is discussed in greater detail later. They are employed at temperatures varying
from about 2500 to 3500.. . . . T IR
T4 2. Molybdenum COxide and Tungsten Oxide. B
. . Catalysts of this type differ from the. chromite class of hydrogenating cata-
- lysts in the temperature at which they become active and in the scope of their
- application. They usaally require a working temperature of at least 3509, ‘and
in many cases are used at:450—500°. Accordingly, like their sulphur counter-:
parts molybdenum sulphide or tungsten sulphide, their use is restricted. to the
_hydrogenation . (ususlly under pressure) of substances, such “as" naphthalene, -
.which are stable at these high temperatures, or for the reverse process of de-
- hydrogenation; and they are also good catalysts for the reduction of phenols
%o hydrocarbons. They are unaffected by the presence of sulphur: indeed,

sulphur may raise the activity. - | O R
¥ In: their simplest form they need littls ‘special preparation. Porous. granular -

R supports such as beaxite or sctive chareoal may: be ' impregnated with aqueous

‘ammoniury. molybdate or. tungstate, the moiybdate solution being, for-instance,
-evaparated to dryness in & porcelain ‘dish in the presence of the support; and the
“granules; after being dried, are heated, preferably in the hydrogenation vessel itself .
‘and in"s-current of hydrogen, to remove amrmonia by the conversion of the am-
. monium molybdate to molybdenim oxide. “As an alternative, & paste made from
-armamonium molyhdate or from molybdic acid, together with a finely divided carrier,
iz dried and pelleted in the usual way, -~ . . L
- Molybdentm-* oxide . catalysts have also been prepared! by adding powdered
~molybdic acid to colloidal silica, the paste being warmed and stirred untik the silica
. coagulates and a uniform mixture is obtained which can ‘be dried without any ten:
- -dency to separate. - It is then re:moistened to form a paste and extruded in threads
. from a press. The intermediate drying process was ‘adoptéd to exclude the possi-
- bility of ‘an increased silica concentration in the -first part of the thread, which -
*'usually has a higher water content. China clay (4 : 1) may be mixed fo the above cata-
““lyst as’a filler; and alumina inay be used in place of silica®, .The extruded thread,
~which may for laboratory work conveniently have a diameter of about 0.1 inch, is
_dried in an oven and broken up into small lengths. R S
- . The ratio of support to catalyst was found to have a considerable influence

on the activity, and the. effect of the ‘inclusion of various promoters was also
-investigated. Molybdenum oxide catalysts containing phosphiorus, and made.
by heating ammonium phosphomolybdate, have bee described by F. E. T. K-

MANS

-/ B. Sulphide Catalysts.

- The" principal catalytic use of sulphides such as mickel sulphide or cobal

sulphide is for the catalytic decomposition of organic sulphur compounds; but
“they may-also ‘be used ‘as’true ‘hydrogenat : ‘

*°y may 5l be used ‘as.true hydrogenation eatalysts,—for instance, in the
~case of nickel sulphide, for the hydrogenation of earhon. disnlphide to methyl
EhintiA- enitable pickel ~sulphide may be made by the ‘action of carbon disul-

. GrIFrITH, J.H. G Praxr: Proc. Roy. ,SOc_;;.[Lon%:n], Ser. A 148, 191
E.Honmas,BNancx,REGmmEben 186, 0 -
iy el SGRIFFITH: Trans. Faraday Soc. 88;:406 (1937).. .~/ .. - . '

"Trans. Faraday Soc. 83, 784 (1937). 0 o e T

... % Samamree, Eseri: Bull. Soc. chim. France {4) 15, 228 (1914). — B. Crawrsy. |
ividera 7175

FEIY s J:chem. Soc. [Londen] 1988,:420. — R. H. Gerrerrs, 8. Gi Hos:



tion of aromatic fxydrocarbons such as naphthalene without the necessity for
the prior removal of ‘impurities, and ‘for the corresponding: dehydrogenation

process. They are, accordingly, Important commercial catalysts for the treatment -

of tars as well as for the so-called hydrogenatan-cracking of fuel prqducts

natively, they may also be made in a pelleted or ‘extruded form. Thus,

F.E.T. Kwemax (loc. cit.) precipitated molybdenum sulphide from aqueous
- ammonium’ thicmolybdate with sulphurie acid and compressed this into small

(Y

pellets. A filler such as kieselguhr can, of course, be added; and’ KiNeMaN

of catalytic hydrogenation is dealt with more systematically, is- to group: the
bodies hydrogenated’ according to the naturs of the unsaturated linkage and to -

consider in the first place principally parent substahces, especially in"the parts-

dealing with the hydrogenation of ring compounds. o ,
‘The. literature necessary for s systematic survey is still incomplete; since.

only certain substances possess’ sufficient representative or intrinsic intersst

for their hydrogenation to have been studied ;"b'ut‘,ﬂ;'e exi

large degree, be filled up by analogy; and, in any case, the number'_gf_gub-’ :

i8 now very great.

'Thé unsaturated }ink_ages. which can be hydrogena.bed catslytical!ymelude,

firstly, the three main types of carbon-carbeon Imkmgs, represented respectxvely

by ethylenie, ’acetylenie,‘ and ' benzenoid bonds; secondly, various . chain or-
- cyclic links in which one partner only is _carbon—for instange! the. carbon.

- N

" Bitrogen or carbou-ua 2 g5 lLnkinge in ringe suchas pyrrui'”o'x__-_;mmﬁé;br_fketbnie,f

or nitrile groups—as-, thirdly, unsaturated‘ “bonds "not\,_finvolﬁ; carbonat

all, e.g. the azo, —XN : Mo, link.

In addition to reactions involving B_atumtiqn.'.qﬁiY» catalytlcreductmnvnth

‘ quently constitutes a more advanced stage: ﬁfh‘usé‘,#ldeﬁyd,éé or'k

- 4

carbon. It is not.possible, in many cases, to kesp th&setwotvpesof ‘process

' | ketches may”
pass, by saturation, to an aleoho! and subseguently-- y reduction—to 2 hydro.
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,senamte but the reactions dealt with first are mamly t,hose in which bhe simple
“saturation of an unsaturated lmkage occurs.

.- It ‘may be noted that maximum cata.lytlc acbnnty is by no means always
'demrable -especially in cases in‘which it is desired to isolat¢ an intermediate -
_reduction product. Thus, in the reduction of bodies containing an ethylenic
linkage in a side-chain_attached to a benzene ring, the selective hydrogenation
.-of the chain can-often be: carried out without appreciable hydrogenation of
“ the nucle:ns bv emplaymg a eata.lyat of relatively low activity. Further, even

when there is no question of selective attack, the use of a very active catalyst,
- especmlly n gas.phase hyﬁrogenntmn at high temperatures, may lead to more

excenawe decomposition than with 2 catalyst of lower activity.

. An’ interesting example of the raising of the yield of an mtermedmte pro-

- duct by ad]nstmg the activity of = catalyst has been obseived by ROSENMUND
‘and Zrrscur! jn connection with the liquid-phase hydrogenation of benzoyl
: and other acxd chlondes it bemg found _possible to arrest the process:

‘R C-‘OCl-)R CHO-»R 'CH,0H R -CH,

’f'ahnm entn'ely at the a.ldehvde stage by partially pmsomng the pa..la,dmm
‘gcata.lyst used.

I Hydmcarbons and Fandamental Cychc Bodles

1 Hvﬁrogeaation of Alkenes.

: In the cla.sswal work of SaBatrEr and SENDERENS? ethylene and the other
_mmple alkenes were hydrogefisted by passage, together with hydrogen, over
- & loyer of reduced nickel, cobalt or copper-contained .in a horizonta! tube at
a temperatme of 100—1+00° 'v*'th nickel, or 180-—250° with copper. Iron and
RSt : : - o ) ,n’.aﬁnnm were also used, hut were ob-
“bl‘ 23 . served to lose activity r&pldly owmg to
J|Rate offlow! - 'Ycarbon deposition. -

'm' sera. +| B3 1 Percentags -
2 fure aﬁ;ﬁ;}% hydro- The reaction. is,” however, more effi-

oyosalot | gemation  ciently carried out in one of the vertical

' 'c - wm* —  types of apparatus. for gas phase hydro-
Cﬂﬂhc& 240 ¢ -89 . | 262 . genation illustrated in Chapter B (e.g.
RS 1 SR ik Eg . ﬁ.g Fig. 12),.and with a pelleted or sup- -
Pt—sﬂica 80 o172 72'1-;{ - ported granular catalyst, preferably em-

ploying an excess of hydrogen; &nd, if
- the. cata.lyst is carefully prepared, reac-
*2 - tion may occur even at low temperatures.
6  Thus,R. N. Praseand L. STEWAET®, who
5 used’ metals: supported onsmall fra -
* - ments. of .distomite brick, found uhat
: : - . nickel and-cobalt caused the interaction

ar ethy!ene to mke plaoe fairly rapidly even at —20°, while iron
ately ctive at 0%, copper at 507 and silver at 100°. However, the
¥y 86 has a_lrea&\»‘ beendxscussed nseafoa.mamum,a.sthe

owt. give. 2409 na- ﬂta femperatnre. of maximum actxvxtv for.

"a mckel c&ta?lvs%' pport»e& an silica. gel the correqpond.ng temperatme for

54 425 (1021)." |
'%s!,Sca. 124, em (1397), 130, 1761 181, 40 (1800);

3"33 {1*\27) .4 J. physic. Chm 31, 1220 (1927).
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palladium—and probably aiso for platinum—being of the order of 60°. These
‘authors also give the. following figures for the rate of conversion, at these
optimum temperatures, with catalysts of this type, the gas mixture used contain-
ing two volumes of hydrogen to one of ethylene (Table 23). e .

The far higher activity of platinum and palladium, ‘especially the latter,

compared with that of copper, is well shown; bat the corresponding relative rate
of working of nickel, which is cozisiderably -more active than copper, ‘'is not -

included in MoggIs and ReYERSON’s figures. Some account of ‘the working of
4 semi-industrial plant employing nickel has, however, been given by C.SerenT!;
Ethylene, which had been made by the debydration of alcohol with alumina,
was mixed with a slight excess of hydrogen and passed, at a pressure of 30 to
40 atm., over nickel on_pumice at a temperature of 200°, When working in this

-way, it was found advisable—in order to avoid an-undue rise of temperature,

owing to the exothermic nature of the process—not to pass the andiluted ethy-
lene-hydrogen mixture by itself over the ‘catalyst but to employ a mixture
containing 80 per cent of ethane, 10 per cent of ethylene and 10 per cent of
hydrogen. This'can readily be done by using . a closed  circulation system, in

- 1276

which the fresh hydrogen-ethylene mi ure is added to ths required proportion .

at a point in the circuit before the reaction chamber, while tﬁé‘ethane ‘produced
{except that required for re-cycling) is condensed as a liquid after the passage

of the mixture through the catalyst. At the ordinary pressure, the reaction

was far slower; and SprENT considers the use of an increased pressure advisable
if the process is to be operated on an industrial schle. It is stated that quite a-

small unit successfully made 25 kg. of liquid ethane a day and that it ran con-
tinuously, save for the occasional blowing off of the excess of hydrogen. -+ --

- Before leaving the subject of the rate of working of various catalysts for
ethylene hydrogenation, some figures, due to O.ScEMiDT®, for the relative:

activity of nickel and other catalysts at low temperatures may be given. -In
ScEMIDT’s measurements, an ethylene-hydrogen mixture was allowed to- flow

at atmospheric pressuré through o small reaction vessel -containing an un-
supported metal catalyst, ‘dtually prepared by the reduction of the carbonate

© at various temperatures and rates of flow are summariscd-in Tabie’

or hydroxide with hydrogen.* The percentage conversion to cthane obtamed

_ , Table 24. , - _
. Wt. of catalyst . - : Hydrogeration | .. o
Catalyst ’ "":m | mee peram, Semoemtare - vi‘;&?‘;':‘?ﬁ%"ﬁf;, ‘
Nickel.......... | 03¢ 80 g L ee o o 1006
IR DU - | S BRI, O s 97.80 00
Cobalt ........ SEEN R B Nt R TR X L2200 T et
R L R R 5 S R X T R G R1 SRR BN TR I : I
: ' A S X o100 1500
Copper ........ »op o RO g 34 20 v A8
I * ERRED P B 11 DR L) | I IR R
o RERRE I & ¥ 1o 100 77
Silver ....... .0, PR 1 By 5 3.8 | 24 - 23

- The results cmphasise thahlgh

sctivity both of nickel and cobalt at the

-ordinary temperature, and‘:'sthw';_vgéxlljﬁﬁjs.;dggneeﬁ of ‘increase in the setivity of

SOPper s the reaction temperature is raised from 20° to 100°. Other work on

e’

*'3. Soc. chem. Ind. 82, 171 (1613), # 2. physik. Chem. 118, 193 ( 1925).
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~the hydrogenation of ethylene with copper at low temperatures (0—40° has

“been carried-out by H. S. Tavror and G. Q. Joris!. In this case, a catalyst

supported, ‘by co-precipitation, on magnesia was employed. Other studies of

- the same reaction on copper have been made by G. HarxER?; and the subject

. has also been investigated, principally, howerver, from the standpoint of reaction

- kinetics; by "a large number of ‘other workers, e. g. CONSTABLE and Pary=w,
to whom reference is' made in another section. : _

.. The union of ethylene and hydrogen also takes place readily in the presence

. of a number of less common hydrogenation catalysts. Thus, O. Scayipy (loc. cit.)

. studied the activity of zine, which he prepared by the action of magnesium on.
- an alcoholic solution of zinc chloride in the absence of air. Under the same
~ conditions as in Table 24, i. e. with about 1 g. of catalyst, an ethylene conversion
~-of 84 per cent was obtained at $0° with a gas rate of 1.2 c.c. per minute, and
64 per-centconversion ‘at "17° with about the same rate of flow. Further,
R. N. Pzase and ‘L. STEWART have measured at 25° and at 100° the rate of
interaction of ethylene and hydrogen in the presence of ealeium. The catalyst,
- ‘which ¢onsisted of calcium turnings which had been ‘washed with ether, was
- ‘more -active after it had previously been saturated with hydrogen; but . the
_rate of interaction between calcinm hydride and ethylene (as distinct from the
~ catalytic action of calcium hydride on a mixture of ethylene and hydrogen) was
“too slow to make it probable that calcium hydride itself is formed as an inter-
mediate preduct in the catalytic form of the reaction. The hydrogenation of -
sthylene may also be carried out with oxide catalysts, for.instance, with chrominm
oxide, which has been successfully applieds also for ethylene homologues, e. g. for
propylene and octylene. ,, : :
- The hydrogenation of these Righer olefines takes place very similarly to that
~-of ethylene.’ Thus*, they may be hydrogenated in the vapour phase by SapaTIER
. ‘and SENDERENS’ method or by any of the modifications of this already described
- ‘under ‘ethylene.  C. ScHUSTERS states that the rate of hydregenation, in the
“:predence of a nickel catalyst, decreases with an Jincweease in chain length, in
S SR I that butylene hydrogenates more slowly

. Table 25. than propylene -and this, in turn, than

Olefine - Half-life period ~ ethylene. SCHUSTER gives the following

SR n - Mins. figures for the half-life period, at room

‘Ethylens ............ | g8 - -~ temperature, of various olefines adsorb-

“Propylepei........... | 104  ed on his catalyst (nickel supported
~e-Butylene ........ ... - 228. on active charcoal) and submitted in
ﬁ?gg’eﬁé ARSRALIN N 1‘1‘33 ' | the adsorbed state to the action of hy-
SRTEIIENO erenedees § ' under comparable econditions.

- Olefines can; of  cotirse, also be hydrogenated in. the liquid phase. Thus,
~Paav’and ‘Scawarz® hydrogenated ethylene by shaking a mixture of this gas
~and hydrogen with a solution containing eolloidal piatinum; and olefines higher
- than Cg-are themselves liquids at room temperature. : : :

ahiie s : &Hydmgezmuon yo‘f; Acetylene. »
~'Th hydiﬁogeng{tipﬁfbffdcetylfene-a.nd its derivatives is in many cases com-
_ plicat by polymerisation. In general, they are, however, very easily hydro-

© -2 Brll. Soc. chirn. Belgique 46, 241 {1934). * J.8cc.chem. Ind $2, 314T (1929}
.8 W. A.Lazien, J. V. VAUGHEN: J. Amer. chem. Soc. 83, 303G {ivs2).
. * C. R. hebd. Séances Acad. Sci. 184, 1137 (1902). - '
. B Trans. Faraday Soc. 28, 406 /1932); Z. Flektrochem. angew. physik Chem.
88, 614 (1832),  '¢ Ber, dtsch. chem. Ges. 48, 994 (1915). L



Anwendung der Hydrierung. 681

genated; and it is usually possible, at any rate to some degree, to arrest the
hydrogenation at & stage corresponding with the production of an -ethylenic
body. DE Wmpz!, as long ago as 1874, hydrogenated acetylene with platinum

_black and observed that, if hydrogen is present in sufficient excess, the reaction -
proceeds smoothly. to ethane. Niekel, copper, eobalt and iron catalysts were-
used by SABATIER and SENDERENS?, with various complications due both to
partial polymerisaticn and to the deposition of carbon. With nickel, the reac-
tion began .in the cold; and side reactions could to a large degree be avoided
by using a large excess of hydrogen. The reaction, with copper, was less
energetic and began at 130—180°, according to the activity of the catalyst.

_ More recently, the hydrogenation of acetylene in the presence of platinum,
palladium or copper, supported on silica gel, has been investigated by V.N.Morris
and L. H. REYERSON3, who found -that-a considerable proportion of ethylene
was contained in the product (the main constituent of which was, of course,
ethane), even when hydrogen is present in excess. The platinum catalyst worked.
well at 100°, palladium at 50° or over, and copper at 200°; but polymerisation
of the acetylene also occurred. - e S

Acetylene is also very easily hydrogenated in the liquid phase. Thus, step- -
wise reduction, with production of ethylene as an intermediate product, has
been carried out with colloidal platinum metals®. For instance, on circulating,

- at room temperature and in a closed system, & -mixture of equal parts of acetylene
and hydrogen through a solution containing eolleidal palladinm until the*volume.
of the gas had been reduced to one half, PaaL and HoHENEGGER obtained a
product containing 71 per cent of ethylene and 10 per cent of ethane, the
Temainder being unchanged acetylene and hydrogen. The use of palladium of

 mediate product. Colloidal platinum may be substituted far palladium$; and
the prior conversion of acetylenic into ethylenic linkings before the latter ‘are .
further attacked is apparently general, since it has also been observed with
palladiam, ecopper,’ alloy-skeleton niekel, and alloy-skeleton iron®, bothfor:
acetylene itself and for its derivatives, The reasonably sharp-separation of the.
intermediate. stage is, a5 already ‘mentioned, usually more easily obtained with
relatively inactive catalysts: thus, it occurs more distinctly with copper than
with nickel; indeed, in some cases, with catalysts of low activity such as iron;
or even copper, the reaction may apparently come to a halt at the formation
~of the double linkage. This is illustrated in SaBaTrer and SENDERENS’ work -
on the hydrogenation. of n-amylacetylene’ with nickel, which gave principally -
ethane, and with copper,- with which the product. was mainly ethylene; ‘but -
the ease of stoppage can be changed, even with the same metal, by decreasing.
- - Other homologues, and ‘substituted acetylenes generally, can be reguced in.-
& similar manner.” Thus; C.KrLBER and A. SORWARZ®, who worked with colloidal
1 Ber. dtsch. chem. Ges. 7, 353 (1874). Ll e
2 C. R. hebd. -Séances Acad. 'Sci. 124,616 (1897); 128, 1173 (189¢;; 189, 250,
1559, 1628; 181, 187, 287 (1800). - .o ¢ L T et L
. J.physic. Chem. 81, 1337 (1927). ~. - - T
¢ C. Paax, C. HomENEGOER: ‘Ber. dtech: chem. Ges. 48. 275 {1018y, -
5 C. Paan. A. Sorwarz: Rev3¢23" cham. Ges: 148, 1202 {1915). . .
¢ M. BOGRGUEL, ' R. Covnren, V. GeEDY: Bull."Soc. chim. France {4) 61, 253.
- (1932). — G. DuronT: Ebenda (5)8,'1030 (1936). - R. Pavw, G. Hoxy: C. R. hebd.
Séances Acad. Sci. €06, 608 £19388). = o TR ' S T
! C. R. hebd. Séances Acad. Sci. 185, 87 (1902)."
3 Ber. _dbsch.‘,chem; Gor. 48, 154 {i912).: - -
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“palladium- in acetic acid solution, were able to arrest the reduction of phenyl
acetylene and of tolane {diphenyl acetylene) by interrupting the absorption of
bydrogen at the appropriate stage, the intermediate products being styrene
and stilbene respectively. . - : : -

. - Ph-CiCH-Ph-CH:GH,»Ph-CH,-CH,. ‘.
B Phgnyl' véet}flénél_ 'S_tyreﬁe. -V Phenyl ethylene.

- :Ph'cfcn"rh"'?h'CH:.CH’Ph**PhfCH2_~CH2'Ph, @

5 _ Tolage. . . Stilbeme. = ‘Dibenzyl.
- The hydrogenation of diphenyl-di-acetylens was aléo studied and found to
proceed anslogously, namely, to give the corresponding butadiene, which, on
further reduction, passed into diphenyl-butane: . - e

Ph-C:C-GiC-Ph - Ph-CH:CH-CH:CH-Ph - Ph-CH,+CH,-CH,+CH,-Ph.

e s s .

© Dipheufl discetylene.” - Diphenyl-butadiene,, - . " Diphenyl butane.
| 3. ,HYdregenation of Hydxocsirbon Rings.

S »‘,'_'-Vc'z)Géneml."_“‘ Co : _
‘While all unsaturated hydrocarbon rings can-be hydrogenated by methods
similar to those used for unsaturated linkages in chains, the hydrogenation of
the benzene nucleus. occupies & special position, not only on account of the
‘importance of benzere derivatives generally, but also by reason of the rever. |

sibility of the reaction and because of the relatively slow rate at which the hydro- -
genation of benzenoid,bonds-qccurs,‘qéoinpayed'with that of ethylenic linkings.
The benzene nucleus is extremely difficult to reduce non-catalytically: it is,
for instanes, not attacked by nascent hydrogen; and, certainly, one of the most
important results of Sapatrar and SENDERENS’ original work on the activity -
~of nickel was the immediate possibility. of .preparing, -in bulk and reasonably
easily; both . cyclohexane -and a- very large ‘number of other hydro-aromatic
bodies. which had up to then only . been ‘obtainable. with difficulty and in
lbwjfyiellds',by;'reﬁuction -of - their- parent bodies with, for instance, hydrogen
dodide. -t oo oo T - o

- .-The special. properties of ‘the: benzene ring, from: the. standpoint of hydro-
genation, namely the reversibility ‘and the relative ‘slowness.of the reaction, are
shared by ccitsin heterocyclic rings; e. g. by pyridinie, but nob by wsatarsted
carbocyclic: rings. other “than benzene: indeed, these other -carbocyclic rings
-may, in agreoment with their general chemical properties; be ‘Tegarded as cyclic
- “Their hydrogenation, '

, ation, partly. on: account of their lesser importance
d-partly byrea.sonf)fdxfficulmesmthe preparation of individual members;
Hias been far lows systemstically studied than is the case with benzene derivatives; .
‘but it is possible, in most insténces; to give some account, of the hydrogenation.
.of typieal -examples of esch class; -and in the following treatment, these -ayclic

and ‘convenient, .for ease 'in.
Sy g ke T st :
ible’ hond withod of expressirig benzensid structure when . |}
Structural formilzs 51 bodies containing aromatic rings, in

mg, to retamthe &

sfividg the struc rmils con
- placsof employing = notation f the type: ] - A
which more accurately represents the modern conception’ of the structure of ,
“benzene. a
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: b) Hydrogenazi'on of .34, 4 Aaiuli 5-0arbbn Rings.
- The simplest unsaturated hydrocarbon of this series, cyclopropene,
, ' o , . A
o
| ca’ o ’ |
has been described by M. P. FEmpLEBI ; but there appears to be'some doubst
as to its existence, and its hydrogenation has not been studied. The hydrogena--
tion of methyl cyclopropene has, however, been carried out by B. K. MERESH-
KoVSKI? in the presence either of palladium, at about 80°, or of nickel, ai 180°.
The product is methyl-cyclopropane which passes, by ring fissure, to isobutane.

CH, ;.

CH;, . CHy ' CH, .
ol e e, eé"\CHCH%,—a "~ *NCH . ¢H; .
H,” H,” . CHy |
Of the two possible unsaturated 4-carbon rings: _ .
| CH—CH ?H,—CH‘
i P i
CH--CH . CH,—CH
- . Cyclo-butadiene. Cyclobutenec.

the: hydrogenation of cyclobutene has been studied by R. Wirstirrer and
J. Berce?, by passage with hydrogen over nickel. With simple rings of this
type, the reaction is, as was seen with methyl cyclopropane, complicated by the
tendency of the cyclomethylene produced to pass into & straight-chain hydro-
carbon by ring fissure in such a way as to give n-butane in addition to eyclo-
butane. - . ' S A
hisias - CH,—CH CH,—CH, g o
5 - CH;-CH,.CH,-CH,.
éH,—-CHH -_)J,‘H,—éfﬂf H, - 2

The correspanding <imple 3-carbon polymethylene, trimethylene, opens to
- form n-propane more readily than the above 4-membered ring?; but, in view
of the lesser strain, no corresponding decyclisation is obtained ‘with .cyleo-
pentane, cyclohexane, cyclolieptane or ecyclo-octane, ~although, as will' be
mentioned later, 'cyclic hydrocarbons confaining more than six carbon atoms in
- the ring may re-arrange themselves in such a way as to form benzene derivatives.

. Cyclopentene has been hydrogenated by M. Gopcror and ¥.Taroury® by
passage, with hydrogen, over ‘reduced nickel ‘at 125°. The normal ~product,-

cyclopentane, was obtained. * - L , Rt L
SO \CH, = SE 2\032' [PR R
HO-CH ' HO-CHY % o

The. Gorrqpondiog ens, cylopeiadins, v, hydsgmntes essohly Ths
reaction was examined by J.F. EUEMAN®; and- a8 with. oyclopentene; ‘ cyclo-

! Bull. Soc. chim. France {3) 17, 614%(1897). - - -

* .J. russ, physik.-chen. Soc. 48, 97. (i914).- - - . .. o c

* Ber. dtach. chem. Ges. 40, 3979 (1907) e 0 S Al

! Woursrirrer, Bruce: Ber. disch. chem. Ges. 40, 1480 (18073 o

% Apn. Chim. et Physique (8) 26, 47 (1912). o8 Chem. Weskbl, 1, 7 {1803). .



684 . E. B. MaxTED: Hydnermxg mit molekularern Wasserstoff,

o ' ¢) Hydrogenation. of 6:Carbon Rings.
‘The hydrogensation 'fof’-'cyddhezéne ‘to cycloh_exahq ~occurs normally with

' Platinem at room temperature. = Dl

e HC - CHy - HyC CH,

RIS e S CHy 7 CHy o o
At higher temperatures, apperent dehydrogenation to benzene also occurs. Thus,

J. B6EsexEN and K. H. A. SmrEvio! obtained a product containing about
60 per. cent of cyclohexane: and .40 -per ‘cent of benzene, “together with small

quantities -.of “unchanged cyclohexens, by passing cyclohexene, in a current of
“an inert gas, over finely-divided nickel at 180°;.and & similar apparent dehydro-

genation was observed by P.SaBatier. and G. GAUDION? to occur at 350—3600
even in the presence of hydrogen. - - .- . . :
-~ This. dehydrogenation  of cyclohexene, which from its ‘structure,. general

~properties and easy ‘and: rapid hydrogenation,’ contains an ethylenic rather than
.-a benzenoid bond, is probably apparent only, since, if hydrogen is either origin-
.ally present or if even traces of this are formed by decomposition, cyclohexane
will be produced, which will pass, by loss of hydrogen, into benzene. Cortainly.

.of berizens or the dehydrogeniation of cyclohexane, or on bringing a mixture of

benzerie and cyeclohexane into- contact with nickel; and the ‘apparent dehydro-
genation of eyclehesene probably involves a feaction of the type: .

EE i H({/CH, ;‘rap,id;@ajﬂa‘{f’oﬂrslov?ver and 6 \CH
oo IO R o : "SRR o : &
,«-Two-,péssible;_éyclo’&éxadie’%es'éﬁﬂynamely; N L

cdy o end o ol
| oeddendes(lin . opohenliemettiey
» compound is best kmown®. In the presence of platinum
this rapidly ahsorbs hydrogen. and passes into cyclo-
peratures, e. g. with nickel at 1809, even in the absence
ne and.oyclobexane; acoording to the generation

i Rt ‘iibssgﬁi:::;_éhen:.»sqc., :
ro dtsch. chem. Ges. 41, 2479 -

Cen. 45, 1400 (o1,
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Of the alkyl-substituted cyclohexene hydrocarbons, special interest is, from
the standpoint of terpene chemistry, attached to menthene and to corresponding
bridged-ring derivates, such as pinene, , o

Menihene, on being hydrogenated either in the vapour phase over nickel
or, as & liquid, with platinum or with nickel, preferably under a slight hydrogen
pressure, passes rapidly into menthane, . I '

H.C.CH, ° H.C.CH,

C/ N N
H,(l: by H,é p- .
\C//” : NS

H-'C-'(CHa)z‘." ' H°é'(CH3)3

_ Menthene. L Men\t.hnne.
Pinerne reacts similarly, i.e.. _ B " ,
~ | JC‘H -
HC & —CH ' H,0——CH—.G8
f B !'___w/",/ l Hz} ) ///‘ "
" | CHS.(; $CH; ! - ’ VCH"C?CH;S i

H0———CH——CH, HC——CH—CH,

Plnex;e._

Other substituted cyclohexénes:' also _»'hydro:génat'é very ea.silyv téi~'give' normal -
reduction’ products. Thus, MuBAT? has hydrogenated - 1, 2-methyl-ethyl. cyclo- .

hexene. Bodies such as phenyl ‘cyclohexene, which contain an - easily reduced
cyclohexene ring attached to an ‘arcmatic . nueleus, pass quickly intor phenyl -

cyclohexane?, which is then niore slowly transiczmed nto cyclohexyl-cyclohexane.

* The same ease of hydrogenation was, moreover, found by Wmﬁérimmfand.?

Ki1s.* for the naphthalene analogue of phenyl-cyreclohexene, dihydronaphthalene,

which passes, in the presence cf platinuin, into tetrahydro-naphthalene at a

speed comparable with that observed, for instance, in the hydrogenation- of -
styrene: indeed, the hexene ring in this type of compound behaves almost as'a -

closed ethylenic chain.” . - i e EET
o I O T T O AR
. -H&\\; /c _/CE _’H{‘\c\/(l:ﬂ, T e
S '.,CH\CH{ oo CHCH o
o : [ popmpthe.fi,' SR A
The subsequent addition of hydrogen occurs, of course; at a-far-lower rate.

in 1901¢ by passing a mixture of benzens and hydrogen over & layer of

 Benaene was first by, rogenated catalytically by SabATIER snd SexpuRmNs

-} SavaTiER, SENDERENS: C.'R. hefki. Sdances
* ! Bull. Soc. chim. France (4) 1, 774 (1907).
. P SasiTmR, MuraT: C. R. hebd: Stances ‘Acad. S
3 Ber. dtsch. chem. Ges. 46, 527 (1913). -~ ¢
~..# C/R. hebd. Séances Acad. Sei. 132, 210, 566,
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nickel in a heated glass tube in accordance. with their standard ‘vapourphase
technique. Hydrogenation, in a similar manper, of homologués of benzene
‘and of condensed ring bodies such as naphthalene followed; and, in view of the
wide applicability of the method,. this discovery by SaraTiER and SENDERENS
of ;thévhyd_rogen_-activating,,propeltieeof nickel for the reduction of the benzene
nucleus guickly paved the way to the easy preparation of hydro-aromatic bodies
of the most varied nature.. SaBATIER and SENDERENS found that the reaction
between benzene and hydrogen began,- with nickel, at about 70°, a suitable
working temperature being however about 180°. Other metals, e. g. cobalt or
‘platinum, were stated to be less suitable; but this statement, especially in the
‘case of the platinum metals, has had later 4o be revised, since ZELINSKY and .
-his. co-workers have - successfully used platinum metals both for the vapour-
_phase hydrogenation of benzene’ and for dehydrogenation: further, copper,
" which was found by.SABATIER and SENDERENS to be inactive for benzene hydro-
- genation; has been shown by PraSE and Purpun! to act also for this reaction;
-and-inost of the earl ambiguities as to the activity of various metals for the

.. SABATIER and SENDEREKS, who used s layer of unsupported nickel about 2ft.
~in length in a heated combustion tube, were able to hydrogenate up to 10 c.c. -
of benzene an hour.: . . o - : o .
In practice, if vapour-phase hydrogenation is desired, this is conveniently
carried ont in an’ apparatus of the type illustrated in ¥ig. 12, using a granular
or pelieted- nickel -or. Platinum-metal catalyst; i. e. nickel or a platinum metal’
supported on granunlar bauxite, pumice, gilica gel ete., or these metals supported
on, for instance, finely divided kieselgur and comprested into pellets, as-already -
.described. Nickel turnings, the surface of which has been activated. by encdic
_-oxidation (seo the section dealing with the preparation of nickel catalysts) may
also be used. “With sl forms of nickel a slight pressure—for instance, 5—10 atm.—
“~i% conducive Yo & higher speed of reaction, but is not necessdry; and, if over-
“heating is guarded. against, the reaction, even with nickel, proceeds without
- much carbon deposition or other side reactions and, if the benzene is reasonably
iju'x‘-a‘,.shejgcsiv_ityv of the catalyst persists for a considerable time, often under

ToRowa-POLLAX?, as already mentioned, found that all.
ould be- used for the” vapour-phase. hydrogenation -of -
especially smooth: with ,palladic 1 or- osmium,

that an excess of hydrogen (which <can be circulated) is desirable:
e of hydrogen (whic |

vould givo equally good resalts, They

B
-8, 1208 (1925); 62, 2865 (1020).
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the high temperature (400—4509) at, which this class of catalyst becomes active;
and, although some hydrogenation, especially under pressure, results, - satis-
- factory yields of eyclohexane are not obtained. These catalysts have, however,
been used extensively for the hydr genation-cracking of technical products
. containing naphthalene or phenols. , o -

- As an alternative to ‘vapour-phase treatment, benzene may be readily

is previously ‘carefully purified from sulphur and other poiscns: for instance,
in comparative measurements with other unsaturated bodies, it was found?
that benzene, when hydrogenated in this way, with platinum black at 409,
. absorbed hydrogen at about a quarter the rate of oleic acid or about one sixth
the rate of crotonic acid. A reaction system containing about 1 g. of benzene,
in 10 c.c. of acetic acid, and 0.04 g. of platinum black, absorbed hydrogen, at
40°, at an initial rate of 5—§ c.c, per minute, approximately the same rate being
obtained on substituting benzoic acid for benzene. :
~ Liguid-phase hydrogenation under pressured, if suitable apparatus is available,
- constitutes probably the most efficient method of making cyclokexane in bulk, -
since reaction temperatures at which nickel catalysts can be used can be attained .

G.F. Scroomer, A.J. TULLENERS and H. I, WATERMAN¢ used nickel supported

WARAS, who- observed  that  hydrogenation even with copper became easier at -
high pressures, The inflience of pressure on the rate of hydrogenation of: benzene
with. nickel, in the liquid phase at 1200, has been followed quantitatively by -

H. Aprixs, H.I. CRamzr and R.CoNNoORS. The pressure was, however, not
maintained at a constant value throughput the run; but the figures of Table 26
' summarise the main effect. The ch. IR : : o
censisted of 0.16 g. mol. (12.5g.) of - _ ,
benzene and 1 g.” of catalyst. The ~ Time Detventage hydrogenation at

‘times were taken from that corre. ___H* |90+ 17 sim 160 + 19atm. [ 328 & 17atm.
'sponding with the attainment of the - s b arl |- 2 agl
- use of carefully purified benzene. In - 2.0 8T a00
. addition to the methods of purificz- - 25 |. .o N SRSty S ey
. tion already: described (see p.649), 3.0 | 100 | . . | T

. ho lnst traces of impurity may bo removed on 2 small seale, previous to hydro-
- genation, by treating the benzene at, room ‘femperature with platinum black-—or-
 Yith active nickel—the poisons’ being adsorbed by the metal, frozh which’ the
1Bardtsc‘)chem Ges. 45, 1471 asiz). .- o L
. 2 MAXTED, SToxE: J. phem}ﬂsoe;‘v{mﬁ;;m} 1984, 872, SE o
¢ ey work, sco Ieatisw: Ber. disch. chem. Ges: 40, 1281.(1007);

o7+ Proe. Imp. Acad. [Tokyo) 6, 184 (1930). . =

-+ © J. Amer. chem. Soc. §8, 1402 (1031). .~
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purified benzene is preferably separated by decantation rather than by distillation.
It appears advantageous, especially with nickel, to carry out also this preliminary

- purification process in & hydrogen atmosphere. . . o ‘
_ - Of the naturally occurring poisons, sulphur, whether present as thiophene,
- a8 carbon disalphide or even the free element, is strongly toxic; and, as already
_mentioned, failure to hydrogenate benzene at a reasonable rate is usually due
-to the presence of difficultly removable sulphur compounds. Some figures for
the observed effective toxicity of carbon disulphide in benzene hydrogenation,
in a system containing about 1 g. of benzene, dissolved in 19 c.c. of acetic acid,
S oy .~ and 0.0085g. of platinum black, are given in
, - Table 27. — Table 27*. The comparison was carried out

- Carbon disciphide | . Rate of hydro- gt 400, at atmospberic pressure. '
L7 mmt: * - eee m":m@ - Thiophene, in a somewhat similar system,
' — was found to have approximately the same

g 0 L 3’3 ' effective toxicity towards platinum as carbon
" 0.03 3.2 . disulphide, their effective toxicities per g. atom

T 0.98 2.2 ‘of sulphur being in the ratio of 4.4 (thiophene)
010 1.3

to 1.9 (carbon disulphide) on a toxicity scale

| d
.
|3

el e “ _+ in which the effective toxicity of hydrogen
sulphide is taken as unity®. The difference between effective and real toxicity
- has already been dealt with in an earlier section (see pp. 640 to 646); and,
-in any case, the observed toxicity may vary widely with the fineness of divi-
‘sion, i-e. the ratio of surface to mass, of the particular catalyst employed:
~ thus, in. some. typicsl measurements,. the sensitivity towards poisoning of a
‘finely-divided nickel catalyst on a kie hr support. was found: to be only of
" the order of one-fiftieth that of a relatively coarse-grained platinum black.
" -.The influence of a number of other possible inhibitants which may occur
naturally in benzene hydrogenation #has been studied by G. DoverErTY and
H.8.Tavior®. With a nickel catalyst, water -vapour up to 2 per cent of the
~hydrogen:used had ‘only s skight retarding  effect; but carbon monoxide was
‘markedly poisonous, especially at reaction . temperatures of 100° or less. As
“the ‘reaction temperature was raised, the poisoning was less : noticeable; but
+large quantities. of carbon monoxide stopped the reaction even.at 180° Cyeclo-
hezane also has a depressing effect on the velocity at low temperatures, but this -
--effect diappears:at 1809 The temperature coefficient of the reaction between
- 80% and 80° C;;Was,fouxid'to_be‘appmxim;ﬁely 1.65 for the 10° rise.. o

- Littlé_needs to-be said with regard to. the ‘hydrogenation of the simpler

- homologues of benzene, since these undergo hydrogenation in'a way very similar
- %o benzene itself. Thus, R. WILLSTATTER and D. Harr® described the ‘hydro-
‘genation: of foluene, zylene’ and durene with. platinum in acetic acid solution;
-studied by Saavrer and Smwomrzss. Under the latter conditions, some de-
composition of long side chains may occur, . oo
. die . 88 ‘diphenyl, diphenyl methane, triphenyl methane, or dibenzyl
‘Rydrogenated riormally’; and it is, in most cases,.

EVAREs J. chem. Sée. [London] 1937, 603.
Ber. dtsoh. chem. Goa.'45, 1464 (1913), i Tt
¥ SapariER, MURAT: C. R. hebd. Séances Acad. Sei. 154, 1390 (1912). — J. . Ek-
o MAN; Chem. Weekbl,'1, 7-(1903). .— M. Gobcxor: .C: R. hebd. Séances Acad. Sci.
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possible to obtain an intermediate reduction product in which cne ring only

has been reduced. Thus, with diphenyl: : . ‘ S
CGHS . CBH5 - CGH5 * Cﬁﬂl_l -> CeHu . CGHII .

If the hydrogenation is carried out in.the vapour phase at a high tempera-
ture, there is in many cases a tendency to some form of cyclic re-arrangement, for
instance, with the formation—by ring closure—of a more stable system, as-
discussed in greater detail later. Diphenyl methane, in this way, gives fluorene,
and-dibenzyl passes into phenanthrene. - o : B

The possibility of hydrogenation in stages also exists with substances which
contain benzene rings in addition to an unsaturated aliphatic chain. The most
important ' compounds “of this type are styreme,” C,H,-CH: CH,, stilbene,
CeH; - CH: CH - CH;, 'phenyl-acetylene, CsH;-C:CH, and tolane (diphenyl
acetylene), CoH,- C:C - CgH;. L ‘ ' .

Styrene (phenyl-ethylene) is easily hydrogenated to ethyl benzene either in
the vapour or liquid phase; but the ethyl benzene then undergoes further hydro-
genation only slowly, and, by using a catalyst of low activity the process may
be arrested .at the intermediate stage. SapaTrEm and SENDERENS, when using
& eopper catalyst—or even a nickel catalyst of low activity—obtained ethyl
benzene only!, whereas, with more ‘active conversion, the ethyl cyclohexane
‘was produced. The rapid absorption of the first molecule of hydrogen compared
with that of the succeeding three molecules was also noticed by R. WILLSTATTER
and V. L. Ki¥e? during hydrogenation in the liquid phase in the presence of
platinum, the final product being ethyl cyclohexane, as in SABATIER and
SABATIER and SENDERENS’ vapour phase method. Stilbene reacts very similarly..

With the phenyl acetylenes n further, also easily separated, stage occurs:

 CH . cH /gﬂ Y : A
Hc/\\c.c,:CH a6 C.CH:CH, =¢ \b.CH,-CH,'- ,HS(((\CH-CH,-CH,

SV T R S

Pheny! acotylene. .. Styrene. - Ethyl benzene. Eths! oyclobexane.

This hydrogenation has been studied by Kesrr and Scrwarz® with palladium,
and by SaBaTiER and SENDERENS for gas phase hydrogenation. In the Istter
case, a eopper catalyst. only reduced phenyl acetylens as far as ethyl benzense;-
but ethyl cyclohexane was obtained on using nieckel. KELzER and Scawarz also
Obeerved a similar reduction in stages on hydrogenating the corresponding diphenyl .
scetyleneytolane. - . tor L TS T e R T
B D ‘f‘e),"Tke"l;Benz'eﬂesC'yclaké:ine;Eguilibi'{um;'. R Tt
tho hers benzeae is hydrogenated in the vapour phase ab a high temperature,
the degree of possible completeness of hydrogenation will depsnd on the condi- .
‘tions of equilibrium at the temperature and pressure wsed. . o e
G- Dovommry and H.S. Tavior* give in Tabls 28 the chloulated valuce,
- on the basis of the Nerxst approximation formuls, for the equilibrium constant:
B0t T K:::. (CQH‘)—'X (H,)? ST : ST

: attemperatnres : ;.:p to 8000 e.'bs.“,“\' Sm
1 C.R. hebu Sdances Acad. Sci. 183,°1254 (1001);
; Dor. dtech. chem. Ges. 48, 535 (1913). == .. o 0 00

® Ber. dtsch. chem. Gee. 45, 1348, (1912). " -4.d. physic. Chem. 87,

Handbuch der Kutalyse, Bd. VII/L.
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‘Experimental determinations were made by G.H.BurRows and C.Lu-
CARINI}, using a platinum catalyst, which is more satisfactory than nickel on
' ‘ . T able 28. account of the relative absence of side reactions

e and decomposition. From this work, K, is0.183

. Temperaturo - lgk, . at 266—267°C. and 0.617 at 280°. Thesc experi-
———— e mental values agree fairly well with those cal-
v ,2(7) 1 -—igg} culated by the NERNST approximation:
27 : —13.85 :
200 1 —121 —— 75 i
B+ 1 = oes logyo K = 4.571,-}—3(1.‘:)10ng) +_3(1.§),
527 - | 8.17 if @ is taken as —51,600 cals.

. The benzene-cyclohexane equilibrium has also been followed experimentally
by N.D. Zeuixsky and N.Pavrov? from the dehydrogenation side, using
platinum - metal catalysts. The observed equilibrium mixtures, i. e. the limit

- C ' conversions possible with a stoichio-

Table 29, Benzené-éyélohmne equilibrium ‘metric mixture of benzene and hydro-

- (Stoichiometrie mixture at 1 atm. total

pressure). gen at ‘a total absolute pr:e[‘ss]l)llre 2gf

atm., are summarised in Table ,

‘ Temperatare . - m?x’%ﬁ;ﬁﬁ?ﬁ%@xﬁ%@iﬁm in which have also been inserted the-
- o | Observea ‘ _values calculated as above con the basis
ceg, ‘(.zgq]?f;-sfoi)and‘ Oaleulated -~ ¢ the NERNST equation. The  value
9284 | 532 63  of @ whichis required for this calcula-
281 - | 300 | 31 - tion, cannot be derivéd from thermo-
300 | 180 143 chemical data with great accuracy (see
310 - 96 1 76 . direct measurements of heats of hydro-
233 1 ‘f?l S é';‘ - genation) and has in this case been

N , S . taken. as —49,600 cals. It may be
_ noted that the value of Q obtained by KisTiAROWSKY and his collaborators?
Cis —49.800 cals . o o .
' The agreement botween the, observed and the roughly calculated figures is
fairly good, save at the higher temperatures, considering that the heat of hydro-
‘genation was not accurately known. From the nature of the Pprocess:
DR Cels + 3H, = CgH,,, : ‘
- the equilibrium can be displaced towards cyclohexane both by using an excess
of hydrogen. over the stoichiometric amount and by employing increased
R Table30 . pressure: indeed, cal¢ulation shows that the re- .
R e conilibriny, - BCHOD i3 very susceptible to displacement by
Bemmec%ﬁhzaﬁo?udmum ~ pressure.. Thixi,’ at a’%emper‘atg;s? a which K,
e —————— =" has a value of 100 (probably just below 400°C),
P:‘:‘““ ;e’é%é’{éﬁ,nm%‘ﬁ ‘the influence of p@r&esm on the limiting con-
] 10 cvclohezane version, with a stoichiometric mixture of ben-
<. zene and hydrogen, is given in Table 30.

.~ In’ practice; however, at such high tem-
-peratures, very considerable decomposition oc-
“curs; and, while considerable quantities of|, for
4 -instance, hydrogenated naphthalene are formed
975 - duritig- the -hydrogenation of naphthalene with

cabalysts such

- as-molybdenum sulphide, if the operaticn is
high pressure the similar treatment of benzene 'does not, as
ead >d yield of cyclohexane. * '

S00. 49,1157 (1927). % Ber. dtsch. chem. Ges. 56, 1248 (1923).
- Soc: 57,85, 878 (1935); 58, 137, 146 (1936). | :




691 ‘:282

Dekydrogenation of Cyclohexane, The reversal of the benzene hydrogenation
process at high temperatures was discovered by SisaTiEe “and SeNDERENs!,
in that cyclohexane, on being led over active nickel, was observed to become
resolved into benzene and hydrogen according to the reversed -process: - -

e \CH2 u¢ om

Anwendung der Hydrierung.

| c,L - | | +3H,.
HC CH, = HC CH ' .

NS N

CH, CH

A suitable reaction temperature? was found to be ‘ai)out 2809; Bgt the degree
of conversion will obviously depend on the equilibrium discussed in the Ppreceding
‘section; and under the conditions used, considerable. decomposition’ with pro-

duction of methane-or of free carbon alsg occurred. Tt has been stated by

tions are necessarily high, although, if necessary, the-equilibrium ‘may be dis.
Placed towards the berzene side by working at a reduced pressure or by using
an ivert gas as a diluent, _ZELmsKY‘recoMBnds,g;w‘fbh palladiom, a reaction
temperature of about 3000, Ag g rough guide to the reaction velocity, it may
be mentioned that s 49 per cent conversion of cyclohexane to benzene was
- obtained on Passing, at 300°, cyclohexane at the rate of about 2.5 c.o. per hour

- L2-Dimethylcyclohexane | 1; 1-Dimethivtl-cyelok
. © (Easily dehydrogena.ted) ST (Not dehyd;?g!‘m,tgd)
.} C. R. hebd. Séances Acad. Sei. 163, 566.(1901), 1
! SapaTiEs, MawHE: C. R. hebd. Séances Acad “Bei,
* Ber. dtsch. chem. Ges. 57, 667 (1924). -
¢ Ber. dtsch. chem. Ges'.;44;.',:’31-2’1*;‘(191»_1) o
® H.S. TavLoR, L.-M..anp&war&r}nf;ﬁ;_ PUlL, Soc.. chim: Belgiqu
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the first. of which undergoes dehydrogenation normally to o-xylene in the
presence of platidum, while the derivative having the two methyl groups at the
- same carbon atom is not susceptible to dehydrogenation, since it is not a true
- hydroaromatic body in that no corresponding benzene .compound is posiible.
- Susceptibility to dehydrogenation is, further, not only peculiar to true 6-carbon
" “hydro-aromatic bodies but is  also common to all bodies which fall into this
. class.” Accordingly, not only can all dimethyl cyclohexanes having the methyl
- groups aftached to different carbon atoms be readily dehydrogenated, but also
all poly-aikyl cyclohexanes of this type, in addition, for instance, to condensed
rings such as are contained in hydrogenated paphthalenes. . - s
. However, while only 8-membered ring can, in general, be dehydrogenated,
~certain rare exceptions to this rule appear to exist. Thus, ZELINSKY has shown
- that the dehydrogenation of a pentamethylene ring attached to a 6-membered
- hydro-aromatic ring may involve the cyclopenitane ring also, in that cyclokexyl-
cyclopentane has been stated to undergo dehydrogenation in both rings,—while
- phenyl-cyclopentane or cyclopeniane itself? cannot be dehydrogenated. .

. In many cases, ZELINSKY and his co-workers® have shown that dehydro-
. genation’is accompanied by the formation of a more stable ring system, Two
examples of this, in which the more stable system is formed by ring closure,
‘are given by.the dehydrogenstion of dicyclohexyl-methane which, on passage
over platinam at 300°, passes into fluorene: , o B

S 'H,C<\?J/\ ~ i‘}c/ ke : A Hc/j\c/ CH’\C/\CH o
mh | H HY éﬁ, - "t | _+7H;
C o USHLG' CH, HC HC C——-C CH

o E, o, CH H
3 chyclohexyl-metbam . .. Fiuorene .
and. by dicyclokezyl-ethane, which gives phenanthrene:

T CHpe % HCO=—=CH = -
. EC CH, ‘H,fCH.-.,'HC \E;’”L“‘C/ 1
: H,é: CH, H»:é éﬂ% - HC CH CH .
N ; , N NS
. While the general dehydrogenation of heterocyclic bodies is treated more
" partioularly in  later section, i may be mentionsd that nitrogen-containing
- xings can be formed similarly to the above, Thus, dicyclohezylamsine passes into

car bazole- CcH, NH CH, . CH NHCH_ S

. :, cm" b me ; . E
r: dtsch, chem. Ges. 56, 1716:(1923). ' -
d,t% 3 1, Ges. 88, 477.(19233).. ... ..

Far r: Ber. ditsch. c;heni;'fGe"s.f,59;2580;‘(319§6). -
arA: ibidem 2590. — ZraNsKky, Tirz: ibidex 62, 2869
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5-membered ring is made possible by the formation of a more stable 6-carbon ring
. system. If dicyclopentyl is passed over platinam at 3009, dehydrogenation occurs
very readily with production of naphthalene, according te the Tearrangement:
| - " cmcm | '
AN /‘\5‘.

- H,C—-CH, H,C—CH, v ¥ g

L =-E - wh L Lyt
H,C—CH, H,C--—CH, A
o CH CH
Dicyclopentyl. ) Naphthalene,

The ‘dehydrogenation of condensed h)'dro;aromatic rings such as fhgt in
decahydronaphthalene is treated later in conjunction with the "hydrogenation
of the respective hydrocarbon. - - S

f) Hydrogenatiem of 7- and 8-carbon Rings.

’ ) CH:‘—CHz“CH : ' ' '
Cycloheptene, : : />CH, may be hydrogenated with nickel o give
CH,—CH,—CH, : B

& normal product, cycloheptane! and probably this reaction would take place
more smoothly with platinam-metal catalysts at room temperature, gince
"'R. Wo.LSTATTER and T. KaMRTARA? have shown that cycloheptane, at. high
temperatures, readily undergoes re-arrangement to methyl-cyclohexane, with
formation of the more stahle 6.carbon ring. o R R

CH,—CH,—CH, ~ H,C—CH,
o 2 B Somom
CH,—CH,—CH, H,C—CH,

WILLSTATTER and KavETARA have also examined the hydrogemiﬁén' of \' 

*3-cycloheptadiene which, like cycloheptene, gives cycloheptane. . ° '
-Much of the work in the field of 8-carbon rings is due to WiLrLsTiTTER an
his collaboratorss. T

~The hydrocarbons which have been ‘investigated include: G
/. N\ N c/ SR
a2l tm, B - X - A ,_H’ SERRE < SR :

VH‘:C;*("—H: s T HQG‘“C% E H}C—-——— >: ‘_ CH g ﬁ%—._éﬂ

CYW SRR Cydlo-octadiens (1-4),” .  ‘ Cydo-ocatr@a'(lis,'s):i ":l'5357"‘“;1““‘.;.5.“‘,“",._\F”,"::’i.‘
or other catalysts. The cyclooctatetraéne studied is of special interest, since it
bene. B-carbon counterpart of bensene. Tt shows; however,

e Txck, 1. Kastcvaxa: Ebends' 41, 1280 (1908). — Wr.
mnnyasmn: Bhends 48, 1176 (1010); 2473258 (1911, Wonnmia e
PERGER: Ebends 46, 517 (1913). = 0 o R

1480 (1908):h iy
: Ber. dtsch: chem. Ges

cwd o m

H
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sence of platinum in contrast to the relatively slow addition of hydrogen to,
benzene: further, it is not readily nitrated, it adds bromine immediately and it
reacts violently with potassium permanganate. : A .
-..Om treating cyclo-octane with niekel at a high temperature, no dehydrogenation
~occurs; but the hydrocarbon, as was the case with cycloheptane, undergoes a
cyclic re.arrangement to form a 6-carbon ring, dimethyl-cyclohexane being

-produced: : Ay _
P CyHig > CHlyg - (CHy)-

_ g) Hydrogenation of condensed carbocyclic rings. - '

' The hydrogenation of condénsed benzene rings is- very similar to that of
benzene itself, in that these bodies are hydrogenated by the same general methods.
The reaction, further, is reversible, the equilibrium between the hydrogenated
bodies and their parent condensed aromatic hydrocarbon being analogous to that
between cyclohexane and benzene. The chief point of difference lies in the fre-
quently observed greater ease of reduction of one or -more of the component
rings compared with ‘others. Thus, naphthalene is relatively easily and quickly
reduced to the tetra-hydro derivate, in which one ring only becomes saturated.
‘The reduction of the second ring then proceeds, if the hydrogenation is continued,
considerably more slowly and with greater difficulty. e S

. cH -
T H{\c—-c& o
RS R E |
‘ Hé\ C ./CH
T '\C{I\CH, | L
- Indene, which is the simplest of the common condensed ring hydrocarbons,
contains ore aromatic and one five-membered ring, the latter -being far more
easily hydrogenated: Consequently, the most easily made reduction product-is
dihydroindene: indeed, reduction to this stage occurs with sufficient ease to
be effected with nascent hydrogen; and in this the bond hydrogenated resembles
' a very reducible ethylenic linkage. J. v. BRAUN, Z. ARKUSZEWSKI and Z. KGHLER?
carried out the reduction catalytically, with palladium in methyl alcohol solution,
. and obtained a’ quantitative yield of dihydroindene (hydrindene) in. place of
-+ the far lower yield usually obtained by reduction with nascent hydrogen, e. g. with
- sodium in absolute alcohol®. The bond hydrogensted is ~shown in ‘the equation:

w8 cn _ uéocn, o
el AHy= g (l} \.
SN TN -
GHCH: CE CH,
 Hydrindons s moro readily made in large quantitios by hydrogonation in o

liquid state in the presence of nickel. J.v. BeauN and G. K1escans—x% employed
an autoclave pr vith 3 rotating agitator and, with a reaction temperature
| edace’ 500 g of indene; to hydrindene in 2 heurs with a
eébigs, Ann. Chem, 847,382 (1906). -

- Ges, 55,1680 (1922)..

T GarrERMANN: Liobi
3Ber.dtschch5.m 8,
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'The hydrogenation to this stage is, of course, not reversible, since the ben-
zene ring is not saturated; but complete reduction, involving also the benzene
ring, has been obtained by J.F. EUEMAN! by passage of hydrindere vapour
and hydrogen-over nickel. R S G ,

Naphihalene is undoubtedly the most important hydrocarbon of the condensed’
class, both from the standpoint of its availability in relatively large quantities
and from the very -large amounts of tetrahydro- and decahydronaphthalene
(tetralin and decalin) which are now made technically. S B

It may be hydrogenated in the vapour phase, in solution, or in a liquid state
without a solvent, the first and Inst of these methods being the more importans.
In the early work of SABATIER and SENDEREXS?, naphthalene and hydrogen
_were passed over finely divided nickel at 175—200°, both tetrahydro- and deca-
hydronaphthalene being produced according to the condition employed.

The hydrogenation of naphthalene by SaBaTer and SENDERENS’ method
has also been studied by H. Lerovux, who led the mixture of naphthalene and

thalene-hydrogen mixture was obtained by bubbling hydrogen through a heated
wash-bottle containing ‘melted naphthalene. Reduction to tetrahydronaph-
thalene took place easily at a working temperature of 2009, a convenient tem-
perature for the naphthalene wash-bottle being 150°%; and the decahydro deri-
vative could be obtained either from naphthalene or, more easily, from: tetra-
hydronaphthalene by slow passage at 160° over very active nickel, prepared by
‘reduction at 250°. ¥f the working temperature rose above 1709, Lrroux observed
evidence of dehydrogenation. R RRE IR o , -
An alternative procedure in vapour-phase hydrogenation involves the use;
as the catalyst, of ‘compact nickel turnings, the surface of which has heen prev--
iously activated by anodic oxidation. E. J. Lusw¢, working with s catalyst
- of this type, found that substantially pure tetrahydronaphthalene. could be-
obtained at 160—200° with a moderate hydrogen pressure. Further conversion
to the decahydro compound was only obtained to any degree if the conditions
were changed so that naphthalene or tetrahydronaphthalene flowed: over the
. nickel turnings in liquid form. L ' ‘

As with benzene, much of the early work on the hydrogenation of naphthalene
with platinum metals was done in. solution: for instance, WILLSTATTER and -
Harr® hydrogenated ‘naphthalene ‘in ether or acetic acid: in the presence of

platinum, the reaction taking place more rapidly in the: latter solvent. The |

principal difficulty encountered in . hydrogenating - naphthalene - under- these
conditions, in which a small and K ited amount of catalyst is used, is to be found -

in the natural sulphur content of all ordinary.specimens of naphthalene. These .
sulphur compounds, which are principally .cyclic, are. removed: technically: by
special methods. They may, on a small scale;*;be,rémt;wd‘by‘pre_gjpﬁs‘ads'g;ptipnjr;
with platinum black or nickel as described for benzeneWnLSTAmmandHAm
purified: their naphthalene in some cases by recrystallisation from- 4 solvent: and’

the sulphur compounds. - - S B
- The reaction, as in high-temgperature hydrogenstion, usually went first; c
all to fetrahydro-naphthalene, and the occurrence in the hydrogenation of dissolved
-naphthalene with platinum at room temperature, in some cases, of tétrahydr
©; Chem Weekbl. 1, 7 (1803]. - 3 C.R.hebd. Séa ces Acad. Soi: 182

¢ fno. Ui, physiue (8)-21. 458 (1010). - . . L.

* J. Soc. chem. Ind. 46, 454 (1927%. -5 Bep.

12
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: naphthalene asa very deﬁmbe mtermedmte product—-—whareas, in other cases, only
- decakydronaphthalene, together with unchzmged naphthalene is obtained on inter-
rapting the hydrogenation—has been studied’ by R. ‘WiarsTirrer and F. Sgrrz!,
who found that the presence or absence of oxygen in the platinum black influences

--the production either of the tetra-or-of the decahydro body: - In general, tetra-
~hydronaphthalene was obtained ‘with platinum -blacks of relatively high or
“relatively low oxygen content, while decahydronaphthalene was produced in
the presence of intermediate concentrations of oxygen. WILLSTATTER and SEITZ

ted two distinct reaction courses leading, on the one hand, to: deca-
hydromphthalene by -way of the tetrahydro  compound and, on ‘the other, to
- decahydronaphthalene, ‘possibly by’ intermedinte stages involving dihydro
compounds for details of which the original paper should be consulted.

‘The hydrogenation of molten naphthalene on & larger scale has been described
by G. SoaroETER?; Who employed an autoclave provided with rotating agitators

ab hydrogen pressures. up to 40 atm.. Provision was made for the removal of
- the hydrogenated product—by distilling off under diminshed pressure—or for
* thie addition of fresh charges of naphthalene; and ScHROETER ‘states that many
hy&rogenatmns (e.g.. 25—-40) can.in this ‘way be carried out without opening
‘the autoclave or renewing the oatalyst In order that this may bé possible, the
mphthalene used must, of course, prevmuslv be ca.re‘u]ly freed from catalyst
~ .poisons,-for instance, by. treating the raw naphthalene, in a molten state, with
finely-divided or éasily fusible metals. In contradistinction to the. bebaviour
of naphthalene in WiLLSTATTER'S work with platinum at low temperatures, in
which- no. very definite dividing line between the formation of tetralin and
_decalin was observed, ‘the' hydrogenation proceeds o’nly very slowly &fter tetra-
hydmnaphthalene has been formed. -

Sonnor.m gives the following' dnectxons for the prepare.txon of tetrahn 512 g-
(4 .. mol.) of so-called” “hot: pressed’.’,naphthalene, which had been. previously puri--
“ fied by treatment with metals, as above, was placed in & 4-litre autoclave together
w'.th 15—20g. of the niekel catalyst - After the na.phtha.!ene had been melted, the
: cover of the autoclave, enrrying the rotating agitator, vaives, manometer etc. wes
phee& in"position and- “hydrogen &t .12—15 atm.. admitted, the. temperature ‘being
.- raised. with agitation; to 180-—200° by gas heating or in an oil bath. At this reaction
tempemture the preesure usually fell:about 1 atmoaphere in 45—80 seconds, and it -
- was: the“prachee to raise this’ again to 12—15 atm. as soon . as the pressure had
fallen ‘to 5—8 atm., the - operation_being continued until the. ‘calculated volume of

o nydrogen for con?emon to tetralin (178 1: at 0¢ and 760 mm.) had been absorbed. .

- "Workd ‘way, it was found possible to complete ‘the reduction in 1——1%/, houra_

‘Th 'trahn obtamed ‘had a danmty of 0 974——-0 976 at 20‘ melted at —-27 to --30"

ther ion of tetra.lm 'bo deczihn could best be effected by i:mns-
femng tw tetm}m t0 another autocluve i which it was re-hydrogena‘bed in the
‘ .of fresh nickel under similar conditions to those alreauv ngen' A

_Tea ' ;hheuh 4 hours, at 1215 ats., was requzred

-~ While the most usual non-platinam catalyst is nickel, vapper ohro:mtes also

8 th t:sﬁmtorﬁy at for mstance, 200° and at & pressure of

x:fxs Amer chem Soc 60 664 (1938)
okya} 6,5 '194" £ ’930).t ,
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by the hydrogenatlon of naphthalene with copper at high temperatures and
pressures. The use of copper for the hydrogenation of aromatic rings is thus
apparently facilitated by a high. pressure. .

It may also be mentioned that increasing quantities of hydmgena.ted naph-

-thalenes are being produced by pressure hydrogenatmn with catalysts of the

molybdenum sulphide type. The special interest in the unse of ‘these sulphur-
tolerant catalysts lies in the. fact that crude naphthalene, or even naphthalene-
containing oils, can be used without purification. The temperature usually
employed is about 400° or even shghtly above this, - the pressure being, for
instance, 200 atm.

An entirely different method thch has been described for the hydrogenatmn ’

of naphthalene consists in employing, as the catalyst, sodium hydnde under a
high hydrogen pressure!. Naphthalene is treated, at 320° and in the presence
of, for instance, 1 g. mol. of sodium hydnde to 3 g. mols. of naphthalene, with
hydrogen at a pressure of 100—150 atm. in an autoclave provided with suitable
agrbators The resulting product is substantially pure tetralin, and the catalyst
may be used for further charges. In order to prepare the sodium hydride, sodium
is ag1tated with hydrogen under pressure and at.a temperature of 380°. ’

Reverting to the general hydrogenation of naphthalere in the presence of
ordinary catalysts such as. nickel or platinum, the process is, as with all true
‘hydro-aromatic rings, reversible at high temperatures, naphthalene being obtained
on distilling either tetrahydro- or decahydronaphthalene over nickel or a platmum
metal at, for instance, 300°. There appears to be some ambiguity, however, as
to whether tetrahydronaphtkalene is produced &s an intermediate product in the

* dehydrogenation of the decahydro compound; and probably the latter body-

first undergoes dehydrogenatmn to naphthalene which in the presence of the

- hydrogen produced, may, if the catalyst is a suitable one, then be hydmgenamd .

to some extent to tetralin. - Thus, ZrriNsky? led decahydmnaphthalene over
j'pauadmm at’ 300° arid obtained naphthalere exclusively, while SAnaTIER® states

‘that, in the presence of niekel at 200°, debydrogenation of the decahydro to the.

tetrahydro derivative occurs and that this tetrahydride then passes into nmaph-

_thalene if the tempemture is raised to 300" 'The difference may, however, be .
due 'to the different catalysts, since ZELINSKY found that platinum hydrogenated

; naphtha,lene, apnamently dn'ectly, to the deca,hydro derivative.
vé &
/\ ERNE. .
Hc S
ok J:H SN
\\ o
({a\éx

Awmpkthene contams twn ;used. beazene rings ]omed to a pentamethylene
regidue and, from’ its siructure greatly resembles naphthalene; indeed, it can.
be regarded =5 a closed ethyl naphthaiene, in which each end of the ethyl chain-

‘has become joined to a benzene rmg in the manner shown in the stmxctum’
formula.

It is hydrogena,ted hke naphthalene very nasﬂy to & tetra.hydm dam«'a‘:e .
* in which one benzene nng stall remams unattacked and mors slowly, tc deca—~

BT G,T'IUGEL, FBIESS Buﬂ Soe chxm ?mnce (4.-) 49 1342 (1931)
.- % Ber; dtach. chem. Ges. 58, 1723 (1823).

3 Catalys.s in Orgamc Chemsstry, b van Nostrand Co p "30 New York 1922 :

X
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'hydroacenaphthene Thxs reactlon was carried out with nickel in the vapoyr
2pha.se at 200—250°, by SaBaTIER and SENDERENS! and by M Gobpcrort?.
.+ Acenaphthene may also very conveniently be hydrogenated in a fused con-
dmon. It -was.reduced in this way with nickel under pressure, both to tetra-
-and to’ deca.hydro-acenaphthene by IratiEw?; and J. v: BRavN and G. Kmsc=-

BAUMS found that a ~quantitative yield of tetrahvdroacenaphthene was obtained,
“also ‘with nickel at a ‘high pressure, by employing the general technique described
'by SCHROETER (loé. cit.) for the hydrogenation of naphthalene. According to
V. BRAUN and KIRSCHBAUM; commercial acenaphthene may be sufficiently puri-
fied by, one. orysta.lhsatxon from alcohol to be hydrogenated without difficulty.
_In addition. to . tetrahydro-acenaphthene, the completely hydrogenated deca-
‘ hydro-acenaphthane has been obtained by IraTiRWS by working with nickel at
‘& higher pressure; but here agam the tetrahydm body was formed as an inter-
medmte product. . °
N | ma.y ‘be noted that hydrogenated a.cenaphthenes may be dehydrogenated
fnormally in spite of. theu' _containing a 5-carbon ring®, since this latter ring is
‘only par*ly mvolved

L UHC—CHy ~,,‘;H,C~-CH~,

b éH | <;: }3 . cm.. e
H,C/\ c{f{\bﬂ, - HEN Hé/ \C-C/ e
H,& J}H‘ » Hé éH o & & la

PRP R . \/\/\/ '
G, - BUES &

_ resembles acena,phthene in contmmng twe 6~ca.rbon and one o~carbon
the ‘method of ring fusion being, however, different. =
Scamipr and R. MrzoER? state that the hydrogenation of this body does,
‘not take:place very: easxly, but, nsing SABATIER and SENDERENS’ method, they
Teport: th" - production of ‘a decahydro derivative, both benzene rings being
‘hydrogenated zs:xmilltaneous}y The formation of decahydroﬂucrene ‘was appar-
ently: . nﬁrmed ‘by IpaTIEWS. by hydrogenating. fluorene with nickel at 290°
;and 20 atm.; ‘and by repeating the hydrogenation, the product was further
gted‘f"_to the complete]y sammted compound dodeca,hydrcf'.ucrene.
EL e CH, CH,

2SN

- H,C Cu~—CH

) Hé‘ (,H (J.d'. A‘H

It mav be nobed tha.t, whﬂe the above authors agree in reporting the inter-
fvmecha production of the decahydro compound, this would probably not be
ex and further- work on this point would be of intercst. The formulation

A s body,” as an’ mnermedmte }-ydrogemtxon stage ‘presents dxfﬁculmes.,
‘iumm) and~MEZGER pmpose the structure:

ves Acid. Soi: 182, 1257 usm)
France. (4) 8,.329 (1903)
Ges:. l::2094 {1809).- '
Ges. 55, 162 (1922).
Ges 2094 (1808). - '

v Smmmx- Ber. df4” chwm. Ges. 55, 1687 (1922).
165 {1907}, . * Ber.. seii.chem. Ges. 42, 2092(1909).
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CH, ‘CH,
N N

H,¢ C:::—:.C CH,

L
H,c CHI-IC c

NG i,
He g, ©

but a residual unsaturated bond of this type should be very readily hydrogenated,
in place of remaining unattacked.

M. Gopceor?, who hydrogenated anthracene by SABA'ITEBS method in the
vapour phase with nickel, obtained three main products, namely a tetrahydro
an octahydre- and a fu]ly hydrogenated tetradecahydro-anthracene. The first
of these was stated to be the main product at a temperature of 260°: octahydro-
anthracene was obtained by slow passage at 200—205°; and the saturated
hydride was prepared by further hydrogenating the octahydride at 175-—180°?

, slowly and with very active nickel oxide. The hydrogenation of anthracene in-
" stages has also been carried out by W. Iratew, W. JaAROLEW and L. Rarmeine,

- who observed the same three reduction products. The reaction was carried
out with nickel at 260—270°, at a hydrogen pressure of 100—125 atm. Anthracene,
from its structure, will obviously also be capable of hydrogenation in soluiion
by means of platmum or palladium. P*obably, however, the most suitable .
method consists in treating molfen anthracene, in ‘the presence of supported
finely-divided nickel, with hydrogen under pressure in an autoclave provided with
an agitating system, as in SCHROETER’s work on hydrogenation of naphthalene _

- The course followed in the progressive hydrogenation of anthracens is, of
considerable interest. - As has been shown by G.ScHROETER®, the first hydro-
~‘genation product is* ‘the meso-dihydro derivative identical with that obtained
non-catalytically; e. g. by the action of sodium in alcoholic solution. On further
~ hydrogenation, however, this undergoes a remarkable change -involving the
d.xaplacement to an outside ring7of the hydrogen. previously added. to the meso

- ring, & tetrahydro-anthra.cene, of the structure given below, being formed. The .

“strusture of this body was-confirmed by its synthesis in other ways, for instance,
by its synthesis from tetmhydro-naphthaiene (see also J. v. BRAUN and O. BAYER?).
The next stage in the hydrogenation is the production of the syiametrical octa-
hydro body which, ﬁna.]ly, passes into the fully saturated tetradecahydro-
anthraeene ’.{’he successive stages are thus

AN g, /\/‘\/\ H,

U /\/ AL
CH,
) Anthracene. ' Diliydro-anthiatone.
# . ® .
“CH Cd, . CH, CH,
e \/\/ N \/\/ N
- Ha Hz CH,
I iy AN I R e
. .L\//'\ . % CHo A‘ H,C . /\//‘ Hz C )
- Tettahydro-anthraeene R 00@)’&&%&&. .

1 ¢ R, hebd Séances Aead ‘Seil. 188, 604 (1904); Ann,c*mm.' & Physxque.j(S)
468 {1907). - . -2 Ber. dtsoh.chem. Ges. 41, 996 (1908). : . -
-" Ber dtsch chem Gw 57 2063(1924) 4 Ber. dtscn chem.Ges 58,266 (1926)
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The de-hydrogenatm of hvdrogenated anthmcenes takes place normallv on
passmg these over palladium at 300°. Nickel acts similarly but is apt to give
‘decomposition products: in addition to anthracene: further, with nickel, the
product may also contain tetrahydro-anthmcene

Phermntkrene "'-om its structure ;

9

SR /‘_“\ 8 . .
YO T \\n
3 - 4 b 6

presents the posmblhty of a Iarge number of hydrogenated products
- Of these, 9,10-hydro-phenanthrene is easily made either by SaBaTier and
SENDERENS’ method with nickel' or more - conveniently by hydrogenation in
the liguid phase in ‘the presence of . platmmn?' Accordmg to ScmmipT and
. FIsCHER's procedure, 5g. of phenanthrene were dissolved in 100 c.c. of ether
‘and 3 g. ol platinum black added: The mixture was boiled under & reflux con-
_denser and a rapid current of hydrogen led through the boiling solution. The
hydrogenation occupied 6—8 hours’ (during which additional ether was added
- to replace that lostm the gas stream) and led to pure 9, lO-hydro-phenanthrene~

CHCH,

/”‘*“\_f\\ )
\~.°___/ T N s

w:tnorut the forma.tmn of !ngher hydmgenated prodncts mdeed both ScmupT
and MEzore and Scamior and FISoHER were unable to obtain these by direct
hy&mgena{:wn' ‘Hydrogenation to the completely- reduced hydrocarbon, C,oH.,,
was, however, “effected - by 'W. IraTiew, ‘W.JaRoLEW and L. RaTIEIXS by
‘repeated -treatment: under pressure in the presence of nickel and mtermechate
hydmgenatmn stages were probably also obtainéd. ’

. The ease of hydrogenation of the 9: 10.bond is probab}y due, in spite’ of the :
mmpletély eyclic. structure - of phenan*n rene, to the almost purely ethylenic
nam:e of this partxenla.r bond smoe phenanthrene can be regarded as dxphenvlene

“CeH i ~CH .
ethylene, é o f From thxs standpomt J R. DUELAKD a.nd H. Anms‘
.H‘——CH

have used -copper. ehmmite—-—whzch is’ charactensed by a far greaber activity
‘towerds - ethylenic ‘than’ “towards " benzenoid hnk:ngs——-for the production of
¢ pe, . If the: temperature is  too, ‘high, ‘'some: octahydro.

d; and-the conditions vary somewhat with the v
: 'th the pimty f the phenanthrepe. Thns, these
500 pressure of. 150—-—200atm under

' of tha‘dxhydm cempound was: obtained.
uct; was an’ etohydrophemnthrene m whxeh ‘the. two ’
‘On the « '

biamed at 200°° prmcxpally the dx-
used and mespemall sahsfac*

- Scauror, Erxe M dtsch "chem Ges 41, 4225 (1903)
; v, dtseh. ohienn, Ges. 41, 996 (1908). - 4 7. Amer.c‘hem Soc sa 135 (1937»
=BT Amer.cban ‘Soc. 57, 2731/ (mss;, ss, 1857 (1936)
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phenanthrene or dihydrophenanthrene dissolved in methyl cyclohexane with
this catalyst at 150°, octahydrophenanthrene was produced and, at about 2009,
compiete hydmgena.non to tetradecahydrophenanthracene was obtained.

Of the -derivates of phenanthrene, retene (l-methyl-4-isopropyl phenan-
threne) has been hydrogenated by IpaTiew, the saturated denva.te CIBH”,
being ultimately produced. _ :

4. Hydrogenation of Heterocyclic Rings.

a) Hydrogenation of Rings Contammg Nitrogen.

Pyrrol, which is the simplest common substance of this type, has been hydm- ‘
genated normally, by SABATIER and SENDERENS’ method! and by means of
platinam metals at low temperatures?, pyrrohdme being formed:: »

HC-—-CH ]5[,(IJ~—~~CH2
4

HC CH — HC &H,
\\r/ . \/

Pyrrol. ] Pyrrolidine.

Expenmental details of the reduction have been given by L.M. C‘B-AIG and
R. M. Hixox®. The mixture taken for hydrogenation -consisted of 10 c.c. of
pyrrol, a slight excess of hydrochloric acid (6 c.c.), 0.2 g. of platinum oxide
catalyst and 100 c.c. of absolute alcohol. The reduotmn, which ‘was carried cut .
in a shaker at 4 atm., was complete in abour, 6 nours Thn pyrrol ﬂhould be
re-distilled mmedmtely before use. - ‘

Indol, CH =  reacts mmxl&rly, save that there is here, 88 thh naph-
thalene, : /f\b . the possibility of hydrogenation in stages;’ ‘and,-if the
reaction HC "‘CH is carried out in the. vapour phase ata hxgh tempera»
ture with. H& CH nickel, much decomposmon occurss. | :

: Thehy- \\&\ié .drogenation of indol in the liguid phase: “with. mckel has.

died- byJ V. Bmum, o: BAYER and G. Bressmvas, The .

mdol whmh ‘was hydmgenated in decalin sclution- at 2259, gave oct&hydro
mdol with d1hydro-mdol a3 the. mtermedxa.te product -

ol (p:-ca ‘ H/\cncn - H,C/H\()—-CH,
le H(‘: c /(!'H, H,é HG /(LH, ,
‘ : mhymindor [‘Oc‘tabydro-‘!ndél.,
The next }ngner condensed ring "body of the pyrrol group is mrbazol whmh‘ ;
: s produced by the addition of another benzene ringto indol.. ‘The hydregenatmn'
~of this body was examined by M. Papoa and C.CHIAVIS® by distillation over

- miekel at 200° and at a pressure of 10 atm, Under these conditions t;onsﬂerable}
: deeompomtwn was owetved w:th forma,tlon of mdol denvatwe '

; inlétgog;.nm Attl R Accad. Lmoa1 (1) 15, 29 1906), Gaz
Wm_smnm. I{n.'r' Ber dtaeh.chem Gea 45, 1477 ,1912
3 g, Amer. chem. S5, 59; 808547050 :
4 M. Papaas, O.Carrusco: Atti R. Acca.d Lmoex (1) 10, va R1606).
3 Ber. dtsch. chem. Ges. b7, 382 {1924)
e At R Acead meei (58) 16 {2). 762 (1907)
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in the liqusd phase with' mckel also under pressure was more successfull. Thus,
N-methyl-carbazol gave a tetrahydro and an octahydro derivative. Reductmn
to the saturated dodecahydro-N-methyl carbezol was not -obtained.

-The- hydrogenamon of pyridine, which is the nitrogen analogue of benzene,

-is of consxderable jmportance. Early work on this- subject includes the con-.

“version” by Sgrra-and MrvEs? of pyridine to piperidine by hydrogenation with

- colloidal platinum metals and investigations by SABATIER and Mawnr?® of the
‘gas-phase hydrogenation of pyndme mth nickel in the course of which much
decomposxtmn was-observed..

Later work has shown that pyndme may be hydrogenated by any of the
ordmary ‘hydrogenation methods, even in the vapour phase with nickel if care
is taken to avoxd overheatmg The p*ocess is, however, rather slow even with

R pure pyridine. .-~

"= . Homolegues of pyndme undergo hydrogenatxon mmzlarly Thus, the hydro-
“genatxon of a-pxcohne, o; y-lutidine and 2,4,5-collidine in the liquid phase with
platinnm at aslight pressure (2—3 atm.) has been examined by A. Skita and
\’&r' BBU?‘TNER‘ normal reac'aon products being obtained, e. g. with x-picoline:

AN
EH O md em,
ll - - 4L §
C CHa’ . Hz\./" CH CH3
\ \ 7 N2

A very amtable method ‘of hydrogena,tmn is with a klewlguhrosupported

:mckel ‘catalyst in the liguid phase at a high hydrogen pressure in an autoclave

- fitted ‘with suitable agitating gear or, on a smaller scale, in a. high-pressure
‘skaker.  Thus, ADKINS and CEAMER®, who used this type of techmque, obtained
substantmlly complete hydmgenatmn after about 10 hours treatment at 200°,
‘with ‘& hydrogen pressure :of 25 t0 175 atmospheres: Catalysts such as mekel'
ehmmite or nickei molybdite ‘may: ‘also be used: . -

The pmcess like ‘the. Jiydmgenatmn of benzene, is revermble‘ ‘and the,

- d’ck sdroge “of piperidine.in the- presence of platinum and of palladmm has -

“been exsmined by ‘N. ZELmNskY and G. Pawrow®. These suthors give figures
for the percentsage dehydrogenatmn obtained -at various temperatures, but the
equﬁlbnum conditions were not measured. Palladmm, as in obher dehydroaen-
atxons, was 8- better cat...yst th&n p]atmum o A

il hydmgenatxed to' the ,tetrahydro denva,twe and far more
’ ted ecai'h‘ dra’.c
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very similar to that of naphthalene. In this process the heterocyclic ring is .

reduced first. S « ;

In the case of quinoline, hydrogenation with colloidal platinum at room
temperature has been described by A. Skrra and W. A. MEYERL.- In acetic acid
solution. complete reductivx: to decahydroquinoline was obtained with a hydrogen
pressure of 3 atm.; and the reaction could be stopped at the tetrahydro compound
by interrupting the absorption after the required volume of hydrogen had-been
taken up. At atmospheric pressure, with a platinum catalyst, the reaction may
stop at the tetrahydro stage. Quinoline was also hydrogenated by W. IraTrew?
with niekel at a high pressure, both the deca- and the tetra-hydride being ob-
tained. -

The hydrogenation of quinoline and its homologues in the liquid phase with
nickel under pressure has, further, been studied in considerable detail by
J. v. Bravy, A. PETZOLD and J. SEEMANNS., As a method of ‘purification, the
quinoline was recrystallised from alcohol in the form of its difficultly soluble
sulphate. It then hydrogenated at 200—215°, the reaction proceeding rapidly
{in 60—70 mins.) to tetrahydro-quinoline at which stage the _absorption of
hydrogen suddenly stopped. The yield was quantitative; and homologues of

quinoline—e. g. methyl, ethyl, phenyl and other quinolines—could:be reduced .

to tetrahydro derivatives similarly. On raising the temperature to 250°, some
decahydroquinoline was formed. W.S. Ssapmkow and A. K. MicEarLow® have
used an osmium-ceria catalyst for this reaction, tetra-and decahydroquinoline
being obtained. = ' e o

The hydrogenation of isoguinoline cccurs very similarly. Tetrahydro-iso-

| quinoline, in which the nitrogen ring is hydrogenated, was made by Skrras

by liguid-phase hydrogenation with platisam; and the reduction, as with quino-
live, could be pushed to completion by using & higher pressure, e. g. 3 atm.%

A. Vipar” who, on hydrogenating with platinam: oxide, obtained principally
the tetrahydro compound. if the reaction was carried out at room temperature

and decahydroisoquinoline if the-temperature was raised to 100°. -

The reduction of isoquinoline has also been studied by J. RaNeLpo and ,’

The hydrogenation process, both with quinolire and isoquinoline, is revers-
ible, as would be expected from the nature of the rings involved. The dehydro--

%; ton of tetrahydroguinoline in the presence of nickel at 190° was in-

ted by M.Papos and G.SCAGLIARINI®, who observed, however, con-

siderable decomposition and the formation of skatol,

Acridine, N\ \/\ which is the nitrogen analogue of anthracene, should be"

‘capsble of | | | | hydrogenationby stagesin & smilar way. In the vapour

. phase,inthe \.»"\\/\/ presence ~of niekel at 2709, decomposition to. dime-
-+ line was, however, obtained by Pspo4’ and Fasris®.

thyl  quino- N

&) Hyirogenation of Rings oniining Ozygen.

The most important fundamental substance of this type.if furfurane, the
10 ’ mixture

NON™*

hydrogenation of which was studied by A. Boureyis

! Ber. dtsch. chem. Ges. 45; 3593 (1912). '

" 2 Ber. dtsch. chem. Ges. 41, 991 {1908). -
- - ? Ber. dtsch. chem. Ges. 55, 3770 (1922).
4 Ber. dtsch. chem. Ges. '61,>+-‘..§0:0‘(ri928)5:‘* T
. 2 Chemiker-Ztg. 88, 805 (1834) o0 T 00T
% A.Swgra: Ber. disch. chemn. Ges. 87, 1977 (1924). =

by

7 An. fisie, Quim. 28, 76 (1930). ~* * Atti P. Accad. Lincei 17. (i), 728 {1908)..

© . * Atti R. Accad. Lincei 16 (1), 921 (1807)..
- ' Bull. Soc. chim. Belgique 22, 87 (1908). "
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of hydrogen and fnrfurane over niekel at 17 0° tetmhydrofurﬁlrane bemg
&mﬁ : m}wn  Hp ag
s C’H — H, CH, -

]

Umfer them condltlcns, however, decompomtlon products were also obtamed

. Of furfurane- derivatives, the aldehyde, furfural, is of special ‘interest by
reason of its avmla.bﬂxty on a. Iarge scale Its. hydrogena.txon W111 be aealt ‘with
in a later section. = . -

The hydrogemtmn of pyrones may- lead to at’ Teast two types of product
according to whether the ring alone, or the extra-cyclic oxygen atom, in addition
__to the nucleus, is-attecked. Thus, from. y-pyrone, sxmple tetmhydropyrone
or y—hvdrom’tetmhvdronxm are obtsuned . ,

B{\m THﬁAbg'

b uﬁi GL_fH$ &£

\/ NS \/
. % E g' _
o o ﬁpbn
" p<Pyrone, Tetrabydropyrone -B)dtoxytet.
* " hydropyran.

R MoxNzixgo and. H Anmsl recommend, .in" order -to obtain a relatxvely
,sxmpte product, the carrying out of the reduction as quickly and at as low a
‘temperature as is' compatible with the catalyst employed. Thus, with eopper
-chromite at 120—-—135" a 50 per cent yield of the hydroxytetrahydropyran, together
-with 23 per cent of tetrahydropyrone, was ohtained. The hydrogenation was, asis
- usual with copper chromite, carried out under pressure, the pyrone being dissolved
"m ethyl alcohol. Rmestnickel may also be used at, of course, & lower temperature.’

 Similar alternative prodycts are formed dum;g the hydmgenatmn of other
bﬁm of pyrone type for mstance, chramones or ﬂavones R :

S R CHO
R H(\{E .‘.m(\/fam
H&   "H£.g :

: \/\/
_uuugg~'f CH C
Ethylehromom - Fhvone (&Phenylchromcne)

4l“&ﬂmEIENWMWﬁ‘: S
,t;hxs syatematle survey, partmu]ar attentlon has been paxd :
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resembles ‘the reduction of the parent hydrocarbon. If, however, thé‘ 'speci:xl'

1289

group contained in the particular class of derivates—in this instance , the carboxyl

group—itself undergoes reduction, the reaction involved is fundamentally
different. -For example, oleic acid may be reduced to the corresponding un-
saturated alcohol, to the saturated alcohol, or even: to the hydrocarbon, the
- process being thus not merely one of simple saturation, in that the replacement

of oxygen by hydrogen and the splitting off of water may occur. -~ © -

It will be convenient to deal first of ali with the reducticn of alcohols and’

ketonic bodies, then with other oxygen-containing derivatives and, finally, with
derivatives containing elements such as nitrogen or the bhalogens. - - :

s W

L. Hydrogenation of Alcohols and Phenols. -

A

The hydrogenation of an unsaturated aleohol takes place in ,much»th"e._same
way as the reduction of the corregponding hydrocarbon, save that, paiticulariy

if a high reaction temperature is employed, the process may also involve the

elimination of the hydroxyl group and the formation of a hydrocarbon by the

splitting off of water. Thus, with allyl alcohol:

- CH,:CH - CH,0H -> CH, : CH, - CH, - OH — CH, - CH, -CH,.
AllyT af_c_ohO!. ‘ n—Pl‘OP)‘l alcohol. - - ) a-Propane. -

Under ordinary conditions, only tke first of these: processes ' ocours. -For |
instance, SaBATIER! hydrogenated allyl alcohol by ‘the .vapour method over. -
‘aiekel at temperatures up to 1709 and obtained propyi alcohol without appreciable
production of propane. The easiest way of hydrogenating allyl alcohol is in the -
liquid phase in a shaker in the presence of platinum or paliadium. The hydrogen .
is absorbed at & normal velocity for an ethylenic bond, some typical rates for

which are given later in connection with the hydrogenation of ethylenic acids.:
Higher ethylenic alcohols may be hydrogenated similarly.  ‘Many - of ‘these,

which ‘were- previozsly not very accessible, have been made ‘available by the
reduction of the.carbexyl group of the corresponding unsaturated acid or its
esters without attacking the double bond. For instsnce, by hydrogenation in
the presence of zine eiiromite, oleic acid passes into ocladesensl: o

CH,+{CH,),CH:CH-(CH,),- COCH > CH, - (CH.),-CH:CH- (CH,),*CH;OH.

Olele acid.

Octadée_m;ol: L

‘which can, if required, be readily hydrogenated to the saturated aleohol by any.

-of the standard methods. This easy hydrogenation also applies to bodies _sach.
: . nated with platinnm black

as cinnamyl aicohol, which is conveniently hydrogenated with: platinum
In a shaker, in acetic acid solution. The first, rapidly’ ocourring
‘saturation of the ch@in,_»_{plloWed far more ;j_sloﬁy by that of ﬂ?,ef-@; :
N /’ o . . B} ‘v ‘ 4 o ”,-‘».(. T ‘
' l/;.\l-CH:CH'CH,OH’ .{//\ig.‘CH,-CH,-CH,OH? m{\"HCHz

>l

N NS BRUS

' *. Tt may be noted that,allyl aleobol, in addition o
ke all aleohols, also be dehidrogenated. Thus,

' C.R. hebd. Séances Acad. Sci. 141, 870 (19670~ .l
2 SapATIER, SyNDERENS: C.-R. hebd. Séances Acad, Bol. 188,
F. H. ConsraBLE: Proc. Roy. Soc. [Londen], Ser. A 118, 254 A19275. "

B " Handbuch der Katalyse, Bd. VL o




'pass&s;,x_ta‘acrolem, whlcn in vu'tue of 1ts ethylemc nature takes up hydrogen
;»mth fomzamon -of pmpsomldeb yde. . -
o CE, ‘CH- CH;OH CH, CH- CHO + Hg == CH,,CH2 - CHO.
: .. Allgl mleobok _Acwolein, -~ . . - - Proplonaldehyds.
S SABATIERS and Smnms obi;amad mﬁus Way a yxeld of over 50 per cent- of
;é‘;»propxonaldehyde containing only a littie acrolein; and CONSTABLE, who regards
~.the production of.pmpxona.ldenyde as an isomerisation alternative te rehydro-
.genation; has. exarined the reiative velocxty of these two processss on copper
*over the temperature. Tange 245—280°. "'While the dehydrogenation of alcohols
" "generally ‘will be treated in connection with its reverse reaction (hydrogenation
‘of aldehydes 3 and: ketones), it may be ‘noted here that the rate of dehydrogenation
“of allyl alcohol over. copper was :found hy Cons'mm to be appronmately equal
to- that of ethyl-alcohol. -
+'The. hydrogenatwn of pbem:l was SWdlﬁd b Samm and Smmmsl
by -passing this body with hydrogen over nickel a.t 200° or over. The tempera-
ture used by SABATIER is somewhat hxgher than that employed by later workers.
Under. these conditions: cyclohexanol is formed by saturation of the nucleus.
This’ }atter body, partxcn}arly “when pa.sasd by itself -over a catslyst such as
:jnickel .or:. eopper. ‘in the . ‘absence of hydrogen, is ‘dehydrogenated. to cyclo-
hexanone;- or, by loss ‘of water, ‘passes to cyclohexene; but the formation of
R cydohexanone may also occur to soms degros during hydrogenation. In addition, _
‘elimination : of - hydroxyl may occur. -with production’ of benzene or of cyclo- -
' ; The]foﬁomng nmdnets are therefore pomble. ~

siger type ,zeacmn,_mvolnng the remaval of the hydroxyl group ‘
$he phenol into hydroc X & nsnaﬂycamedontmthscatalyst

! yﬁie ype 1d will be 'dealt with in a later section.

) the catslvm reduction. of Liquid’ phenol g

and . i denvatwes has been

he. orwinary way f:om tha cambona.te has
G tmn of phenol even at 50°; and thls_
inerease v&ly wxhh the temperature;
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catalyst employed. Thus, BrocreET, using 200 g. of phenol with 20 g. of nickel,
" was able to complete the process in about one hour at 200° ab a pressure of
15—25 atm., whereas, in another run, 700 g. of phenol with 7 g. of catalyst ‘were
hydrogenated at 150—160° in 20 hours or, with 40 g. of catalyst; 10 hours.

Ortho-, meta- and para-cresol were found to hydrogenate at about-the same rdte- -

a3 phenol itself, the corresponding methylcyclohexanol being produced. In each
case the nickel could be used for more than one operation, the average wastage
of nickel being stated to be about 1g. per 150 g. of phenol hydrogenated. Jucs-
Novskx and SOROKIN’S results were very similar and extended also to ¢-, m- and.
p-cresol. T ' - o ‘

Phenol can also be hydrogenated “with ‘the platinum metals either in the

liquid or in the dissolved state. Thus, WiLLSTATTER and Hatr! reduced phenol
in acetic acid solution with platinum and obtained both cyclohexanol and; by
further reduction, cyclohexane. o : . N . :
The hydrogenation of phenocl and of its simpler homologues—the creols and
xylenols—is of some technical interest, since the corresponding cycichexanols;

and to some extent the cyclohexanones which are obtained from these by

-dehydrogenation, are now made commercially for use as solvents and for other
purposes. e S ' - - .

- Thymol (3-methyl-6-isopropyl-phenol) is a ﬁlrtheruhomologue" the 'hydro{
genation of which is important technically, since, on _reduction, it passes-into

menthol. - o Co
| CH, CHyo
é e
e R

HC CH- - - o HC CH:'
ug d.om ™2 B b om

m. ©Zn  dm.cmy,

liquid thymol and with & moderate hydrogen pressure, a suitable hydrogenation
temperature being 100—150°. Saturation of the ring takes Pplace at the normal.

rate for reactions of this type and, if the temperature is not too high, little form..
ation of hydrocarbon ocours.: Menthol exists. = . L oo o

-~ of equal physiclogical activity. The hydrogena-
~ tion of thymol “can, if required; be effected in
the-vapour phase; but, in this ¢ass, reduction to.
- menthane also oocurs to a considersble degree?.
-+ The reduction “of certain ' di-phenols

290
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e Wlth d!.- and tn-hydroxv phenols reduction both of the hydroxyl groups
?an& of the ring takes- ‘place.. SABATIER and SERDERENS! examined the hydrogen-
ation of pyrocatechin, resorcinol and hydroqumone in the vapour phase with niekel
,.at'250° .The first . product was. phenol which, by loss of a further thmxyl
_group,, passed._into benzens. : )

7K. PACKENDORFF? has hydrogemted these bodies  with platmum W1th for

- instance, resorcinol, rapid:reduction to cyclohexane and cyclohexanol occurred -

,{;f&t TOOID: tempemture -The hydroxyl group is not protected by alkylation.

o Of ,trxhydroxyphenols ‘pyrogallol has been reduced by SABATIER ‘and MATLHES,
" the principal’ product with nickel at a relatlvely low temperature bemg hexa-

. bydropyrogallol in which the hydroxyl groups remain unreduced.

Vf;;;iThe naphthols are hydrogenated ~very similarly o the phenols H. Leroux?

: h

dmgenaﬁoﬁ of f the naphthols +in the ltqmd sta.te has been examined
"by A Bnoonm and R. CorNUBERT®, In a typical run, 200.g. of c:-naphthol
; 20 g of mckel were hydrogena.ted at 1300 and at a pressure of 15 atm.

1095 pe ’-c;ent of the volume cotrespondmg thh the tetrahydxo na.phthol, after
2 ‘which thé absorption became slow.; The- redaction of S-naphthol, also to the
tetra.hydro’%denvahve, prooeeded sumlarly, but the dacahydro body could not

qtud l)haae by hy‘ f ogen at- modera'be preésures, using a mckel catalyst at about
~200° a normal product ‘consisting -principally of tetra.hydro B-naphthol,
s, he wever, not recommended for the preparation of the correspond-
npound “the ydrogenatxon of oc-naphthol under these conditions -
oduct ‘containing ‘only 25—30 per cent of tetrahydro-ecmaph’shol the -
ing tetralin: together wmh a.bout 10 per cent of a ket,one a—keto-
the 4 = ‘ ,

) nct occur mth the B-compound

uch ‘as eitnaphtho}s, a vp,nety "of ‘intermediate pro-
ing to whether: prior ‘hydrogenation of the oxygen-
tut ,"or whether oxy"en m ehmmated
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2. Hydrogenation of Aldehydes and Ketones. o
The hydrogenation of aldehydic and ketonic groups .does not, in general,
take place.as rapidly as would be expected from the ease-with which the reaction
can be carried out, ever with catalysts of relatively low hydrogenating power,
such as copper zinc chromite, or even non-catalytically with nascent hydrogen. -

, ' a) Aliphatic aldehydes and keiones. , o
The reduction process, which leads to a primary alcohol in the case of an
aldehyde and to a secondary alcohol with ketones, is, moreover, reversible;
and may, if the hydrogenation temperature is high, proceed further to the irre-
versible production of a hydrocarbon by the elimination of oxygen as water,

Thus, in the typical cases of acetaldehyde and acetone: o

CH;-CHO = CH,.CH,0H - CH,.CH,
SN0 _OCHGH - __*NCH,
CHa/ o s/ . CH;,

In addition, 'im.saturated aidehydes or ketone‘s‘ will ‘also’ undergo satration
f their ethylenic bond, e. g.- L ' SR : -

-—
<=

CH,:CH-CHO ( = Proslomsdsvdor "= % Cm,.CH,.CH,0H = .
Acrolein, ) CH,:CH,CH’O'H' . PfOpy; acobol.
. . Alls] alcohol. . et T

The earlier work on the catalytic reduction of aldehydes and ketones generally
wag carried out by SABATIER and SENDERENS in the vapour phase: they are,
however, sometimes more satisfactorily -hydrogenated in' the liquid " state, for"
instance under pressure in the presence of nickel, or, especially if the bodies are -
volatile, with platinum, in which latter case, however, there may be a tendency,
for the reaction to proceed as far as'the hydrocarbon. - . oo e T

The hydrogenation in the. vapour phase of formaldehyde, acelaldehyde and -
some of the lower homologous aldehydes was: studied by SaBaTier and SEN...
DERENS in 1903!. All' gave the corresponding alcohol ‘smoothly and without'
the formation of by-products when passed with hydrogen over nickel at 100 to

' 140°% and, with these low-boiling hodies, ‘hydrogenation in the: gas phase is -
probably the most suitable method. Acetone was reduced in a similar way to
isopropyl alcohol --without -any formation sof pinacone. - Methyl-eth Jl-ketone, -
dimethyl-ketone .and higher ketones behaved: similarly, - . - " SO TR N

~ For:the. reverse reaction, nameély, the productio :;;io‘fffél‘d‘eﬁ;dgsﬁ -or"

es
by the dehydrogenation of primary ‘or. j}s'econdgi-y:ﬁ@lﬁqhqlg,@ Sar ATIER ‘and SEx.’
. DEBEN" Sa l'ecommend eopper in plaee' ofnickel, Since thelatﬁel‘met&l} at thB =
high temperatures required for- effective dehydrogenation, ia apt to cause de-
~_The'hydrogenation of aldehydes and ketones in the liqui

. is.somewhat slow.  Thus, 40 g.of acetuldehyde, dil
- and containing 15 g. of platinum prepared by Loxw
~ hydrogen after 24 hours. shakin® at room tempers:

, 1291
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.'.;.wa.y mclude wovalem aldehyde (CHs)z ‘CH- CHZ CHO, oenanthic aldeb../de
- CH, - (CH,)G -CHO, and the jmportant terpenic aldehyde, citral. Aliphatic
- ketones were hydrogen&ted similarly; but, unless these were diluted with water,
' the reduction wentto a large extent as far as the hydrocarbon. As with the
'Qaldehydes, the' reactlon is ‘slow;. for instance 60 g. of acetone, diluted with 60 c.e.

" of ‘water, required to be’ shaken with 15.g. of platinum for' 15 hours at room
‘temperature before the’ ‘reaction was complete; but the prodnct consisted of
.substantially pure isopropyl. aloohol containing no pinacone. It is to be noted
- that catalytic hydrogenatl_n both of aldehydes and of ketones differs from reduc-
- tion ‘with nascent hydrogen (sodium amaigam ete.) not only in giving a resul-
‘tant free from seconda,ry condensatxon products but also in leadmg to a sub-

/“Other: sxmple kewnes hydrogena.ted by ‘Vavor were mdbyLethyl-

: (18 g: of ‘which; in 30 g. of ‘acetic acid, with 10 g. of platinum, required

3 hours for dcinplete reductxon to methyl-efhly-caxbmol), diethyl. ketom and

’meihyl—propyl-ketom

* The carbonyl group 1s, further, easﬂy rednced by c&talysts other than thase
claasxcmﬁmeta}hc type.. Thus, acetone! was readily hydtogenated to isc-

1.by- a-zine. chromxte ‘catalyst at 370° at & pressure of 150 atm.,

e high préssure bemg zeceasitated by equﬂ;bnum conditions at the .

ployed Tha zing- chmnnte was mao‘tnve for the hydrogenatlon

Cab&lysts « '_ the suiph:de ‘4576, have " also been used N. A. Om;ov'
8.4, A IGNA'mvn’scﬂz obtamedanapprommately 60 per cent

~these bodie: and the correspondmg &cohola ha.ve been stud:ed quantltamvely by
“'VE'K Rmm‘* SENGIE R »
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and to compensate for one. a.nother, ‘the- chemmal constant of hydrogen bemg W
taken as 2.2, and 8, the temperature coefficient of the specific heat of hydrogen,
as 0.001714. This mdefmlteness is also true for acetone, for wlnch RmEAL:
points out that a dis- da -

crepancy of 1 per cent S T“bz" 31. S L
in the determination of - . | Temperature B, | deventtion
theheatsofcombustion . oo *C T Tatm
would make Q'in defi- pip o1 alcohol 105 6.44 X 10-¢ 2.5
nite between the values =~ 150 1.60.x 10-3~ - 3.9
12,000 and 21,000 cals. - - | s L7TXI0e | e

. ,“‘. . N - - . . . X = . .
‘ Jpet?enm el S 452%10-2 | 105
surements werecarried - - .| - " . 250 2.32 x 101 38.0
out by a static method R ‘975 . 0.91 1 602
in the presence of egp- Isopropyl alcohol | - 105 2.82 % 10—* 5.3
per. The variation of =~ . - | %52 304;‘ 10-2 08

: . . A ; o -‘v‘ B 7 . ) ‘1" X j

the equilibrivm with ~ = . . 206 | 0.528 51.1
the temperature was C 225 1 135 " 66.9
very large, a8 would be . 1 280 - 4.82 : ‘85_.0_
expected on the basis | 276 | 1207 92,8

-of the calculated values The percent.a.ga deoomposmon, for ethyl and for iso- -
propyl aloohol observed at vanous tempemtures is summansed in: Table 31 a

- c) Aromam Aldebydea g '3
. The reductlon of the simple’ aromatic aldehydes by 8 bA:BA'rmB and SENDEBENS -
' method with nickel leads principally to the hydrocarbon!; but they are readﬂy?_
. reduced to the corresponding alcohol by liquid phase hydrogenation and;.in
general, react more rapidly than aliphatic aldehydes: for instance, VAvoN-{loc.
<it., p. 709), working as already. described for aliphatic aldehydes, was able to
vxweduce 106 g. of benzaldehyde to benzyl alcohol in- 2!/, hours,with §g. of .
- platinum blaek, the aldehyde being’ dﬂnted with an equal weight of ethyl alco- .
hol ‘as & solvent. Salwylw aldehy Jde pa.ssed equally rapxdly info: sa,hgemn, the,f;

- yield bemg quantltatm . CHO" CH,0H ~ = . = .o
R /\OH - /\\OH R . E .'I x

' ,, Saucync mdehyde. Sa.tlgemn e -
‘ Rednctmn in the liquid phase with platmum has also. h&n apphed fo. :
ether aromatio aldehydea‘ and thereaction is a general one, hemg alsd&pphcab e
to bod:w such a.s vamllm a.nd ptpmmal S ,

I* wﬂl be noted that;:m all’x the bove hyd:ogenatldns the aldehydic. gro
is attacked before the benzene nucleus

‘ liuﬁ
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camed out hy the vapour method with niekei, by M. Pavoa sud U. Pontrt, .
The primary: product was furﬁxryl alcohol, but nuclear hydrogenation - also
~occurred -and there was, subsequently; some ring fission ‘with the productxon
of methyl butvl aloohol and of met,hyl propyl ketone.

ft!"L'w* | ﬂ I
~HC - C.CHO '—3» HC C. CH,’\H - HC c. cr;,
\/ N \0/ =
_ H C-——CH, T TH,C—CH,
a,é (l!H cn, - H,cl: /cy CH, - H,é /é, CH,,‘ ”

Some fmane was also fc-med by the sphttmg oﬁ' of the cham wmhout rmg fissure,

The' hydmgenahon of furfural takes place somewhat more smoothly at
lower temperatm'es in“the’ hqu,d phase; ‘but, if hydrogen&hon is "allowed to
proceed to' completion, some  decomposition products appear alwa.ys to-be-
“formed. - Thus, furfaral has ‘been hydrogénated  in the - presence of piatinum,
- 'which may be introduced as plaﬁnnm oxide?. Reduction as. far as furfuryl alcohol
" ocenrred quamlt-ahvely and . thhont" ‘complication; ‘but," on continuing the
. hydrogenation beyond. this' stage,’ “tetrahydrofurfuryl aleohol, .pentanediol-1,2,.
~ pentane-diol-1,5-and n-amy] sicohol were produced. The reduction coines to a
standstill unless the catalyst is’ -periodically oxygenated; and the platinum was
“also found to be activated by small’ quantities. of 1errous ‘ehloride.  The best
mnltswexeobtamed bytheuse of 50 g.” of furfural, 150 c.c. of aleohol, 1 g. of .
mtalysbnﬁd 12 cieoof 0.1 M ferrous chloride. In the shaker used by KA‘UFMANN
: s, and *wnth ‘& hydrogen pressure of 1=2° atmospheres, about four -
lecn grivalents “of - hydrogen -Were_ absorbed in four hours, durmg which_
wee'achvamns:thh oxygen wereneeessary ERTER 20T

i T}m_ hydmgenatmn‘ of a.romatxc _.ketones may be camed out by methods

mrysxmx}a: %o those. already- given for: aliphatic ketones; but with nickel at

- high temperatures, there'is s tendency towards.the formation of hydrocarbon
b mmhon of the zmcleus Jg‘a. .nstance, SaBaTrEe and Mnm:r’ .

’Ihe reduction of these.
the use of mla.tively active .
dissolved 'in' 40 g.- of . ether, r

187 (2), 105“’ |
3029 (1923).

_x.‘
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at room temperature for conversion into diphenyl carbinol.
. CH,-CO- CH, - CH, - CH(OH) - CH,. =~
With acefophenone discolved in acetic acid the most, readily produiced deri-
- vative, even with platinum at low temperatures, was the ‘hydrocarbon, ethyl
benzene; but some alcohol could be isolated from the. product: if the reaction
was interrupted after the absorption of one g. mol. of hydrogen. -~ .
f) Hydrogenasion of diketomes.” .~ .

together with 8 g. of platinum black, required 3 hours’ treatment in a shaker

| Dikebbnes, whether aliphatic or containing aromatic nuclei‘aﬁta,chéd to a ,
ketonic chain, are reduced in the vapour or liquid state by methods very similar -

to those used for the mono-ketones. Thus, SABATIER and SENDERENS! hydro-

genated & number of typical «-, 8-, and y-diketones in the vapour phase with -

nickel at 140—150°. Normal products were obtained with the - and y-diketones
exam}ned. ,E-g. g ' ' ’ :

CH, -0 - CO - CH, - CHj - CHOH - CO - CH, — CH, - CHOH - CHOH - CH,,

Di-acetyl ~ Butanolone-2, 8. - . . Butanediol2,8. .-
but the S-diketone examined (acetyl acetone) underwent considerable decom.

position under the conditions employed. “With acetonyl ‘ya'cetbx;e dehydration

of the digl.occnrwd:

CH,-CO-CH,"CH, CO-CH, % CH,.CHOH. CH, . CH,. CHOH - CH,
Acetonyi acetone. T . ;Diog'hemefz.s.v‘: Lo
’ ‘:_%&CH,?HCH,CH,EJHCH

~

Diketones are also. hydrogenated in the liquid phase, either with platinum

'or, preferably under: pressare, with nickel. In this case -the reaction proceeds’
‘smoothly, without the formation of by-prgdu‘r;gs as at high temperatures. - - -

'9) Hydrogenation of Cydlic Ketones.

A further class of ketones exists in which the oxygen of the carbonyl group :
is actually attached to a ring. The most important of these. 8- cyclohezanone,
- which is reversibly hydrogenated to cyclobexanol - by ‘nickel_,.‘ngA_B_A‘T_mbsz*;éﬁd“‘

1293
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'SENDEBENSl recommend for the hydrogenation a temperature of 160—-175°
‘with a large excess of ’hydrogen

- The reverse ‘reaction, namely, the dehydrogenatwn of cyclohexanol, thch is
-easﬂy made by the hydrogenation of phenol, is of special interest. The principal
pmdnct is cyclohexanone, but small quantities of cyclohexene and even of benzene
fﬁ aie also obtained, the latter particularly if the dehydrogenation catalyst is nickel:
" To prepare cyclohexanone from its alcohol, cyclohexanol, the latter may
be .passed, without hydrogen, over a.copper catalyst at 300—330°, the cyclo-
~hexanone being obtained almost pure. Copper is not, however, as sunitable as
nickel for the reaction in the hydrogenation direction—namely, for the reduction
of cyolonexanone to cyclohexanol—on account of its lower activity and conse-
"quent slowness of the reaction. On the-other hand, nickel can also be used for
‘the dehydmgenatmn, ‘provided that the temperature and the activity of the
. catalyst are’ carefu]ly controlled in order to avoid decomposition and nuclear”
. dehyd.togen&tmn in addition to the loss of hydrogen by the alcoholic group.
.7 The. hydrogenatlon of cyclohexanone in the liguid phase with platinum black
was studied by Vavon®, Reduction took place' rapidly, substantially pure
;cyclohexa.nol being produced. * As an index to the speed, 27 g. of cyclohexanoue,
“dissolved in an equal weight of ‘ether, with 8g: of platinum black underwent
,complebe hydrogenatxon m 75 mmutes in a shaker et room temperature and
,f "The three methyl cyclekemnols prepared by the hydrogena,mon of o-, m-
L or p-cresol are dehydrogénated® to the corresponding methyl cyclohexanone—or,
* converselv. the methyl cyclohexanone may be hydrogenated. to the methyl
cyclohexancl—by methods similar to those used for the parent bodies. SABATIER
_and Smms, however, observed some nuclesr dehydrogenatxon back to the
cresol even in the presence.of eopper. Reasonably pure methyl cyclohexanone,
accompa,med by a little. methyl-cyclohexene and a little cresol, was, however,
:,;_.'obtmneé ‘with this cata.lyst at 3000 4.
A further cyclic. ketone, the hydmgenahon of w}nch has been studied by
: -Gﬁncno'r and TABOURY?, is cylopentanone. This, on hydrogenation over niekel
;'{m the vapour phase, gave, in addition to the normal products oycicpentanol and
- - cyclopentane,. considerable quantxtles (e g 40 per cent) of a condensatmn pro-
: ~dnct oc-cyclopentyl-penta.nene o

HC~~CH U S H,C—-CH, C~bC
2 : CH,-—CH; , NG ‘.2 o \/ L
none. Cyclopenhmone. . Cyelopentanol.

The form&hon of thm prodnct, ~which' is’ apparenﬂy produwd by the hydro-
‘gewmtion of a condensation product a bstween two molecules of cyclopentanone ‘
F08 avoided by carrying out the hydrogenation atalow temperature. VAVON -
‘ on hydrogenating - cyclopentanone dissuived in ether, with- platinam at
' ture that only cyclopentanol was produeed 30 g..of the pentanone,

‘rednced completeiy on bemg shaken at room taempera- .




=1
Yot
[4]
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 h) Hydrogenation. of Quinones.

Quinones, which may be regarded as cyclic daketonea, are usually very
casily reduced. They were originally hydrogenated in the vapour phbase by
. SABATIER and SENDERENS!, who were able to obtain a substantially quantita-

tive yield of hydroquinone by passing a mixtyre of guirone and hydrogen .over

nickel at 190°. At ‘substantially higher temperatures, the mono-phenol and,
subsequently, benzene are formed. The reaction was also successfully’ apphed
to toluguinone, p-zyloguinome and thymoqmwne, the corre%pondmg hydro-
.qumone being formed if the temperature is not too ingh

-0 OH
LN N

NN
6 OH

) Benzoquinone Hvdroqulnone

Hydroqumone is also formed very e&sﬂy and smoothlv by hydmgenatmg
quinone in solution at room temperature with, for instance, platmum indeed,

the reduction takes place sufficiently easlly to be carried out eﬁ'ectzvely bv -

reducing agents such as sulphurous acid in the absence of catalysts. -

The catalytic hydrogenation of a number of condensed quinones, mcludmg |

‘anthraquincne and phenanthraquinone with nickel under pressure, has been

examined by J.v.Braux and O.BaYER?. With, for instance, anikraguinone, -
alternative progressive hydmgenatlon of the ring system or the reduction of

the oxygen atoms to hydroxyl is‘possible; further, the hydrexyl groups may

themselves be reduced. Thus, the first stages of the hydrogenation under the :
conditions employed i e. with a reaction temperature of 160——170“ and ‘a.

,hydrogen pressure of 4 atm mvelve the follomg steps:

on - H _OH‘
AN ;\x\f\\

I;, F P is_;:

Tt mll be m)ted that ‘m ‘virtue. of f;he mpxd formatxon nf tbemesoedxhydro

’body (see. the hydrogemmon of anthraeana), f.htz firss pmdnct; which coul
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h of octahydroanthmhydroqumone ~which may possxbly be produeed by way ot
‘a meso dlhy&rmdenvatlve o

0 | , . oH '
HC - CH

- -‘* S R
H,C\ i :/CHs-
Anﬂnaqumom \s—Octa.hydm-anthnhydroqn!none

ery ,smnlar’ reactaon was obtained with phenanthraquinone, but in this
i ase dxhydro-dlhydroxy body was molatza as an intermediate product. |

i 'Pm

.-‘_qmme he: formatmn of whmh involves a mnspomtmn of two hydrogen atoms

_%m‘ the’ centre rmg, reference shonld be made to the work of Scmwmsx in
_ o
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mass however, they are more rapidly hydrogenated than, for instance, aromatic
acids. Thus, the following experimental figures! may be. taken as illustrative
of -the relative speeds of satufation under similar conditions of a. short and of
a relatively long chain olefinic acid compared with that of an aromatic acid.

In_ this case, the hydrogenatmn was carried out with platinum at 409 the un-
saturated acid ‘being  dissolved in acetic acid; but the same sequence will be .

follo“ed also under other condltxens {Table 32) N

Table 32.

v -~ _Snbst#nce hydx_'ogenated o ’ oikm o
Crotonic acid, CHy-CH:CH -COOH ...........icouviiiinnn. R ¥
Oleic acid, CHj - (CH,), - CH : CH - (CH,), - COOH AP ST X
Benzoic acid, C‘,Hs COOH ...ttt eelvmeaeiivinenn e 1005

‘ The hydroge‘natlon of these and other unsaturated a.c1ds also of their esters
where these are readily volatile, may be carried out in the vapour phase as well

as in the liguid or dissolved state. For Vapour treatment, niekel is probably -
‘the most suitabie- catalyst and it is usually preferable to employ an ester rather:
than the acid itself since this may attack the metal catalyst. G. DA:RZENS’ found -
that ethyl acrylate was rapldly hydrogenabed to ethyl proplona.te on pma.ge

mth hydrogen over nickel at 180°.
: ' CH2 CH- COOEt+ Hy, = CHs (‘,‘H2 COOEt

Ethyl crotonate and esters of higher- ethylemc ‘acids ‘are- rednced sxmﬁaxly.“
Copper is by far not so active as nickel. The: vapour-phase méthod can also be
'apphed to esters of aromatic acids containing unsaturated side ‘chains, such.as
cinnamic acid, in which case the aliphatic chain is hydrogenated farmore mpxdly_— :
than the nucleus; but: ‘their. rela.twelx low voletility renders them more readily
“reduced in a hqmd state. This also -applies to higher ethylenic’ acids such as.
oleic acid, all the more since & more suitable reaction temperature for'all these
- acids for hydrogena.tlon with nickel is- somewhat Iower tha.n tha;ﬁ used by‘

DaszExs, for instance, 130—1500.  ~ = i

- In. practice; however, unsaturated acids are almost always hydrogenated:
either as liquids, either with or without a solvent. If piatinam . or .pallsdium -
{or other metals of the same group) are used the acxds themselves can be tpaken,i;,;
but ‘with a nickel chtalyst it is nreferabie 88 in vapour—phase wc*‘-.';ng to use -
‘an ester. Hydrogenatlon is usuaﬂy camed ou* in‘a shaker or sumlax a};pars,t.ns

bn_t it may, in the' case‘ of uuu-‘ala::nc aculs or then- esbers,
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. ¥or hyd:ogenation mth mckel on a somewhat larger 1aboratorv scale;, 100 g.
- of an-unsaturated: ester, e. g. ethvl crotonate, ethxl oleate or a natural glyceride
such as olive oil, may be’ ‘mized " with; for - instance, 1—2g. of kieselguhr-
- nickel, and agitated in a shaker in a hydrogen atmosphere at 125 tc
_140°, The rate of the reaction depends on the. activity of the catalyst and on
the speed of sha.kmg ‘and usually several hours wili be required for substantially
. complete saturation, if the hydrogenatmn is ‘carried out at atmospheric pressure.

:On’ a technical -scale, a Ingher pressure is, almost always: employed; and-the
.ratio. of nickel to ester is considerably less. Further details are given in the
section deveted to ‘the technical hydrogenation of oils. The hydrogenation of an
‘unsaturated ester may also be carried out, at relatively low temperatures by a
catalyst of the alloy-skeleton type. Thus, 10 ¢.c. of olive oil was found! to absorb
hydrogen in a-shaker at an initial rate of about 11 c.c. per. mmute at 86° in. the
presence of 0.2¢g. of Baney nickel. ..

- Dibasic ethylenic acids; such a.sfmalelc or fumanc aclds or. thelr esters, readﬂy
undergo ‘hydrogenation in- solution in the presence of platinum or. palladium.
"Thus, the suthor found that a system consisting of 0.6 g. of maleic acid, dissolved

‘in 10 c.c: of ‘acetic: acid, and 0.05g. of platinum black absorbed hydrogen in a
_ shaksr at Toom . 'hempemture or slightly above, at a rate comparable with, but
- somewhat Jower ‘than, crobomc acid (see above). - The hydrogenstion of these
“acids-and of the next: h:gher group of i momers——mesawmc, cttraconic and tiaconic
-acids—was studied by S. Forin®. Reductloxi tnkes place normally, e. g. succinic
aexd 13 formed fmm malem acld

B T ¢ COOH CH, COOH

L }.lm COOH. éH -gooH

b) Rwluctwn o_f H ydro:vy-()leﬁnw Aceds

v Th only;‘_“eommen member of thxs class is ricinolesc aczd -
5 f —\\ CH:; (0H2)s CH(OH) CH: CH CH (CH?.): COOH

rwhxchmcm-s in large quanntxes a8 a constxtnenﬁ o" castor 011 “When castor oil
is’ hydfogenated technically with niekel at a high- tempera.mre "considerable
-reduction of the hydroxyl group of tlus amd m addition to. the satmtlon of its
_;donbw bond, ‘takes ‘nlace;

s
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occur in very large quantities ‘as glyceryl esters in the natural ‘glycerides. The

most important of these poly-ethylenic long-chain fatty -acids are linoleic acid,

which is a C, acid confaining two double bonds, and the corresponding three

doubls bond acid, &nolenic acid. Both of these are widely distributed, linolenic

acid being found in linseed oil. Clupanodonic acid: is &' third and equally im- -

portant acid, which is characteristic of whale and fish oils and contains. five

ethylenic linkages; but, whereas linoleic. and linolenic acids (like the hydroxy.

acid, ricinoleic acid, already discusséd) are derived froni oleic or stearic acid,

clupancdonic acid is a Cy acid derived from behenic acid. The constitution of

these bodies and their relationship to their parent acids are shown below.

Stearic acid, CH, - (CH,),; - COOH. R

Oleic acid, CH, - (CH,), - CH: CH - (CH,), - COOH. o L
~ Linoleic acid, CH; - (CH,),- CH: CH -CH, - CH ; CH -{CH,),- COOH. .

Linolenic acid, CH,-CH,-CH:CH-CH,-CH:CH-CH,-CH:CH - (CH,),- COOH.

i

Behenic .acid, CHy-{CH,),'COCH. |
Clupanodonic acid, . S ’
CH,-CH,* (CH:CHCE,-CHy), (CH:CH-CH,),CH,COOH
or possibly , S e
 CH,-CH,: (CH:CH-CH,-CH,),CH:CH- CH, (CH:CH-CH,-CH,),-COOH. |
In the course of the hydrogenation of these acids in the tschinical hardening

of osls, step-wise saturation of the various: double linkages ocours;. and, ; since
the order in which the double bonds are filled. with hydrogeit varies somewhat
with the conditions under which the hydrogenation is carried out, a hardened
fat which has been reduced to a given iodine value will not necessarily iri every.
case possess the same melting point. This melting point ‘and other physical
“ properties will, of course, also vary with the pature of the oil, i. 6. with the parti-_

- cular unsaturated acids and-their distribution as  mixed glycerides, even if the
oil is, as before, reduced to a given iodine value. For-further details, reference
should be-.made to a work on oil hardening.. It may-be rotéd; however, that,,
in view of the indefinite melting point of mixed glycerides, it is usual technically B
to determine the melting point of the fatty acids, (the so-called itre), in place
of the giycerides themselves. R P LI RS

PO

" . &) The Hydrogenation of Oils:-
 The hydrogenation, or so-called hardening, of glyce
industrial: reaction which.is of great.importance 2s'a method of tra
liquid oils into solid fats. Save for the scale on which'it is applied; th
is in essence the same as the hydrogenation. of the: corresp
fatty acids; but: the process ill be described in-somew
convenient example of procedure in large-scale hydroge
~ . The liquid oils which ate usually hydrogenated co:
unsaturited acids, namely; of oleic, linoleic, lin
-stitution of which has already been’ t
/in the ‘saturation with hydrogen' of the sthy.
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-‘to make neeessary ‘he use of an unnecessarﬂy lagge quantlty of nickel.- The
first. stage in the treatment accordingly consists’in refining the crude oil. The
nature and’ se(;uence -of the refining operations vary with the oil treated; but,
in almost all. cages, these will include washing with soda, to remove frée’ fatty
acids, end treatment with fuller’s earth to remove colouring matter and album-
inoid lmpuntxes “The oil is subsequently dried in vacuum pans without exposure
to an. excessively - high. temperature. -In. ‘addition, particularly with whale and
fish ‘oils, it may be necessary, before the above methods of refining, to wash
‘with, ‘sulphuric dcid, which helps to free the oil from entrained water and
‘Ealbummmds ‘partly bv ceagulatxon and partly by charring. All these processes:
“are normal operations in oil refining; and, for further details, reference should
"-be made. to any textbook dealing with the 011 industry.” In most cases, any good
..;»paJe commeroml ‘oil ‘can be’ hydrogenated without difficulty; but, for economic
- 'reasons,: hydrogenatlon has frequently o be applied to low-grade fish and other
. oils. It is desirable that the oil, after refinerment, shall be reasonably free from
"_water, which causes frothing in the hydrogenation tanks and tends to split the
~-oil‘into: glyeerme and free fatty acid;, which may, in the presence of. traces of
._‘_;oxygen in the hydrogen vsed, -also attack the mckei catalyst and cause an un-
.- necessary diminution:in its activity. -
¢+, The: most. eommcmly used form of mckel conmsts ‘of the finely dxnded metal
]‘f:suppozted on kieselguhr. ‘This is ‘made by the general method already descnbed
_in.the chs,pter dea.img with the preparation of catalysts. =~
Tal «,Thus, 1 owt. of mckel snlpha.te crysta.ls and a slight excess ‘of sodium carbonate
":;(120——130 lbs. of soda crystals -gince the nickel éarbonate produced is- basic) may
" ba-dissolved sepamtely in two tanks, mounted over a third tank containing 96 lbs.
_"_.{of kleselguhr“ made . into a *srnooth - peste ‘with water. - These soluticns are run
. rehx } at room: ! temperature, ‘into." the kiegelguhr- tank, . which ‘is pro- -
b tatmg agl tor, by means of wh:ch the nickel carbonate formed
recipitated on the” leselguhr. . “After precxpxta.tmn, ‘the studge is
X ough "filter -press and washed thoroughly in the press in the-ordinary
way. Th  runnings from the press should-be  colourless from the start: if they
y:.green, too: Iubtle sods has been ‘used in the prempltatlon ‘For the wa-
ter s qur.te sat Mbory, there bemg no’ neceaslty to use

'}'The next. smga mthe drymg of the cagalyst 'l‘lus must ba done mthout exposure,
-& high’ temperature, .otherwise ‘a bright green carbonate is formed which is less
740 redni 'and gives:: aleas active nickel. It will be noticed that, in the directions
ding P‘mi‘gmph the’ precsztataon also was carried out in the cold

ng 'sglutxons :The moste sctive way of d.rymg the filter cake
tain’an easi}y reduced carbonate consists in stacking this on
hinet through which air at a_tempersture:
ca“bme oontaxmng sjdosed steam or hot water. coil
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ment—can, of course, be used. After charging, the temperature is slowly brought
up %o about 300° usually, in the batch ‘type of reduecér, first of all without passing
hydrogen. During this period which, with & moderate sized reducer, may last about
two hours, carbon dioxide and some water vapour are evolved. As the evolution cf
these slackens, hydrogen is introduced, and reduction is carried out in a reason.
ably rapid stream of hydrogen until a stage is reached at which the ‘whole of the -
charge possesses a uniform black colour, as seen by samples removed through a small
sampling tube. If the reduction is pushed too far, a less active catalyst will result;
and the optimum stage of reduction ‘is (apart from measuring the water evolved):
usually judged by experience. Under ordinary conditions of working, an average
time of reduction will be about five hours, with a temperature of 300—359°in the
~case of a kieselguhr supported-catalyst; but small charges reduce more quickly than
this, and the temperature should be kept as low as is consistent with a not too slow
reduction. The reduced metal is of course pyrophoric: however, samples for in-
spection of the progress of the reduction can usually be.removed without trouble
in a closed sampling tube which is cooled before being .
opened; and, after the reduction has been completed, the
reducer, together with the charge, is allowed to become
thoroughly cold, and the hydrogen replaced by an inert

gas (carbon dioxide or nitrogen). With these precautions, =@

the catalyst car be removed from the reducer safely .
and without loss of activity, and may be disc

into an open tank of cold oii, brought under-the discharg-
ing door of the reducer, without the mnecessity for an
air-tight see.'l. It is thoroughly mixed with the oil; and
the concentrated mixture of oil and catalyst thus ob-
tained is stored in an air-tight contdiner and added, as - ,
a source of catalyst, to the main charges of oil to be 4—ps""2
hydrogenated. ; , S l
~ _The hydrogenation operation itself is carried out in :

tall cylindrical reaction tanks heated to the required tem-
perature (120—1€0°) by means of a closed steam coil or -
jacket or by a liquid-fed heating system. The speed of

SO
it

the reaction depends to a high degree on the intimacy of 7

contact between the hydrogen and the oil, and, for this &

reason, spparatus’ of specisl design i$ often employed. R | G
.Apart, however, from such special devices for d.xspemng Fig.21. YVessal for the hydro- -
the hydrogen through the oil,-the gensral construction - genakion of ofla. . - .
of a typical hydrogenation vessel is shown disgrammat. ~ . = °

ically in Fig. 21, in which 4 is the vessel itss!f and B'is a hi -speed circulating -
pump, by means.of which hydrogen is passed through the oil contained- in the, -
vessel, fresh hydrogen being added to the gas cireuit to sompensate. for that ab-
sorbed .by. the oil.. It is usual- to .preheat the oil and to dry this ‘thoroughly by
vacuum treatment before admitting the charge to: the hydrogenation vessel::and -
this evacuation miay elso be repeated after adding the catalyst and before admi

~ & i

hydrogen. . The amount of nickel required varies greatly Wwith' the quality of the

cil and with the general conditions. As & rough guide, this may,
- 0.2 ‘per. cent of the oil treated; but lower voncentrations ‘are: fi

RRENR NSt
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attempt has, for reasons of space, been made to describe particular types of hydro-
genation veaselst. . T

~ 'The progress of the hydrogenation is followed by messuring the volume of '
‘hydrogen adsorbed or by taking samples and observing the change in the refractive
index of these, after filtration to remove the catalyst; or the hardness may be judged

- by- allowing - small -samples to-solidify.- The hardened.oil is usually subsequently .

- graded in the ordinary way on the basis of its iodine value, but this test requires -

" too long s time to be applied during the hydrogenstion itself. :

* = After hydrogenation is completed, the oil is discharged into & receiver, cooled

~somewhat, and filtered in filter presses to remove the catalyst, which may be suffi-

ciently aotive for re-use. These bydrogenated oils are used in very large quantities

- in the soap and edible fat industries. \

A

' ) Hydrogenation of Acetylenic Acids. | o
" The acetylenic acids are not very important. Propiolic acid, CH:C - COOH,
_ orits esters, are easily hydrogenated in the liquid phase; and, as was the case
. ‘with scetylene iteelf, the reaction may be arrested at an intermediate stage in
such a way as to allow the isolation of the corresponding ethylenic acid.
. . This was studied by C. Pasr and W. HarTMann® with phenyl propiolic acid
 which, on being hydrogenated (as the sodium salt) in a shaker in the presence
* of eolloidal palladium, gave a maleinoid form of cinhamic acid if the reduction
was interrupted after the required volume of hydrogen had been absorbed.

"Eumhef hydrogenation led to hydrocinnamic acid.

-~ /N-e:C.cooH _ /\.CH:CH.COOH {/\icCHrCH,‘C_OOH'
N : ' AV N

- - Phenyl proplolic adﬁ. Cirnarric acid. H&drocinnnm!c' acid.

f) Bydrogenation of Aromatic Acids.

* . All ordinary aromatic acids may be hydrogenated in the nucleus by methods
very similar to those used for the parent hydrocarbons; but the reaction does
" not, in general, go well in the vapour phase at high temperatures on account
" of decomposition. This decomposition is less if esters are hydrogenated in place
“of the acids: thus, SisaTiEz and MurAT® obtsined fair yields of methyl and
_other hexahydrobenzoates by hydrogenating the corresponding -benzoic ester
‘over nickel at relatively low temperatures. Lo T R
- " Benzotc @csd was hydrogenated in the liquid phase by WrLLSTATTER and
“Hawrt For instance, 2 g. of benzoic acid in 20 c.c. of acetic acid, in the presence
" of 0.7g. of platinum, absorbed in a shaker st 16° the theoretical. volume of
. hydrogen for conversion into hexahydrobenzoic acid in 75 minutes, the operation
. being carried out at normal pressure. N I

. Naphthoic acid ad other ondensed aromatic acids may be hydrogenated in
“the same-way. ‘The reaction is, 2s has already been stated, far slower than for
_-aliphetic'acids; and it is usually advantageous to use an increased pressure. As
" with benzoic acid self, nickel may be used in place of platinum, save that it
“is Gimally desirsble, with catalysts other than those of the platinum group, to .

¢ details of wicrence may be made to the author’s book: *‘Catelysis
iix Industrisl ‘Applications” {London: J. and. A. Churchill 1933), ‘or to Eriis:
.. hebd. Béences  Ased. 8ci. 154, 024 (1912).

“& Ber. dtsch. chem. Ges. 45, 1476 (1912). .
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employ an ester in place of an acid, which tends to attack a nickel catalyst.

However, IpaTIEW! was able to hydrogenate both «- and B-naphthoic acids

with nickel at a high pressure, both tetrahydro and decahydro derivatives

being obtained. : : , '

... ..Dibastc acids liks_ phthalic acid are reduced similarly?. This also “applies
to miore complicated dicarboxylic acids such as phenylene-acetic-propionic acid,
which was hydrogenated by L. HELFERS as a step towards the synthesis of hexa-

hydro-isoquinoline: = ; o ‘ ' -

o
{/\g‘ -CH, - CH, - COOH H,C/ \CH -CH, - CH, - COOH

t
§

—>
. |-CH,.cooH H,c!' H.CH, - COOH
LT N 2
. C\H,
|

- i . -

.CH,- NH, | | NH
e \/\é:

* According to Skrra4, the hydrogenation reaction is most easily carried cut
‘with eolioidal platinum protected by gum arabic, in acetic acid solution, espec-
“ially in the presence of hydrochloric acid. » ' T

Hydrozy acids, such as salicylic acid, are easily hydrogenated by platinum’
black in aqueous solution or suspension®; indeed, the use of water as & hydro-
genation liquid gave in these cases better results than acetic acid. Hydrogenation.
with platinum at rcom temperature took place in the nucleus only, the hydroxyl

o ' g9) Heterocyclic Acids. - SR e T

Carboxylic acids containing an unsaturated heterocyclic ring undergo hydro-
genation' in much the same way as their parent bodies.. Thus, pyromucic acid
was reduced by H. WieNmavus and H. SoreE® by hydrogenation in &' shaker
with colloidal platinum, protected by gaum arabie, in aqueous selution.: = .

: .ng ’ é.COOH. . H,(‘: (im—.'coon Cenmn
Pyromucte actd. - - Tgtzﬂ_y:’ydm pyxpm;ig acid.

The same hydrogenation has.also been carried out by, Kavmux &

with ethyl pyromucate, using’ platinum derived from its pxid
_Other heterocyclic acids may alsc. be rednéed by ‘standan
‘methods. . For  instance, - picolinic_ acid on hydrogenatior

-1 Ber. dtsch. chem. Ges. 42, 2100 (1909). . -
7 Irarmkw, O. Parrieow: Ber. dtsch. chera
- :2:Hely. chim. Acta 8,785 (1923).- - .-
¢ Ber. diech. chem. Ges. 57, '1077-(1924). . = 7 i
. HouseN, A. Prav: Ber. dtsch. chem. Ges. 49,2294'

1298



L

724 - E.B. MAXTED' Hydrierung mit molekularemn Wasserstofi.

»pla.tmum, passes into the correspondmg piperidine carboxyhc acid; but the rate of

rea.ctmn s sloy CH . CH,
' S /‘\\ N
, ? CH H,C CH,
- R S | o .
CHC é-COOH . H,(l: c‘n-cooa
,\\N//// . \// - i

4. Hydrogensmon of the Carboxyl Group.

The catalyt;c hydrogena.txon of the carboxyl group of an organic acid, with
productlon of an alcohol or of a hydrocarbon, according to the general course:

R COOH - R - CH,0H - R - CH,’

does not. t&ke pla.ce very readily and reqlm'es treatment at temperatures some-
. what higher than those normally employed in hydrogenation. For thess reesons
_ the: possibility - of reducing the group catalytically has only recently been re-
- cognised. It can, however, be carried out with most of the crdinary hydrogen-
~ ation’ ca.talysts—-—such as metallic nickel or catalysts of the.copper chromite,

- nickel chromite or zinc chromite typ&—nronded that the temperpture is suffi-

ciently ‘high; and, while a high p; re is usnally used, this latter condition
~does not appear to be necessary. The. productxon of an alcohol or of a hydro-
" carbon depends, as.would be expected, partly on the catalyst and partly on
~.the temperature: -and duration of the treatment; and esters may be employed in
" place-of the acids themselves, in which. case two alcohols, derived. respectively
by the: regenaratmn of the ester alcohol and by the reduction of the acid, are

'Pmdmd © & R.COOBtR-CH,OH -+ Et-OH.

The process is thus a catalyhc altern&t:ve to the non-cata.lytlc reductmn
of esters introduced by BouvEAULT and Braxci, but differs from this in g;vmg
relatwely high yields: ‘and in freedom from side reactions.

"‘The catalytic hydrogenation of a nember of esters in the liquid phase to
alcei‘.u]s ‘with copper chromite was studied by H.Apxixs and K. FoLxzes?.
In genersl; a working temperature of 250° and a pressure of 220 atm. were used.
;Some\,typmal resu}ts are. summansed in T&ble 33 S

© Producy - . Yied
SRR R n-Amyi -alechol .94
Wi e e e v ‘Lsuryl. alcohol 87
R T Myrmtyl alcchol ‘ . 98

T Phenylpmpyl aleohol . 83 -

17 ¢ Tert.<Butyl earbinol’ 88 -

:fjjTetmmethylene glycol 1- .80

. B and ,thelr eabers both to alcohois
'”by SCHRAUTE, O.SCEENCE ' and
& ymld ‘of 81 g- of oetadecyl.
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alcohol when shaken with hydrogen, at 325° and 280 atm., in the presence of 4 g.
of zine-copper-chromite. Very similar results wcre, however, also obtained with
ap ordinary kieselguhr-supported eopper catalyst: for instance, caprylic acid was
reduced to octyl alcohol, and methyl caproate to decyl alcohol. The use of niekel
tended to give a hydrocarbon. Methyl laurate, when hydrogenated with this cata-
lyst at 390° and 280 atm., gave dodecane, which was also obtained from lauric

acid with copper on kieselguhr. The time requited for the reaction, even with

copper, is relatively short. Thus, 40g. of lauric acid, with 4 g. of.a copper-
. kieselguhr catalyst, underwent reduction in 60 minntes in a high-pressure shaker at

129y

270 atm. and at a temperature up to 390°. The production of alcohol or of hydro-

carbon is, as already mentioned, partly a function of the catalyst and partly of
the temperature and other conditions of bydrogenation; and it will be noted that
the temperatures used by ScHRAUTH, SCHENCE and STICKDORN are considerably
higher than those employed by ApxiNs and FoLkEers. Other work on the
reaction of esters to alcohols with nickel has been carried out by PALFRAY and
SaBaTAY?, who converted ethyl laurate into a mixture of the correspending
alcohol (dedecanol) and hydrocarbon (dodecane) by hydrogenation in the liquid
_phase at 260° with a hydvogen pressure of 150 kg./om.2. With ethyl
phenyl  acetate—C.H - CH, - COOEt—the reaction product contammed both
CsH; « CH, - CH,- OH and C,H,,-CH, - CH, - OH, in addition to the correspond-
ing hydrocarbons. ' ‘ ' ‘

The uvse of a high pressure arpéars not 4o be essential. O. ScexapT? was able
to reduce esters such as ethyl oleate very.simply. by passing a mixture of the
vapour of the ester and hydrogen through a eopper chromite catalyst, supported
on silica gel, at 270—280° and at atmospheric pressure. The product contained
80—90 per cent of octadecyl alcohol, which Was obtained as a white crystalline

deposit in the receiver. =T 0 ,
- In the case of an acid containing both an unsaturated linkags and a carboxyl

group, i is possible ‘to* hydrogenate -preferentially either the one position or the

 other according to the catalyst and rouditions of hydrogenation chosen. 'Thus,
while ordinary catalysts, especially at low temperatures, hydrogenate the double

bond exclusively, catalysta containing zine, such as zine chromite, tend to attack

the carboxyl group to the éxclusion of the double bond, the alternative course

of the geduction, for instance with olgic acid, ‘being:

| . o N CH, . (CHy),,- COOH -
- e~ Steatlc aaid. - - - '
CH, - (CH,),-CH:CH -(CH,);-COOH ___

. - Octadecesyl alcobal. .~ .7

; " .chromite . | o e
. The method therefore allows ‘the easy -ﬁi’ddimbionpf unsaturat«edaleohols,
most of which -are otherwise difficult: of access.” Work in this field has’ been

carried out by J.SAvme and H. ADEINS?, who used both zind-chromite and’
other related catalysts and reduced esters Tather than the acids themssives. Tn-

the, results tabulated belaw, it:will be mnoticed ‘that catalysts: containi
did not attack:the’'double. bond, whereas .those in -which copper was:p

S

88.a component gave & sstarated acid or aleohol, rether than an unsaturated

nlsohol (Table3). .~
" "1 Bull. Soc. chim. Francs.(8) 8, 882°(1936). *
- ; Ber. dtach. chem. Ges. 84, 2051 (1931}, "

327193
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Table 34.
RIS ) : + ‘Tempera- " -
. Ester hydrogenated , |- Catalyst ’ - ture Product v Yield
- Ethyl- oleate «+ . .- - Zine ehremite | 300 ~ Octadecenol 50—60
- Butyl oleate’....... | . Zine chromite 300 Octadecenol 65
- Butyl eruecate...... | Zine chromite 296 : Docosenol 88
j Butyl oleate ....... | Copper chromite 250 Octadecanol 86
. Ethyl olea.te e | Copper molybdite 250 Ethyl stearate 70

o The ca.talytlc prepamtxon of these long-cha.m a,lcohols ‘both of the saturated
_and of the ethylemc class has become of considerable technical importance.
It may, further, be noted that the hydrogenstion of optically active esters
to ,aloohols gives a product which possesses the same type of optical activity
~ as the starting material. BowbDEN and ADEINs! hydrogenated a number of
“bodies of this class with ecopper ehromite, the reduction being in general carried
' ont m the hqmd pha.se at 250° under & pressure of 150—200 atm.

L 5. Hydrogenation of Aromatxc Amino Derivatives.
: 'I.‘hc hydrogenahon of aniline and similar bodies does not differ greatly
f’ﬁ'om the :nuclear saturation: of other aromatic. bodies, save that the splitting
; off of ammonia, with formation of secondary and tertxary amines, may occur.
. SasaTrEr and SEnpzRENsS? found that, on passing a mixture of aniline
:and hydrogen over ieduoed mcke"l at 190“ cyclohaxylamme was produced:

BC CH S H,(:/'%H,,

‘]: + E = &B,
= / S oEG ¢

,,At , th‘ same. tnne, dxcvlohexylamme, (CeHu)g NH, cyclohexylaniline,

CSH-; - NH- < C;H;; and other. products were obtained. Substituted anilines,
. ‘such: as methyl. or ethyl a.mhne, dimethyl aniline etc. behaved similarly; but,
_ ~w1th benzylamme, ammonm “was split off with formstion of toluene

; .b R CGHS CHg NHz +H2 == Ceﬂs CH3 —+ :NTHS :

‘ Anil;ng' was hydmgenawd in the. hqui phasc by WirstitreR and Harr?
with- plaﬁn m. . The product contamed oniy a sma.ll percentag‘, of the pnmary

W BEREND‘ made the unport&nt obsemmon that the per-
amine-in the’ produc‘b in addition to being dependent on
ld he 't ha_nged by the addition of hydrochloric acid, in such
primary or pure secondaxy cyclohexylamme at will. These-
eotloidal platinsm—in the presénce.of gum arabic 28'a pro-

towardsmds—-nge “the following = directions for the .-
el ylﬂimme.'“:~:.The charge ‘taken for hydrogenation
pla.tmum}solutmn {containing 110 c.c. of -
c.c. of 36 per cent hydrochloric. acid and-
mﬁh hydrogcn at & pressure of
“in- 21/3 hours Only

'ss, 457 (1904); AnnCth ot Pn que- (8)
Gés. 48, '1476 (912)." -
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cyclohexylamine (yield, 8 g.) was found in the product. If, on the other hand, -
the hydrochloric acid was omitted, the product consisted of about 40 per cent
or primary and 60 per cent of secondary amine. - .

For the preparation of almost pure secondary amine the reaction is carried
out at 55—60°, in place of at room temperature, and the hydrochloric acid is
not added. A typical product obtained under these conditions contained about
80 per cent of dicyclohexylamine and 20 per cent of cyclohexylamine. Very
similar results were given by toluidine. : o :

The bydrogenation of aryl-substituted aliphatic amines, such as benzyl-
amine of B-phenyl-ethylamine, takes place only very slowly under. ordinary
conditions of liquid phase hydrogenation. It can, however, be effectively carried
out by using colloidal platinum, particularly in the presence of acetic and hydro-
chloric acids in a similar way! to that described for aniline. With denzylamine,
CeHj; - CH, - NH,, the addition of hydrochloric acid is apparently unnecessary,
since 10 g. of commercial benzylamine, in 30 c.c. of acetic acid, absorbed slightly
more than the.theoretical volume of hydrogen in 8 hours ai 50—60°, with a-
hydrogen pressure at 3 atm., the catalyst consisting of about 1.5 g. of colloidal
platinum prepared by Skrra’s inoculation method in the presence of gum-arabic.

With g-phenyl-ethylamine, C¢Hy-CH, - CH, - NH;, however, hydrochloric
acid was used. The charge hydrogenated {at 50—60° and at 3 atm.) consisted
of 10g. of the amine in 35 c.c. of acetic acid, 10 c.c. of concentrated hydro-
chloric acid and 140 c.c. of a eolloidal platinum solutipn containing 1g. of
platinam and 6 g. of gum arabic. The conversion was finished in 5/, hours.

- Amino-acids, such as anthranilic acid and p-aminobenzoic acid are stated not
to hydrogenate well in acetic acid, but to react smoothly in the form of & water
solution or suspension®. Thus, 1 g. of p-amino-benzoic acid together with 0.3 g. .
of platinum black absorbed approximately the required volume of hydrogen
for the kydrogenation of the ‘ring after shaking, with water, in a hydrogen
‘atmosphere for 9/, hours; whereas, in acetic acid, hydrogenation was incomplete.

-~ COOH CH-COGH
:/\ | _H,(,':/SéH,
T me |

6. The Reduction of Miscellaneous Linkages Containing Nitrogen.
~ The hydrogenation of certain cyclic nitrogen: compounds, such as pyridine, -
has—by reason of th close similarity of the process to the reduction of purely -
- carbocyelic rings—already been treated in a previous section immediately after

- the hydrogenalion of benzene. With:theze exceptions, the remafmng ni
. -containing linkages ‘are now, for covenience considered together

Ay PRIFEAREE
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ation of these latter groups, the reductmn usually mvolves the elimination of
‘oxygen a8 water. .

- Catalytic hydmgenatlon of the above bodies i is, in many cases, onIy an alter-
native method of carrying out a reaction which can also be effected non-catalytic-
j’a.lly by meéans of nascent hydrogen. Catalytic reduction, however, frequently
- gives higher yields of the simple reduction product, and may, in addmcn, grea.tly
“sxmpley the mampulatlon required. -

g a‘ Hydrogenaé on oj Netnlea and Isomtnle.s

'lhe c&talytxc hydrogenation of nitriles in the vapour phase was examined
by SapatiEr and SENDERENS!. In the typical case of methyl cyanide, this
was led, together with hydrogen, over reduced nicke! at 180—2009, the product
‘being condenmd by means of ice and salt. This product was found to consist
of the three correspondmg amines:

T C Primary ethylamine

i CHB C'N Z: PC%IZ C%)N%IJ (Secufxydary}:sthylanlme)
i T (CHS CH,),N (Tertiary ethylamine) .
. of Winch the seconda.ry amine was the most a.bundam; Higher aliphatic cyanides
 reacted similarly: thus, - ethyl” cyanide gave mono-, di-, and tn-propylamme
_Aromatic. éyanides, under SaBATIER and SENDERENS condltmns spht off
_*.ammoma‘ For mstance, 'with phenyl cyanide: - :

, C,"H50N + 3H, = C;H; - CH, + NH3 :
_ Isomtrdes undergo hydrogenation similarly; but, as would be expeeted from
",zthen.'. structure, ‘give -products -differing from those obtained from the nitriles.
SaBATIER and. ‘Manm=? hydrogenated. methyl isocyanide ;with nickel in the
- YBPOUr- pha.se at 160—180° and obtained, as the principal product, dimethyl-
- amine, ' A small quantity of ethylamine was also produoed due probably to
Lthe momensa.twn ofpa:d; of the isonitrile to nitrile: .
i CI:L‘,I\TC-&—."ZIEI2 (‘Hal\}'HC'H3
e - Methyl izocymlde -
‘ CHs WTsz—Cﬁs CHg NHg
Eth;yl xsocyamde behaved mmﬂarly, ngmg secondary methylethyla.nnne,
“CyH; - NH « CH, in place of propylamine s chtained from ethyl cyamde Copper
_could’ be “substituted for nickel but was far less ‘active.. ~
= The hydrogena.tmn of nitriles to amines is & reversible process, in that the
dehydrogenation of an amine to a pitrile occurs readily on passage over, & meta}hc
‘:‘catalyst a.t a h1gh'tempemture accordmg to the gene'-al equatxon
R%NH3~2H,+R ~CN. S
‘and: G‘wmow’ found that benzylamme, when passed over :
o at:300-—-3509 in_the.absence of hydrogen, gave benzonitrile; but some
‘splitting oﬂ’ of s ammoma “occarred, part of the nitrile being further redueed to
tofagne,” Aliphatic amin réact sxmﬂarly thub moamylamme ga.ve movalenc

e, ‘who obtamed benzyhmme from phenyl cyanide. l

,403‘{(1%05), C. R he‘bd‘ Séanoes Acad Scl 140 482
“Bull, Sbo chim France (4) 1, 612 (1‘897) ;

hebd. _Acad. 8ci. 165, 224 f1917)."

dtsch. chem. Ges. 42, 1553 (190"
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In this work, nickel was employed as the catalyst: Thus, 10 g. of amyl cyanidé,

dissolved in a mixed solvent containing 50 c.c. of alcohol, §0 c.c. of water and

40 c.c. of ethyl acetate, were shaken with hydrogen in the presence of 20 g.
~ nickel catalyst at room temperature. The volume of hydrogen required for the
conversion of the cyanide into an amine was absorbed in 24 hours. Benzyl
cyanide, C;H;-CH,-CN, and phenyl propyl cyanide, ‘C;H; - CH, - CH2 CN,
* reacted similarly. The principal product is usually the secondary amine. The

mechanism of the reaction was further studied by H.Rupe and E.HobEr2.

It may be noted that whereas RupE and his collaborators, when working in
-solutions containing aqueous alcohol, obtained secondary amines, K. W. RoSEX-
MUND and E.FFaxrvuce® obtained primary amines by working in acetic acid
solution. Thus, with a palladinm catalyst, both -phenyl cyanide and benzyi
cyanide gave good yxelds respectlvely, of benzylamme and phenyl-ethyla.mme
Ph-CH,-CH,: NH,.

According to W.H. CarotEERS and G. A. JoNES4, reductmn in acetic an-
hydride solution,. using a platinum catalyst, leads to the pure primary amine.

Accordingly, benzonitrile (phenyl cyanide), benzyl cya.mde, and o- and p-tolu-'
nitrile were smoothly reduced in this way, secondary amines being absent in -

the product. It was noted further that, while the reduction proceeded at &

practicable rate in glacial acetic acid, avetic anhydiide and alcohiol, it took place

only very slowly in ether. In solvents other than acetic anhydride, a mixture
of primary and secondary amines was produced. . On the whole, the production
of a pure primary amine appears to depend on the fization of this by emp]oymg
an acid reduction medium: thus, W. H. HARTUNG® cbtained ‘the pure primary

- product in a solution of absolute aleohol containing hydrogen chloride.  Furthere, -
. it may be noted that primary amines are transformed into ‘secondary amines
on being heated in a neutral solvent (xylene) in the presencé oi' pIa.tmum and

. hydrogen. .
Pasr and GEB.UM7 assume in the reductxon of mtnles the mtermedmte.~
formation of an a,lchmme e. g mth benzomtnle g S e
' CH;-C: "\I—}-Hz_.CsHs .CH: NH
Bcnmldhnine -

These bodies have been prepared by V. GB.IGNABD and R. ESCOUB.BOU" bv
- hydrogenating nitriles under reduced pressure with nieke] or. platmnm. -Aldimines

are also produced in the vapour-phase reduction of nitriles with a’'éopper camlyst'

at 15009, their production being favoured by a high rate of passage over the
catalyst. No aldimine was oktamed from ahphatao mtnles such &8 acetomtnle

or mo-valeromtnle : . B :
g b) Redudwn oj Isocyamies

-v1 Helv. chlm Acta. 5 937 {1922}
" .2 Helv. chim.-Acta’ 6, 885 (1923). -
3. Ber. dtsch. chem. Ges. 56, 2258 (1923)*
R J'. Amer. chem. Soc 47 3051 {1923). -
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The subject was investigated in greater detail by H. RuPE and K. Granzi.
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to 190°. In generei, the reduction takes place normally, with formation of
amines snd elimination of the oxygen as water: :

CeH, - N:CO + 3H, = C,H, . NH - CH, + H,0

Ethy! isocyanate. sec. cthylmethylamine.
CGHS. N:CO + 3H2 = CGH5'_NH" CH3+ H20
Pheny! isocyanate. Phenyi methylethylamine.

but secondery reactions also occur. Thus, with phenyl isocyanate, the water
produced reacts with unchanged isocyanate with production of diphenyl urea:

2C,H;- N:CO 4 H,0 = (CHZNH),CO + CO,. ~
~ ¢} Diazo, Triazo, and Allied Compounds. .

The hydrogenation of many bodies of this class,-even at low temperatures,
is complicated by their instability and by the ease with which nitrogen is
. eliminated. Thus, ethyl diazoacetate, on ‘being shaken with hydrogen in the
presence of palladium? loses nitrogen and passes into ethyl acetate:

N, : CH - CQOE$ + H, = CH, - COOEt + N,.

It may, however, be noted that diazomalonic ester was successfully hydrogenated
without elimination of nitrogen, the product being the hydrazone of the oxo.
malonic ester: - - ' PN G

o ' N;C(COOEt), + H, = H,N - N': C(COOEL),.
N _ . _‘E_t}liyl diszomalonate.- Hydragona of ethyl oxomalonate.’ »
+ A very similar reaction occurs with bodies of the type of diphenyl diazo-
methane, which i3 reduced principally to diphenyl methane together with a little
benzophenone hydrazone. STAUDINGER postulates the intermediate formation
"of ‘s di-imido reduction compound as a prior stage in the formation of diphenyl
‘ methane, the course of the reaction being thus:~

| | (CeHoe-CH-N:NH -> (C,H,), - CH, + N,

i . ﬁ,lntcrmediate diimido body. ° - Diphenyl methane.
Diphenyl - : -NH,. .

dlazomethane. - Ben:Opgg:tone hydrazone. | ,

~ This course may be compared with the formation of hydrocarbons in the -

. reduction of -aromatic. diazo bodies on’ reduction with, for instance, alkaline

ey O NIN OFNNE o GEAN.

. Triazo compounds also lose nitrogen on hydrogenation. Thus, hydrazoic

- @cid on reduction passes into smmonia, together possibly with some hydrazine;
. and its salts; on being shaken in solution with platinum and hydrogen, give
- _amides, which in the. presence. of water are hydrolysed to-hydroxides.

S hin. Gos. 49, 1806
Avs, H. Z1EnL: Ber.dtech. chem.

s.:88, 1461 (1932).
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aniline, respectively, on being shaken with hvdrogen in the presence of palla-
digm at 0% CH, N, + H, = CH,NH, + N,.

© Triazo-methane.

" d) Reduciion of Azobenzene.

The hydrogenation of azobenzene with colloidal palladmm was camed out
by A. Sxrra’. Reduction as far as hydrazobenzene took place relatively rapidly
and this was followed by further reduction to aniline.

CeHs* N: N - CgH; + H, = CH,- NH- NH - CH;. o
Azobanzene. Hydrazobenzene. '
CeHy - NH - NH - CH; + H, = 2C.H; - NH.. (@)

The first of these two stages, with a system consisting of 9 g. of z‘.zobemene
in 250 c.c. of alcohol and 0.03 g. of colloidal palladium protected by gum arabic,
was complete in 5 minutes, usmg,a. shaker supplied with hydrogen at an excess
pressare of 1 atm., whereas the conversion to aniline required over 4 hours. -

Azobenzene was also reduced by SaBaTIER and SENDERENSZ in the vapour
phase with s nickel catalyst at 290°, the product under these conditions bemg
aniline containing a little cyclohexylamine. _

€) Hydrogenatsms of O:rsmes

Both aldoximes and ketoximes may readily be reduced catalyhca,lly
amines containing the same number. of carbon atoms. '

The hydrogenation of s number.of oximes in the vapour phase, by means of
nickel at 150—180% was studied by Mampe and MURATS. From the oxime
denved from acetaldehyde, ethylamine was ebta.med : A

CH, - CH: NOH -»> CH, - CH, - NH,.

The oxime of acetone gave isopropylamine:

\ CH,
C: \OH -
CH,” CH, :
the pnmary amine being accompanied by secondary and tertmry ‘amines.
~ Oximes of higher ketones, including those of mixed ketones, behaved smularlv,
.and eopper may be nsed as the catalyst in place of nickel. :

C .
Mixed aromatic and aliphatic oxml% of the type: CHS\C NOH (denved_
from acetophenone), also benzophenone oxime, {(CgHg)e* C NOH, and oxnnes"

of cyclic ketones such -as cyclohexsnone and menthone could be mdueed to
amines in the same way. The method accordmgly forms an easy- way of prepar-f
jmgcem«mammeswhi.hamothermsedlui v'cf access.. :
* ~ Oximes may advantageously be reduced in the’ dissolved. stabe Thus, Rosme'-
MuxD and PraNEuca® obtained a 91 per cent yield of benzylamme by hydrogen-_%
atmg benza.ldomme with Flstmum in acetlc acid so}utxon i o

f) Peducaon of Amsdes

1 Ber. dtsc:-.ehem Ges.%. 3312 (1912) ,
.2 Bull. Soc. chim. France (3) 85, 259 wes");
~3:Byll, Soc. chim. Franco (3)_ 88, 983 mos\ (4) 9, 464 (1911)
Ebenda’ 214.,;_; A Be. dtsdx chem Ges.56, 2258 (192 3.
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- Manng!, who employed SaBATIER and SENDERENS’ method, found that
acetamide was couverted into ethylamine by passage over nickel at 2309, a
similar reaction being obtained with propionamide. The secondery amine wids
formed in addition to the primary body. Copper could be empioyed in place
~of'nickels - v ot . o
- The use of copper chromite catelysts for this reaction in the liquid phase
has been investigated by Woscik and ApEmNs2. The solvent employed was found
-to exert a considerable influence on the nature of the product. Thus, in ethyl
aleobol, in-placo of the normal reaction, the principal product was an alcohol,
- presumably according to the course:

" R-CONH,+ Et-OH = R - COOEt + NH, (@)
R-COOEt + 2H, =R-CHOH-- EtOH, ®)

and a suitable solvent for the simple bydrogenation to an amine is stated to be
dioxane. In general, the reaction was carried out at 250°, under a hydrogen
-pressure of 200—300 atm., using 350—400 c.c. of dioxane as the solvent for
each g.mo}. of amide, or twice this quantity per g.mol. of diamides such as
succinamide. Some typical results are contained in Table 35. ° i

KRRt . &m‘na"‘ - I .

SEUE B ¥ : 7.5 : lamine
il 200 . 0.8 ‘ Dlggggylamine
A DT PR (N 85, i Fyrolidine
en that; under the. conditions employed by WoJscrx and ADEINS,
pro untﬁ_taynndergo e}os&rewrhh loss of & molecule of ammonis,.

& 7. v'lfve'dixve_titm .oijiﬁmgen-Oxj;genoComponnds. o

e e D j*a)'io;zidcs’of:‘aitroge‘n.‘ ‘
:-~'The: reduction of oxides of nitrogen to ammonis was noticed by KUBIMANN

cipally with nickel-or copper catalysts. R
:} s oxide: differs from the remaining oxides in giving no ammonia
-Saratien and Bxrpzrzwst found that rednced nickel exerted no decomposing
' action o hitrous oxide at room temperature; but, if hydogen is present, resc.
“tion takes placs with o spontancous rise in temperstare 1 ad the nitrous oxide
o' the reaction ot room temperature; but, above 1809,
ckel. The replacement of hydrogen by an egual -
beerved by H. WikNmATS and H. Zmemr® on.

Pate:

‘and ‘was first examined systematically by SaBaTIER and SENDERERS,
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hydroberatmg nitrous oxide in a shaker with an aqueous suspension of colloidal
palladium at room temperature. As at higher temperatures, no ammonia or
hydrazine was obtained. :

Nilric oxide and the higher oxides of nitrogen, on the other hand, all give
ammonia on reduction. SABATIER and SENDERENS!, on passing a mmture of
nitric oxide and hydrogen over nickel or copper at temperatures above 180°,
obtained a mixture of ammonia and nitrogen, the formation of nitrogen being,
as would be expected, favoured by high temperatures.

With nttregen peroxvide, interesting addition compounds {nitro-nickel and
nitro-copper) are formed® at-low tempera,tures but, at temperatures above
about 1809, ammonia is produced. The reaction temperature may rise spontane-
ously in the latter case, both with nickel and copper; and, with ratios of nitrogen
peroxide to hydrogen within the required limits, there may be danger of an
explosion. Nitrogen pentoxide or nitric acid vapours are reduced similarly, with
production of a mixture of ammonia and nitrogen. -

b) Reduction of Aliphatié ‘Nitro Cmnpounds
"If a mixture of the vapour of nifromethane with an excess of hydrogen is
passed over nickel at 150—180°, methylamine is produced3: :

CH, - NO, + 3H, = CH, - NH, + 2H,0,

but at lngh temperatures, the reaction leads to methane and ammonis. Copper
may be substituted for nickel, but the reaction product is more complicated
and contains an addition product of nitro-methane and methylamme ’
CH, - NO, - NH, - CH,, which was obtained in crystalline form. -
Nitro-ethane was reduced by hydrogeri ‘in the - presence “of nickel . at 200" :
with - forma.txon of ethyla.mme, in a similar way to nitro-methane; =nd, even
' with copper, the reaction takes place without complication, save that the uee
~of an excesswely lngh tempemture leads to the nroductxon of mtrogen ’

v c) Aromatic Nztro Compmmds R
These bodies are very easily’ reduced by all hydrogeuatxon catalvsts both in
the vapour phase and in a dissolved or liquid state.
Normally the reduction product consists of the - correspondmg amine,
e g mtrobenzene is reduced subst&.ntmlly quautlt;atwely to amhne

but, by workmg in. alLahne solutmn‘ 1t is: possxble to pass through a mrws of .
intermediate products similar.to those obtaized also in the: non-catalytic redue-
~tion of mi:mbanzene in alkalme medm the reactxon cos "xxnder these comh

. t=ens ‘m
mtroﬁenzene o

Ty c. R hebd Sé&nces Acad Scl. 185, "78'(1 )2)

,vmt p- 407, o En Rt S R
S L &Bmm%mmss, Ann Chxm Phquue {7).7,.4)

S8 SARASTER, SENDERENS: Ann. Gh;m et Physique:(8) 4,
-,_‘Ase Bnocnm‘ aBull:boc chxm,B‘mnce (4) 16, 554 (1914
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'Ihe vapour-phase’ hydrogenatmn of nitrobenzene to aniline was investizated
by SABATIER and SENDERENSL Mckol, especiaily if highly- active, was found
not to be-so suitable as eopper, in that hydrogenation of the bemne nucleus
also occurred with production of cyclohexylamine; and thesd authors recommend
the exgployment of & copper catalyst at 300-—400°; but other hydrooenatmg
metals, including iron, cobalt and platinem were also sucoessfxﬂly used.

: The reaction has been studied in.considerable detail ix a series of papers by
0.'W.Browx and C.O.Hexrkz?!. For ges-phase. hydrogenation, these authors
consider that nickel may be a’better commercial catalyst than copper, on account
-of its rapid sction, even ihough copper gives higher percentage yields. The
_obtaining" of a nickel catalyst of suitable activity—by choosing & suitable
‘temperature for its reduction from the oxide, and, if the oxide is m-epared by
‘the ignition of the nitrate, by carrying out also this stage at a suitable tem-
_perature—hes 2 fundamental effect on the yield of aniline obtained. Browx
~and HENEE recommend a temperature of 450° for the ignition of the nickel
nitrate to oxide, a temperature of 435—475° for the reduction of this oxide
- with hydrogen, and an actual hydrogenation temperature of 192°. Under these
,condztxons, a yield of over 90 per cent of aniline could be obtained, with nitro-
- benzene .and hydrogen at the rate, ‘respectively, of 3.7 g. and 17 L. per hour, in
. the presénce of nickel derived from 16 g. of oxide. With copper, the best results
. were obtained by igniting the nitrate at. 414° and reducing the oxide at 314°.
- This catalyst gave yields of aniline up to 97.5 per cent on passing nitrobenzene

~and ‘hydrogen, at 253° and at the same rates as those given above for nickel,

. over copper derived from 20g: of the oxide. The permissible rate of psssage
.. 18 thus lower with copper. As has been found in other reactions, however, copper
.- prepared by . reducmg a precipitated oxide -is.preferable to that made by an-
- ignition: method; and the effectxveness is further memsed by mounting it on
- an asbestos or other- ‘supports. - -
.. "By reason of the ease of the reductxon the reaction may also be catalysed
: by a large ‘number of metals which are usually not suﬁ'icxently active to be
‘effective for hvdrogenanon generally. Thus, silver, prepared by the reduction
_of the carbonate at 280° gave yields of aniline up to over 98 per cent with similar
rates of passage to those employed with copper and nickel, with a hydmgenatxon
tempemtm .of 300% and with silver derived from 20 g. of the basic carbonate.’
_Silver is thus an even better catalyst than copper, since it combines a high
- yxeld with a relatlvely ‘high fate_of possible passage of the mixture of nitro-
- benzene and. hydrogen. - Gold may also be used. This is smted to have & lugh
tial acﬁxnty,i which: subseqnently decreases.
any other catalysts have been employed, with v&rymg degre&s of success.
o‘bta;ned ‘by the  reduction’ of the oxide at 270°, gives, at 270—290°, fair
of - £ mlm together with some azobenzene (80—90 per cent of aniline and
a.;qbemene xmder the opamnm ‘conditions smd:ed)‘ ‘The -

ph;'( o. Chem. zs 'ns : 1922)
phyaxc Chem.ﬂs, 324" 11922)
J. physic, Chmn 27, 52.(1928)..
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reduction of nitrobenzene may also be carried out with bismuth, auntimeony,

manganegs or chrominm.

- Thallium, made by reducing thallic oxide at about 2509, is of special interest
in that it induces the formation of azobenzene almost to the exclusion of sniline.
Thus, HeNRE and Browx found that, oa passing, at 260°, nitrobenzene at the
rate of 4 g. per hour and -hydregen at 1.7 1. per hour (13 per cent excess) over
a catalyst derived by the reduction of 21 g. of thallic oxide, a yield of 90 per cent
of azobenzene and 4 per cent of aniline was obtained.

Of oxide catalysts, the use of manganous oxide by SABATIER and P. FERN-
ANDEZ! may be mentioned. These workers also used zine oxide; but, under
the conditions employed,. this probably underwent reduction to the metal. In
each case, however, the reaction product was complex: thus, on passing a mix-

~ture of pitrobenzene and hydrogen over manganous oxide at 300—600°, the
product contained—in addition to aniline—di- and tri-phenylamine, benzere,
aminonia and carbon dioxide. With vanadium oxide? yields of aniline up to

92 per cent were observed; but the product also contained a little diphenyl- .

amine. The best temperature with this catalyst was 403°, with a nitrobenzene
feed of 4.9 g. per hour and a hydrogen flow of 14 1. per hour, in the presence of
15 g. of vanadium pentoxide. ‘ o
Many #fwo-component catalysts &mve” also been proposed. Thus, Doyar and
Browx obtained a 99 .per cent yield of aniline with copper chromite at 310°;
- and GRIFFITES and BROWN? report yields of the same order with eobalt manganite
prepared by the reduction of cobalt permanganate. The optimum temperature
in this latter case was 260°; but, with cobalt manganite, the yield is very sen-
sitive to variations in temperature._ - e . :
The hydrogenation of nitrobenzene in the vapour phase has been treated
in considerable detail both on account of the extensive experimental details
which are available in the published literature and by.reason of the many, in
some ‘cases unusual, hydrogenation catalysts which have been employed. - The
‘reduction may, however, be equally well carried out in the liquid -phase in which

it possesses interest from the standpoint of its reaction velocity whicl;JW'Oi;ld;-in-

view of the ease of reduction—be expected to be high. -

. With platinum, or palladium, catalysts, the reduction, for instance, in alco-
holic solution, takes place very easily*, either at room temperature or at tem-
perztures slightly above this. S.G. GREEN® states, however, that nitrobenzene.
is only slowly reduced in the -liquid phase with nickel, but that the reaction

velocity may be increased by introducing various long chain carbon compounds
such .as methyl palmitate, methyl oleate ‘or a high-boiling paraffin. GREEN

- suggests that this action appears to-be associated ‘with some-influence of the
long-chain carbon compound on the state of dispersion of the nickel. However,
~commercial specimens of nitrobenzene may hydrogenste surprisingly slowly in
the liquid phase even with platinam. In some work of the author and V. Stong®
in which this slowness of hydrogenation was encountered, the reaction veldcit)
 for hydrogenation in the liquid phaso with platinum was incréased £°a valus
.. mo less than 150 times that given by the purést nitrobenzens: which conld be
purchased, merely by careful purification from catalyst poisons. Since-ordinary,

-1 C. R. hebd: Séances Acad. Sci. 185, 241 (1927).

- 2.H.A.Doyax, 0. W. BrowN: J. physic.-Chem. 86
'».‘;»'J.'/%!ﬁc.;(}hem. 42, 107 (1938).. "~ L looeioos

+ C, L, C. AMBERGER:-Ber. dtech. chem, Gez. 88

1406 (1905). - P3

. et T, G, o, Ber. dtech. chem. o’ 85, 1408 (1008) - P,
. J. GeRui: Ebenda 40, 2209 (1807). — A.Sxrea,W. A. Mever: Ebends 45, 3579 (1012).
©.® J.80c. chem.Ind. 52, 52T, 172 T (1833). - ¢ J. chem. Soc. [London] 1984, 872.
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mtrobenzene contams much of the th:ophene and other sulphur compounds
' pres::nb in the benzene from which it is made—possibly as nitroderivatives—and
may, in-addition,  contain traces of sulphonic acids derived from the mixture
of nitric.and sulphuric agids used in nitration, it is probable that some of the
‘cases. of slow hydrogenation in the liquid state in the presence of small and
‘limited quantities of catalyst may be due to its poison content, This, however,
“does net explain the interesting observation of GREEN, quoted above, on the
acceleratlve action of long-chain bodies.

. Nitrobenzene has also been reduced with hydrogen under pressurc: -Thns
'th'e ‘high-pressure liquid-phase reduction of nitrobenzene and other nitro com-

‘has. been studied by O. W. Browx, G. Etzgr, and C. 0. ErRgE!l. The

reaction was carried out with a pickel catalyst at hydrogen pressures between
15 and 47!/, atmospheres. ‘In a typical experiment, a quantitative yield of
-aniline was obtained, with nitrobenzene dissolved in benzene, at a hydrogenation
temperature of 2159 It is apparently necessary, patticularly in the larger scale
“hydrogenation of .nitro bodies, to exercise caution. Thus, T.S.CaRswELL®
hias reported that a violent explosion, following the mpld absorption of hydrogen,
resulted during the hydmgenatlon of mtro-amsole in an autocla.ve at 2500 in
;,the ‘presence. of nickel,
.= Other: aromatic nitro ccmzpounds react in a’ way very sxmﬂar to nitrobenzene,
: and their  hydrogenation consequently needs little special description. - Thus,
" ‘SaBATIER and SENDERENS® hydrogenated o- or m-mitrololuene in the vapour
- phase; with eepper at 300—400° or with nickel at 200—250°, good yields of the
- corresponding toluidine being obtained. «-Nitronaphthalene was reduced simil-
~arly; and “vapimr-pha,se hydrogemmon was also applied to dinitro bodies; e. g. di-
,mtrobenzene or.dinitrotoluene give a good “yield of the corresponding dmmme‘

- “These reactions ma.y, of course, also be carried out in the liquid phase. For
rednctxon in this way in the presence of nickel, reference may be made to the
:.workofOWBmWN GE'rzzaandCOHm‘ L

d) Reductson of Esters of Nitrous .4osd

Nxtrous esbers may b2 regarded as differing from nitro compaunds by an
‘oxygen lmkmg between the a.lkyl group and mtrogem Theu' reduction to amines
: by a reactxon of the type o

N<O +3H, n NH,—;-zH,o
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and SENDERENS. It is probable that prior isomerisation of the nitrite to a pitro-
compound ««:urs, the course of the reaction being thus: :

EtO - NO - Et - NO, — EtNH,.

This isomerisation has been studied by P. Neocr and T. CHOWDHURLY, ‘who
found that the change occurred spontaneously on heating the alkyl nitrite to
temperatures above 1009

e) Reduction of Nitrosamines.

The reduction of aromatic pitrosamines follows a different. course according
to whether the reaction is carried out non-catalytically, for instance by means
of zinc and acetic acid?, or by shaking with hydrogen in the presence of palia-
dium3, 1In the former case, the reduction leads to di-aryl hydrazines: in the

latter, to di-aryl amines, with evolution of nitrogen.

(CeH)eN - NO + 2H, = (CeH,)pN - NH, + H;0 (1)
- 2{CeH,)yN - NO + 3H, = 2(CiH,),NH + N, + 2H,0. @

II1. The Hydl.'ogenation of Oi:ides'and Sulfides of Carbon.
The reaction” between hydrogen and carbon monoxide has become of very

great importance on account of the possibility of varying the reaction product,
by changing the catalyst and general ‘conditions of the hydrogenation, in such
a way as to give not only methane but also various alcohols or higher hydro-
carbons. e LT
.. Thus, with normal metallic' catalysts such as niekel at high temperatures,
simple reduction to methane occurs: - ' » : .

€O+ 3H, = CH, + H,0."

- 1385

Under suitable conditions, however; catalysts containing niekel or eobalt

in conjunction with other constituents may be made to: synthesise higher hydro-

carbons from mixtures of carbon moroxide and hydrogen. This is the so-called

benzine synthesis of Fiscarr and TROPSCH. SN ST
' Thirdly, by using mild hydrogenating catalysts such as zine chromite at high
"pressures, methyl alcohol is synthesised: =~ . : ' RN :

- €0+ 2H, =CH,-OH.

Finally, tho interaction of carbon monoxide ahd“hydrbgén may lead Aﬁo__th'e'

- production either of higher alcohols or: to. complex mixtures of various oxygen-
ated derivatives. Each of these piocesses is of the greatest industrial importance!

- The Fiscrer-TRorscH synthesis provides a' means. of manufacturing liquid

- bydrocarbons of almost every nature—including artificial ‘petrol, heavy oils

and lubricating oils—directly from every sort of fuel: the synthesis of methyl

aleohol and, to o lesser degree, of higher alcohols has already attained n
of an industrial process of considerable magnitnde; and -convers;

- monoxide to methane is of interest in the:gas indust neans

3 of elatively bigh caloific value.

rbon

-2 B. Frscaen: Liebigs
o 2.C-Pasn, W.N, A0
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The hydrogenation. of carbon suboxide in the gas phase with nickel or
platinum supported on silica gel was studied by K. A. Koseand L. H. REYERSON?.
Under the conditions used, the principal product, at 200—300°, was propylene:

CO:C:CO + 5H, = CH, - CH: CH, + 2H,0.

This body, or the saturated hydrocarbon, propane, would .be expected from
the constitution. No reaction was obtained on liquid-pkase hydrogenation with
platinum. .

2. Reduction of Carbon Monoxide-and Dioxide.

a) Produciion of Methane.

The reduction of carbon monoxide or dioxide to methane was observed by
SABATIER and SENDERENS in 19022. With nickel, these authors found that the
reaction began at 180—200° and took place easily at 230—250°, with production
of methane and water. Above 250° some deposition of carbon occurred, according

to the reaction: 2C0 = CO, + C.

Cobait, at 300°, could also be used; but copper was stated by SABATIER and

SENXDERENS not to be active for the redurtion of carbon monoxide.
Carbon dioxide was hydrogenated very similarly. With niekel, the reaction:
C02 + 4H2 = CH4 —I[" 2Hg0

began at 230° and took place readily at 300°; and, at temperatures below 400,
ro deposition of carbon on the catalyst was observed. Cobalt began to be active
at 300° and acted similarly to nickel; but copper only reduced carbon dioxide
as far as the monoxide, a suitabie reaction temperature for this being 420—440°.

Many attempts have been made to utilise the catalytic reduction of oxides
of carbon, and especially of carbon monoxide, as a means for manufacturing a
gas of high calorific value from water gas, by the conversion of its carbon menoxide
into methane. The principal difficulty encountered lies in the deposition of
carbon on the catalyst. This may be minimised by using a gas containing a
large excess of hydrogen. Thus, ERDMANN? has described tests on & small works
scale in which water gas, after removal of part of its carbor monoxide by a
preliminary low-temperature treatment, was passed over a nickel catalyst at
2806—300°. The preliminary treatment in general raised the hydrogen content
of the gas to over 80 per cent and decreased the carbon monoxide to less than
20 per cent. With gas of this composition, little or no deposition of carbon was
observed. An alternative method of raising the hydrogeh-carbon monoxide
ratio is obviously by reaction with steam.

As a variation to the normal reduction. course, ARMSTRONG and HiLprrca®
find that a reaction approximating to: : i

200 - 2H, = CH,+ CO, ‘ 1)

takes place on passing & nixture of equal parts of carbon monoxide and hydrogen
over nickel at temperatures below 300°. A suitable temperature at atmospheric.
pressure is 280°; and the reaction proceeds at increased pressures mcre or less
the same as at atmospheric pressure, except that, with nickel, the minimum
temperature of interaction rises with increasing pressure, namely with increasing

1 J. physic. Chem. 85, 3025 (1631). o . o

z C. R. hebd. Séances Acad. Sci. 184, 514, 680 (1902); Ann. Chim. et Physique
(8) 4, 418 (1805). - * J. Gasbeleucht. 64, 737 (1911).

s Proe. Roy. Soc. [London}, Ser. A 108, 25 (1923). ~ .
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stability of nickel carbonyl at any given temperature. With eobalt, the normal
hydrogenatlon 2C0 + OH_ CH‘ + Hﬂo ‘ (2)

preponderates and the decomposition of carbon menoxide to carbon and carbon
dioxide also takes place to a considerable extent. AmMsTRONG and HIrprTcm
consider that reaction (1) is due to interaction of carbon monoxide with water-
vapour (which is alweys present), with production of carbon dioxide and
hydrogen, which latter then reduces a second molecule of carbon monoxide. The
importance of the reaction lies in the possibility of using gas mixtures not
containing a large excess of hydrogen; but the process mvol‘v'eq the ultimate
removal of carbon dioxide. - )
&) Synthests of Methanol.

The equilibrium percentage of products in the reaction:
CO + 2H, = CH; - OH
1vol. 2 vols. . i vol.

will obvmusly be influenced by pressure anu, by usmv mild . hvdxogenat:on
catalysts such as zine or even copper at high pressures, it is found possible to
raise the production of methyl alcohol, .compared with that of methane, until
the alcohol becomes the principal product. Early work on this synthesis was
done by PaTarT! and by AupiBERT? the former of whom used zine oxide as the
catalyst at 400—420° and at a pressure of 150—200 atm.

The calculation of the equilibrium constant:

— PcH,CH
77 poo X iy -

and, consequently, of the equilibrium percentage of methyl a.lcohol at various
temperatures and pressures is rendered difficult by the lack of sufficiently exact
thermochemical data; but calculations of this figure have been made by a -
number of workers mcludmg Keriey® and AupmseErT and Ramweavd., -
" The equilibrium has been discussed criticilly by W. A. Boxz?®, who emphwws. §
the figures of D. M. NEwsTT, B.J. BYRNE end H. V7. STRONGS, which were obtained
experimentally both by static and flow methods in the presence of & reduced
3Zn0 - Cr,0, catalyst to which 0.5 per cent of copper nitrate had been added.

As a guide to the equilibrium percentages obtained experimentally at various
temperatures between 28G° and 338°, and at pressures of the order of 100 atm
some of NEWITT, BYRNE and STRONG’S results are reproducad in Table 36

. Table 36.
tial pressure I
teﬁ?:ggfm Reaction preseure ol;ax:xethyl aeohol B,
“C. -~ Atm. T
280 84.6 169 . | " 50x104
91.9 18.3" 40X 10
289 99.8 18.2 3ax 10t
100.4 16.2 - 2.8X 104
308 ) 98.4 ° 10.2- l4x10%
: 958 1.2 12X 104
- 320 = 96% : g:gf : gzxigj
: ’ . 958 ) e 84X 1075
338 891 .- .38 4.3 %105
884 | - 28 4.8 % 1075

3 Chim. et Ind. 18, 179 (1925) -2 Clnm. sb TInd, 8, 186 (1925}.
3 Ind. Engng™Chem. 18, 78 (1926). 21, 53 (1920). o

¢ Ind. Engnig. Chem. 20, 1105 (1928), R

5 Proc. Roy. Soc. [London}, Ser. A ie7, 251 (1930)

& Proc Roy.. Soc {Ipndon] 128. 238 (1929)
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Gn the whole, the free energy change could be represented in close agreement
-:wz‘d: the sxpenmental results ‘by the free energy equatxon -
| B AF-—705T—-—-30500

e -Thxs wrela.tmnshxp ena.'bies the' expenmenta} results to be extmpola,ted over
*’the entma temperatm ra.nge -at-which it is practicable td tilise the reaction
for the manufacture of methyl alcchol. The

_Zable 37. . results of- this extrapolatxon are summansed in

,?““’?;““’* _"~x,' . Table 87, -
R e . —— ' _On this basis, the ethbnum mlxtnre, at
©.260 1.2:x 107 327° and 200 atm., would contain about 18 per
ggg e ‘;"g ;‘ig:‘ - cent of methyl alcohol 55 per cent of hydrogen
390 1. B7x10- -,and 27 per cent of carbon ‘monoxide. Theése
340 -} 209x10- figures differ substantially from those calculated
;,-' 860 - 1.3 %10 - by AvDIBERT and RAINEAT or those of KrLLEY,
.. 380, 6.3x10-* which, under the same conditions of tempera-

," tnre and pmum, c:;srespond respectlvelv mth 41 5 a.nd 84 per cent of methyl
'alcohol in the equilibrium mixture. -

.- The original catalyst used by PATART was zine oxnde, ai,; 400——-4200 and at

a preesnre of 150—250 atm.; but the activity of zine oxide may be increased
by, the use of a second component such as chromium oxide or copper oxide.
‘Copper itself may also-be_used; but. 1ts.act1v1ty varies greatly with its method
_of preparation in such a way that some workers have found the actlwty of copper
"to be low, ‘while others have reported. a fair-activity.

.-Acoording to.the’ resnlts of AUDIBERT and. Rammv (loc. cit. ), the actmty
of copper cn&e is raised by the addition of small quantrhes of zino oxide; but
‘,}tke‘ mtalysb is- stawd to' be sensitive to deactivation by heat, and the most
" resis yeta were obtained by pmmotmg copper with: beryllium oxide.
'I‘he eﬁ'eot’of the addition of :zine oxide: to.copper oxide was followed ‘quanti-
~'me, M.R Fenske, P. S. TAYLOB, and C. A. SouTaWICH!,

. " the .effect of increasing. _quantities of zinc

8. . oxide under comparable ‘conditions of opera-
" Composition of eatalyst b - . o L ~tion. bemg shown in Table 38. The tempera-
S & amole, per oot mgn?gn ture and pressure used were 320° and 204 atm.

B . Ttis probable’ ‘that the increased activity

i EER e "of many “of “these  two-component. catalysts

"'xsf ‘ a ’hxgh ‘degree to internal” -sapport

i each component posse&les
This; -
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contact bodies for the synthesis, both on account of their high activity per unit
of voluime and of their resistance to deactivation by heat. R.L.Browxn and
A. E. Garoway? give the following figures for the rate of production of ‘methyl
alcohol in terms which make possible the derivation of the production per unit
volume and per. unit weight of ziné oxide and of reduced zinc chromate. It will
be noted that although the yield per volume from reduced zinc chromate is
higher than from zinc oxide alone, the'yield per unit of weight—by reason of
the.greater, density of reduced zinc chromate—is less. The tests were carried out
at 400° and 180 atm (Table 39). S :

sTable 39. .
B Volume | Weight Methyl aleohol produced

Catalyst of catalyst } of catalyst n 8.V. = 7500 '3_ 8.V = 16,200 N

‘ c.c. Grams ghr. | "%, | ghr. | %
Zine oxide .......... 250 60 68 | 82 | 87T | 45
Basic zine chromate . 250 { 165 — 1 — 135 | 74
Normal zinc chromate 250 242 | 130 | 168 | 184, | 96

With lower space velocities, 4 higher percentage of methyl alcohol per passage

was obtained; but, as is necessarily the case in such reactio , this corresponded
with a lower space-time yield on account of the slowness of passage. Thus, -
under the above conditions, at & space velocity of 3600, the percentage of methyl
aleohol rose t0 19.5, but the preduction sank to 71 graros per hour for the 250 c.c.
of normal zinc chromate used. o AT

- Further data -velative to the performance of zinc-oxide/chromium-oxide
catalysts of various compositions have been published by M. C. MorsTap and
B. ¥. Dobce®. The percentage of methyl alcohol obtained at & pressare of
178 atm., with a space velocity of 25,000, (from which the space-time.yields can
also be calenlated if required), are given below.  The composition of the catalyst
is expressed in atomic percentages of the two metals (Table40). -~ =

, . - . Tadle £9. ‘ ‘ :
- 'Composition of catalyst - Temperature - Per cent conversion
o Zn N eC. Atbeginningoftest |~ At end of test
100 (Pure ZnQ) 0 ' .. 400 S S 8.0 »
%6 T , 4 350 4.8
88 12 -, 380 ' B X U
R T . 6 71 RIS FESCES § B SRR
B 73 S Y 375 DR U X NR
B8 s b 42 - . 350 - ¥ 108
e SRR I 37 . 12,800
-89 PSK ) S 300 EE 02
\ BT 325 - } 83 g
S - 380 Y 2
o 3% F 88 :
60 b 400 | .85

60, the activity of the catalyst; in place.
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the performance, the most active ca.talysts after use for scmae tHime cormSpond wion
‘équal atomic percentages of zine and chromium in the mixture, although the highest
initial activity was grven by catalysbs contammg 75 atomic per cent of zinc and
25 nf chrommm : :

e c) Fommtm of Haghef Alcohols

While, mth-normal catalysts of- the above types lmder ordm&ry condmons
o‘f use, the. process—save possibly ‘for light methane formation—Ileads to the
pmductmn of almost pure methyl alcohol, the reaction may be modified either
~ by cha.ng;ng ‘the . conditions - ‘or, more’ eﬁ'ectively, by incorporating other com-
ponents with the catalyst, in such a way that considerable quantities of higher
5Ieohols are formed. In general, & mlattvely high reaction temperature, or a
glow -rate ‘of passa.ge -or._catelysts conbammg an aﬂmli favour the formatmn
of ‘these higher products. -

“The alcohols produced vary greatly mth the oondmons and mth the catalyst
P K. Feorice and W.EK.Lrwis! give the followmg analysis of the liquid
product obained with a zine ‘chromite catalyst containing potash, at a working
parature of< 460—-4900 and a primm'e of 240 atm (Table 41).

: o Tt will be noted that the tempera-

: __ ture employed is considerabiy higher
2 Percentage . than that normally used for the gyD-

in produ® "’ thesis of methyl alcohol -

1178 - - G.T-Moreax, D. V. N. HarpY and
By e g ;3:2;} - R.A.ProctER® found that, although
- Britv (mwe ofmm).l T 2:5 _ %he alkalisation of manganese chromite
~Amyl (mixture of : momers) 1 ', 9.0 -@Wﬁtﬂ greatly increased the propor-

- Trace - *. %ion ‘of higher slcohols in the product,

v 2 388 ‘the'rate of formation of liquid products

_ho}e was, m .ot cases, suhstanmally decreased. Rubidis, however, acted
“wery effectively, without decreasing: the liquid yield. Some results of these
“workers' with rubidium -and potassmm hydmndes under eompa,mble conditions
‘are summansed m Ta,ble 42

_ ‘.' Table 42. C
B O S QCarbon present
x Yiﬁdoili a Hethyl aleshol ' .
m““‘ N Srotues | o componbas oer e
gperhx 47 Pereent - f - - Pareemt .
62 BREE e SENECRE IR IR SRR
FREESRINS . TN REE BEERAT. | A A 480
AT e o 184 -
24 43. 4
.27 483 -

R?ohols con’tamed ‘as in Faoum and Ln:wxs “work, B |
. “tage of: ethyl alwhﬂ‘;“’bntb G. T‘ Momm ‘and

1,,&51 1T (1932‘):—;-;- :
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* The products also contained aldehydes and a.clds which were removed before the
fractionation of the alcohols, and the product from the first of the catalysts given

was hydrogenated with _

_nickel before distilla- o Table 43. A
tion, to remove un-- - <~ ] Wt of alcohol (g.), per kg. of crude product
saturated bodies. ‘ Alcohol  Cotalyst | pCotalvst. [, Catalyst
. TA;‘L%B pomt.slout _ | cu-Mno-Cos . TETi" ey
that the first catalyst, o T
which contained noal- geny. .11 | 0 | 1o 'so
kali, gave a greater n-Propyl ....... 50 4 43 17
proportion of higher n-Butyl......... 18 - — K3
alcohols with straight i50,Butyl........ 3 L 8 1

. n-Amyl ......... ! — ,

~ chaing than was - the B-Methyl butyl .. | 2 . 8 15
case with the second n-Hexyl......... ' 2 1 — L —
catalyst, which gave §- %et}é}’i amyl o BT i 6.5 [

: ]arg _ n-Heptyl ....... < ! —_ T —

relatively © quan- pocidue ........ 1 89 1.5

tities of, for instance,
isobutyl alcohol. The catalysts containirg -cobalt ga.ve xncreased quant:t=es of
ethyl alcohol: indeed, it will be noticed that the copper-manganese oxide-cobalt
sulphide catalyst led to a far greater production of this alcokol than the zinc-
manganese-cobalt-potash catalyst previously used.
As already mentioned, aldehydes are always present in the reaction pmduct
~ and the mechanism by which higher alcohols are formed may be one. of successive
aldolisation?, i.e. by mesus of processes of the type:

‘ R-CHO.+E‘-CH,-CHO —> R.CHOH.CHR' -CHO ———> R-.CH: CB’ CHO

—HO
> R-CH, CHR'-CHO x> R-CH,- -CHR' cn,on

FE B :Ag
- bat F. Fiscres? has put forw&rd & mechanism mvolvmg the dn‘ect addltwn of
carbon monoxide to alcohols with prodnctmn of acids, the comaepostu}&ted being: -

- CHy - OH + 0O —> CH, -COOH &> CH, CHOH, CH, cn, -OH
_in addition to reactions such as: -
2CH,- COOH = (CH,).,CO + GOg. R R

. It may be noted that acids, aldehydes and ketones are found in va.rymg qu&n :
tities, acoording to the catalyst and conditions employed, in the reaction mix:
~ture: farther, D. V. N. HarbY?® has' synthesised acetic acid in fair yields from.
“ methyl alcohol and ca.rbon monoxlde, although w;th a mzxed dehydmtmn mba..yﬁt
: (oopner ‘phosphate). -
. A complicated- mntmo of e.loohols a_.d other orgamc bodxes may alse be
" made by alkalised iron or eobait: cataiysts at high pressures. - ‘Considerable ‘work'
~“on‘this type of process has:been carried out with this' type:of catalyst by
: ;'F mex apd his co-workexs, whu !mve ngentha name synthol {0 tbsmnxmre
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formation of watersoluble bodies. It may be noted that, of the alkalis, rubidia
was most effective, as was also found by Morcax, Eakpy and ProcTER (loc. cit.)
with catalysts of the mixed oxide type in the formation of higher alcohols.

K. AUpIBERT and A. RAINEAU! lay weight on the prevention of the reduction
of ‘the iron-from-its-oxide form during use and recommend the ‘employment of
iron phosphate or horate. :\With these catalysts, the following yields per cub. m. of
o7 Orgenic liquids ......... 118 Carbon dioxide ......... 444

~i7r-- . Gaseous hydrocarbons™ .. 97 Water vapour .......... 43

.+ 'The higher calorific value of the organic liquids was about 9000 calories per
kilogram-and that of the gaseous hydrocarbons 12,000 calories.

Trpmn e e oo dy Synthests of Hydrocarbons,
. - This fundamentally important modification of the hydrogen-carbon-monoxide
reaction. is based on the .observation by F. Fiscaer and H. Trorscm that, as
- the reaction’ pressure is reduced, the formation of oxygenated condensation
~ - products is, in the presence of suitable catalysts, replaced by the production
.. ‘of condensed liquid hydrocarbons, the lighter fractions of which may be used as
. - substitute for. natural petrol while the heavier fractions constitute a liquid
- ~fuel suitable for use, for instance, in engines of DrkskL type. It has also been
~::found possible to produce satisfactory lubricating oils in this way; and, accord- ‘
.-ingly, the process forms a highly important method of manufacturing hydro-
-~ carbon ol products of almost every nature, starting from coke or any form of
- - carbonacecus fuel: indeed, from the standpoint of natural economics, in countries
© possessing no natural oil depdsits, the FscEER-TROPSCH process—together with
“: the “alternative -method of ‘bydrocarbon production by the lydrogenation of
- con~—is_certainly of an order of importance comparable with that, for instance,
'of the synthesis of ammonia. Further, while the hydrogenation of coal, as such,
. i8-aasociated: with the loss of its by-products, the conversion of coke to hydro-
. carbons ntilises a normal residue of the gas industry and may be coupled with
. the ‘hydrogenation of selected tar products which are not required for other

" The literature of the synthesis is very large; but for details of many of the
-.main results, reference may be made to a summary by FiscHRg®, which contains
. n: list; of papers published up to 1934. An extensive summary has also been
- -published in: Kopgers Review?; and reference may also be made to papers by
.. Brvivg and Nasu®, Arcemn, MypprEroN and WALEERS and to extensive work

Frocues :and Trorsce found finely-divided eobalt to be
talyst either alone or in conjunction with iron or with oxides -
-oxide or beryllimm oxide. Thus, with a mixed

iquid”or casily liquefied hydrocarbons of the

* Bronmstoft.Chem. 16, 1 (1830).

1926); 46, 473'T (1927); Fuel Sci. Pract. 5, 263 (1926).
1(1035); 55, PR N

131T *%93:8»,-3:” N
mana" Oc.clt- . . : ) " ‘
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th(ma and the incorporation of a porous carrier such as lneselguhr gives catalysts
which are both highly active and resistant to decrease in activity during use,

as is shown in the following table 44, which is taken from FIscHER's ‘summery

and represents ‘the comparative performance of a number of catalys"us of this
class. The yzems with -iron and nickel are a.pprommate only.

Table 44,
. B Yield - - | Numberof days
- : . S . of product, ! in use before
Base . Promoter Support Method of Preparation in g reduction of acti-
. . . : , per cub.m. | vity o 80 per
_ g --Of .gag cent of original
Iron, Cu-Mn 4-0.4%K.CO, | Silicagel | Decomposition | 30—35 8
: T S i of nitrates
‘ Cu........o.oo0i. Kieselguhr | Co-precipitation ! - 28° - 8
Nickel, Th.............. s T 100 30
Mn-Al........... aE » »» - 105 35
Cobalt, Th.............. s , e 110 30
Th...... eeenaes 2 Decomposition 105 25
Th ... ... s Co-vrecipitation 105 > 30
ThCu........... » 105 60
Co-Ni ........cuivinnnn - Alloy-skeleten : 85 ~12
) : from: silicon alloy

From the above it lel be seen that a very sa,tlsfactory cat&lyst both from
the standpoint of performance and endurance appears to be cobalt-theria, which
may be made by the “co-precipitation of cobalt and thorium nitrates, in the
ratio for. instance of 5 to 1, by means of poiassium carbona.te in the presence

of kieselguhr, the washed and dried paste being pelleted in the usual way. It

is necessary to wash the ca,ta'lysts free from alkali, otherw:se Tow yields of hqmd
products are obtained.
- Productwn of Gas for the Synthesis. S
The most suxtable ratio of carbon monoxide to hydrogen in the gas used for thef
synuhws varies with the catalyst employed With cobalt, the ratio reeommend\._.
is 1 to 2, correspondmg with the primary reaction:

L . CO + 2H, = (CH,)s + H,O
but, with other catalysts, a higher proportion of carbon monoxxde, e.g. equal volumes

of this gas and hydrogen, may be used,’ particularly since the synthesis, with iron,

at the higher temperatures which are necessary with this metal, follows & course
represented by: . 200+ H, = (CHy)s + CO,. :

Ordinary water gas contains about 50 per cent. of hydrogen and 40 per oent of} .
carbon monoxide; but if, as is. norme.lly the. case, & gae: -containing two volumes of -

- hydrogen to one of carbon monoxide is reqmred it is readily possxble t6. produce

this by operating the water-gas- plant at s relatively low temperature with a larger .
- excess of steam than is normslly used, in such & way as to reduce the carbon monoxide
conteut and to raige that of hydrogen by p:g;;motmg the. alternatxva water-gas teactaon' .

. €+ 2H,0 = 2H, + co,’

, szmxﬂtaneously with'the . normal main reactxon- R

. : C+B‘,O H,+CO.; - ‘

o By workmg in. thls way, 8 gaa contar.mng ‘two._parts of carbon. mononds four yarts‘i}

- of hydrogen and one:part by volume of carbon dioxide may readily be produced,
tho carbori diexide acting dunng the synthesxs’as an mert gas

' Thg o;arbon}mqr‘mnde .content of ‘water-gas can ‘also_be

ﬁ_.r_ but in thm mse macidmonal ‘o .
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Further, in place of starting mth coke or other solid fuel, coke-oven gas or natural
gas may be used as a raw material, the methane contained in these gases being con-
verted .catalytically to carbon monoxide and hydrogen by interaction either with
steam or with carbon dioxide: ’

e e . . CH,+H0= CO+3H, .

E : CH, + €0, = 2C0O + 2H,.

" By whatever method a gas of suitable composition is made, it is necessary,
before usmg this, to free it as far as possible from' cafalyst poisons, especially
“sulphar. Sulphur present as hydrogen sulphide may be removed by passage
 through iron-oxide purifiers in the ordinary way; and this is followed by the

removal of organic ‘sulphur by passage through a heated. punfler tower in which
this sulphur is retained, for instance by an alkalised iron contact mass at
- 200—300°. Alternatively, the organic sulphur may be removed catalytically
by conversion into hydrogen sulphide which is then absorbed in purifier boxes
“of ordinary type, the temperature used for this preliminary catalytic conversion
‘of sulphur compounds being dependent on the catalyst used. It has been stated
" ‘that for successful industrial operation, the synthesis gas, after purification,
‘ --should not contain more than 0. 002 gram of sulphur per cubw ‘metre.

General Operatm of the Synthesss ~
' A dmgrammatlc sketch of the arrangement of the plant’is shown in Fig. 22
Aﬂ:er punﬁcatlon from sulphur in 4, the ga.s passes t0 the cat.alyst chamber B

L

’

) | Femaining Gases
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 _€0!”2 TN

Crevlstien -
of !

Cade z@m’
Fiz. 22. Prepamzion of hydxocs.rbons from. watcr gas. ’

}wlnch wzth eaba-lt catalysta is mamtamed at about 200" Thxs chs.mber may,
in’practice, ‘with fresh catalyst bo started at about 1859 the temperature being
ralsed pmgtesmveiy es the activity of the oa.talyst falls; but tho product is very
.8 ive to. deviation’ from' the. expemnﬁntally determned optimum for the:.
-particulsr’ activity of the catalyst at any given. t;me, a.nd the. correct; workmg
mperatnre: shonld ‘be’ maintained: within 1°; :
r-this reason, means»must bs promied for ha bsorptmn of the rela.twely -
*Thus t’he pmnary' prooess be wntten ,

,.,Ped'dunng the eonvemon of ‘
rbo ,~.sn'amount ‘which, if un- -
thegasby many hundred.-‘;
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degrees. On account, however, of the relatively low reaction bempera,tui*e,‘ this
control is not difficult and may very effectively be carried out by inserting
thermal control tubes, through the catalyst mass. These tubes are fed either
with heated oil or with high-pressure water at 185—215%; and, for effective
control, no part of the catalyst should be more than about 1 em. from a stabil-
ising tube. a . ‘ o o

From. the converter, the gas passes, usually by way of a wax trap, to a condensing ’

system C and finally to. active carbon scrubbers or oil washers D. In addition to

volatile liquid hydrocarbons, some solid hydrocarbons are formed which, in view -

of their low volatility at the reaction temperature, remain on_the catalyst and are
removed periodically by weshing with middle oil. This deposition can proceed to

a considerable extent without greatly interfering with the activity of the catalyst.

Since the reaction involved consists in the conversion of permaxent gases into.

liquid products, its course can conveniently be followed not only by the product

which collects in the condenser but also by the gas contraction, namely by the ratio
of -permanent gases leaving the plant to the volume entering tho converter. It is

found possible to prevent methane forination almost entirely; and- the contraction -

obtained may be up tc 75 per cent, i. e. the exit gas may fall to one quarter of the
volumeofthatex_ztering. R A o
The yield of liquid hydrocarbons is of the order of 100 to 130 g. per cub. metre

of gas treated; and details of this yield, at a suitable gas rate, with a cobalf-

thoria cetalyst at 1989, in tests carried out. by the staff of the Fuel Rescarch.
Station, East Greenwich! are given in Table 45. e e

- Table 45.

Space velocity of synthesis gas 166 ¢.c. per hr. per o.e. of catalyst (201 cc per hrs:

; , _ per g. of unreduced catalyst) ... .- .
Yield of hydrocarbons ....... 1288g. pe; hr. pe_r‘c):nb.m.‘ of gas (0.026 g per hr.

- o i g. of catalyst) ... . oo oo
Gas contraction .............  130c.c. per hr. per g. of catalyst (= 64.3 per cent), -

. The yield of liquid hydrocarbons may be raised still further by carrying
out the synthesis in stages? with partial or substantially.complete rercovai of.
liquid hydrocarbons between theso stages; . and, by a suitable arrangement’
of the respective sizes of the successive converters it is possible to bring about.
this increase in the yield per cabic metre of gas without increasing ‘the. total
quantity of catalyst used. Thus, with three successive : converters, FIS0HSR.
and PrcHLER were abls to obtain up to’ 141 g. of hydrocarbons ‘per oub. of
gas, not counting the paraffin wax and hydrocarbons boiling Below 30? (Gasol).
- Tf these are included, the yield rose.to-over 150 g. per ciib.m. of gas. Tho catalyst
“used was" cobalt-copper-thoria, prepared by precipitation and supported “on
: Kieselguhr.. As has already. been stated; the initial &

- slowly during use.. = . L S e
" The synthesis of liqnid hydrocarbons in steges has also. b
Aromm, MyDOLETON and: Warxee®. This work is. of interest
‘water. gas, containing about 48 per cent of Eydrogen and 41 p
monoxide, was used. In this case the catalyst employ:
e Composition. of the Prod

of unsaturated:hydrocarbons of +

e e —

"3 J. Soc. chefn. Tnd. 54, 313 T/(1035); 55, 121.T:(1936)..
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classes of substanoepmduced, a.rraﬁged 'a.ccorcﬁng' to their voiatiliﬁy, is illustrated
by Table 46, which represents a typical raw product! given by a eobalt catalyst.

o N "~ | Percentage.by | Clefine content.
.. Classlficatfon . : . Boijling Point . welght, I Per cent

, o - b ‘ In product | by volume
-Low boiling hydrocarbons (Gesol) ..... | <309 '} 4 ~ 50
Benzine ...... i e e Ceiea. “o ] 30—200° | @ . 30
‘Heavy-oil ... ..iiiiiiiiiiiioulo b > 20000 Sl 238 10
‘Solid paraffis ...........ooioooeo [ MUPLSO 7 —
Hard paraffins from catelyst chamber . | M.P. >70%- - 4 | —

" 'The ‘percentage of clefines decreases. if the hydrogen-carbonmonoxide ratio
is increased, or if nickel'is used as a catalyst in place of cobalt; and, in general,
‘as will be seen from the table, the higheér-boiling fractions are less rich in olefines
/than those of lower boiling point. This is as would be expected, -since. poly-
 merisation, pecessarily leads to. a, lesser degree of unsaturation. 4
- . It may be noted that, in addition to the direct production of benzine and
diesel oil, Iubricating-oils. of good _quality may be.‘made- by subsequently still
further polymerising. the unsaturated . constituents, for instance by treatment
~with about ‘5 ‘per ‘cent of aluminiuvm chloride. This extension ‘completes the
. series of oil' products necessary- both: for internal combustion engines’ of every
 type and for mechanical use generally. . .- .. -
% .~ . 8 The Hydrogenation of Carbon Disulphide. |
~~_While it is not proposed to deal in the present section ‘with the catalytic
~ eracking of organic_sulphur ‘compounds in ‘the presence of hydrogen, in such a

. way that the sulphur contained in these is converted into hydrogen sulphide,
-6 will be convenient 4o include the simple hydrogenstion of carbon disulphide

_ from its similarity to carbon dioxide. - . o

. BamariEr and EsPmL® observed the formation of a body wkhich they assumed
“-t0 be methylene di-thiol, CH,(SH),, on passing a mixture of carbon disulphide
‘and hydrogen over mickel at 180%; but later work shows that this body is the
mc w0-thiol, CHy-SH. According to R.H. GrrFrrra and S. G. Hw?, ‘methyl
‘thic: may conveniently be prepared by leading a mixture containing equal -
- volumes of hydrogen and. of carbon disulphide vapour. over & nickel sulphide
~ catalyst st 250-—300°, a suitable gas rate being 200 c.c. per minute with 15 c.c.
of catalyst. The product is. freed from hydrogen -sulphide, for instance by
. passage through iron oxide, and ¢ondensed by means of a freezing mixture such
“as solid carbon dioxide in siootone. Purification is subsequently carried out

.1 (103%).
298 {1914).

5 Bull. Soc. chim. France (4) 15, 228°{1014); , oo o0 0 o e
3. ehem. Soc. fLondon] 1988, 717.— See also B. CraWLEY, GRIFpITH; ibidem 720. -






