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ABSTRACT

The amount and nature of hydrogen in Raney niqkel
catalysts were determined by various methods: thermal desoxp-
tion iq a volumetric aéparatus, téﬁperaiure;programmed
desorpéion using argon as a carrier gas and techniques similar
to those of Amenémiya and Cvetanovic, hydrogen-deutgrium
exchanée, dissolutiog;in acids ‘and other methods. Most of .
the . .hydrogen removed in thermal desorption can not be re- .
adsorbed. ‘Desorpgion was generéliy exothermic and each‘type
of'samble hdd a characteristic TPD spectrum. Water vapor,
introduced over the cataiyst; increased the hydrogen évolution
sizeably and this.process was also exothermic. Under these
conditions water will nop,oxidize!bulk nickel. Present re-
‘sults suggesf that the reaction of residual aluminum and’

water is an important source of hydrogen evolved on heating

Raney nﬁckei, bﬁt part of the hydrogen is held interstitially.
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CHAPTER 1

INTRODUCTION

1.1 GENERAL

A method of preparing metal catalysts is t§ aealiminate
one of the constituenﬁs of a binary or ternary alloy by an al-
kaline or acidic attack. This thethod was applied by Murray

(1) in 1925. . Treating a powdered nickel-silicon alloy

Raney
with alkali, he obtained a brown residue of pyrophoric nickel
with catalytic properties. Later, Raney found that a nickel-

'

wluminum alloy attacked with aqueous sodium hydroxide gives a
porous material with very’ useful catalytic properties;zl. This
method of preparing a catalyst was paténted in different coun-

tries(3'4'5’6)

and sipce then has undergoqe different modifi-
cations. -Ranéy extends his method to:preparg»ggney iron,
cobalt and-coéperi7) but finds.ﬁhat Raney nickel (RNi) is

a better catalyst. Today, Raney nickel is known as a catalyst

obtained b&'leachinga.nickél—aluminum alloy with aqueous alkali.

1.2 PREPARATION OF RANEY NICKEL
1.2.1 ‘Structure of Raney Nickel Alloy
Raney nickel ca%alysts are used extensively for the
hydrogenation of organic compounds, usually in 1iquid'ph;se.
They are'alég used in desulfurizations, 'dehalogenagions,

*
"
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dehydrogenations, decarboxylations, etc.(a).
The preparation of the nickel-aluminum alloy.is made

by the thermite reaction between nickel oxide and aluminum or

'by the dissolution of nickel in melted aluminum. This process

is exothermic and provides enough heat so that it is not
necessary to use a special high temperature furnace. The
starting Réney alloys normally contain 40 to 50 wt %

nickel. Alloys of higher nickel content usually contain sig-

nificant amounts of the .compound NiAl, which does not react

with alkali(g), while alloys containing less nickel yield corres-
pondlngly less catalyst.

' Possible phases for nlckel—alumlnum alloyé containing
40-50 wt % nickel,’taken from the phase diagram of Alexander

(10a)

énd‘Vaughan ‘are the following:

1l. .Phase a: solid solutions of Ni in Al containing not more

than 0.05 wt % Ni

. Eutectic: o + Nial containing about 5 wt $ 'Ni

3I
» Phase B: NiAl,, containing 42 wt % Ni

,Aly, containing 56-60% wt % Ni

2
3
4. Phase y: Ni,Al
5. Phase §: NiAl, containing 80-83 wt % -Ni.

The alloy alsoc contains  other elements such as C, Fe, Si}and

e "

"traces of 8. _The 1ntermeta111c phases have a dlfferent reactivi-

(10) -

ty toward alkali.  Freel, Pleters and Apderson , using the

'techniqués of. optical metallagraphy and an electron probe

»

microanalyzer to examlne the microstructure of commer01a1 ‘Raney

alloys and thelr reactlon with NaOH found, that the eutectlc and

T
!
'
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and B phase reacted more rapidly than ¥y phasé. Mason(ll):

found eéual reactivities for y and B-phases of Raney alloys
to agqueous alkali, but he used substantially less than the
stoichiometric amount of NaOH required in the leachingprocess.

This result was confirmed by Freel, et.al.(lo).

1.2.2 Activation of Raney Nickel g ' \

The activation of a Raney nickel alloy is obtaiﬂed by
leaching the alloy with aqueous alkali, a highly exothermic pro-
cgss. The reaction which takes placé during this process can

be described by'the following eguation:

2A1 + 2NaOH + 2H,O - 2NaAlO, + 3H, (1)

2
In dilute agueous solutions the sodium aluminate formed in

the reaction (1) is hydrolized:

2NaR10, + 4H0 > Al,03+3H,0 + 2NaOH (2)

2
and NQOH is regenerated in reaction (2). This seem; to result
in egsentially complete conversion of all the aluminum in the
alloy if sufficient reaction time is provided. However, it
has been shown eiperimentally that even after prolonged boiling
with alkali, it is difficult to obtain an aluminum-free ~
catalyst. Dirksgn and Linden suggested another contributory .
reaction in addition to Eq '(l)'apd (25: \

281 + 6H,0 > Al,0;.3H,0 + 3H, . (3)

During the leaching process several parameters can be varied ‘~
» > .

in orxder to obta}n a catalyst‘with a desired composition, cataly-
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tic properties and hydrogen content: the temperature of the
| , . ,
alkali, the composition of the initial alloy and ppases present,

the concentration of the agueous solution of the alkali, the

\

duration of the extraétion, the order of introducing the re-
agents, the fingf washing and storage.

One way of preparing an active Raney nickel was described
by Adkins and Billica *2): they used 25 wt % NaOH at 50°C for
25-30 minutes and the final washing of thé nickel cétalyst with
water is done under 1.5 étmospheres of hydrogen. This prepara- ’
tion was termed wé Raney nickel. W5 RNi is prepared in the same
way but is washed in the presence of air. To dissolve as mﬁch
aluminum as possible,hot solutions of concentrated alkali are
used (40%) and hydrolysis of sodium aluminate is prevented by
washing the final catalyst with boiling alkali, preferably of
lower concent&ations(l3?. 'The’pore structure of the Raney
nickel is a function of the témperature of extraction: preparations
made at the béiling<éoint of the alkali (107°Q) had a smaller
surface area and higher pore volume than those prepared at
50°C(l4). After the preparation'Raney nickel is stored under
water or éﬁhanol to minimize oxidation by air and loss of cataly-
tic"activit§. Relétively new hydrogenatiﬁg catalysts were

prepared in 19%1 by Y. Urushibara (44

and déngted as: U-Ni,
U-~Co, U-Cu, -U-Fe. The method of preparation is simple: |
fine metal particles are preécipitated from solutions of their
respective metgl salts by more electropositive métals and are

digested with alkali or acids. These catalysts exhibit high

;
’ ! A
:



activitigs, comparable to those of Raney catalysts. For example,
a Urushibara nickel catalyst, U-Ni, can be obtained by adding
zinc powder to a solution of nickel chloride. A precipitated
nickel powder is obtained which is capable of‘redueing an
alkaline solution of estrone to estradiol in the presence of

aluminum grains.

1.3 COMPOSITION AND STRUCTURE OF RANEY NICKEL
The constituents of the activated Raney alloy are the‘
following: R
- Nickel, essentially as metallic nickel. Part of it could be
present as an alloy with aluminum, especially in the partly
activated catalysés. Nickel oxide could be present in very
small amountsf due to oxidation by air.
~ Aluminum, as residual aluminum in combination with ﬁickel,
‘ due to an insufficient attack of the alkali.
- Alumiga trihydrate (Ai203.3HéO) as gibbsite:or bayerite,
resulting from the hydrolysis of NaAlO, and from Al,O, due
. to the oxidation of the alloy. }
-~ Sodium, as NaAio2 and NaOH, present to about 0.2 mg Na/g Ni.
~ - Traces of nickel aluminate, Ni(AlOz)zl nickel oxide Nio; C,
.Si,’Fe. |
- Imbor;ant ﬁmodnts of hydrogen, between 12 and 380 cc (STP)/g.
.X-ray diffraction studies showed that Ni, Nial alloys and
B~A1203;3H20 are present in a cry;talline form in the activated

alloys. Nickel was found to crystallize in the f.c.c. system,



the_ﬁean crystallite size varying between 40-60 R, and usually
smaller than 100 ﬁ, depending on the evacuation temperéture

and temperature of extraction(ls). A hexagonal nickel;, which

is a nonmagnetic form,can be obtained if special precautions are
taken to prevent{oxidation(ls). Robertséh and Anderson(ls)
found a linear relationship betwéen the surface area and the
inverse of the mean crystallite size of Ni. X-ray,zﬁffraction
patterns for alumina trihydrates had sharp peaks suggestive Sf
large crystallites. Under aqueocus alkali, increased reaction
times, higher temperatures, and larger alkali concentrations
give, in general, Raney nickels with decreased surface area,
increased pore volume and mean pore diameter. It seems that

the alumina imparts thermal stability to the catalyst, reducing

the sintering effect_due to treatment at higher temperatures.

l.4 LITERATURE REVIEW

1.4.1 Methods of Determination of the Hydrogen Content
and its Nature in Raney Nickel Catalysts

The origin and the role of the hydrogen content of Raney
nickel has caused much contioversy énd, despite numerous in-
vestigations, this problem has not been resolved satisfaFtorily.
To determine the hydrogen conktent of the‘catalysts, several me-
thods were designed, using different princﬁples and conditions.
Physical methods consist mainly of hydrogen desorétion during
heating of catalyst sampl%;/gor«statie measurements, the amount

of hydrogen liberated is usuallyiséfermined VQlumetriéally; for

dynamic systems determination is made in flow of an inert carrier
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gas by means of a thermal conductivity cell. Chemical methods
involve hydrogenation of unsaturated compounds in the absence

of gaseous hydrogen, the use of different oxidants, amalgamation
and electrochemical methods. The amount of hydrogen determined
by chemical or electrochemical methods depends on the choice

of environment (electrolyte) and this is usually different from
the environment where hyégggepation is carried out. Because
chemical and electrochemical methods of determining the hydrogen
conteﬂt are based on the oxidation of the hydrogen in the agueous
medium, there is a risk of oxidizing the nickel powder as well

(17)

as the hydrogen so the values for the hydrogen content may

not correspond to the true amount of sorbed hfdrogen:

Ni + 2H20-——-—--"Ni(OH)2 + 2H (4)

2

Ni + 20H > Ni(OH), + 2e~ (5)

Any reactant SH is capable of producing a similar reaction:

Ni 4+ 28H ';_...—-_—__...:'Nisz + H2 " {6)

The residual aluminum may also react:

2A1 + 6H20 ;::::f-él(OH)3 + 3H2 {7)

so the amount of calculated hydrogen is in excess of the true
quantity of sorbed hydrogen.
In the thermal desorption of hydrogen special precautions

should be taken to eliminate every trace of the storage liquid,

/

N
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o
otherwise nickel énd especially aluminum could react with the
catalyst impregnatiﬂq liquid and evolve hydrogen, sometjmes ac-
companied by violent and explosive reactions. .
The Table 1-1 gives the principal methods of deter-
mining the hydrogen content of the Raney nickel catalysts and
interpretations of the results goncerning the nature of hydrogen.
From all these methods of determining the hydrogen céntent,
the chemicai and electrochemical ohes, as it was mentioned ear-
lier, are subject to a considerable error. This was demonstrated

(38). He treated a Ni/SiO2 catalyst with

by Coenen's findings
quinone in dioxane solution at 60°C to determine the amount of
hydrogen present in, or on, the catalyst and found 107 cc Hz(STP)
‘ /9 Ni. High vacuum pumping and readsorption of hydrogen gave
a value of 23 cc Hz(STP)/g Ni, which was obtained using another
method, dissolution by acid and heating in vacuum followed by
diésolution in acid. The extra hydrogen found by the chemical
method was attributed to the oxidation of metallic nickel bx
water present QP the‘catalyst carrier. NiO was detected by -X-ray
diffrgction. - |
Based on measurements of surface area, differential t%er~
mal analysis, X-ray diffraction and magnetic and dénsity deter-

(25)

minations, Kokes and Emmett give an answer to the following

questions: ,
a) How is the hydrogen held by the nickel?

b) What influence does the hydrogen have on the magnetic proper-

Y

ties of the,éatalyst?:§{ : -

-
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c) What influence does the hydrogen have on the catalytic

activity? .

They conclude that the hydrogen is held in the nickel in the

form of substitutional repiacement of nickel atoms in the lattice.
The magnetic data showed clearly that the magnetization increases
more or less linearly with the amount of hydrogen removed until
about 90% is removed. If one assumes that éach hydrogen atom
contributes one electron and each aluminum atom can contribute

3 electrons to the d-band of the nickel atoms, the magnetic data
seems to be explainable. In the case of W-6 Raney nickel, on

the basis<of chemical analysis and hydrogen content, the average
number of additional electrons is 1.8 per nickel atom. It
decreases to 0.76 when all the hydrogen is removed. If the
magnetism depends on the number of additional electrons, the

value of specific-magnetization, o, wouid be expected to increase
from 14 to 35'erg/gaqss/g as the hydrogen is removed and the slo?e
would be 0.27 units per cc of hydrogen removed. If one assumes(4l)
that the magnetism disappears when the added electrons amount
to 0.6 per atom, then the decrease of the number of addiéio-
nal electrons, due only to hydraqgen, from 0,45 to 0.22 per nickel
atom as the hydrogen is desorbed, would correspond to a change in
¢ from 14 to 35 units with a slope of 0.24 units per cc of
hydrogen removed. The observed values show an increase from 19.5
to 35 units of specific magnetization and the slope has a value

of 0.27 units/cc of hydrogen. These calculations are in satis-
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factory agreement with the obsexved wvalues and suggeét that on

an average each hydrogen contributes an electron to the nickel.

The same phenomenon is observed by Macnab and Anderson(36)

who found that the saturation magnetization at 0 K i;creases
linearly with the amount of hydrogen evolved from two different
types of Raney nickels, witk different hydrogen contents. As
hydrogén was removed from Raney nickel by heating, the magﬁetiza—
tion increased about 0.63 ug per hydrogen atom (uB = Bohr magnetgn)
which may be compared to 0.55~-0.60 from other work on Raney .

1(25’17) and to 0.71 obtained for the chemisorption of

hydrogen on supported nickel(39’40). A possible interpretation

nicke

is the presence of a nickel-aluminum~-hydrogen alloy in the acti-
vated catalyst. -

A completely different Yiew from that of Kokes and Emmett
on the ﬁature of hydrogen in Raney nickel was presented. by Mars,

Scholten and Zwietering(zg)

at the 2nd International Congress on
Catalysis held in 1960 in Paris. They presented evidenée that
part of hydrogen (ca 23 cc/g Ni), in Raney nickel was formed by
the reaction of residual aluminum (present as AlNi or A13Ni2) and
.water bound to alumina present in the catalyst, when the catalyst
was heated. About 27 cc H2/g Ni was present as chemisorbed hydro-
gen and a varying amognt of hydrogen, depending on the experimen-
tal conditions Qas formed by the reaction of adherent water with
aluminum (bound in AlNi or Al;Ni,). It was ascertained that

only aluminum was;oxidized during hydrogen formatién, not nickel;

NiO was not detected after heating the sample to 250°C. Mars, et.



15

»
-
~

4

al., did not find a linear-relation between the change in mag-
netization and the amount of hydrogen removed. However,it suppor-
ted the conclusion that only part of the total amount of hydrogen

evolved was boundudireetly to the nickel 1attice. . -

(32,42) (

The French and Russian schools of thou ht ;egard

-

Raney nickel as an insertion solid solution where the hydrogen

is involved in the following equililria:

&

H, (9) === 2H(ads) == 2H {(ads) + 2¢” === (H'-Ni") (8)
l+ acetone l+ 20H
isopropanol "2H26

In additibn to this hydrogen there is the catalytically active

hydrogen, chemiscorbed on the surface of Ni atoms in a ratio

(35)

"1H/1Ni Magnetic data seem to support this view on the

. -

nature of bydrogen(in Raney. nickel.

%

. A1
1.4.2 The ‘Hydrogen Content and the Catalytic Activity
The relationship between the catalytlc act1v1ty and the

hydrogen content of Raney nlckel pas been the subject of a

v

con51dereble amount of résearch A dlrect‘correlatlon between

the bydrogen content of. the catalyst and its catalytlc act1V1ty

(20)°

was noted by Freidlin and Ziminova They @pund"that_the

Raney nickel used in the hydrogenation of organic compounds lost

its activity when all the hydrogen was removed from the catalyst.

(24)

Smith, et.al., showed tbat the. activity of these catalysts

in the_hydrogenation of benzene at 80°C is a function of hydrogen
S

content. Kokes and Emmett(zs? found that the activity:of Raney

L}

-



P

Ny
———— e e - S s e

le

-

.

nickel for ethylene hydrogenation and para-hydrogencconversion‘
at first decreases and’ then increases when the hydrogen con-
tained in these catalysts is removed.4 At the beginning they
attributed this phenomenon to the removal of traces of oxygen
poison from the surface of nickel, which increased the activity
of the catalyst.l‘Later, they explained that the hydrogen is in-
fluencing the,activity of the nickel because of electronic fac-
tors. The auihors attr;bdﬁed to the alumina, contained in the

&
catalyst, the role of promoter. *

. Saesoulas(l3)

showed that the differences in the catalytic
activity of Raney nickels prepared from alloys with different j
comp051taons*weredue to a different attack of the surface of the

alloy by the alkali so the final catalysts had surfaces of a

" different nature. The state of.;he surﬁaCe was defined by the

sites occupied by hydrogen atoms, water and By the free sites.

Menar .aii,(ii) noticed an increase in the activity

of Raney»nrpkel when a fraction of the hydrogen adsorbed on the

surface x//removed by anbdic oxidation: this was the strongly
i
chemisorbed hydrogen whrch polsoned the catalyst Csuros and

(43)

Petro dfound a max1mum in the activity when a certain amount

of Nydrogen (140 cc/g) is contained ifn the catalyst.

ars, et al.,- based on activ;ty measurements of Raney
gas and llquld phase. for reactions like hydrogen-

deuterium ex ange, and the hydrogenatlons of cyclohexene, ethylene,

and pthoL demonstrated that the intrinsic act1v;ty of Raney

Nickel, Ni/zZno, Urushlbara catalyst (Ni/Al,0 ), and Ni from NiO

- -

- . - B LN
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is about the same. The authors suggest that any differeﬁce in
cataiytic activity between Raney nickel and other nickel cata-
lysts may arise f;om secondary effects, like differences in pore
structure and hence in diffusion and differences in poisoning

and surface area.
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. CHAPTER 2

PREPARATION OF RANEY NICKEL

2;1 GENEﬁAL

Thehprepération of Raney nickel consists of two phases:
15 preparation of the Ni-Al alloy.
2) ‘the activation of thé alloy.
The aquy A, mostly used in this work, contained nominally 50
Wt % nickel ‘and was supplied by W. R. Grace Co. The alloy was
crushed, sieved and the 100-200 mesh fraction used throughout. The
composition of the alloy was\détermined by wet chemical methods
and atomic '‘absorption spectroscopy: Ni 49.&2 wt %, Ai 48.67 wt %
ané Fe,04 0.97 wt 8. The alloy B, nominally 42 Qt $ nickel was
used to prepare samples (by S. D. Robertson) only for thermodesorp-
tion expériménts. &Tﬁe phage content was investigated by optical
microscopy and electron probe microanalyzer by Freel et al (;4).
‘Concentrations of the three phase§ present in each alloy were
estimated by standard metallographic procedures and are given

'in the'Table 2.1(14).

2.2 ACTIVATION OF THE ALLOY. EXPERIMENTAL AND'DISCUSSION
| The activation of the allioy with agueous sodium hydroxide
was done in a l-liter round-~bottomed 4-neck flask immersed in

" a thexmostatted water bath. Under the water bath a magnetic base
.\ -, =
18 . R
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Table 2.1

Chemical and Phase Composition of Starting Alloys

Metallographic Analysis a

Alloy Nominal Ni analysis - = -
Desig- comp. (wt. 8 Ni) Diphls NiAljy Eutectic
nation {(wt % Ni) (av.vol %) (av. vol &) {av.vol, %)
A 50 -50.1 59 40 ~N ol
B 42 , 40.5 45 32 23

i

a: A description of the intermetallic phases present in the Raney

nickel alloy is given in the Introduction.

was.placed to stir the solution in the flask. Agqueous sodium
hydroxide was supplied through one of the 4 necks of the flask
from a 50 ml graduated burette. A thermometer measured the tem~
perature of the solution during extraction. A rubber tubing was

connected to a wet test meter, which was use? to measure the hydro-

gen evolved. All the 4 necks of the flask contalned gas tlght
seals lubrlcated with temperature realstant ‘'silicone grease. The.

contents of the flask were stirred vigorously during the extrac-

tion and washing procedures.

-

Method 11(14) of preparing the catalyst involved the step
wise addition of 40% agueous sodium hydroxide to a suspension
of‘about 35 g o§ alloy A in 550 ml distilled water. The Raney
nickel alloy waé admittea to the reaction flask and 250 ml dis-
tilled water added. The suspension was allowéd to warm to 50°C

and' NaOH was added from the burette. The reaction was initiated

At e sl

o,
PR
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by 10 ml of NaOH and similar volumes were added every 10 minutes
for the first 1/2 hour. Larger additions were made at 5-minute
intervals until 200 ml of NaOH was added. The procedure resulted
in fairly constant solution temperature; in the first 10 minutes
of'alkali addition, the highest recorded temperature was 62°C,
the reaction being highly exothermic. After 1/2 hour the tempera-
ture was about 54°C. Most of the hydrogen evolution occured in
the first 1/2 hour inhdilute alkali, the final part in concentra-
ted NaOH. After the hydrogen evolution céased, the sodium
ﬁydréxide solution was'decanted off and the catalyst washed several
times with distilled water in situ and then stirred and washed
in an Exlenmeyer flask, with three separaée washings . Finally
it was washed and stirred 3 times with absolute ethanol and
stored in a.plastic jar under absolute ethanol at 0°C. The
ethanol was replaced after one night. During washings hydrogen
bubbles were evolved from the catalyst.

The catalysts prepéred from the alloy A using the method
II were termed IIA. The duration of extraction was approximately
1 hour. When the extraction was extended to 4.5 hrs, it led to
gatalysts with lowef'alumina content. '

To obtain a catalyst with a high‘alumina‘conteﬁt‘(method
IV) less alkali than that required to convert the aluminum con-
ﬁent of the\allof,to sodium aluminate ig used (Dirksen and Linden

~

xef. 75). In the present work to obtain a high-alumina-content

’

‘Raney nicke;,34 g of alloy A in 270 ml distilled water was treated
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with 250 ml of 22% NaOH for 3.5 hours at 50°C. The IVA Raney
nickel obtained had about 49% A1203-3H20. For this case the more
dilute agueous solution of sodium hydroxide favored the hydrolysis

of the sodium aluminate formed:

2NaA102 + 4320 = A120 -3H20 + 2NaOH. (1)

3
A summary of the extraction conditions and chemical composition
data for different types of Raney nickel is given in the Table 2.2.
The percent hydrogen evolved was calculated from the ratio of the
total volume of hydrogen produced in the reaction and measured
with the wet test meter and the volume of hydrogen which should
have been evolved if all the aluminum in the alloy reacted with
alkali. This ratio can be taken only as an approximate degree
of activation of the alloy. Evolution.of H, gives an indication
of the end of the reaction betweeh Al and NaOH. It also can be used
in preparing a partly activated catalyst, when the reaction is

"quenched" by flushing the catalyst with large quantitijies of ice
cold water. Because the hydrolysis of NaZ;lO2 regenerates NaOH
for additional attack upon the alloy, Ehe aluminum oxidation
cannot be predicted from the amount of alkali used. The only
accurate method for determining the fraction of Al oxidized is
from the chemical composition of the catalyst. The following re-

lationship gives the percent oxidation: /

)

(Al/N1i)

)/ (al/Ni) (2)

Wt3Al oxidized = 100((Al/Ni) alloy

alloy catal.

_where (AL/Ni) and (Al/Ni)

catal are the ratios of‘the‘Al and

alloy
Ni content in the glloy and -in the catalyst. Comparing &olumns

~ -~

E3
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7 and 8 from Tabie 2.2 it can be seen that if the hydrogen
evolved was correctly measured, an extra amount of hydrogen was
held by the catalyst. Mosf of this hydrogen is released during
washings and in the first 24 hours of storage. However, for the
Raney nickels the extra amount of hydrogen calculated i@:this way
(about 130 cc (STP)/q) séems to be too large compared wi£h the
hydrogen content of the catalysts determined by other methods.
Extended extraction times, high concentration of alkali and large
NaOH/alloy ratios lead to catalysts of lower Al and alumina
content (II A with ~ 17.3 wt % A1203;3H20). The alumina trihydrate
in the IV A sample was identified by X-;ay diffraction as cfystal—
line bayerite. A smaller alumina content is obtained by extrac-
.tion with boiling alkali at 107°C. The comﬁercial c&talysts
prepared in £hi§ way by W. R. Grace Co. and termed COM Raney
nickels contain about 7-10 wt % alumina trihydrate.
To minimize the hydrolysis of sodiﬁm aluminate to aluminum

(13)

hydroxide, Sassoulas washes the activated catalysts'fifst

with boiling 2N NaOH solution and then,With_décreasing concentra-

-

tions (from 2N to N/32) of agueous sodium hydroxide, followed

by distilled water to a pH near 6. He obtained a catalyst with

G.2% alumina.

ot
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EXAMINATION OF THE CATALYSTS

3.1 GENERAL

The physicochemical properties of a catalyst are impor-
tant in determining its structure and usefulness for both
laboratory and indugé;ial applications.

The following sections describe the éhemical composition
of different types of Raney nickel, their X-ray powder diffrac-
tion patterxns and‘adsorption properties. The Raney nickels used
in this study were commercial catalysts,COM I and COM, (Davison
Grade 28) supplied by the Grace‘Chemical Company and stored in
distilled water at room temperature. The other catalysts
examined were II A and IV-A types, the pfeparation of which was des-
cribed iﬁ.the preceding chapter. ?hese samples were stored under
ethanol at 0°C. All the Raney nickels were pyrophoric and they

were Kept wet with water or ethanol to prevent oxidation.

3.2 CHEMICAL_ANﬁiysxs

3.2.1 Introductio;

Most samples of catalysts were evacuated at room tempera-
‘turé for 24 hrs to remove the storage liquid from,thé catalyst;
some sambles were evacuated at 107-120°C. Nickel was anélyséd_
by standard gravimetric and volumetric methods and in some cases

the results were checked by atomic absorption spectroscopy (AAS).

24
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Aluminum was apalyzed by standard volumetric methods and in

some cases by AAS and‘iron was analyzed only by AAS. The analy-
tical data are based on the weight of sample after evacuation.
In estimatin§ the composition of catalysts, nickel was assumed
to be present as metallic nickel, aluminum as either metal or
AL_O,.3H,O and iron as Fe,O

273 2 273"
weight and the sum of the weights of total nickel, total

[l
Any diiference between the total

aluminum and Fe203 was taken as the "03.3H20" component of the
trihydrate provided that the estimated amount of aluminum
calculated as present inythe trihydrate did not exceed the total
aluminum contept(ls). Nickel and bayerite were identified by
X-ray diffraction analysis (see next section). It has been
shown that bayerite does not dehydrate appreciably during

evacuation at 100-130°cC ‘68)

3.2.2 Experimental Procedure

The gravimetric analytical procedure for nickel used in

this study was the dimethylglyoxime method(Bg). Nickel and

aluminum, were also determined by chelatometry using an analytical

procedure - supplied by W. R. Grace Co.(70)

. Chelatometry provides
an elegant technique for quick and easy determination of nickel

in the presence o6f algminum and iron without separation of

nickel from the 6the?iﬁgﬁals. Samples containing 2 to 100% nickel
and 1 to 100% aluminum can be analyzed by this method. The.prin—

ciple of the nickel chelatometric analysis is the following:

the Raney nickel is dissolved by sodium hydroxide digestion, which

dissolves the alumina and aluminum, followed by a nitric acid

A
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treatment. An aliquot is reacted with triethanolamine to

(71)

eliminate both aluminum and ironﬂ;nterferences and nickel

is titrated with EDTA in an ammonia medium using murexide as
indicator. To determine Al by chelatometry an aliquot of the
dissolved Raney nickel sample is treated with excess EDTA to

(72). Excess EDTA is eliminated

(71)

complex both Al and Ni metals
with a lead salt. Ammonium fluoride is added to liberate
all EDTA éreviously complexed with aluminum. EDTA is then
titrated with lead nitrate to a xylenol orange end point.

To determine nickel by gravimetry, an aliguot from the
Raney nickel solution is treated with tartaric acid to prevent
precipitation of iron and aluminum by ammonia,and nickel is pre-
cipitated by an alcoholic solution of dimethylglyoxime from the
hot, slightly ammoniacal solution. The sensitivity of the
method is 4-5 ppm. The Qetail d description of the analytical
procedures is given in Appendix A. The chemical analysis data of
the var%ous types of Raney pickels are given in tables 3.1 and A-1l.1
and A—&.l. Most of the chemical composition data are based
on the gravimetric Ni and volumetric Al analysis. For cases
where 2 or 3 samples of the same type of Raney nickel were
analyzed and the composition of one sample was significantly
different.than the others, the values obtained from volumetric
and/or atomic absorption spectroscopy (AAS) Ni analysis and

AAS values for Al were used to obtain the final chemical composi-

tion. The elemental Al content of the IV A catalyst has large

-
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Table 3.1

Analysis of Catalyst Samples

Sample Weight percent
Ni Total Al Elemental 21.0,3H,0 Fe, O
2°3%% 2°3
Al
‘COM I 90.2+ 0.3 6.1% 0.2 4.3+ 0.3 5.3+ 0.6 0.29+ 0.02
COM I 90.5 " 6.2 " 4.6 " 4.6 " 0.29
CoM 89.4 " 5.6 " 3.1 " 7.2 " 0.28
COM 89.2 " 5.9 " 3.5 " 7.0 " 0.29 "
arra-1 76.8 " 10.5 " 4.5 v 17.3 " 1.43 "
IIA-2 70.3 " 11.7 " 2.7 " 26.1 " 0.92 "
IIA-2 71.1 " 11.8 " 3., " - 24.9 0.92 "
bria-3 69.9 14.9 * 7.1 " 23.0 " 0.22 v
brra-3  70.1 " 15.4 " 7.9 " 21.8 " 0.18
IV A 48.0 " 19.0 " 2.2 " 48.8 " 1.11 "
IV A 48.1 " 19.5 " 2.7 48.5 0.80 "
€1v a 49.5 "  17.9 " 1.0+0.1 48.7 " 0.80 "
Alloy A 50.1+ 0.1 48.7+ 0.1 - - 0.97 "
Ni/$iO, 8.63+ 0.04 - - - -

a: sample evacuated at 120°cC

-

b: sample evacuated at 107°C

c: sample evacuated at 117°¢



28

/

uncertainties, probably due to the nonhomogeneity of the sample
and large alumina trihydrate content. Another source o% error
comes from the storage liquid which cannot be removed completely
by eva%uat;on at room temperature and leads to a higher weight

of the sample than the actual weight. In this case the experi-

mental Ni and total Al ‘content is lower than the actual content.

3.3 X-RAY ANALYSIS

3.3.1 Introduction

In additioﬁ to nickel, Raney nickel contains small to
moderate amounts of alumina trihydrate, aluminum metal and hydro-
gen, the last two presumably as solid solutions in nickel. X-ray
powder patterns of the unactivated 50% Ni-Al alloy are those
expected for a mixture of N12A13 and NiAl3(25)., A partly ac-
tivated catalyst shows a diffraction pattern corresponding to
the intermetallic phases present in the initial §i§?y and the
nickel phase(13). Free aluminum metal was not detected by X-ray
diffraction, even in the partially activated Raney nickels. In
a completely activated sample only face centered cubic nickel was

q 14,25 (15,25) ynich is better

detecte and alumina trihydrate
crystallized than nickel.  Mars et.al.(zg) found in all the

Raney nickel samples distinct lines of AléNi (oxr A1Ni), but

2
could not ascertain the preéence of A1203°3H20. The lattice
constant of the cubic cell was determined by different authors
and it was found to be slightly in excess of the ao for pure

o _ :
nickel reported as 3.5238 A, but significantly smaller than the
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Q
lattice constant of NiH, reported as 3.721 A(66).

In this section X-ray poWder data for COM and IV A Raney
nickel,K are given, the bhases identified and the cubic cell

constant, a_, calculated.

3.3.2 Experimental Procédure and Results

X-ray powder spectra (Debye-Scherrer method) were taken
with a Philips Debye-Scherrer Powder Camera with a diameter of
114.83 mm (type PW 1024). A catalyst sample was transferred
from its storage pedium into a glass capillary which was sealed
at the ends. Thévspecimen was irradiated for 3 hours with |
molybdenum radiation monochromatized by using a zirconium filter
(50 KV and 12 mA being the tube voltage and current, respective-
ly). If the number of cryséallites irradiated is sufficiently‘

great, some crystals will, by chance, be at just the right

orientation foxy Bragy reflection:

nA = 2 d sin® (1)

where n is the order of reflection, A is the wavelength of

|
the monochromatic radiation in i, d is the interplanar spacing!(i)
and 6 is the angle of reflection. .

The reflected X-ray beams appear on cohes centred on the
direction of the incident beam, with 26 as the semivertical h
angle of each cone. The 114.83 mm camera is designed so that

. . \

2 mm measured on the film is equal to 1° Bragg angle. The dis-

tance between the diffracted lines on the film are read on the
!

" £film measuring instrument and using the Bragg law (1) the

interplanar spacings d, are calculated. The X-ray wavelength

A used in calculations was 0.71069 i.
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COM Raney nickel presented strong but broad lines, charac-
teristic to face centered cubic nickel. No othef phage was detec—,
ted. . IV A catalyst had faint, but sharp lines, due to alumina
trihydrate and stronger and broader lines, characteristic of nickel.
The X-ray spectra are shown in Fig. 3.2 and the interplanar spacings
are presented in Tablé 3.1. The diffraction lines for Ni, Al,

NiO and several Ni-Al intermetallic phases are given in Table

3.3; gibbite and bayerite interplanar spacings are found in Table
3.4(65)

.3.3 Discussion \
he X~ray diffraction spectrum of the CTOM sample evacuated
at 23°C shows the linescharacteristic of face-centered-cubic

, . o
nickel with a lattice constant of the cubic cell of 3.532x0.003A.

The lattice constant was calculated using the first 9 interplanar

spacings in the COM X-ray spectrum and the formula:

- 1/2
©ag = an® 4 k2 4 12) (2)

where a, is the lattice constant of the.cubic cell in i, d is
the interplanar spacing in i and h:k,i are the Mill indices
for the respective reflective plane. The ag for thelCOM catalyst
is higﬁer than a, for a pure nickel.sample (3.5238 A) but this
is to be expected for samples in which there is ‘a golid solution
-wi#h Al. Lattice spacings forusolid.soiutions of AJ in Ni

~ increase .about linearly with Al content; the work of Taylor and

Floyd(sg) leads to a linear relationship between the lattice

/
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Figure 3.1.

X-ray spectra of Raney nickels:

lower figure - IV A sample.

/

/

uppér figure - COM sample,
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Table 3.2

X-Ray Diffraction Analysis of the COM
and IV A types of Raney Nickel

*COM type Nickel Miller *Type IV A Bayerite Miller
Observed Inter- Indices Observed Al (OH) Indices
Inter- planar hkl Interplanar -Interpianar hkl
planar d Spacing d spacing d spacing
d Spacing () (a) (A)

R)
- / ’ 4.72+0.46 4.72 | 001
! 4.34+0.42 4.35 ! 110,020
. 2.19+0.31 3.20 111,021
2.222+0.21 2.222 201,131
2.041+0.20 2.034 111 2.037+0.13
1.763+0.17 1.762 200 1.767+0.17
1.725+~.17 1.723 202,132
1.448+0.14 1.445 060-
1.322+0.13 1.392 331,160
1.330+£0.13 1.333° ~ 161,203
1.245+0.12 1,246 220 1.245+0.12
1.169+0.12 1.170 004,421
1.064+0.10 1.062 311 1.064+0.10 <
1.019+0.10 1.017 222 1.018+0.10 ’ i
0.885+0.07 0,881 400 ‘
0.811+0.07 0.808 331 |
0.789+0.07 0.788 420 '
0.720+0.07 0,719 422
0.679+0.07 0.678 333

*Error expressed as percent relative error

1
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TABLE 3.3
X-ray diffraction data for Al, Ni, A13Ni, A13Ni2, AlNi, and NiO.
{ | g _!
Al Ni C.F.C. AlgN; AlaNi2 Al NG NiO
4,88 (11)
4,02 (40)
3,89 (70)
3,48 (50)
3,49 (12)
3,44 (100)
3,01 (40) .
2,84 (10) 2, 87 (40)
2,71 (3)
2,55 (30)
2,46 (40)
2,40 (20) 2,41 (91)
2,318 {100)
2,28 (5)
2,18 (70)
2,14 280)
2,07 (100) 2,088 (100)
2,024 (47) 2,034 (100) 2,01 (40) 2,01 (100) 2,02 (100)
. 2,00 (90)
1,97 (70) .
1,93 (100)
1,88 (30) 1,86 (7)
. 1,84 (30)
1,762 (42) 1,76 (20) 1,78 (3)
1,64 (3) 1,655 (20)
1,48 (3) 1,476 (57
1,431 (22) 1,42 (20) |,43_4 {(20)
1,32 (2)
. 1,28(3) 1,285 (10)
1,259 (16)
1,246 (21)
1,221 (24) 1,22 (2)
1,19 (2) 1,208 (13)
1,149 (7) 1,16 (65 8) 1,171 (70)
1,13 (3)
1,0624 (20) 1,05 (9) 1,044 {g)
1,03 (4)
1,0124 (2) 1,0172 (7) 1,01 (338) 1,015 (20)
0,983 (3) .
0,9582 (7)
0,9289 (8) 00,9338 (21)
0, 90355 (8)
0, 8810 (4)
' 0,8527 (17)
0, 8266 (8B)

0, 8084 (i14)
0,7880 (15)

0,8040 (7}




TABLE 3.4

X-ray diffraction data for gibbsite

and bayerite.

12-460
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m, 100 40 20 100 ALPHA ALUMINUY HYTRORIPE (Gisesuitg)
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1.79 | 10 i
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}
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]
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Coroff 1 1, Diffractometer. 4.71 90 001 1.969 7 |- o4
Ref Rothbsuer,’ligan and O'Daniel, 2. Krist , 125 4,35 70 110,020 |1 917 2 122
317-31 (1967) 4.14 <2 on 1 904 <2 230
3.29 <2 120 1835 2 141
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1.404 2 031 1.688 2 12
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lanes with multiple fndices {hkl). 2.184 <2 1} 1.554 s 311,241
2.156 2 m 1.523 « 142
2.073 1 | 112,022¢] 1 520 «2 142
1.993 <2 140 1.492 2 321
See following card 1.983 4 N 1.484 «2 232
~
20-11a )
+ f .12 4.7 .35 | am AL(OH) .
13,1 100 %0 70 %0 Aluaimm Hydroxide (Bayerite)
Red N . | ateer e T e 4 1G] hk
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constant ao and the Al content in a Ni-Al solid solution:

a, = 3.524 + O.lBl‘XAl ' (3)

“.\ )
where ag is the lattice constant in A of a Ni-Al solid solution with

X aluminum atom fiaction. The aluminum content for the COM

Al
catalyst calculated by formula (3) gives a value of 2.08 wt % Al,
compared with 3.47°wt & given by chemical analysis. Similarly for
the IV A Raney nickel a, was 3.530%£0,005 i /j/
This value leads to 1.55 wt % Al, compared with 2.30 wt
% obtained by chemical analysis. However, these values have
moderately large uncertainties inherent to the Debye—Schérrer
metho$ used. Greater accuracy is possible than with film methods
S& using a diffractometer, since the diffraction peaks are re-
corded directly by a proportional counter.
The strong but broad diffraction lines characteristic to
Ni presented by both COM and IV A X-ray spectraqsuggested small
Ni cryéta}lites. The faint but sharp lines characteristic to

bayerite, Al {OH) suggested that this material was present as

3’
fairly large crystallites in the IV A Raney nickel, in agreement
with the findings of Robertson and Andé;son(ls).

The lattice constant a, was 3.530-3,532 g, much smaller
than a, for NiH, 3.721 ;; undoubtedly, there was no nickel hydride
present in the Raney nickels analysed. Also; no nickel oxide
was detected by X-ray analysis.

However, Janke and Miche1(67) found by X—fay diffraciion

of a nickel cathodicaliy charged with hydrogen, different combi-

Id
i



36

nations between hydrogen and nickel. These compounds decompose

A,
1y

easily at room temperature. .

3.4 AbSORPTION STUDIES
3.4.1 General

Héas;;? conventional glass vacuum system(4s) was used fo measure
t éace area of the catalysts by the BET method and to per-
form chemisorption experiments. Each sample was placed in an
adsorption tube and evacuated at room or higher temperatures
overnight using a mercury diffusion pump backed by a conventional
rotary oil pump. When the McLeod gauge indicated a pressure of
less than 10“5 torr, the.sample was ready for adsorption measure-
ments.. Adsorption data wefe calculated per gram of sample after
this treatment.

3.4.2 Nitrogen Adsorption

(46) was used to determine the surface

The BET equation
area 6f the catalysts from the nitrogen adsorption isotherm at
77 K over a range of relative pressures from 0.05/to 0.3. The
surface areas of different Raney nickel preparations are given
in Table 3.5. All'sampies (except Ni/SiOz) were stored in
ethanol at 0°C or water at 25°C. The commercial Raney nickel
showed a very good stability, as far as surface area is concerned;
even after 3 years of séorage in water the surface area remained
.Virtually constant. Evacuation of the COM preparations at tem-

peratures above 550°C sintexred the catalyst decreasingnthg surface

‘area by as much as 77 %.
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Table 3.5
Summary of Surface Areas Determined from Nitrogen
) Adsorption Isotherm
Sample Temperature of Storage Storage BET Area
notation Evacuation (°C) Medium Time (m</g)
) {(months)

COoM 23 Water 6 80.1
COM 23 Water 6 81.5
COM 23 Water. 12 84.9
com® .7 530 Water 18 15.0
coma 537 Water 18 19.5
coMa 570 Water © 18 7.5
comb 580 Water 36 22.2
A~1 23 Ethanol 19 34.8

II A-1 23 Ethanol 19 29,2
IT A-1 - 570 Ethanol * 6 10.1
I a-2 23 : Ethanol 12 58.1
II A-2 23 - Bthanol 12 59.7
II A-3 23 Ethanol * 5 76.3
IV A 23 Ethanol 20 | 60.5
Ni/SiO2 23 - 329.3

a: sample used in a thermodesorption experiment
b: sample used in determining a hydrogen isobar

*: days
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Raney nickels II A and IV A stored under ethanol had a
lower surface area after 2 years of storage, the area decreasing
from 76.3 m2/g to 32 m2/g in 2 years of storage for the II-A
catalyst. A possible explanation for the decreasing of the surface
area with storage is—the diffusion of oxygen from the atmosphere
into the layer of Raney nickel. From simple considerations on

(47) calcu-

diffusion transport in an absorbing layer Mars et.al.
lated that for a Raney nickel storeq\in cyclohexane for 13 months,
the oxidized layer is 1 cm deep. Exgerimentally they found 0.8
cm. For the samples stored under ethanol there is alsc the
possibility of acetaldehyde formation and adsorption on Raney

nickel decreasing in this way the surface area(64).

3.4.3 Sufface Area of Nickel Metal

In addition to the nickel phase, Raney nickel may also
contain unreacted alloy, B-alumina trihydrate and trace amounts of
residual alkali. Several investigators have attempted to méa-

sure the amount of metallic nickel present in the surface. Xokes

and Emhétt(48) report a nickel area about 20% of the BET value;
Huff et.al.(49)’found 50% of the total area being nickel; Mars
et.al.(zg) concludgd that 90% of the catalyst surface was metallic;

Freel et.al.(so) found that the nickel area varied between 16%
and 85% of the total BET area, depending on the type and treat-
ment of the Raney nickel used. The surface area of metals can be
determiried by the chemisorption of a gas such as H, or CO, a
brief evacuation period, to remove the weakly chemisorbed gas,

(51-54)

followed by a second chemisorption . The method used in this
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study to determine the fraction of the surface as nickel was
taken from ref. 50: a hydrogen isotherm Hg was done at -196°C,

then the sample was evacuated at the same temperature for 30

II
2

chemisorbed, the intermediate evacuatién is done at -78°C. The

minutes, and a second H isotherm determined. When CO is

difference in the volumes adsorbed in the two chemisorption ex-

periments, H% - Hgl and/or col - col?

are used to calculate the
the metallic surface area. The nickel metal area as mz/g
catalyst is given by the relation:

VNo
S,.,. = (4)
Ni o sax10%) (10%)

II

where V is ul - allor co® - co in cc/g; N is

2 2
Avagadro's number and o is the effective molecular coverage

2
area as cm® per adsorbate molecule. The values used for o were

-16 2 (48) -16

13x10 cm” per molecule for carbon monoxide and 12x10

cm2 per molecule for hydrogen(53’17). In the case of hydrogen

it is considered that dissociative adsorption has occured, yiel-

-16

ding a value of 6x10 cm2 per hydrogen atom, If it. is assumed

that equal portions of most densely packed (111,110,100) planes
- of nickel are exposed and that 1 hydrogen atom is adsorbed on

each nickel atom on the surface, then 1 cc of chemisorbed hydrogen

2 of nickel surface (2%, 35 page 24) .

(-1
nickel atom will have a surface of 6.77 Az.

will correspond to 3.64 m

Surface nickel per g of catalyst is given by:

s = 2v(58.7) . " (5)

Ni 5 24x10
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It is assumed, again, that dissociative hydrogen adsorption
occurs with one hydrogen atom for each surface nickel atom or
molecular adsorption of CO occurs with a bridged orientation
between two nickel atoms. For the situation where one molecule
of CO adsorbs with a linear orientation on each surface nickel
atom the factor 2 is omitted from the numerator in eq. (5).

V is the chemisorbed gas ds cm3 {STP) per gram of catalyst and
2.24><104 is the molar volume in cm3 (STP) of an ideal gas a

1 atm. and 0°C. The type of isotherms obtained for CO and H,
chemisorption on a COM preparation is illustrated in Fig.3.2
and Fig. 3.3. Both isotherms are almost parallel and the volume

of chemisorbed CO and H, are 19.8 and 8.0 cc/g,respectively.

2
Using these values and eqg. (4) nickel surface area is calculated
for the commercial preparation. The data are presented in Table
3.6, A ratio of 2 will be expected between the volumes of CO
and H2 adsorbed, if CO is éhemisorbed in the linear form

Ni-C=0 and H dissociatively. The actual ratio is 2.47,

2!
probably due to the fact that hydrogen chemisorption is decreased
by the hydrogen already present on the surface of nickel. The
chemisorption of CO is decreased to a smaller extent by the

hydrogen layer. The Dutch grouptzg)

suggested that about 1/2 of
the chemisorbed hydrogen remains on the Raney nickel after
evacuation at about 90°C, and more hydrogen is left when the
sample is evacuated at 23°C. On this basis the area estimated

from hydrogen adsorption for the COM sample evacuated at 23°C
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should be increased by, at least, a factor of 2. This correc-
tion substantially improves the agreement between wvalues of
fraction of surface as nickel determined from CO chemisorption

(69.2 ygfg) and H
(53)

2 chemisorption (29.1 mz/g). Brooks and

Christopher found an average ratio of 2.64 between the

volumes of CO and H
{(50)

2 chemisorbed on a Ni/A1203 catalyst and

Anderson et al. report an average ratio of 1.7 (1.97 for the
COM catalyst) for different Raney nickel catalysts. It should
be mentioned that the chemisorption of both gases may be.influenced
by residual hydrogen remaining on the Raney nickel after evacua-
tion at 23°C. Also the presence of residual alumina and the

interaction of the catalyst and storage~liquid occuring during

storage could affect the chemisorption of CO and H,.

3.4.4 Hydrogen Adsorption Isobars
3.4.4.1 Experimental Results

After examining the composition of the Raney nickel surface
by the low éemperature chemisorption of hydrogen and ¢a¥bon
monoxide, determination of isobars for hydrog from -195°C to
580°C in both increasing and decreasing temperé%ure sequences was
done. The purpose of this work was to find out if the hydrogen
adsorbed at higher temperatures decreases the chemisorp-
tion 33 -195°C. Two different samples were used in these experi-
ments: II A and commercial Raney nickel, grade 28, The proper-

' ties of th€se two catalysts are summarized in Table 3.7.

o
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Table 3.7

Adsorption Data for COM and II A Raney Nickels

Catalyst Storage Age BET area AHo ACO % Nickel®
i id 2
Ligui (m2/g) cc (STP)/g cc(STP) /g Area
COoM Water 3 years 80.1 8 19.8 69.2
1z AP Ethanol 2 months 92 9.4 14.4 59.3

a: nickel areas were estimated from CO chemisorption

b: adsorption data from ref. 50

The experimental procedure used for the COM sample was
the following: Raney nickel was:transferred under water into the
adsorption tube and the.storage liguid removed by evacuation.
When no more liquid was left on the sample, the adsorption #ube
was heated to 106°C and evacuated for 40 hrs. This p%ecaﬁtion
was taken in order to prevent an explosive reaction occurring
between the storage liguid and the catalyst during evacuation.
When the McLeod gauge indicated a vacuum of about 10"'5 torr, the
sample was weighted (0.9134 g) and the experiment was started.
The dead space was measured with helium. An amount of hydrogen of
about 78 cc(STP) was iﬁtroduced over the sampLe at a pressure
of about 300 torr and a temperéture of -196°C (liquid nitrogen
bath). The "equilibrium" was reached in 3 minutes but 2 more
hours were allowed to see if any further adsorption occured.

Then the temperature was increased to -77°C (dry ice and acetone

N
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bath) and, successively to 0°C, 25°C and 106°C; the same

procedure was used in decreasing the temperature from 106°C to
-196°C. Th# catalyst was evacuated overnight at 251°C and another
isobar was taken. The same procedure was repeated for evacuation
temperatures of 400°C and 580°C. The isobar for the evacuation
temperature of 23°C was done with a fresh sample evacuated for'

24 hrs at room temperature. The adsérption data for the II A

Raney nickel were taken in an increasing temperature sequence

from -196°C to 0°C and then back to -196°C. The isobar was then
continued to higher temperatures, the maximum adsorption temperature
being the temperature of the evacuation of the catalyst. The
adsorption data for the hydrogen isobars are presented in Tables

3.8 and 3.9. The amounts of hydrogen adsorbed per gram of catalyst
after a maximum equilibration time of 2 hours a; 300 torr for /
COM and 140 torr for II A Raney nickel as the temperature is raised
in steps from the lowest temperature, i.e., -196°C are shown in

the third column. The 4th column in each case gives the data for
adsorption as the temperéture is lowered in steps from the highest

temperature to -196°C. The corresponding adsdrption isobars are
“~n

plotted in Figs. 3.4 and 3.5.

3.4.4.2 Discussion of the Hydrogen Isobars
The'hydrogen isobars 1 and 2 (Fig. 3.4) for the COM Ragey
nickel are similar to those of Benton and White °>) for Ni pow-
dér catalysts and Taylor and Sédek(ss) for nickel on kieseléuhr.
The ascending temperature isobars show a minimum at -77°C and

a sharp rise in adsorption from -77°C to 0°C. The descending
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Table 3.8
Hydrogen Adsorption Isobars on COM Raney Nickel at Py ~ 300 Torr
‘ 2
Temperature of Temperature Volume of H2 adsorbed
3 -] (-]
Evacuation (°C) (°C) ce (STP) /g
Increasing Decreasing
Temperature Temperature
23 -196 5.31 10.02
- 77 3.56 7.74
0 6.85 6.98
23 6.89
106 -196 8.25 13.90
- 77 6.55 11.58
0 8.95 10.86
25 9.63 10.72
106 10.08
251 ~-196 < 9.21 11.28
- 77 7.46 9.03
0 6.62 8.02
25 6.47 7.85
82 7.25
106 6.32
250 5.42
400 1 ~196 4.50 7.62
- 77 5.05 5.72
0 4.35 4.71
- 25 4.17 4.55 -
117 3.73
197 3.06 :
357 2.09
580 -196 2.58 3.64
- 77 .82 2.34
0 ‘ : 1.82 . 1.97
24 1.72 1.93
102 - ‘ 1.63
105 1.47
237 . 1.01
537 ‘ 0.32




Hydrogen Adsorption Isobars on II A Raney Nickel at Py

Table 3.9
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A 140 torr
2

Temperature

Temperature Volume of H2 adsorbed
s - o
Evacuation (°C) (°C) cc(STP) /g
Increasing Decreasing
Temperature Temperature
0 ~-196 3.11 8.07
- 77 5.52 5.98
0] 5.01
204 -196 4.48 10.37
. - 77 7.29 8.51
0" 6.91
27 7.08
198 5.68
302 -196 7.38 10.95
- 77 7.00 7.31
0 6.00
27 5.55
113 4.79
201 4.15
300 3.17

a: sample evacuated at 0° for 96 hrs.



-
PRI e e ———— . b e e . e sttt A et i e -

49

*18YoTu Leuey WOD UO sIeqoST uoTidrospe usloapAy p'¢ @andt1g

( o) NIV

0,9,% 00%

00<

Q0

JdiN3L
0

00l -

00z- O

i

ome 1
OOO‘W (|
ier X
90! t

)£2 1V NOJLVNIVA3

o
)
o
v
<

i

O, < N

e ®)
~ (6/(d1S)29)a3940Sav INAT0A




Aot e e e =

50

&
19%oTu Asuey y

II uo sieqost uotidiospe usBoxpAH §°'¢ 9andtj

| (0,) 34N LYY IdANAL
00¢ 00¢ OO0l O - 00l- 00c-.
! I L ! T T
€ . -0
1 b
19
18
ONOm N t O
ovON ‘e (L v
20 LV NOWvNOvAIo 101

( 6/4d.1S)09) 0IHOSAY IWNTOA



51 L

. ) -
temperature isobars 1 and 2 deviate progressively from the as¢en-
ding temperature isobars, the maximum deviation being at -77°C and
-196°C., The other isobars (4 and 5) do not have é minimumh but they
also show a maximum deviaéion for the desceﬂding,ﬁehperagure isoba;s
at -196°C. The descending temperature isobar 3 ﬁas an almost con-
stant (~ 21%) higher adsorption than the ascending one. The maximum
deviation between the ascen&ing and the descending temperature iso-
baifjfor the II A catalyst occurs at -196°C for all three curves.
Thé/minimum in the isobars 1 and 2 for the COM catalyst can be ex-
plained as follows. -

Chemisorption frequently has an activation energy and pro-
ceeds at a limited rate which increases with increasingvtemperéture.
The rate only becomes measurable above some minimum temperature. One
therefore encounters the anomaly that the amount chemisorbed may

(57) giscussed this kind

increase with increasing temperature. Taylor
of isobar with the aid of a diagram similar to Fig. 3.6. The curve
ABCD represents the isobar for the measured, or total, adsorption.
Thé'curve ABB' is the eqguilibrium curve for low'temperature adsorption
or tyée,c chemisorption (ref. 58, page 93) and the curve C!CPH is the
equilibrium curve for chemisorption, each falling monotonically with
increasing temperature. At.low temperature the rate of chemiso;ption
is so slow that the amount taken up within the period of each measure-
ment is negligible. At B the rate is high enough to produce an ap-
preciable coﬁtribu;ion to the total adsorption. The contribution of
the chemisorption to the total adsorption increases along the line

BC and at C the équilibrium is reached. The curve BC represents a.
false é&uii&brium and adsorption continues to increase as a function

of time along BC. Along CD the contribution of the low temperature

--adsorption becomes negligible.
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As the critical temperature of hydrogen (-241°C) is
significantly lower than the lowest temperature at which the
adsorption measurement was done (-196°C), it is not likely that
the physisorption of hydrogen occurred on the COM Raney nickel,
but only a low tem#erature chemisorption took place in the range
-196°C -+ -77°C. On evaporated nickel films the processes of
chemisorption were rapid and complete down to temperatures of

(59)

liguid nitrogen and on reduced nickel catalysts Euken and

(

Hunsmann 60) found that at liguid air temperatures and higher
the process occurring was chemisorption with a heat of adsorption
of ~ 20 Kcal/mole.

A second feature presented by all isobars is that adsorp-
tions with decreasing temperatures lie above the isobar for
increasing temperatures, a phenomenon which was not observed

(61) yyis

with nickel films. As Taylor pointed out in 1947
phenomenon is due to the non-uniformity of the nickel surface,
i.e., that due to a combined operation of the heat of adsorption
and the activation energy of adsorption, there might result
conditions at a given temperature, under whié% only a fraction
of the available surface might be involved in the activated
-gdsorption. Because of the nonuniformity of the surféce, on
increasing the temperature, desorption occurs and, on cooling

in the same temperature range there is an increased adsorption

compared to the ascending isobar.

By increasing the evacuation temperature of the Raney
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nickel the surface becomes more uniform, the difference between
the ascending and the descending‘temperature isobar being
smaller. The total amount of hydrogen adsorbed at -196°C for the
COM sample decreases from 13.9 cc(STP)/g for the catalyst evacua-
ted at 406°C to 3.64 cc/g for the evacuation temperature of
580°C, indicating that sintering has occurred (Fig. 3.7). Also,
the total surface area decreased from 80.1 m2/g to 22.2 mz/g.

The highest adsorption capacity for hydrogen was presented
by the COM catalyst evacuated at 106°C due to the removal of part
of the hydrogen already present on Raney nickel (which starts
to be evolved at ~ 70°C) and of traces of storage ligquid (water)
whicﬂ are probably still present on samples evacuated at 23°C.

In determining the metallic surface area for COM Raney nickel
evacuated at 23°C,'an amount of 8 cc/g of hydrogen was found com-
pazred with 13.9 cc/g on the COM sample evacuated at 106°C. The
adsorption of the extra 5.9 cc/g can be explained as follows:
1) The evacuation at 106°C created new adsorption sites for
H, and/or removed some of the "adherent" water and hydrogen,
or
2) the hydrogen was "absorbed" into the nickel lattice, probably
as hydrogen atoms.
Freel et al.(so),found a maximum amount of chemisorbed H, at -196°C
on a COM sample evacuated at 130°C of 9.6 cc/g. The total surface
area of their Raney nickel was 82 mz/g. This argument favors
the hypothesis of hydrogen being present as a substitutional

nickel-hydrogen solid solution. The solubility of hydrogen in
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the lattice or exothermic entry of'hydrggen into the nickel
lattice at temperatures between -195°C and -77°C was suggested
by Beeck et. al.isz).

The IXI A Raney nickel evacuated at 302°C showed a
maximum in adsorption of hydrogen at -196°C, but the rest of
the isobar was below that of the curve 2 (see Fig. 3.5): Thus

the II A evacuated at 204°C showed the maximum adsorption for

hydrogen. In this case sintering started to occur after 300°C.

3.4.4.3 Conclusions

The isobars for COM Raney nickel showed a minimum and a
maximum for the sample evacuated at 23°C and 106°C. The minimum
and maximum were eliminated from the isobars at higher evacuation
temperatures. There wasﬁg difference between the ascending
and descending temperature isobars and the maximum in the adsorption
of hydrogen at -196°C was noted for evacuation temperatures of
106-204°C.

The surface of Raney nickel is heterogeneous; evacuation
at temperatures higher than 204°C favors a reduction in the
heterogeneity of the sur?age and sintering.

The evacuation at temperatures between 106°C~204°C re-
moved part of the adsorbed hydrogen and/or storage ligquid from

!

the catalyst surface, increasing the adsorption of hydrogen

»



CHAPTER 4

HYDROGEN EVOLUTION ON SOLUTION OF CATALYSTS IN
HYDROCHLORIC ACID

4.1 GENERAL
One of the earliest methods of determining the hydrogen

content of Raney nickel(76)

is by dissolving it in acids and
measuring the amount of hydrogen evolved. The equivalent amount
of hydrogen formed by solution of the metal components is,
calculated from the concentration of metal ions in the qéid
solution assuming all were present as metals in the catalyst.
The difference between the amounts evolved and calculated gives
the hydrogen content of the catalyst. This method would seem
ideal for measuring the hydrogen content of the catalysf, i.e.,
the hydrogen chemisorbed and dissolved in'Raney nickel. The
method eliminates the disadvantages of thermodesorption, i.e.,
the possibility of oxidation of elemental aluminum at higher
temperatures by the storage liquid or water associated with the
alumina trihydrate and producing additional hydrogén. However,
the accuracy of the method is low due to several factors which
will be discussed later. This chapter presents the hydrochloric
acid dissolution of commercial catalysts to determine their hydro-
gen content and the amalgamation of Raney nickel with evolution

of hydrogen.

57
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4.2 EXPERIMENTAL PROCEDURE AND RESULTS

The hydrogen evolved during the dissolution of Raney
nickel in hydrochloric acid was measured in a volumetric adsorp-
tion apparatus equipped with a manostat and a calibrated burette.
The description of the‘apparatus will be given in the next
chapter. The adsorption bulb was large enough (37 mm diameter)
to a;comodate HC1l solution required for the complete dissolution
of the catalyst. The samples were evacuated overnight at 23°C

> torr and then the weight of the

until the vacuum reached 10~
dryfsample was determined.Correctionfor the error introduced

by the weight of the air removed by evacuation was made. The
void space of the apparatus, a liquid nitrogen trap and adsorp-
tion tube was determined with helium at 23°C. The procedure is
identical with that used for the thermodesorptionand described
in Appendix B./é:;ueous solution of HCl was poured into the
funne; é (see Fig. 4.1) making sure that no air bubbles wére
formed. TQ'SIOW down ;he violent reaction between Raney nickel
and hydrocﬁloric acid, the adsorption bulb ¢ was im@ffsed in a
liguid nitrogen bath. The teflon stopcock_g was then opened
carefully to allow small amounts of agueous HCl to reach the
sample. The acid solution froze instantaneously and it was
allqwed to melt and react with the catalyst first in an ice bath
and finally at 23°C. 1In some cases/ﬁbt water bath was usedzor

thg bulb was gently heated with a flame to dissolve as much

Raney nickel as possible. A liquid nitrogen trap was used
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[__‘ QA vacuum teflon stopcocli

o b funne! for HCl orHg addition
C Raney nickel sample

d to vacuum

C

Figure 4.1 Adsorption tube for hydrochloric acid dissolution and amalga-

mation of Raney nickel.
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between the adsorption bulb and the rest of the adsorption
apparagns to condense water vapor and HCl. After all or most

of the Raney nickel was dissolved, the volume of hydrogen was
determined making the correction for the volume of acid solution
in the adsorption bulb. The Raney nickel solution was trans-
ferred into a 250 ml beaker.and filtered through a medium

porosity fritted-disc crucible. The insoluble material was

dried at 100°C to constant weight, and the Raney nickel solution
diluted to 500 ml in a volumetric flask. 50 ml aliquots were
taken for chemical analysis: nickel was analyzed by the dimethyl-
glioxime.metﬁod and by titration with EDTA.- Al was analyzed
volumetrically by chelatometry. In calculating the amount of
hydrogen corresponding to the concentration of Ni+?Kand Al+3

ions in solution an important factor to be considered is’ the solu-
bility of the alumina trihydrate in hydrochloric acid. Aubry(76)
considers that alumina trihydrate is practically insoluble in

l.(29) removed soluble

agueous 1:20 HCl solution. Mars et.a
A1203 with a caustic soda solution before the Raney nickel

sample is dissolved in 6N HCl. The author of the present thesis be-
1iev§3 that neither one of these methods is adequate. 1:20
hydrochloric acid has a normality slightly less than 0.6 N.

As can be seen from Table 4.1, 11.32% of A1203-3H20 is soluble

in 1N HCl. When a Raney nickel sample is dissolved in hydrochloric.
acid not only metallic¢ Al is soluble in acid, but also a frac-

tion of alumina, leading to a larger calculated amount of

hydrogen. On the other hand, removing soluble A1203 by washing
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Raney nickel with alkali changes the metallic aluminum content
of the catalyst and might change the hydrogen content of that
particular sample. The method used in this study was to compare
the aluminum content of the Raney nickel solution with the ele-
mental Al content from the chemical composition of that Raney
nickel sample. In most cases part of the alumina was dissolved
by HCl. For example, by dissolving 0.2903 g of COM I Raney
nickel in 4N HCl, 126.1 cc(STP) of hydrogen was evolved. The
amount of nickel found in solution was 260.7:x0.7 mg and Al was
15.720.1 mg or 5.41 wt &. The corresponding amount of hydrogen
{(1.246 cc(STP)/mg Al and 0.382 cc{STP)/mg Ni) is 119.1*0.4
cc(STP), leading to a hydrogen content of 24.2%1.4 cc(STP)/g of
catalyst. However, the metallic Al content of COM I Raney
nickel is estimated to be 4.43%0.25%, the remaining 0.98:0.25%
being aluminum from alumina trihydrate. The corrected amount

of hydrogen due to Ni and Al is 115.6%*1.2 cc(STP). This calcu-
lation gives a hydrogen content of 36.2%4.1 cc{STP)/g of catalyst.

A summary of the results is presented in Table 4.2.

4.3 DISCUSSION AND CONCLUSIONS

A comparisoh between the corrected and uncorrected hydrogen .
content of the commercial catalyst determined by dissolution in
acids and the hydrogen content determined by thermodesorption is

given below:
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(Uncorrected) Hydrogen (Corrected) Hydrogen Hydrogen Content

Content by Acid Content by Acid by Thermodesorp-
Dissolution - Dissolution tion
cc (STP) /g cc (sTP) /g cc (8STP) /g
21.3x5.1 33.8x7.7 22.031.%

4

It can be seen that the precision of the results obtained by HC1l
dissolution is quite low (i 24% error for the uncorrected hydrogen
content). The main disadvantage is due to the solubility of the
alumina in hydrochloric acid and the correction introduced because
of this factor is approximate. Another disadvantage of the me-
thod leading to low accuracy is that the amount of hydrogen con-
tained by the catalyst is small compared to the total amount of
hydrogen evolved during the dissolution process. Samples wifh
higher hydrogen content as determined by thermodesorption, could
not be used in these experiments because of their high

aluminag content, between 17.3—49:0 wt %, compared to 5-~7 wt %,
the alumina content of thé commercial Raney.nickel.

Even if one considers the lewef limit of the hydrogen con-
tent (uncorrected), 16.2 cc(STP)/g catalyst, this value represents
more hydrogen than the surface can accomodate by chemisorption
at room temperature. The largest amount of hydrogen chemiscrbed
at -196°C by a commercial prepgration evacuated at 23°C and

-5 torr, was 10.02 cc({STP)/g {(see Table 3.8). The strongly '

10
chemisorbed hydgogén by the same type of Raney nickel at -196°C

was 8 cc(STP)/g (see Table 3.6). .
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The conclusion is that part of the hydrogen is dissolved
in Raney nickel, probably as a nickel-aluminum-hydrogen solid
solution. However, Mars et.al.(zg) found 27+1 cc(STP)/g of
hydrogen by dissolving Raney nickel in HCl and claim that it is

all chemisorbed hydrogen.

4.4 IMMERSION OF RANEY NICKEL IN MERCURY

In these experiments, the catalysts were evacuated at 23°C
and lQ'S torr in the adsorption tube provided with a funnel
(see Fig. 4.1) and then Hg was added to the catalyst. A variable
amount of hydrogen was measured in the adsorption apparatus,
between 7.5 and 14 cc(STP)/g if the determination was made at
239C for a commercial preparation. When the adsorption bulb was
heated gently in a flame, the amount of hydrogen evolved increased
to 16.1+0.4 cc(STP)/g. In similar experiments II A Raney nickel
evolved 12.0 cc(STP)H,/g and 13.1 cc(STP)H,/g at 23°c. Aubry(76)
and Moreau(27) found that 17 cc(STP)/g H, were evolved by
amalgam;tion of Raney nickel at room temperaéure. Moreau postu-
lates the formation of a ternary amalgam (Hg,Ni,H) containing
2% nickel. |

As the nickel amalgam is formed, the chemisorbed hydrogen

is displaced from the surface of the catalyst.
(77)

found that aluminum reacts with

- .
water vapor in the presence of traces of mercury at temperatures

Hackspill and Rohmer

between 0°9C and 90°cC.

As Raney nickel contains metallic aluminum and water bound
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to aluminum trihydrate and "adherent" water, it is conceivable
that hydrogen can also be produced by the reaction of Al and
H,0 when merc;ry is added to the Raney nickel.

It was interesting\to note that the COM catalyst reacted
with mercury faster and eaﬁ{er than II A. Hydrogen started to
evolve immediately after mercury was added to the COM sample.
The II A Raney nickel needed some time to react with mercury
and the sample tube had to be tapped to increase the rate of
hydrogen evolution at room temperature.

A possible explanation for the different behaviour of COM
and II.A Raney nickels towards mercury is their different bulk
and surface composition. Larger amounts of alumina trihydrate
present in II A catalyst could block the pores and prevent the
formation of a Ni-H-Hg alloy. Also, acetaldehyde and ethanol
adsorbed on the catalyst surface would make the reaction between

*

mercury and nickel more difficult.



CHAPTER 5

THERMODESORPTION

5.1 GENERAL
Thermodesorption is a physical method of determining
the hydrogen content of Raney nickel catalysts. It consists

mainly of hydrogen deso}ption during heating of catalyst and

.

——d -
determining the hydrogen volumetrically by measuring éas v

voihmescn:by means of a thermal conductivity- cell in thé:dynamic
system. Compared to the chemiéal methods of determining the
hydrogen content it has the advantage of a better precision and
accuracy. However, the reproducibility of the resuy?ts is a
function of the evacuation procedure and temperature of the sample,
the heating rate, storage liquid and age of Fhe catalyst. During

\
thermodesorption, the storage liquid and watér bound to the

alumina trihydrate contained by the sample can react with the

‘Ni and Al components of the Raney nickel and form additional

hydrogen and other products. This chapter describes thermodesorp-
tion experiments with different types of Raney nickel, the analysis
of gases evolved by gas chromatography and discusses the possible
correlations between the amount and composition of gases evolved
and the chemical composition and storage conditions of vafiéué

types of catalysts. . ‘ -
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5.2 EXPERIMENTAL
5.2.1 Sample Preparation
The samples used in the present experiments were the

following types of Raney nickel: II A, II A-1, II A-2, II A-3,

IIT A and IV A, all stored under absolute ethanol at 0°C for in-
\5ervals between 1 day and 2 years. The preparaﬁion of II A Raney
éickel was described in Chapter 2. III A catalysts were prepared
hﬁy adding alloy A to a 20% agqueous solution of boiling alkali.

The resulting catalyst was similar to COM Raney nickel: large pore
volume, BET surface area of about 70 mzyg and a chemical compoéitién
guite similar to the COMJsample. Also, the commercial preparations
stored undif water at room temperature for periods of several
months/ég)Bg)months were used. The preparation of the sample was
done in the same way as in the hydrochloric acid dissolution ex-
periments. The samples were placed in an adsorption tube and were
evacuated overnight or ‘for longer periods of time at 23°C until a
"sticking" vacuum was obtained on the McLeod gauge, indicating

a pressure of less than 10—5 torrx. The sample was then re;dy for
adsorption and the storage liquid was assumed to be removed from
the catalyst. Hydrogen evolution data were calculated per gram

of sample after this treatment.

5.2.2 Adsorption Apparatus

The description of the adsorption apparatus and its
diagram was adapted from ref. 79. The Pyrex volumetric appara-
tus equipped with a manostat and a calibrated burette (Fig. 5.1),

] - . -
is a constant pressure, variable volume system. It corisists of
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(80)
5 bulbs of calibrated volumes .. of 4,597, 16.308, 22.756,
/

49.424 and 135.057 cc; a calibrated graduaéed burette of 100 cc
capacity and a mercury manometer, all connected by capillary
tubing to the sample tube and to a vacuum system and gas storage
section. A liquid nitrogen trap prevents water vapor entering
the adsorption system and affecting experimental results. The
volume of gas invthe burette could beraltered continuously by
the raising or lowering of a mercury levelling bulb connected

to it by rubber tubing. Air which diffused through this tubing.
accumulated in a sealed trap which is not shown, and thus éould
not leak into the burette. During hférogen evolution experiments
the levelling Bulb was automatically lowered in small steps by a
reversible 3 rpm motor which was activated when mercury in the
left leg of the manometer breaks the electrical contact at the
reference mark to maintain constant pressure. Similarly, ag gas
is removed from the burette system by adsorption; the mechauiém
can be set to raise the levelling bulb. The gas bulbs and the
burette have water jackets through which water from a constant
temperature bath is circulated at 25°C. A McLeod gauge (not
shown) is included in the system to check the vacuum obtained
prior to introduciné He into the system and before starting a

5 torr is

thermodesorption experiment. A vacuum of at least 10
obtained with -a mercury diffusion pump in series with a rotary
vacuum pump. The void‘SPACe (Vv), the volume of the capillary
tubing to the right of S, (not accounted for by the burette and

gas bulb) in Fig. 5.1, the voplume between S2 and 83 including



*snjexedde uoradaospy 1°s eanSry

7777

COVA oA
| -
Ay () - W&
- - . ﬂﬁv )
| M dval
1 ) - \r
O u%
\_ J
¢S




71

the trap and the volume below S3 including the adsorption tube,
was determined with helium as 108.10%1.72 cc at room temperature
with the trap immersed in liquid nitrogen. The method of deter~
mining the void volume is given in Appendix B. The void space

for two different adsorptién tubes when no liquid nitrogen trap
was used was 29.69:0.78jcc and 23.25%0.76 cc. The volume of

the capillary tubing to the right of S, was 11.86 cc at room
temperature, T weight of the catalyst and the rate of heating
were chosen such that the rate of hydrogén evolution allowed the
mercury to reach a stable level after each adjustment by the
manéstat, as it was difficult to obtain a true reading during

or immediately after a mercury level adjustment. After the void
volume was determined with He, the adsorption system had beeﬁ
evacuated and the sample heated by means of a furnace at a heating
rate of about 2°C/min to 700°C. The evolved hydrogen built up
pressure in the calibrated sections to a pre~-set level and there-
after the manostat motor operated iﬁ the usual way. Volume
measurements could be made after reaching this pressure. The
volume of hydrogen per gram of catalyst can be calculated as

follows:

\"

GC(STP)szg = (273.16xV1xP)/(760x298.l§xweight of catalyst (g))

(1)

+ (273.lGXVZXP)/(760*waeight of catalyst (g))
\

where V1'= (VB + VGB + v,

~ bulbs, VGB is the volume o

-V, in dm3, Vg is the volume of gas
he graduated burette, v, is the void

volume, vV, is about 5 cc T is the temperature of the adsorp-
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tion tube in K. ,

The volume of the adsorption tube in the furnace was
about 5 cc, the rest of the'adsorption system was at 25°C with
the exception of the liquid nitrogen trap. 1In calculating the
volume of hydrogen evolved a correction was made for the tem-
perature differences between the part of the adsorption tube at
thegfurnace temperature and the rest of the adsorption system
at 25°C. Pressure readings were corrected for mercury expansion
from 0°C. 24 hours after the end of the experiment when there
was no further volume change, another measurement of the volume of
gas was made at room temperature and the amount of the readsorbed
gas was calculated. The sample was weighed éné the weight loss

-

used in mass balance calculations.

5.2.3 The Composition of the Evolved Gases in Thermo-
desorption and of the Storage Liquid

,ﬁ.2.3.1 The Action of Raney Nickel on Alcohols

1(64) noticed that a Raney nickel stored under absolute

Pau
ethanol develops, after. a certain period of ti?e, a distinctive
smell of acetaldehyde. If é small amount of Raney nickel is aéded
to a few milliliters of ethanol at room temperature, aftef 3
hours the acetaldehyde is detected with Schiff's reagent. 5 g
of Raney nickel in 50 ml of absolute ethanol produce in three
months a concentration ofil g/l of acetaldehyde and has its
characteristic smell.After 4 years the.concentration of acetalde-

hyde was 1.3 g/1. Paul claimed that acetic acid was also

formed and it dissolved nickel, diminishing the catalytic activity.
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After 4 years the concentration of nickel salts was 11.1 g/l
and the color of the storage ethanol became pale green. The main
reaction taking place was the dehydrogenation of ethanol to

acetaldehyde:
RNi
3-CH2—OH —_— CH3—CHO + Hy, . (2)

ethanol acetaldehyde

CH

If allylic alcohol, CH =CH-CH2—OH is distilled over Raney nickel,

2

propionaldehyde, CH3CH2CHO, is formed and the following gases

are evolved: carbon monoxide (23%), ethylene and propylene (25%)

and hydrogen (52%).

Alcohols can decompose in three ways(Sl):
1) dehydrogenationto an aldehyde, CZHSOH + CH,CHO+H,
2) deformylate to an olefin or paraffin with a carbon

number one less than that of the alcohol,C OH - CH4+H2+CO

2"5
3) dehydrate to the corresponding olefin
Csz-OH -+ CH2 = CH2 + H2O .

(82)

In the presence of nickel catalysts at 150°C-190°C and

atmospheric pressure;hydrogenolxsis of aliphatic alcohols includes
reductive dehydroxyiation, reductive dehydroxymethylation and
formation of ethers. Hydrogenolysis of ethanol in these condi-
tions.can lead to the formation of acetaldehyde, ethane, methane
and carbon monoxide. .

(25)

Kokes and Emmett showed that samples of Raney nickel

stored under CH36H and C,H,OH yielded large amounts of methane

when degassed and heated to evolve hydrogen. Mars et.al.(zg)
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found only traces of methane by mass-spectfometer analysis in
the hydrogen evolved by Raney nickels stored undef organic
solvents. Surprisingly no other researchers reported any im-
purities in the hydrogen evolved by heating Raney nickels stored

under ethanol.

5.2.3.2 The Composition of the Storage Liquid.
Experimental

The storage ethanol of three different types of Raney
nickels stored for different periods of time was analyzed by
gas chromatography. A model A90P-3 Varian Aerograph chromato-~
graph with a thermal conductivity detector was used. The con-
ditions of the analysis were the following: impregnated celite
1/4 inch o.d. copper tubing colump at 105°C, temperature of
the katharometer was 135°C, inéector temperature was 135°C,
hydrogen flow rate was 93 cc/min and the filament current was
200 ma, 100 pl syringe was used to.inject the ethanol samples.
The only impurity in the fre§h absolute ethanol used as storage
liquid was benzene/ about 2 wt %, unexpectedly high. However,
inbthe storage liguid the benzene was 0.02 wt %, suggesting that
it was adsorbed on Raney nickel during storage and/or particiég—

ted in a reaction. The storage ethanol contained acetaldehyde

- between about 0.1 to 1 wt . The analytical data for the forma-

tion of acetaldéhyde are giveqéi% Table 5.1. These values are

approximate but they indicate clearly an increase in the concen-
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Table 5.1

Analytical Data for the Formation of Acetaldehyde
in Storage Ethanol at 0° C

Catalyst -~ Storage Time Acetaldehyde in Ethanol

(months)
wt % g/g Ni
IV A 24 1.01+ 0.03 5.11x10° 2 + 1.52x10-3
IT A-1 21 0.46+ 0.01 3.95x10"2 + 0.86x10" 3
II A-3 3 0.016+0.003 0.55x10"2 + 0.15x10™ 3
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tration of acetaldehyde in ethanol with storage time.

Acetaldehyde and ethanol are strongly adsorbed on the
surface of Raney nickel and cannot be removed by evacuation at
room temperature and 10—5 torr even after a period of several .
days. The 1iquid~frozen in the liquid nitrogen trap during a
thermodesorption experiment and analyzed by gas chromatography
showed the presence of C2H50H and CHBCHO, the ratio C2H50H/CH3CHO
being equal to 2.3 for II A-3 Raney nickel.

.

5.2.3.3 Analysis of Gases Evolved in Thermo-
desorption. Experimental

At the beginning of thermodesorption experiments, gas
samples of the evolved gases in the adsorption apparatus analyzed
by mass spectroscopy showed only traces of organic ions. However,
a2 mass balance could not be established after a "hydrogen" evo-
lution experiment and a gas chromatographic (G.C.) analysis of
the evolved gases was done. Details of the GC analysis are given
in Appendix B. Type II ftalysts were characterized by a much
greatexr volume of gas evolved and by evolution starting at 70°C
compared with 100°C for the‘COM catalysts. The rate of gas
evolution had a maximum at about 220°C for COM and 200°C for
II A Raney nickels. At this temperature water vapor and possibly

ethanol started to condense on the walls of the adsorption tube
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Alumina trihydrate loses most of tts water at 220°C(77).
Gas composition data are given in Table 5.2, gas evolution,
analytical and adsorption data on fully extracted catalysts

are given in Table 5.3 and on partly extracted Raney nickels

in Table 5.4.

5.2.4 Interpretation of Results and Discussion

Table 5.2 shows that Raney nickels stored in ethanol

for at least four months evolved CO and CH4 on heating to
700°C. The source of these gases is the ethanol and acetalde-
hyde adsorbed on Raney nickel that is not removed by evacuation

at room temperature. The following reactions are likely to take

place: _
dehydration '
C2H50H - C2H4 + HZO (3)
ethanol H., lhydrogenation
H
2
C2H6 hydrogenolysi§>'2CH4
dehydrogenation
‘CszOH )CHBCHO + H2 (4)
ldecarbonylation
.CH,+CO

The series of reactions (3) and (4) can be synthesized as follows:
Ethylene is obtained by the dehydration of ethanol and is further

converted to CH, by hydrogenation

2H, + C,H,OH = 2CH, + H,0 (5)

275 2

The ethanol is also dehydrogenated to acetaldehyde which can be

deébmposed to CO and CH,.
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CZHSOH = CH4 + CO + H2
By adding the equations (S5) and (6) we obtain finally:
2C,H-OH + H, = 3CH, + CO + H,0. A7)

Reaction (7) was suggested by an experimental ratio CH4/CO of about
3 (see Table 5.2)

The aﬁount of Qéthane evolved per gram of nickel in
cc (STP) is 59 for IV A catalyst, 53 for II‘A-l{ 49.5 fdr IT A-2
and 21 for II A-3, i.e., the oldest sample evolves a larger amouné
of methane, in agreement with the data given in Table 5.1. The
oldest sample had the largest concentration of acetaldehyde in the
storage liquid. Reaction (7) shows that for\every three moles of
methane produced, one mole of hydrogen is consumed. This means
that the actual amount of hydrogen evolved in the thermodesorption
was higher.than‘thé amount indiéated by Table 5.2. For example,
the II A-1 Raney nickel evolved 65.5 cc of gas (STP)/g catalyst:
12.62 cc H,, 12.23 cc CO and 40.65 cc CH4; If the hydrogen con-
sumed in the reaction was about one third the amount of methane
produced (see reaction (7)), then 40.65 tc/3 is 13.55 cc which
added to 12.62 cc H, gives 26.17 ckaTP) Hz/g of catalysﬁ. This
value agrees well with the hydrogen content found in a thermal desorp-
tion experiment immediately after the preparation of the catalyst,
26.4 cc(STP) /g and with the hydrogen content found by the hydidgen-
deuterium exchange method, 27.5 cé(éTPin/g. It is‘not'likely.
that on a freshly prebared sample acetaldehyde forms and ad-

sorbs in large enough quantities to ﬁroduce significant amounts
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of. methane and éarbon monoxide on heating the catalyst, thus
we can regard the gas evolved by thermodesorption from a fresh
catalyst as mainly hydrogen. A similar explanationlcan be
given for the II A-2 catalyst (see Table 5.3). Mass bal%nce
calculations showed discrepancies between expected and experi-
mental weight loss of 0.4% to 11.5% which can be considered
acceptable. The expected weight loss was calculated on
the basis of the Al,0.,-3H

2°3 2
and CH4 evolved. It was assumed that al; three molecules of

O content and the amount of HZ' Co

water bound to alumina were lost during thermodesorption to 700°C.

The II A-2 catalyst (see Table 5.2) had an expected weight loss
.38% higher than the experimental weigﬁt loss. If'appeared that
A1203'3H20 content was about 7% too high., The chemical composi~
tion of the catalyst, the composition of gases evolved and the
experimental weight loss were checked again. 'The only possible
i errorﬁwas the weight of catalyst oh which basis the chemical
composition was calculated. Because some acetaldehyde and etha-
nol were adsorbed on the catalyst'and could not be removed by
evacuation at 23°C,: the acéual weight of the cataiyst was iower
than the weight used in chemicgl analysis calculations. The
correction of the weight of II A-2 éample_was done in this

way: 36.98 cc(STP)CH4/g evolved on heating were formed by

50.7 mg of ethanol {see feaction (7)) adsorbed on thé surface
of Raney nickel, so the gétual weight of the II A-2 sample
was about 5.07% lower than the value obtained by weighing the

sample before and.after éyacuation. This Eofreption brings
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the alumina trihydrate content down from 25.45 wt % to 17.83
wt & and the expected weight loss agrees within 10.5% with the
experim;ntal woight loss (see Table 5.2). Possible explanations
for the discrepancies in mass balance calculations shown by
COM catalyst are an incorrect alumina trihydrate content or re-
moval of only part of the water bound to alumina on heating the

(25) reported an alﬁminé{trihydrate

catalyst. Kokes and Emmett
content of about 1 wt % for the COM catalyst and anaiyses for
COM catalyst done by W. R. Grace Co. showed about 3.2 wt % of
‘A1203-3320. It is not known in which foim tﬁe alumina hydrate
" is present in the COM catalyst as theé X-ray diffraction pattern
showed only lines characteristic to face centeréd'cubic nickel
(see Fig. 3.1). /
The source of methane in the commercial Raney nickel could
be tfaces of cérbon in'the nickel-alu@inum alloy used.for the
preparation of the activated catolfﬁﬁ. During the hydroéén e$B—
lution on heating the catalyst methane can be formed. Another
possible oouroe:of'methone cotld be sodium carbonate formed _
from the atmospheric carbon dioxide diffusing through the storage
water. and reacting with‘the alkali, present on Raney nickel even
after repeated washings. As shown in Table 5.3, COM I catalyst
yielded qgite reproducible resultsfor'the.hydrogen content,
21£0.07 cc(sTP)g/ The hydrogen content of coM sanple increased
from 21 6:1.1 cc(STP)g after 5 months of storage to 24.3 cc .
after 19 months of storage and finally to 30.9 cc of gas after .

30 months of storage, the last value including 1.13 cc CH,.
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The same‘trend was found in temperatﬁre programmed desorpgion
experiments.
A feature common to Raney nickels stored uﬁder ethanol )
is the decrease yith time of the hydrogen content of the fresﬁly

prepared samples. Moreau(27) found that for catalysts stored ina
water and exposed to the air their hydrogen content decreased
from 135 cc/g Ni to 9 cc/g in 41 days. Table 5.3 shows in the
case of IV A catalyst a decrease of 14.8 cc Hz/g in 24 hours.
Most of this gas was probably hydrogen for reasons shown earlier.
There is a further decrease of about 27 cc(STP)Hz/g in about ewo,
?ears of storege for the IV A Raney nickel. The, highest hydrogen
content of a IT A type of Raney nickelzwas’about 54.6° cc(STP) /g
for a 4 month old II A“3 sample and about 41 cc(STP) /g for a

: ) f
2 year 0ld IV A catalyst. The hydrogen content was calcolated
by adding to the amoont of hydrogen evolved, one third of
the amount of methane evolved, for reasons shown earlier. ?hese
values are significahtly 1érger than the maiimum amouot'of
cﬁemisorbeé hydrogen accomodated by the nickel surface.

Thermal desorption experlments were made to establish a cor-
relatlon between the amount of gas evolved and the extent of activa-
tlon of partly extracted Raney nickels (see Table 5. 4) As all these
catalysts were stored under ethanol foriat least 1.5 months* \
it 'is very likely that the\gases evolVed contained not only
hydrogen, but also methane ahd carbon monoxide. Analytical

data'shows that the extent of aiuminum oxidation exceeds that

£rom hydrogen evolutlon in preparatlon of catalysts as given in

~—

Table 5. 4 These differences could arise from retentlon'bf
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hydrogen in the Raney nickel and from failure to arrest the

activation process instantaneously. Theé nickel content increased

with increasing aluminum oxidation, whereas’th;\ oncentrat%gp
of alumina trihydrate was greatest at 75% activation. In both
series IXI A and II B the amount of gas evolved per gram of
catalyst was proportional to the degree of aluminum oxidation,
with the exception of II B 100% activated catalysf. There was

a large increase in the amount of gas evolved in going from II A
50% activated to II A 75% activated catalyst. The readsorption

of gas at 23°C was in some cases 10-13 cc/g of catalyst, much more
than the nickel surface could accomodate by chemisorption, even

if one considers that the metallic surface area remains un-
changed by heating the catalyst to 550°C. The II A catalysts
readsorbed larger amounts of gas than the II B catalysts, e#—

cept for II A éss activated, in agreement wiéh‘larger metallic
surface areas of II A samples than II B samples. = However II B
Raney nickels exhibited larger tgtal surface areas than the II A
series. It is very likely that the amount of hydrogen evolved

by II A 75%, II A 100% and II B 75% preparation exceeded

-substantially the hydrogen chemisorbed on these Raney nickels.

5.2.5 Conclusions

Most tyéé IXI catalysts evolved more hydrogen than could
possibly be adsorbed on the surface,-suggesti;g that the re-
.maining hydroden was contained by the mass of nickel as a

Ni-Al-H solid solution or was formed in the reaction between
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aluminum and alcohol or water bound to bayerité.

_Thermodesorption done wit@ fresh Raney nickels stored
under water is an accurate method of determining the hydrogen
content. However, it does not avoid the reaction between elemen-
tal aluminum and water with the formation of hydrogen. Thermo-
desorption cannot distinguish between an interstitial hydrogen
and hydrogeé formed in a chemical reaction. '

Readsorption experiments repfesent an argﬁment in favor
of a Ni-Al-g solid solution present in Raney nickel, as in some

cases the amount of hydrogen readsorbed was larger than the amount

of hydrogen which could be accomodated by the nickel surfate.



CHAPTER 6

HYDROGEN-DEUTERIUM EXCHANGE -

6.1 GENERAL
The hydrogen isotopes offer various possibilities of

investigating both the properties of catalytic surfaces and

(98,58,56,99)

the mechanisms of catalytic reactions The pro-

cess in which an isotope is adsorbed and the other is initially
entirely in the gas phase are described as exchange reactions.

Equilibration reaction is reserved for processes in which H,

and D, are initially in the gas phasetss). The kinetics of equi-

libration ' reactions at donséant pressures are’aiwags simple.

The kinetics of exchange reactions are on the'contrary guite

complex.

L

The present chapter describes and discusses the applica-

Eiqn of the hydrogen-geuterium exchange reaction to determine the

hydrogen"cqntgnt of Raney nickel catalysts. ‘ ) T

6.2 APPARATUS

Different types of Raney nickel were gvacuateé in. an
adsorétion tube of about 100 cc at room tempé#atu:e to 10-5
torr foé at least 24 houfs; After evacuation, thé sample tube
was traﬂsferréd ﬁo a BET‘adsorpfioh apparatus where the hydrogen-
‘deuterium e#change experiments were performed. The dead space 4
factor of the adsorption tube was determined with helium, the

|

!
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- detailed procedure of which is givenJin Appendix C. After ‘the

89

H

né was pumped from the system and the vacuum reached 10“5 torr,

a deuteriﬁmAinlet was admitted to the catalyst. Deuterium gas
supblieq Bf Matheeon ef Canada Ltd. was 99.5 atom. % pure. Them
catalyst was in contact with deuterium at room temperature for
periods of time varying between 20 and 70 hours. During this
period and at. lts end the gas was homogenized by raising and
lowering the mercury in the gas burettes thermostatted at 25°C,.
At the end of an "equlllbratlop“ period, gas samples were taken
from the BET adsofption*system and transferred to the gas chroma-
tograph (GC) for analfsis;:{The sample tube consisted of a U

tube attached td,a 4~-way capillary vaehum~stopcock which could be
connected to the GC eYstewtand BET appatratus by ground glass joints.

R

A schematic diagram of the GC system is shown in Fig. 6.1.
It consisted of a modified A90-P3 Varian Aerograph gas sh

roma-
tograph with a thermal conductivity cel;; A.rerouting of the
carrier gas was necessary to allow the chroﬁatqgraphic column

to operate in a liéuid nitrogen bath. Helium)‘eupplied byi
ﬁathesoh of Cenada Ltd. ., 99.995%'puripy,’wa§ qsed as cerrier
gas: The helium from the gas cylinder was split into two streams,
one stream going directly through a needle valve to the reference
side of the katharometer. The other stream of .helium was direc-

ted through another needle valve to the U-sample tube, chroma—-

- tographic column, copper oxide tube and finally to the measurlng "

side of the thermel conductivity cell. The 11.5 ft A1203/MnC12 .

- chromatographic column made of 1/4" copper tubing was immersed

I
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o b o

3

in a liquid nitrogen bath at constant level. The U-tube 9

wz M
2 o w—

filled with CuO was used to oxidize H,, HD; and‘Dz at 600°C to
Hzo, HDO and DZQ' The tubing between the Cuo.furnace and the
entrance to katharometer was wrgpped in heating tape to prevent
the condensation of water vapor. The thermal conductivity cell
was maintained at 116°C. A Texas Instrument Servoriter II re-
corder with disc integrator was used for measuring th;tresponse
from the thermal conductivity detector of the gas chromatograph .
The recorder was connected to a HP3373B Hewlett Packard digital
integrator which printed the peak~area in units of microvolts-

seconds (uV-sec). A Watford Controll Instruments Ltd. A/C

voltage stabilizer, model SF-3-L-R, was used to eliminate varia- i

it o
AR

tions in the 117 V line voltage.. The output of this regulator

was fed to the gas chromatograph and furnace.

L]

6.3 HYDROGEN AND DEUTERIUM ADSCRPTION ON COM RANEY NICKEL

PRI ST

-

The detailed procedure of GC ‘calibration is given in

caey
—

Appendix C. It was assumed that the hydrogen isotopes are not
selectively adsorbed on Raney nickel. To prove this point,
separate experiments were made to find the amount of hydrogen

and deugerium adsorbed at room temperatire on Rahey nickels

'

e e e e e -
I R o u L R | DU

evacuated in the same conditibns as sémples used in H,-D, ex-
change experiments. The reshlté'are*given in Table 6,1. On COM T
sample adsorption of Dzbis betwee; 16;3 and 13.3 cc/g. -
Adsorption of H, is 8.3-9.1 cc/g COM sample;wh;ch is a different

and which .
batch of commercial catalyst/shows a slightly lower adsorption
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Table 6.1
Adsorption of Hydrogen and Deuterium on Commercial
Raney Nickel at Room Temperature and P = 150-200 torr
Sample # Catalyst ‘Gas’ Volume Adsorbed Time
cc (STP) /g {hours)
1 COM I D2 13.3 16
2 COM I D2 12.0 9
3 CoM I D2 10.3 5
4 COM I ~  H, 9.1 24
5 CcCoM I H, 8.3 72
6 coM D2 8.9 72
7 COM I)2 9.2 20

Table 6.2

Adsorption of Hydrogen and Deuterium on Nickel on
Kieselguhr at 110°C (Data of Pace and Taylor, ref. 99)

Run Gas Volume Adsorbed Time
cc (STP) /g (min)
1l 32 7.87 47
2 H2 7.93 60
3 D2 - 8,02 . : 60
4 D2 8.05 ) 76
5 Hz - 8,02 63




. 4

8.9-9.2 cc/g. It can be concluded from these data

for D2,
that, within the e§pefimental error, the adsorption of hydro-
gen and deuterium is practically the samebon commercial Raney
nickel. 85-90% of the gas i& adsorbed in the first five
minutes and after about 20 hours the volume of gas adsorbed
becomes constant. ——— ¢
Table 6.2 shows adsorptiop data of hydrégen and deuterium

on supported nickel at 110°C cbtained by Paceé and Taylor(gg).

‘Between each run the catalyst was evacuated at 450°C. The
authors found that there was no difference at all in the rates ‘
of adsorption of hydrogen and deuterium on nickel and also on *
chromium oxide and zinc oxide catalysts.

Deuterium adsorbtionaon COM Raney nickel was followed by

a readsorption experiment. After it adsorbed 12 cc(STP)Dz/g

(sample #2, Table 6.1) COM I catalyst was evacuated for 72

hours to 10—5 togi/at room température and a second deuterium
adsorption experiment Qas made. This time only 6.23 cc/g were
adsorbed after 4 hours and 6:54 after 21 hours compared with
12.0 initially. These data suggest a heterogeneous nickel
surface with about 45% of the deuterium being strongly adsorbed.

These preliminary adsorption experimehts indicated a nonselec-

. .- o \7;\ v
.tive adscrption of D, and H, on a héterogeneous surface of
- TTr— !

~

Raney nickel. : T
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6.4 CALCULATION OF THE HYDROGEN CONTENT OF RANEY NICKELS
FROM GAS COMPOSITION DATA :

We know the composition of each of the gas samples con-

5 HD and D, and wish to calculate the amount of hydro-

gen in Raney nickel which exchanged with deuterium.

taining H

We assume that there is no preferential adsorption for
any one of the three isotopes and that the deuterium used in the
exchange reaction is 100% pure. If Vo is the volume of deuterium

inlet in cc.(STP), V., is the amount of hydrogen in cc. (STP)

H
contained in the catalyst and equilibrium is assuméd between

deuterium ahd all the hydrogen in the solid, then

i-h
= 5 (1).

<|<
w]

H

where h is the fraction of hydrogen in the gas phase calculated

from H2 and HD present in the gas phase. For example, if the
gas phase composition is 28.33% H,, 47.41% HD and 24.26%_D2,
then h is

0.4741

) = 0.5204 . \

0.2833 +

Now a sample Vg . (cc(sTP)) of hydrogen content h; is removed
1 - .
for the first analysis. For the second sample the expression

(1) becomes

@% ) | D 1 _-1-h2 )
. VH - Vslhl h2

where h, is the hydrogen fraction in the second sample removed.
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When n samples are analyzed, the relationship which gives

the volume of hydrogen in the catalyst is:

V -V h "V h T e s e oV . h - h
H 's;{ 1 s, 2 s, 1

Here VD' VS and h are known quantities, so V. is easily calcu-

H
lated.
Table 6.8 gives the values for Vg h and the hydrogen

content calculated for each gas sample, Vﬁ.

6.5 RESULTS AND DISCUSSION
The results of the GC analysis of the exchanged mixtures

of H2, HD and D, for different Raney nickels are shown in

2
Tables 6.3—6;7. The hydrogen content data are g n in Tables
6.8-6.9. The gas cdmposition data of COM catalyst Tables 6.3

and 6.4) indicated that ratios of H,:HD:D, were those Of thermo-.
dynamic equilibrium, aftexr 18.5 hours. The amount of hydrogen '

in Raney nickel which exchanged with deuterium was 26 cc(STP)/g in
one experiment and 25.7 in another (Table 6.9). Equilibrium
constants calculated for the reaction H, + D, === 2HD at room

temperature from gas composition data of IV A and II A-1 catalysts

(Tables 6.4, 6.6 and 6.7) are between 6 to 12% larger than the
‘ (83,58)

literature values suggesting a possible erxror in the GC

-

analysis. The hydrogen content calculated for two IV A samples

was an average of l2. 8il 2 cc(STP)/g and 26 5 cc per gram for
II A-1 (Tah{g 6. 9).
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G.C. Analysis Data for the Deuterium Exchange with Hydrogen
in Commercial Raney Nickel for 63-.5 hours at 25°C. Run #1

*

Sample A A A,

Gas Composition

size " HD 2 A= K;* (mole %)

cc (STP) HV-sec WV-sec UV-secC E H2 KD Dz
0.736 6352 11940 5827 5.852 3.264 27.74 47.{2 24.84
0.934 8384 15490 7307 3.917 3.319 28.32 47:59 24,09
1.070 10200 1317990 9310 3.408 2.888 28.62,45.90 25.49
1.095 10100 18340 8849 3.763 3.188 28.52 47.09 24.39
0.899 8137 14890 7093 3.841 3.255 28.45 47:35 24.20
*0.622 138.4 259.5 125.9 3.865 3,275 26.76 {9,49 23.75
0.609 5467 . 9998 4654 3:928 28.62 47.60 23.78

L]
o

3.329

*
Area of the peak determined by manual integration

¢

**x = a . H °p
eq b, T =.3.272x0.051 ;
SHD HD .
25°C _ "
Literature Value Keq = 3.225 (ref. 83)
° .
K25 ¢ = 3,268 {ref. 58)
- Neg

Average gas composition (mol %): H, 28.3320.35

HD 47.41:0.21

D, 24.26%0.39

LT bl et st e = i

N L X il
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Table 6.4

G.C. Analysis Data for the Deuterium Exchange with Hydrogen
in Commercial Raney Nickel for 18.5 hours at 25°C. Run #2

ST Mw, Mwo Mo, M o S Gomposbion
cc (STP) wV-sec uV-sec gv—sgc HZ'AD2 eq H, HD . D,
0.768 6752 12590 6237 3.764 3.189 27.80 47.14 25.06
1.016 86?9 15800 7716 3.745 3.173 28.29 47.05 24.66
- - 9864 17990 8821 3.720 3.152 28.32 46,97 24.71
1.092 10Q20 18180 89?0 3.674 3.113 28,37 46.81 24.82
9.859 7889 7126 3.735 3.165 28.16 47.03 24.81
O.GST“~.M¢ 4 10240 qv§952 3.840 3.254 28.05 47.37 24.58
Average calculaﬁed K23°C = 3,17520.047 ;
Literature value - K§Z°C = 3,225 (ref. 83)
Kng = 3.268 (ref. 58)
Average gas composition (mol 8): 32 28.1610.21
HQ 47.06+0.19
D, 24.78:0.17 -

2

7 TN A
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" G.C. Analysis Data for the Deuterium Exchange with Hydrogen
in IV A Raney Nickel for 19 hrs. at 25°C. Run #1

2

zzggle AHZ A AD2 A = Aup x Gas Composition
_ _ _ = a2 A Xeq (Mole %)
cc (STP) W-sec WV-sec uV-seg H, AD2 H, HD D,
1.276 1488 13930 31620 4.124 3.495 3.31 28.14 68.55
1.598 2043 18000 39870 3.977 3.370 3.56 28.56 67.88
1.328 1624 14660 32760 4.046 3.423 3.46 28.41 68.13
l.629 1973 18200 40110 4.186 3.547 3.42 28.70 67.88
‘»
T
Average calculated K2:°C = 3.459%0.078; /
" _25°C ;
Literature value Kéq = 3.225 (ref. 83)
25°C _ | ' -

Average gas composition (molﬂ 8):- H2 3.44+£0.10

BHD 28.45+0.24

D, 68,1110.32

2

LR
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Table 6.6

G.C. Analy51s Data for the Deuterium Exchange with Hydrogen
in IV A Raney Nickel for 44.5 hours at 25°C

Run #2
Sample Ay AHD AL AiDJ Gas Composition
size 2 2 A = K—&:i__'Keq : (mole %)
cc (STP) uw-sec yV-sec pvV-sec H2 D2 Hz HD 02
0.986 725 9230 26980 4.355 3.690 2.05 23.68 74.27
1.409 939 11570 34050 4.182 3.544 2.10 23,52 74.38
1.443 1136 13750 39330 4.232 3.586 2.18 24.04 73.78

1.304 970 12240 35410 4.362 3.696 2.08 23.86 74.06

1 : 25°Cc .
Average calculated K = 3.629x0,076
25 c _
. therature value K eq = 3.225 (ref. 83)
: 25°C  _ )
. . ) -Keq hand 3.268 (I'Ef. 58)

Average gas compositon (mol &) : H, 2.10:0.06
' HD 23.780.22

L ' ’ ' , D, 74.12£0.26
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Table 6.8

Hydrogen Content of COM, IV A and II A-1 Raney
Nickel Determined for Each Gas Sample

Type of Volume of Sample Fraction of Hydrogen Hydrogen Content

Raney Vg, cc(STP) - h Vy, cc(STP)/g
Nickel Run #1 Run #2 Run #1 Run #2 Run #1 “Run #2
3.292 3.371 . 0.5145 0.5130 25.8 25.8
4.144 4.181 0.5212 0.5182 25.3 25.8
4.756 4,730 0.5157 0.5181 25.8 ' 25.8
COM 4.854 4.743 0.5207 0.5178 25.8 25.7
3.879 3.749 0.5213 0.5168 25.3 25.7
2.665 2.625 0.5151 0.5174 26.0 -
2.509 - 0.5242 :
5.717 4.428 0.1738 0.1389 13.7 11.8
IV A 7.129 8.380 0.1784 0.1386 13.6 12.0 7
5.935 6.351 0.1767 0.1420 13.6\ 11.9 N
6.328 5.574 0.1777 -0.1401 : :
2.747 ' 0.4534 23.2 )
- 3.459 0.4566 23.4 3
3.543 0.4588 23.7 4
II A-1 3.637 0.4620 23.5 i
2.946 " 0.4595 23.7 B
2.697 ] 0.4622 26,5 {
0.814 0.4989 - :

e i

,_,.
MOt i s %
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Table 6.9

Hydrogen Content of COM, IV A and II A-1 Raney Nickels
Determined by the Hydrogen-Deuterium Exchange Method

Catalyst Sample Weight Deuterium Inlet Hydrogen Content
(9) V., CC(STP) Vs CC(STP)/g

' catalyst

com 1.9944 47.381 - ‘ 26.0

2coM 1.9579 1%.009 25.7

brv a 0.9000 56.901 ~ 13.6

bPrv a 0.6327 46.295 11.9

©11 A-1 1.4620 40.431 ’ 26.5

a: catalyst 5 months old
b: catalyst 12 days old

c: catalyst 11 days old

. L1 Il 1 A B it W i B | P g P
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The pressure in the adsorption system decreases with the
removal of gas samples leading to a small decrease in the amount
of the adsorbed gas. However, the decrease in pressure does not
affect significantly the hydrogen content found after the remo-
val of each sample for COM and IV A Raneyvnickel, implyihg a
non-preferential adsorption of the three isotopes(Table 6;8).
Table 6.7 shows a slight increase in drogen concentration in the gas
_phase, suggesting a release of adsorbe§ hydrogen. Q»coriesponding
small increase in the hydrogen content during a perigd of 6
hours and an increase from 2;.7 to 26.5 cc (STP) /g after 42 hours

is also seen from Table 6.8.

6.6 CONCLUSIONS
The IV A ﬁaney nickel has the smallest hydrogeh content

of. the catalysts analeed. It also has the largest alumina
trihydrate content, about 50 wt %, and probably some ethanol and
acetaldehyde adsorbed on iés surface.Apparently the H,0 bound
to béygrite in Raney nickel,/éﬁg ethanol and acétaldehyde adsorbed
én the catalyst do ‘not exchange with deuterium td any appreciable
extent. The hydrogen content of IV A is about the amount
e#pected for chemisorbed hydrogen. It is possible that the large
amount of A1203-3H20“in IV A prevents a further exchange by
blocking the nickel surface. Thermodesorption gave about 75 cc
gas/qg for a'7-8 day=-old - IV A catalyst. The.difference between
the two valﬁes for the hydrogen content wAll be explained in

the last chapter. For an 8 day old II A-l sample; the hydrogen

% 8 o Fon D i
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content obtained by thermodesorption was 26.4 cc(STP)/g and for

a several month old COM Raney nickel about 22 cc(STP)/g. Agree-

ment between data for COM and II A-l obtained by thermodesorp-
tion and hydrogen:ﬁéuterium exchange seems reasonably good.

For both catalysts (COM and II A-1l) the hydrogen content
seems too high to be attributed only to chemisorbed hydrogen. It
is likely that part of this hydrogen is present as interstitial

solid solution with nickel and aluminum in Raney nickel.
v/
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CHAPTER 7 .

TEMPERATURE-PROGRAMMED DESORPTION

7.1 GENERAL

With the exception of thermal desorption in a volumetric
systém, the method of studying the hyarégen in Raney nickel cata-.
lysts presented so far in this thesis could determine only the
a@ount of hydrogen present in the catalyst.

The temperature~programmed desorption technique (TPD)
applied té the study of hydrogen in Raney nickel leads to the de-
termination of not only the amount of hydrogen but also its
different forms of bonding. Thermal desorption in a volumetric sys-
tem giées integral gas evolution data. TPD was .applied to éhe
study of hydrogen‘in nickel catalysts and Raney nickels by

(37,101,102) (34)

Zapletal et al. and Lenfant Zapletal et al.

found that thé activity of a supported nickel catalyst for the
hydrogenation of l-octyne dépendé on the presence and is propor-
tional to the amount of a definite "form" of'hygrogen, i.e. hydro-
gen desorbed 'at a particular temperature. Lenfant used the TPD .
method to determine £he nature of hydrogen in nickelggoron cata-
lysts, the activation energy of desorption of different’tybes of
hydrogen and the volume of hydrodgen present in the saﬁplé. Thié

chapter describes TPQ experiments made with Raney nickels stored

in water and ethanol to determine the émouht of gas evolved, the

- 105 .
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i

t

maxima in the rates of desorption and elucidates the nature of g
2.

“hydrogen in Raney nickel catalysts,
L L o | 4
-~ 7.2 BASIC PRiNCIPLES OF TPD ANALYSIS
The flash—desorption'technique has been used in catalysis
to_obtain kinetic informa£ion on adsorption and desorption of gases 4
on metals. Studies hav; been done on metal filaments using ultra
high vacuum techniques. The filament temperature is increased
. in vacuumto obtain a clean surface on which a gas is adsoébed. A
rapid change in the filament temperature is obtained by an elec-
. trical discharge and the subsequéﬁ£ desorption‘of the gas is fol- f
lowed by measuring the changes in pressure by means of an ioniza-
tion gauge.

In 1963 Amenomiya and Cﬁetanovic(103~105) adapted this
£,

technique to the study of solid powders for the systems alumina-

ethylene,Valumina—2-butene and alumina-propylene. The teéhnique

was termed temperature-programméd desorption (TPD) and it differs -

- .r-n..,_\,.

from the flash-filament desorption method in several respects.

The conditions used’in TPD are similar to those used in tatalytic

¥

reactions and the technique is modified such that it is possible
. ;g study simultaneously a chemisorption process and the surface
| reaction which accompanies it., Also TPD is psually done at at-
mospher;c pressure. The heating rate is considerably slower than
in fiash~désorption and is achieved in a furngpe. The porous

structure of the catalytic materials introduces complications in

the TPD technique compared to the relatively simple theoretical

‘tréatment of flash—fi&aMeng_deéorption. The principle of the TPD

L d

BT ——
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technique applied in-catalysis is relatively simple: a catalyst,

on which a gas has been previously adsorbed, is heated in a flow

of inert gas and its temperature follows a definite time schedule,

often linear.

is followed by ﬁsing a thermal conductivity detector which allows

one to obtain, at any time, the rate of desorption. If the

heating law is known, the desorption spectrum (or sometimes the

desorption chromatogram) can yield the following information:

There are three cases of desorption

1)

2)

3)

the number of desorbed phases

the population of these phases ]

the activation energy of desprptioﬁ Edes for diffgéént adsorbed
phases

the reaction order of desorption.- n

{106,107) .

desorption from sites with the same Edes'
desorption from sites with different Edes’ but changing
in a discrete manner

desorption from;éités with Ede varying continously.

]

For a simpler case when only monoenergetic sites are considered,

and a linear heating schedule is appiiéa

T=’I‘°+bt 1)

where b = g% » T being the temperature and t, the time it can

be shown

ficiently high so that readsorption'occurs to a negligible extent,

(34) that if the flow rate of the carrier gas is suf-

. then:

The desorption of the gas from the catalyst surface
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Ve E E.V
_ _"a 1 a'm
2 log Ty ~ log b = 53638 - Tﬂ+ log B Ko (2)

or for each b, (2 log Ty ~ log b) plotted as a function of %—
‘ M

gives a stféight liﬁé. The activation energy for desorption Eq.
!

can be determined from the slope. In expression (2), TM is the

temperature at which the rate of desorption reaches a maximum,
V,, is the monomolecular layer in cc(STP) for a surface coverage

M
egual to unity, Ko is a constant in cc set::“l and R is the gas

constant.
‘mined from the peak area (see Appendix D for details). If V

is the volume of hydrogen desorbed in cc(STP), then the number

. : 2 .
of sites per cm”, ng, is:

S
Ng = 2 Vo * mA (3)

where N is the Avcegadro's number, Vo is the molar volume in c.c.,

m is the weight of catalyst in grams and A is the surface area in
cmz/g. Dissociative hydrogen chemisorption was assumed. For

i - -
simpler cases, the shape of the peak can be used to determine the

order of reaction for the desorption process. A nonsymmetrical

peak indicates a first order reaction, while symmetrical peaks
*
(34)

suggest a sécond order reaction

Detailed review articles on the temperature-programmed-

. desorption technique were written by Cvetanovic and Amenomiya
(110)

-

and more recently by Smutek, Cerny and Buzek
s

y

The amount of gas desorbed in a TPD experiment is deter-

(108,109)
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7.3 APPARATUS

A typical apparatus for TPD is basically similar to a
gas chromatograph except that there is no chromatographic column
and gas chromatographic separation does not occur. Fig. 7.2
shows schematically the experimental arrangement used in this
laboratory. A carrier gas such as argon or hydrogen is passed
from a cylinder through a molecular sieve column to remove traces
of water. The carrier gas is split into two streams: one leading
directly to the reference arm of the detector, the other passing,
whenever desired, through a water saturator and through the
guartz TPD cell containing the catalyst, to a dry ice trap which
prevented the water vapor entering the detector and finally to
the measuring_irm of the detector.

The detector was a conventional thermal conductivity cell
(Gow-ﬁac Instrument Co.) with rhenium-tungsten filaments of 30
ohms each and operated at room temperature. The bridge circuit
design was kindly furnished by Dr. R. J. Cvetanovic from NRC
Laboratories, Ottawa. The detector was connected to a
Texas Instrument Servoriter II recorder with disc inte-
grator used to measure the signal response in connection with
a 3373B Hewlett-Packard digital integrator. The quartz
TPD cell was surrounded by an electrical furnace with a quick
response. The resistance of the furnace was Wired on the inner
surface of a ceramic tube.. The TPD cell was provided with a
chromel—alﬁmel thermocouple which measured the temperature within

the sample. A second thermocouple was connected to a 30 mV scale,

Lol ] A ) ) Pt ol gt =
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24 point temperatufe recor@er, model E'1124 made b&gEsterline
Angus Instrument Co., Inc. This'thermocouﬁie recorded the tem-
peratufe outside the TPD cell providing a measurement of the ther-
mal gffects occuring dpring desorption. A third thermocoup;g“
was connected to the temperature programmer. The temperature
program was obtained by driving at a~éonstant rate the botentio—
meter knob of a proportional band typeytemperature controller
(Electronic Control Systems, Inc.)‘sy'é'synchrénous motor.
Synchronous motors of different speeds of rotation and several
interchangeable rubber drivigg wheels provided linear temperature
rates of 4.2°C to 12.8°C per ﬁ;n.‘ A Watford Control Instrument

Limited A/C voltage stabilizer, model‘SF-3-L-R was used to ’

5 o ~

teliﬁinate variations in the 117 Vgline voltage. The output of‘
this réguiator Qas fed to the detector DC power supply to avoid
variations in the filament‘purrent‘and‘through_three‘resistances
. in parallel in series with the furnace. ’ i o

The resistances could be ﬁsed to make changes inithe voltage
supplied to ﬁhe TRD cell hea%.::er.,Q Tpe cataiyst teﬁperaturé could
be maintained to within 0.2°C. The deviation in ‘the heatiné
rate, i.e. in the linegr»inérease in temperature with time was
about 4.5% from one experiment ta anofher: Teéperature_durVes
measured inside aq§ outside the TPD reactor are shown in Fig. 7.3.
The flow system and the reactor were designed to obtain smooth
desogption peaks without base line érifts. The TPD reactor ugeé
initially, similar to a reactor designed by Cvetanovic and

(107) §

- <
Amenomiya » had an inner tube jacketed,so that the rapid

————, & e
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. Figure 7.3 Temperature curves measured inside and outside the TPD reactor.
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temperature fluctuations causing jagged peaks,were prevented..
Subsequently, a éimple reactor of lower volume was found to perform
as well/zzeprevious design. The temperature inside the sample,
recorded on chart paper, was checked occasionally with a Croydon
portable thermocouple potentiometer.

The TPD system was arranged so that hydrogen could be
passed over the catalyst and reduction of oxidized samples took

place. Calibration of the detector for hydrogen and other gases

was made by replacing the TPD reactor with a gas sampling valve.

w

7.4 EXPERIMENTAL PROCEDURE
Raney nickel samples were transferred wet from the storage
jar into the TPD reactor which was weighed and sealed with black
wax. The solvent was removed by evacuation at 10-‘5 torr and
room temperature for at least 24 hours. Dry Raney nickel samples
weighed between 100 and 500 mg. After evacuation the reactor
waé connected to the TPD system by means of glass joints. The
carri gas which had been flowing iﬂ the meantime only through
a bypass,wys diverted to flow through the reactor. The three-
way stopcock 6 belonging to the reactor (Fig. 7;2) was used to
flush out the air accumulated in the lines. The recorder base
line was disturbed when the carrier gas was switched to the reac-
tor, but it became stabilized again after a few minutes. The
temperature of the catalyst was then raised linearly by the
temperature programmer. As the temperature increases the gas
adsorbed on the catalyst or produced by a chemical reaction,

desorbs and is carried by ?he carrier gas to the detector where it

,(\Ww-—m -
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.produces a signal proportional to it's concentration in the carrier
gas. The recorder will trace one or ﬁore peaks with the
abscissa representing the time orﬂtempergture.' The ordinate
smeasures the rate ofAdesorption. If there are molecules adsorbed
on different types of active sites on the catalyst surface or
different gases a@sbrbed on the sample, peaks will show up at
different temperatureg as a function of the activation energy of
desorption. 3Wﬁen the catalyst surface is depleted of gas,
the réco;der will trace thé‘base line again.
Preliminary experiments were made with an empty TPD

reactor to seé if base line drifts occurreddue to the increase
in temperéture; Up to 800°C no base line drifts were noted.
The heating rate and the amount of sample were selected such that
the hydrqgen conéentrations remained in the linear range andmno
explosive gas evolution occured. Recorder chart speeds lower than’
0.5 inch/miﬁute made, reading disc integrator counts difficult.

-More than 100 TPD experimenté were performed with different
types of Raney nickels, nickel on silica, nickel-aluminum
alloys, alumina trihydrate and nickel oxide. In the early stages
of this work the gases evolved during thermodesorption were
analyzed by mass spectrometry and oniy hyd;oéen with traces of
organic molecules was found. Failure to establish a mass balance
for ethanol-stored Raney nickels’éfter a TPD experiment led to
the idea that the gases evolved contained other gases in addition

to hydrogen. Gas chromatographic analysis of the gases evolved

in the thermodesorption showed important amounts of methane

®
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and carbon monoxide in addition to hydrogen for Raney nickels
stored in ethanol. The*erigin of CH4 and CO was already dis-

(34) C1oiy N
warns about the possibility of

cussed in Chapter 6. Lenfant
formation of dehydrogenation (acetaldehyde) and hydrogenation
(methane) products due to the presence of ethanol in nickel
catalysts étored in alcohol. However, gas chromatographic analysis
of gases desorbed from nickel-boron catalysts stored in ethanol
and evacuated in conditions similar fo those used in this labora-
tory (20°C, 10—5 torr Hg, 15 hours) showed the presence of only
hydrogen(34).

Therefore, TPD experiments with Raney nickels stored under
ethanol should be regarded only as qualitative,becéuse separation
of products was not made during TPD and the exact amount of gas

evolved could not be determined. However, approximate calcula-

tions will be presented later.

7.5 COMMERCIAL RANEY NICKEL

Commercial catalysts, supplied by W. R. Grace Co., are
stored in water and are chafacterized by a surface area of 80"
m2/g and lower ‘alumina trihydrate content (5-7 wt %) than other
Raney nickels»used in this work. The COM sample for the pro-
grémmed desorption of hydrogen was prepared as described in Section
7.5. The sample was heaéed from room te@perature to 700°C
at 4.2, 6.2 and 12.8°C/min. Most experiments were done on the
attenuaiion 32 of the recorder. On this attenuation the gas
evolution started at about 70°C. However, on a more sensitive

scale (attenuation 2) the hydrogen evolution was detected at 40°C.

!
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A typical desorption chromatogram for a CoM Raney nickel is

shown in Fig. 7.4, curve a. There is only one maximum in the

desorption rate at 207°C; the heating rate was 13.2°C/min and the

amount of hydrogen evolved to 700°C was 23.7 cc(STP)/g of

catalyst. When larger samples were used, a slight exothermic

effect accompanied the maximum in the desorption rate. Most

commercial catalysts produced TPD chromatograms with a peak at

206x10°C regardle§s of the different heating rates used: 4.2:0.2° C/

min, 6.2t0.3°C/min and 12.8t0.5°C/min. Because the change in TM’

the temperature characteristic of the peak, with, the heating rate

was within 10°C, the activation energies for desorption of hydrogen

could not be calculated. For about 10 months COM catalysts de-

sorbed 21.8%1 cc Hz/g, the amount of hydrogen increasing to

23.2 after 17 months and to 29.1 after 23 months (Table 7.1). A

second pea@.appeared at 485°C in the desorption chromatogram of

a 23 months old COM Raney nickel.GC analysis of gases evolved in

thermal desorption showed 3.67 vol % methane, the remainder being

hydrogen. The source of methane could be carbon traces iﬂ the

Ni-Al alloy or carbonates formed from the atmospheric co, énd

alkali remaining in Raney nickel after washing with distilled water.
The p;ak at 485°C ip the TPD spectrum is too large (about

5-6 cc/g)'to be accounted only by the methang. The increase

in hydrogen content determined by the TPD method parallels the

Yalues obtained by thermal desorption in a volumetric system.

TPD experiments were devised to determine the readsorption

of hydrogen; the corresponding desorption spectra are shown in
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Table 7.1

Hydrogen Content of COM Catalysts Obtained by Thermal
Desorption and TPD as a Function of Catalyst Age

*
Catalyst *}12 cc (STP) /g Catalyst H, cc(STP)/g
Age obtained in TPD Age b obtained in
(months) (months) thermal desorption’
10 21.8 5 20.5
17 23.2 19 23.4
23 29.1 30 29.8

*

These values were corrected for the presence of 3.67 vol % CH4

b o
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Fig. 7.4. A commerpia; catalyst was heated to 232°C at a hea-
ting rate of abo;t 13°CAmin, then cooled to room temperature

in flowing hydrogen, held at 23°C for 20 hours in hydrogen,
évacuated at 23°C to 10 ° torr and a second TPD experiment tS
700°C was made (curve ¢, Fig. 7.4). This desorption spegxr&m had
two small peaks: one at 120°C and another at 252°C. The nature
of the readsorbed hydroéen, especially the peak at 120°C was

diff t from that on the original catalyst. The peak at 120°C

dgsorption,Nprobably weakly chemisorbed hydrogent Curve d in

Fig. 7.4 sho é a smail peak at 202°C for a similar readsorption
experiment. The peak suggests that this hydroéen is the same as
the hydrogen in the original sample. The peak at 252°C might

be due to hyd?ogen bound stronger to nickel than the hydrogen
corresponding to the peak at 193°C in the initial deso;ption'ex-
periment (curve b). The broken curve c shows the temperatures

for both experiments, ¢ and d. The amounts of readsorbed hydrogen
%&e given in Table /7.2. 1In a regular experiment 22.5 cc Hz/g

were evolved to 700°C. 1In a second experiment with another

sample heated to 230°C; 14.11 cc Hz/g were evolved. After being
treated with hydrogen, the same sample evolved 20 cc H2/g instead
of 8.39 cc (the difference between 22.5 and 14.11) rhich should
have been evolved if no hydrogen was readsorbed. The extra hydro-
.gen is 20 cc - 8.39 cc = ll.Gi cc or 51.6 vol & ©of the amount

of hydrogen evodived in a regular TPD, and it represents the re-

adsorbed hydrogen. 1In a second experiment 61.3 vol % of the total

~f
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*
Readsorption Experiments

121

2

with COM catalysts

H, evolved, cc(STP)/g

H, put back into catalyst

2 2
- e vf‘
Regular To 230°C To 700°C cc (STP) /g ¢ of "total"
TPD to after read-
700°C sorption
A

22.5 14.11 120.00 11.61 51.60

22.5 17.87 18.42 13.79 61.30

22.9 - 4.52 4;52 19-76

. )
In these experiments it was assumed that only hydrogen was

evolved

<
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hydrogen evolved by\b6M/E§hey nickel was put back into the
catalyst. These values are larger than those corresponding to
the hydrogen chemisorption on COM Raney nickel at room tempera-
%ufe. If in the initial experiment the sample is heated to 700°C
instead of 230°C and a readsorption experiment follows, then the
amount of readsorbed hydrogen is 4.52 cc/g qé 18.76 vol ¢ from
total hydrogen evolved (see Table 7.2). Again the readsorbed
hydrogen is larger than the éﬁount accommodated by the surface
area of a COM catalyst heaéed to 700°C. A similar conclusion

(lll): 50 cc of the total

was drawn from the following experiment
100 cc of hydrogen evolved by a Raney nickel catalyst heated to

© 1200°C were replaced by subjecting the sample to 2000 psi of
hydiogen.at 400°C. The authors interpreted this phenome?on as
hfdrogen existing in the lattice defects in the nickel.

To check the evolutid% of methane and water from the COM
catalyst,hydrogen was used as carrier gas in a series of TPD ex-
periments. 1In the first two experiments the dry ice trap
placed before the detector was removed so that the water vapox
cézid be detected. The GC signal started to increase at 40°C
and reached a feak'in the region 100-120°C and a small shoulder
at 185-200°C accompanied by a ;iight exothermic effect. The
signal returned to thé base liﬁe at about 300°C. A third ex-
periment was done with a liquid nitrogen trap before.the detec~
tor to allow the methane to go through but to stop‘éhe water wvapor.
This timeuhpe‘evolution started at 108°C and a maximum was ob-

A\ tained at 208B°C. As the only other component found in the evolu-

3
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tion gases by GC was CH4, the signal recorded with the liquid
nitrogen trap in place was considered to correspond to methane.
After the methane evolution ended, tﬁe dewar with liquid nitrogen
was removed and the sign;l corresponding to HZO’ recorded. From
these experiments, it was concluded that the wéter contained
by the COM catalyst started to evolve at about 40°C with a maximum
in the rate of desorption at 100-120°C. The desorption of water
vapor endeé-at 300°C. The maximum in methane evolution occurred
at 208°C coinciding with the peak in hydrogen evolution, suggesting
that methane was formed mainly when the desorption rate of
hydrogen reached its maximum. Bayerite loses most of its water
at about 220°C;<th; decomposition being slow at 150°C. This means
that the water vapor evolved from the COM catalyst is "adherent”
water, i.e. water present in the sample and not removed by eva-
cuation at 10_5 torr.

A mass balance calculation shows a good agreement between
the experimental Qeight loss and the weight loss corresponding
to the methane and water determined in the TPD experiment. The
experimental weight loss for 0.1685 g of COM Raney nickel was 5 mg.
The calculated water loss is:

'Hydrogen, 17.7 cc(STP}, 1.59 mg
Methane, 1.0 cc, 0.71 mg

Water, 2.82 mg

Calculated Weight Loss: 5.12 mg
had Experimental Weight Loss: 5.0 mg

/
The methane determined by GC analysis of gases evolved in a

volumetric apparatus was about 1.1l cc/g; the amount determined

Ve S AR SmwAy
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by TPD using H, as carrier gas was 1.62 cc/g. The difference

2
between the two values could be due to the fact that in the TPD
experiment methane formation could be favored by an excess of
hydrogen.

It should be mentioned that the presence of methane in ﬁhe
gases evolved during a TPD experiment when Ar is used as carrier
gas does not affect significantly the desorption spectrum for two
reasons: i
1) the percentage of CH, is small, 3.67 vol %

2) the hydrogen calibration factor is about 5 times larger than

the methane calibration factor.

7.6 RANEY NICKELS STORED UNDER ETHANOL

The TPD study of ethanol-stored catalysts contains experiments
with the following samples: II A-1, II A-2, II A-3, and IV A. These
samples are characterized by a relatively large alumina trihydrate
content (17-49 wt %) and the gases evolved in thermal desorp-
tion in a volumetric apparatus contained 21 to 62 vol % methane plus
5-19 vol % carbon monoXide in addition to hydrogen. The separation

p

and continuous determination of H CI—I4 and CO during TPD could

2°
have been done by using three sets of matched pairs of thermi—
stors and absorption tubes. However,due to the fact that CH, and
CO were detected at the end of this research, a different approach
was used to determine approximately Hz, CH4 and CO. The positién

of the peaks in the desorption chromatogram did not change

appreciably when the heating rate increased from 2.3 to 12.8°C/min.
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The heating rates used in the TPD were 2.3, 4.2, 6.2 and 12.8°C/
min, but most experiments were done at 12.820.5°C/min betcause

of the relatively short time required for the experiment. A TPD
spectrum wag characteristic to each of the four different samples
studied. However the pattern changed as a function of the catalyst
age and, to some extent, amount of sample. A feature distingui-
shing the ethanol-stored Raney nickels ffom commercial Raney
nickel stored under water was the exotherm accompanying some peaks.
For larger samples, the exothermic effect led in some cases to an
instantaneous increase in temperature, AT of 70°C (or more),

and gas evolution was very rapid. It is interesting to note that
this explosive gas evolution occurred in the temperature range
150-220°C characteristic of the maximum in the rate of desorption
of water vapor from bayefite. Water reacts with metallic aluminum

present in the catalyst producing hydrogen
(-3
2/3 Al + H,0 = 1/3 Al,0; + H, AH, g9 = -70.5 ﬁ:%;; (4)

The reaction is highly exothermic. In the same temperature range
the ethanol adsorbed on the catalyst and not removed by evacuation

S_torr and 23°C uﬁdergoeé a series of reactions in the

at 10~
presence of hydrogen. The stoichiometry of these reactibns can be

approximated by the following equation:

H

) o
2 + 2c2H59H = 3CH4 + CO + H20 AH298

]

Reaction (5) is also exothermic.
At the beginning of the TPD experiments it was believed

that ethanol-stored Raney nickels evolved only hydrogen during

P
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the desorption and the hydrogen content for different types of
Raney nickels was calculated as such. (column 5, Table 7.3).
The actual amount of gas evolved wqé determined volumetrically
(column 4, Table 7.3) and the composition of the gas analyzed
by GC (Table 5.2). The values given in column 5, Table 7.3
for the "hydrogen"‘content should be regarded only as relative
numbers indicating a lower or larger volume of gas evolved. It
is interesting to note that the ratios between the surface areas
of the four types of Raney nickels discussed and between the
"hydrogen" content are about the same (second and third rows,
Table 7.4) suggesting that the desorption and/or formation of
gas is a surface process. However, the ratios of the actual gas
contents (4th row, Table 7.4) do not indicate this relationship.
The gas co;tent from column 6, Table 7.3 was approximated
in this way: it was assumed that the composition of the gases
evolved during the TPD experiment was the same as that éeter-
mined in a volumetric apparatus, where no carrier gas (argon)
was present.

A= h.y.fHz + m'Y'fCH4 + c.y.fco (6)

Here A is the total signal response obtained from the TPD chroma-
togram, h, m and ¢ are the fractions of hydrogen, methane and .
carbon monoxide respectively determined by gas chromatography,
f's are the calibration factors and ¥ is the unknown and re-
presents the amount of gas evolved. Y is determined from eq. (6)

where all the other guantities are known. Equation (6) is valid

if there is a linear relationship between the concentration of

——



Table 7.3

127

Gas Content for Ethanol Stored Raney Nickels

c.c. Gas/g ‘
Catalyst Age Surface Thermal TPD TPD and Gas A % Between
(months) Area Desorp- Analysis Columns 4
N 2 3 :
tm%/q) tion and 6
IV A 12-20 60.5 63.3 28.3 47.3 -25.3
II A-3 0-4 76.3 71.0 43.7 58.0 -18.3
IX A-2 0-12 58.9 62.4 29.6 75.0 +20.2
IT A-1 17 32.0 65.5 15.6 46.0 -29.8

Table 7.4

Ratios Between Surface Areas and Gas Contents of Ethanol
Stored Raney .Nickels

IV A:

Ratieo II A-3: II A-~2: IT A-1
Surface Area 2.4 1.9 1l.8 1.0
TPD Gas Content 2.8 1.8 1.9 1.0
Thermal Desorption - .

Gas Content 1.1 1.0 1.0 1.0
TPD and Gas

Analysis Gas

Content 1.3 1.0 1.6 1.0

e
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each gaseous species and the signal response. The percent dif-
ference betweenfthe actual amount of gas evolved in thermal
desorption and the amount calculated for TPD is about 25%. This.
figure seems too high for the admitted percent error, but one
should consider the approximations involved in this calculation
and the fact that the composition of the gases evolved in the pre-
sence of argon in a dynamic system might not be the same with that
when argon is not present in a volumetric system. Also, the gas
content depends on the age of the catalyst, usually decreasing.
with the time of stdrage, probably due to Al and/or Ni oxidation
by the storage liquid and by the atmospheric oxygen diffusing
through the liquid. The weakly adsorbed hydrogen, present in
fresh preparations, is lost during storage. In eight months of
storage the gas content of a IV A catalyst decreased by about 20%.
The TPD spectra of the four types of Raney nickels studiéd
were similar.. However it was possible to distinguish the cata-
lysts by their TPD patterns. Temperatures of the maxima in the
desorption rate fog different types of Raney nickel stored under
ethanol are given in Table 7.5. It was possible to obtain a good
reproducibility (1-2°C) of the temperature of these maxima for
a given type of catalyst, from one experiment to another. How-
ever, because the position of the peaks changed with storage.time
the overall precision in the peak temperatures was in some cases
£15°C. No significant shift of the peaks occurred when the
heating rate was changed from 4.2°C/min to 12.8°C/min. A fresh

sample has a TPD chromatogram with peaks at lower temperatures
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Table 7.5

Temperatures of the Maxima in the Desorption Rate for
Ethanol Stored Raney Nickels

Temperature of Peaks (°C)

Catalyst Storage Start in Gas I IT III v
time Evolution
(months) (°Cy
. . ®
II A-1 17 103 151 213 234 440
II A-2 0-12 63 170" 220 454
*
I1 A-3 0-4 50 122 183 242 288
*
IV A 12-20 78 153 234 267" 542

*
indicates the largest peak in the desorption spectrum
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than catalysts stgred for different periods of time (II A-3 in
fable 7.5). There is a tendency for some peaks to shift to
ﬁigher temper%tures with storage time. For example, a II A-3
sample had its peak at 1l13°C when the catalyst was fresh. 1In
subsequent tests the peak was found at 117°C and 121°C after
several days, and after four months at 138°C. The other peaks
remained at the same temperature. This tendency could be explained
in this/way: a fresh sample has a large amount of weakly bound
hydrogen which is desorbed at a relatively low temperature, This
hydrogen is lost during the storage of the catalyst, so that the
corresponding peak becomes gradually smaller.

Figure 7.5 shows TPD spectra for II A-2 catalysts. The
spectrum in the upper figure was obtained with 0.1490 g of sample.
The temperature curve measured in the sample did not sPow any )
thermic effects. The peaks at 176°C and 224°C are probably a
mixture of hydrogen, methane and carbon monoxide as this tempera-
ture range is characteristic of both the dehydration of bayerite
and reaction of water with aluminum on one side and the decarboxy-
methylation of ethanol on the other. When the temperature reached
'427°C it is likely that all the ethanol adsorbed on Raney nidkel
was consumed or desorbed and the beak at 427°C might be due to
'hydrogen either desorbed from nickel or formed by the reaction of
Al and water coming from the decomposition of a certain type of
alumina ﬁydrate. Also, hydrogen from'the surface or mass of
Raney nickel can be desorbed in the temperature range 36°C-700°C.

The lower figure shows the TPD pattern of a larger sample of
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Figure 7.5 Desorption spectrum for type II A-2 Raney nickel.
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Raney nickel and the temperature curves measured within the sample
and outside the reactor. The peaks, at 123°C and 170°C, were
accompanied by exotherms: the increase in é;mperature during the
first peak was 12°C and for the second peak 130°C. The peak at
461°C was not accompanied by an exotherm. It was probably due

to the desorption of strongly bound hydrogen, for the same reasons
mentioned in the case of the peak at 427°C in the first TPD
spectrum. The spectrum in Fig. 7.5-B was distorted by the over-
heating, i.e., the peaks appeared at lower temperatures than they
did in an experiment when no large exothermic effect was found.

The IX A-2 catalyst, when fresh, evolved a burst of gas in
the temperature range 100-115°C accompanied by an increase in
temperature. A 12 month old sample did not evolve gas as a burst
in that temperature range, instead had a peak at 144°C and three
others at 182°C, 232°C and 460°C.

An interesting TPD spectrum was produced by a IV A Raney
nickel that contained about 49 wt %fo% alumina trihydrate. Eight
months of storage did not change appreciably its TPD spectrum.
'The desorption spectrum is shown in Fig. 7.6, curve a. The peaks,
at 234-267°C are this time accompanied by an endothermic effect
which leads to a decrease in the heating rate in that temperature
range. The decrease in the‘desorption rate was then due to a
change in heating rate and probably only one peak would be
observed at 236-267°C if the heating rate remained constant.

The endothermic effect was caused by the presence of a large amount
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of alumina trihydrate which loses most of its water at about 220°C.

The dehydration reaction is endothermic(IIZ):

-

-]
3H,0 = Al,05(e) + 3H,0(q) AH

598 = +70.4 Kcal/mol . (7)

-Al%‘z 3,
The exothermic effect, usually present in the TPD chromatagram
of eéhanol—stored Raney nickels in the 150-220°C range was not
observed because of the enthodermic reaction (7) and the ne£
result waslan 3naothermic effect. When large samples (0,7100 g)
of IV A Raney ;ickel were used in a TPDQexperiment, an exothermic
effect, AT = +32°C was observed in the 180°-200°C range followed
by an endothermic effect, AT = -29°C, at 250°-270°C.

Fig. 3.6-b shows Ehe desorption spectrum of water vapor for

an alumina tfihydfaﬁe (§ibbs§te) sample with a particle .size
of. about 5 uym. In thls cagerhydrogen was used as a carrier gas
and the dry-ice trap %as not used. There is a rapid evolution
of water above 220°C'corresponding to a rapid evolution of gas

{(curve a) and an endothermic effect ‘similar to that obtained with

.
~\

a Iv a qifalyst. The levelling of the curve b corresponds to the
saturation vapor pressure of water at room temperature. For IV A

Raney nlckels the peak at 234-2&§‘C is probablg\mostly hydrogen

%

from reactlon (4) At 550°C strongly adsorbed hydrogen is probably

being desorbed. K

.
-

One method of approximating the composition of the peaks
evolved at different temperatures is to make TPﬁ _experiments with
hydrogen as carrier gas using dry ice, or liquld nltrogen traps

Oor no trap at all. Ia this way certain components in the effluent

\
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are trapped and by comparing the dé'sorption spectra obtained

T e

e

in’different conditiqns, approximations of the composition of

the peaks and mass balance calculations can be made. .In addition
to hydrogen, methane and carbon monoxide identified in the gases
evolved in thermal desorption, ethanol and acetaldehyde were
detected in a dry ice trap. Ethane is a likely product to be
found as traces in the effluent. When no érai is placed before

the detector in the TPD system and Ar used as carrier gas, all

the above mentioned products plus H, can be detected. An‘\adequate
. trap allows the detection of noncondensable gases from a mixture
of condensable and noncondensable gases. For example, if hydroge

is used as the carrier and a dry ice trap prevents water, ethanol {

-81.5°C
CH3CHO .

concentratiomns of a mixture of methane, carbon monoxide and ethane

and acetaldehyde (P = 1 mm) to be detected, then the (:i
in hydrogen.can be measured by the detector. A liquid nitrogen
trap reduces the gases‘detected to CH4 and CO,

Such an experiment with different traps and carrier gasesg
was done with IV A Raney nickel. The TPD curves are shown in
Fig. 7.7. The curve 1 is the chromatogram obtained in a regular
experiment at an attenuation of 32 using argon as carrier gas

and a dry ice trap. The peaks obtained wetre a mixture of H,, CH

2’
and CO. Table 5.2 gives the composition of the gases evolved in

4

a volumetric apparatus in the absence of argon,50 vol % H 45%

2[
CH, and 5% CO. The curve 3 is the TPD spectrum obtained with a

dry ice trap, but this time hydrogen was used as carrier gas and
the attenuation was 2. The curve 2 w{EJ?btained without a trap in

-

a hydrogen stream at attenuation 4. }
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The peak temperatures are indicated on the diagram. There

are slight discrepancies between the peak temperature on the

chart because the heating rate was not exactly the same in all

three cases. Data from TPD tests made with different traps and
\/\Eaxgier gases are presented in Table 7.6. Based on the information
given in Table 7.6, the whole TPD spectrum in Fig. 7.7 can be )
interpreted in this way. The curve 3 shows three peaks at 107°C,
196°C and 235°C for the formation of CH4 and CO (CH4/CO = 9 from
GC analysis). Beyond 235°C there is a sharp decrease in the rate
of formation of these two products. The curve 2 almost parallels
the previous curve showing maxima at 125°, 192° and 234°C corres-
ponding to a mixture of CH,, CO, C2H50H'and CH,CHO. The larger
signal is attributed to the presence of ethanol and acetaldehyde,
which are the source of methane and carbon monoxide. After 234°C
the dotted line becomes parallel to the base liné at a height
corresponding to the saturation vapor pressure of water at réom
temperature, the water being produced by the decpmposition of
alumina trihydrate. During this part of the TPﬁ experiment liquid.
was condensed on the cool parts of the reactor and an endotherm
was recorded. 1In this region the maxima recorded at 237° and 266°C
(see curve 1) are probably due to hydrogen being formed in the
oxidation of aluminum by water. fhe peak at 153°C could be a
mixture of Hz, CH4 and CO or of the last two gases only. The
200°C region of the TPD spectrum is exothermic as it was determined

with large weights of catalysts. Obviously at 555°C hydrogen is

evolved, either from the nickel surface or lattice or from the

O
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oxidation of a metallic component of Raney nickel by water.
In a séparate TPD experiment hydrogen was used as carrier
gas and a liquid nitrogen trap allowed the detection of CH, and
CO only. After the gas evolution ended, the dewar flask with
liguid nitrogen was removed and the condensed mixture in the trap
was detected too. For the mass balance calculations it was
assumed that only water was present in the trap, although small
amounts of ethanol and traces,of ethane could have been present
too. If the ratio CH4/CO was 9, i.e., the same as in the gases

evolved in the volumetric apparatus, then by using the equation

(3) it is found that
. 178705.6 = {0.9).Y.(5606.8) + (0.1).Y.(5877.48) (8)

Y = 31.72 cc/g, i.e., 28.55 éc(STP) of methane and 3.17 cc{STP)
of carbon monoxide were evolved per gram of IV A Raney nickel.
The gas chromatographic analysis of gases evolved in thermal desorp-
tion indicated 28.5 cc of CH4 and 3.2 cc of CO, in excellent
agreement with TPD values. The water content found by TPD was
182.1 mg H,0/g of cdatalyst, about 7.5 wt % larger than the __
amount of. water contained by the 48.95 wt 8% of alumina trihydrate
in IV A Raney nickel. This discrepancy could be eliminated if
one considers the fact that the condensed liquid in the 1liquid
nitrogen trap ;ontained not only water but smail amounts of
ethanol, acetaldehyde and traces of ethane which contributed to
the total chromatographic sighal. The calculated weight loss was
209.3 mg/g of catalyst,also about 7% higher than the experimentél

weight loss, 195.7%6.3 ng/g.” Again there is good agreement
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in the mass balaﬁce calculations if the correction mentioned
above is intrqduced.

A similar series of TPD experiments were done with II A-3
catalyst immediately after its preparation and after
four months. The corresponding TPD spectra are shown in Fig.
7.8 and a summary of data in Table 7.6. Curve A represents a
regulér experiment with 0.3470 g of saﬁple using argon as carrier
gas and a dry ice trap. The recorder attenuation was 32. Curve
B is the TPD spectrum of 0.3705 g II A-3 Raney nickel on attenua-
tion 2 with hydrogen as carrier gas and liquid nitrogen trap.
Curve C (broken line) was traced on attenuation 2 of Fhe re-
corder with hydrogen as carrier gas and no trap before the detéc—
tor. The sample weight was 0.1895 g. The peaks in spectrum A
at 113°C and 177°C were exothermic, AT feache@ a value of +42°C.
The peak at 258°C was slightly endothermic due to the dehydra-
tion of alumina trihydrate. The peaks at 164-177°C in spectrum
B were exothermic too indicating that the desorption of Hz, CH4
and CO was an exothermic process.. The constant height of the

curve B is caused by CH, and/or CO condensing in the trap at

- -] - o

-196°C (»p 196°C 10 mm and P 136°C _ 400 mm)., Spectrum C is
CH4 Co

produced by a mixture of C,HZOH, CH3CHO, CH,, CO, C,He and H,0,

the last component obtained from the decomposition of alimina

trihydrate. After 254°C an endothermic effect caused by the de-
hydration of alumina trihydrate is recorded and curve C becomes
almost pafallel to the abscissa indicating that water was con-

~

densing on the room temperature parts of the system. In the same

oamT e v
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temperature range a peak is recorded on spectrum A at 258°C,
this very likely corresponding to hydrogen formed in the reac-
tion between water and Al. By comparing the size of the peaks
at 113° and 103°C, we could say that most of the gas evolved

at 113°C (spectrum A). is hydrogen, probably weakly chemisorbed.
The desorption of hydrogen in the range 100-180°C is accompanied
by the formation of methane and/or carbon monoxide. A mass
balgnce calculation for the II A-3 sample, similar to the
caléulation done for IV A Raney nickel, determines from the

amount of CH4, CO and H,O evolved an expected weight loss of 40.3

2
mg compared with an experimental weight loss of 41 mg.

Most Raney nickel samples were evacuated at room tempera-
ture prior to TPD experiments. When a II A-3 catalyst was evacua-
ted at 110°C for 48 hours, the desorption spEctrum consisted of
one peak only at 278°C. The gas evolution started at 190°C and
the amount of gas evolved per gram of catalyst to 700°C was -
about half the amount evolved in a reéular TPD. It is likely that
most of the ethano)k and the species derived from it were evolved
during the evécuation at 110°C and only hydrogen desorped in
the TPD, about 22 cc(STP)/g. The hydrogen source could have
been the reaction between water from alumina trihydrate and
aluminum. The experimental weight loss was 58.4 mg/g compared

with 96.5:10 mg in a regular experiment. The water bound to

alumina trihydrate in II A-3 catalysts weighed 77.5 mg/g.
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J
7.7 WATER ADDITION EXPERIMENTS

The fact that the main part of the gas evolved by Raney
nickels in a TPD experiment was desorbed exothermically at 200°C-
220°C, when most of the water associated with the alumina tri-
hydrate in the catalyst is lost, led naturally to the investiga-
tion of the effect of water vapor on Raney nickel catalysts. The
TPD system was arranged to introduce into the carrier gas about
25 torr of water vapor for desired intervals of time by flowing
argon through a water saturator. Water vapor was introduced to
the catalyst at a constant furnace temperature, usually at a time
when hydrogen evolution was not large. In each case intréduction
of water yielded an exothermic desorption peak (Fig. 7.9). The
exothermic effect was evident at lower temperatures (84°C). When
the temperature was increased (upper part of Fig. 7.9) a large
exothermic effect accompanied the hydrogen evolution. In some
experiments water was added from room temperature to 700°C,
while in other experiments addition was done at 550°C-700°C. Tﬁe
reason for adding water: at temperatures higher than 550°C was
to make sure that, for ethanol-stored catalfsts, methane and
carbon monoxide evolution had ended. Of course, at higher tempera-
tures, the chance of oxidizing nickel is greater too. However,
even at lower temperatures, addition of water does not favor

formation of CH, and CO as the equilibrium in the reaction

SN :
H2 + 2C2H50H = ‘3CH4 + CO + H20 {9)

is displaced to the left. The exothermic evolution of hydrogén
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Figure 7.9 The effect of HZO vapor on type II A-2 Raney nickel.

Temperatures measured inside and outside the TPD cell

shown by broken lines.

are

!

,

Rt

i

A

4

\

{

;

M

4

3

i

i

:

.

:

5

i

— 3
m 3
3 :
m i
= :
— ;
Cc *
=X ’
H

S

— i
[+ 2
O 5
A o d ..
Y

:

%

3

¢

»

A —————_ o T T



145

at each addition of water was noticed for both water-stored

(commercial) and ethanol-stored catalysts (II A-1, II A-2 and

- F e e A b -
SRS Aina i

IV A). The amount of hydrogen evolved in a water addition test
was up to 3.2 times larger than %n a regular TPD for the COM
catalyst (Table 7.7). The values“for the ratios of the amount of
gas evolved in a water addition TPD to the amount of gas desorbed
in a regular TPD are approximate and are actually the ratios

of the corresponding total peak areas. When water is added to

Raney nickel, hydrogen can be formed in one of these reactions

]
2/3 A1 + Hzo(g) = 1/3 A1203 + H, AH g = -70.5 Kcal/mole (10)
k228 - 1.56%x10°%
eq
B o
Ni + Hzo(g) = N%O + H2 ' AH298 = 4+0.5 Kcal/mole (11)
k298 - 1. 05x1073
eq
©
Ni + 2H20(g) = N:L(OH)2 + H2 ‘ AH298 = ~13.0 Kcal/mole (12)
298 _
Keq = 0.19

Reactiong (11) and‘(lZ) are thermodynamically limited as the
equilibrium constant of reaction (11l) is of the order of magnitude
10'-3 at room temperature and is still very small at 700°C (about
S.ZXIQ-3). Reaction (10) is the only one favored at room temperature
as well as high temperature. AH° at 7005C is -68.6 Kcal/mole,

i.e,, it does not change much with temperature. However, due »
to the presence of active surface nickel on which surface proces-

ses can occur, it is possible that reactions/(ll) and (12) do not

have tgermodynamic-limitations.
!

!
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Gas Evolution and Nickel Oxidation Data for Water
Addition TPD Experiments

Type of A1203.3H Ratio of Gas wt § of % of Surface
Catalyst wt % Evolved in Water Total Nickel
Addition TPD to Nickel Oxidized
Regular TPD Oxidized
COM 7.10 3.2 0.55 11.7
IX A-2 17.83 2.5 0.61 9.9
IT A-1 17.26 1.9 - -
IV A 48.95 1.0 - -

w JEy
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In water addition experiments, generally the ratio PH /PH o
’ 2 2

calculated from the TPD chromatogram by the method described in
Appendix D was higher than the equilibrium constant, Keq for
nickel oxidation by water wvapoxr (reaction 1l1), so we suggest that
bulk nickel oxide was not formed (see Table 7.8). Similar experi-
ments with hydrogen as carrier gas on samples gsed in regular

TPD tests gave no indication of water evolution, as would be

ekpected if bulk or surface NiO has been formed. 1In experiments
made on samples from water addition tests, water was found
corresponding to about 0.6% of total nickel or about 11% of sur-
face nickel being oxidized (Table 7.7). The corresponding volume
of hydrogen due to oxidation of nickel by water was less than

2 cc(STP) /g of catalyst. Depending on the amount of water added,
a commercial Raﬂey nickel evolved between 44 and 77 dc(STP)Hz/g
compared with 2?.8 cc evolved in a regular gfperiment. COM
catalysts contaiﬁ\gnough metallic aluminum (7.1 wt %) to produce

88.5 cc H2/g by reacting with water.

Table 7.9

Mass Balance in Water Addition TPD with COM Catalyst

Al
<

H Ho AH, Aluminum Al,05 Aw Aw ex-
anlved Evolved Oxidized £ a perimental
in regular in water (cc/sample) orme
TPD {cc/ addition
sample) TPD (cc/ (mg/sample)
sample)
25.1 45.3 20.2 14.7 29.3 14.6 = 13.0
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R
Table 7.8
P, /P Ratios Calculated from TPD Spectra of
H2 H20
COM Catalysts in Water Addition Experiments
Experiment Temperature Calculated Ke
(°C) Py Py o 4
2 .
\ -3 -3
TPD-35 179 259.4x10 1.62x10
~_ " 186 176.9x107> 1.65x107 2
249 394.1x107° 1.95x1073
428 272.1x1073 2.93x107 >
701 26.6x107°> 5.15x10 >
TPD-66 233 839.6x10 2 1.80x1073
398 1312.9x103 2.75x1073
678 809.1x10 > 4.93x107°3
/4\
i
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A mass balance talculation was done with a commercial catalyst

in a water addition test. Table 7.9 shows the extra hydrogen due
Py, o ¥
"

to the reaction of aluminum and nickel with water. The amount

of nickel oxidized (5.2 mg/sample) was determined by measuring
the corresponding amount of water formed in a TPD experiment in

%

which hydrogeﬁ was used as carrier gas. AH, in Table 7.9 was

2
corrected for the hydrogen evolved due to nickel oxidation (1.97
cc/sample) . The.ca%culated weight increase due to aluminum oxi-
dation was 12.3% higher than the experimental yeight increase,
a discrepancy which could be explained by the experimental error.
A IV A Raney nickel, containing about 49 wt % alumina
trihydrate, evolved the same amount of gas f? a water addition PPD
as in a regular TPD. The water addition to the catalyst did ‘
not result in pfoducing more hydrogen because of the large amount
of water already present as alumina trihydrate. 1In both experi-
ments the weight loss was about 87 mg/sample. Another interes-
ting feature of the water addition TPD tests was the fact that,
generally, the amount of hydrogen evolved as a result of a dose
of water, corregponded to the stoichiometric amouné according to
reaction (10)or (11), i.e. 1H2 was produced for each HZO introduced.
As the equilibrium constant of reaction (1ll1l) is about 10“3, it

follows that oxidation of aluminum occurred.

7.8 SUBPORTED NICKEL CATALYSTS

This section descr%bes the desorption of hydrogen from
nickel-on-silica catalysts during TPD and water addition tests,
similar to those done with Raney nickel catalysts. The purpose

of this study was to find the extent of nickel oxidation by water
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in water addition tests and the amount of hydrogen adsorbed
on the nickel surface during the reduction of nickel oxide.

The NiO/SiO., catalyst was evacuated overnight at 200°C to

2
.10"5 torr to remove the water adsorbed on the catalyst surface
(6.1 wt %). The nickel content was determined in two ways:

l) by dissolving the sample in nitric acid and determining
nickel by the dimethylglyoxime method

2) by reducing the catalyst with hydrogen in a temperature-
programmed reduction (TPR) experiment and determining the
amount of water formed from the TPR spectrﬁm.

The second method has the advantage of a continuous and guanti-

During the TPR of

tative monitoring of the H20 production.

NiO/SiO., there were two maxima in the HZO production at about

2
234°cC.

The treatment of the sample for a TPD exﬁériment consisted
of removing the adsorbed water by evacuation at 200°C, then re-

ducing the sample in hydrogen for 3 hours at 420°C, cooling the

2
by evacuation to 10~

catalyst in flowing
5

Ni/SiO hydrogen to room temperature followed

torr. The saﬁple was then?*ready for the
TPD experiment. Argon was used as carrier gas, and a heating
rate of 12.5°C/min from room temperature to 700°C. The desorption
spectrum consisted of three hydrogen peaks: 102-122°C, 180°C and
466°C. The total amount of hydrogen desorbed to 700°C was 12.2
cc(STP} /g Ni.

However, in one experiment 16.2 cc Hi/g Ni were desorbed

(Table 7.10). This value seems too high but not unlikely if it is
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2
compared to 15.8 cc reported by Mars et.al.( 3

as the volume -
of a hydrogen monolayer on a Raney nickel catalyst. However, the
nickel surface area, determined by hydrogen chemisorption at

-196°C, can accommodate only 6.1 cc H2/g Ni. It is possible that

at room or higher temperature, more hydrogen can be chemisorbed.

The experimental data about the nickel on silica catalyst are
presented in Table 7.10. The water addition tests were done in

two different ways: after the hydrogen was evolved during the

TPD, water was added aﬁ 700°C. Each dose of water produced a

hydrogen peak. Water was added until no more hydrogen was evolved.
Despite the fact that nickel oxidation by water vapor is favored
thermodynamically at high temperatures, only 1.1% of the total

nickel was oxidized. This corresponds to 12.6-18% of surface

nickel, depending on the value chosen for hydrogen chemisorption ;
on nickel (11.3 or 16.2 cc Hz/G Ni) énd assuming Ni area constant
to 7OOOC, The fraction of oxidized nickel was determined from thé
amount of hydrogen evolved after water addition. In the second 1
method, water was added during the TPD test at constant temperature

between 100°C and 700°C when hydrogen evolution was small. By

comparing the ratios PH /PH o calculated from the TPD spectrum with
2 2

AR than e TS GEAAE S e Mo

the equilibrium constant for the reaction of nickel oxidation

by water vapor it was found that in many instances

the ratiow sz/pﬂzo were at least one order of magnitude

larger than the equilibrium constant. If it is assumed that the

¢ ammaeincaa WA,

thermodynamics apply to both bulk and surface nickel oxidation,
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this means that adsorbed hydrogen has been "chased" from the
nickel surface by water molecules. Even if it is considered that
ail the hydrogen desorbed after one dose of water was formed in
the nickel oxidation reaction, about 1 Wt % of total nickel
was oxidized.
\\ The conclusion of this section is that the fraction of nickel
oxidized in a water' addition test is very small., These chances
for oxidizing Ni are even smaller in the TPD experimenps with Raney

nickel duk to the presence of aluminum.

7.9 NICKEL~-ALUMINUM ALLOYS

Nickel-aluminum alloys with a composition similar to Raney
nickel catalysts (4-8% alwuyninum) were prepared in the laboratories
of the Department of Metallurgy and Materials Science to study
their behaviour towards adsorgtion of hydrogen and oxidation by
water vapor in temperature-programmed desorption experiments. The

chemical composition of these alloys is given in Table 7.11.

. Table 7.11

Chemical Composition of Nickel-Aluminum Alloys

Nominal - Nickel Analysis Aluminum Analysis Iron Analysis
Composition {(volumetric) * (AAS) {aAS)
(wt % Al) wt 8 Ni wt § Al wt § Fe203
4 96.20 4.07 . -
8 92,04 ' 7.74 ’ 0.12

"
AAS: Atomic Absorption Spectroscopy

)

A
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The nickel used in TPD experiments was electroly£ic nickel obtained
from Falconbridge Copper Ltd. It contained 99.9% Ni, 54 ppm carbon
and 12 ppm cobalt. Ni anlei—Al alloys were received as 5 cmxl cmxl cm
iﬂgots which were cut to small chips in a milling machine and the
chips were used in the TPD experiments. The metal and alloy sample;
were heated in the TPD reactor in fiowing hydrogen from room tem-
perature to 700°C at a heating rate of 12.6°C/min. Then they were
cooled to room temperature overnight in flowing hydrogen (40 ml/min)
and evacuated to 10.-5 torr. The samples were reweighted before TPD,
as small amounts of oxides could have been reduced during the
hydrogen treatment. Argon was used as carrier gas in the TPD
experiments. The heating rate was the same as in the ?ydrogen treat-
ment, 12.6°C/min, and the highest temperature reached in the experi-
ments was usually 700°C. After TPD the sample was allowed to cool to
room temperature in argon, a new TPD was done, this time with water
vapor added to the argon from %00°C to 700°C. The addition of water
was acgompanied, usually at higher temperatures,lby hydrogen evolu-
tion. The data obtained in the TPD experiments with ﬁi and Ni-Al
alloys are given in Table 7.12. The amount of hydrogen desorbed to
700°C was 0.12-0.15 cc(STP)/g for the pure nickel sample. As the sur-
face area of nickel chips was virtually zero, no sign;ficant amounts
of hydrogen could be chemisorbed on the sample. The solubility
of hydrogen in nickel. is about 0.07 cc/g at 721°C and in-
creases with increasing temperature to 0.13 cc/qg at 1123°C(113).
As the maximum temperature of the hydrogen tre&tment of the sample

was 700°C, this means that some hydrogen was, dissolved in the mass
/
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of nickel. 1Indeed, cathodically charged nickel can be super-
saturated with hydrogen, 0.14-0.76 cc/g. Also, Ni wire can be

charged with hydrogen, if it is heated for one minute at 800°C in

40 torr of hydrogen. At 1073

(113)

torr and 720°C a complete desorp-
tion of hydrogen occurs The position of the hydrogen peak
in the TPD spectrum of the nickel sample (276°-297°C) suggests

a relatively strong bond between hydrogen and nickel. The 8%
algminum alloy evolved between 1.49 and 1.95 cc Hz/g, i.e.,

13 times more hydrogen than pure nickel. The order of magni-

tude of the amount of hydrogen sorbed by the alloy indicates

a possible Ni-al-H solid solution. The larger aluminum atom
(ril/rgi = 1.52, where r is the atomic radius)may disturb the
normal nickel lattice creating new positions where hydrogen atoms

- (-]
(25) reports a lattice constant of 3.546 A

can be placed. Emmett
-]

for a 8 wt % aluminum-nickel alloy, compared to 3.532 A, the

lattice constant for pure nickel.

The hydrogen peak at 376°-428°C is almost perfectly sym-

metrical, suggesting a second order reaction

- H (13)

2H
(ads) 2(gas) |

The heat of desorption of hydrogen from the mass of nickel is
-3.5 Kcal/mol, i.e. the desorption is exothermic. No thermal ef-
fects were recorded during the desorption of hydrogen, probably
because of the small amounts of hyﬁrogen desorbed.

The 4% aluminum alloy desorbed only a very small amount

of hydrogen, 0.029-0.038 cc(STP)/g, and the temperature of the
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peak maximum was 138°-172°C, lower than in the case of 8% Al
alloy. Also, the hydrogen evolution started at about 100°C,
indicating a weaker hydrogen-nickel bond than for 8% Al alloy.
Two forms of hydrogen were present on the pure nickel sample:
one desorbing at 142°-150°C and the second at 276°-297°C.

Addition of water vapor during TPD to nickel and 8% aluminum
alloys resulted in a hydrogen peék only after 490°C. Obviously,
the low reactivity of these samples towards water can be ex-
plained by the small surface area of these materials. Raney
nickel, a fine powder with a surface area of about 80 mz/g, reacts
quite easily with water vapor at 70-80°C, forming hydrogen.
However, the 4% aluminum alloy is more reactive towards water
than pure nickel and 8% Al-Ni alloy, producing hydrogen from
100°C to 7Q0°C. Nickel-aluminum alloy forms more hydrogen in
water addition tests than pﬁre nickel, probably bécause of the

presence of metallic Al. Indeéd, the ratios PH /PH o calculated
2 2

from the TPD spectrum of 4% aluminum alloy in water addition

tests were about 16 times larger than the equilibrium constant
for the reaction Ni + H20 — NiO + Hy, suggesting that Ni was
not oxidized. The case of the 8% Al alloy is not so clear, as

in one experlmen,tj.'PHz/PH20 was about 4 times hlgh?r than Keq‘
The calculated P, /P was equal to K__, within the experimental
H,” “H,0 eq
X 2

error, for the pure nickel sample, when only 0.38x10 2

- 1.00x10"
wt % of total Ni was oxidized by water. Even if we assume that
only nickel was oxidized in the Ni-Al alloys during water addition

tests the fraction of nickel oxidized is still a very small one,

B At

v o,
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0.15-0.41 wt %. The largest fraction of oxidized nickel in
Raney nickel catalysts in water addition tests was about 1 wt %
of total nickel, contributing less than 2 cc Hz/g of
catalyst to the total amount of hydrogen evolved by Raney nickels.
It should be noted that no NiO was found in a Raney nickel cata-
lyst after a regular TPD experiment, i.e., where no water vapor
was added to the samble. Thus, only metallic aluminum in Raney
nickel reacted with water, adherent or associated with alumina
trihydrate, generating part of the total hydrogen erlved during
TPD.

The conclusion of the experiments described in this section

can be summarized in the following table.

Al content of alloy wt % H, evolved to 700°C cc{STP) /g

2
0 4 8
l. Heated and cooled in H2 and
evacuated 0.13 0.033 1.7
2, Sample from 1 plus H20 0.004. 1.35 0.53

The 8% Al alloy sorbed a sizeable amount of‘H2 and both alloys

reacted with H20 to a limited extent, particularly at higher tem-

peratures.

R T R TR e

.

TR A

DL PASE AN




CHAPTER 8

DISCUSSION, CONCLUSIONS AND RECOMMENDATIONS

8.1 GENERAL

The purpose of this chapter is to consider the results of
this research, to discuss them in Comparison with other research,
rand to make conclusions about the nature of hydrogeﬁ”ﬁn Raney
nickel catalysts. Also, recommendations about further work on

Raney nickel catalysts are made.

8.2 DISCUSSION

The polemic on the mature of hydrogen in Raney nickel was

delineated at the Paris meeting of ICC in 1960 by P. H. Emmétt(zs)
and Mars, Scholten and Zwietering(zg): is the hydrogen eveclved on

heating Raney nickek), in excess of the amount that may be attri-
buted to chemisorption, held interstitially in the nickel, or

is the hydrogen produced by the reaction of residual aluminum
and water?

Results of present research indicate that when Raney nickei
is heated, except for chemisorbed hydrogen, hydrogen comes from
the two sources mentioned above: the interstitial hydrogen
and the reaction of aluminum and water. .

Evidence supporting the existence of nickel-hydrogen solid
sblution or nickel-aluminum-hydrogen solid solution comes

mainly from the data obtained for commercial catalysts. Table 8.1

159
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Table 8.1

Hydrogen Content of Raney Nickel Catalysts Determined by
Different Methods

Catalyst ‘ H, Content, cc(STP)/g
Type HCl Dissolution Thermal H2 - D2 TPD
Desorption Exchange
coM 21.3:5.1 22.0%1.2 25.8%0.2 22.5:1.0
IX A-1 26.4 26.5 ) -~
II A-2 26.9

The hydrogen content for II A and IV A catalysts was obtained by
correcting the amount of Hy evolved in thermal desorption for the
Hy consumed in the reaction with ethanol and equivalent to

ona third of the CH4 evolved.
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shows the hydrogen content, .determined by different methods,
for several types of Raney nickels. The agreement of the hydro-
gen content of COM determined by hydrogen-deuterium exchange

A}
with H, content determined by other methods suggests that

2
this amount of hydrogen preexisted in the sample and was not
formed in any reaction, such as Al or Ni oxidation by water.

The possibility that part of the hydrogen came from the exchange
of deuterium with the wager bound to alumina trihydrate in the
cagalyst is eliminated because the H2-D2 exchange in the IV A
Raney'nickel, containing 49 wt‘% alumina trihydrate, resulted

in a relatively small hydrogen content, 11.9-13.6 cc/g. fhe
maximum amounts of H2 chemisorbed on Raney nickel were obtained
at -196°C and were 8.0 and 13.9 cc(STP)/g for COM evacuated at
room temperature and 106°C, respectively. If it is assumed tﬁat
COM Raney nickel has an average hydrogen content of 22 cc(STP)/g

and the reaction of Al and HZO produces a negliéible or small

amount of H,, then at least 8 cc Hz/g must form a solid solution

-

Magnetic data obtained by Macnab and Anderson(36) support

the hypothesis of hydfogen as Ni-H or Ni-Al-H solid solutions.
As hydrogen was removed from Raney‘nickel by heating, the
magnetizatjon increased'about 0.63 Mg (Bohr-magneton) per hydro-
gen atom. According to the equation '

o) = 57.5 (1 - 1.82 nX) L)

where 0; is the saturation magnetization at 0 K per gram of alloy,

n = 1 for hydrogen and n = 3 for alumipum, X is the atom fraction

of H or Al in the solid solution and 57.5 corresponds to 0.606 Mg

AN ") P T @ iRy ot il o
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proposed by the authors mentioned above, an atom fraction of 0.55
of H eliminates ferromagnetism. If the relative amounts of H and
Al in the nickel solid solution are known, the atom fractions of
H and Al can be calculated from magnetic data using Eg. (1).
Taking the limiting case of the solute being only H, the amount
of hydrogen evolved on heating the catalyst to 500°C can be cal-
culated from the magnetic data for samples pretréated at 25° and
500°C, assuming that chemisorbed and interstitial hydrogen have
Q%he same effect on magnetism. If the hydrogen is removed_by heating
at 500°C a hydrogen evolution of 26 cc/g is calculated for a COM
Raney nickel, compared with 25.8 cc found by H2-—D2 exchange, 22.5
cc by TPD and 22.0 cc by thermal desorption. '

These data support the postulate that hydrogen is present
interstitially in a Ni-H or N;—Al-H solid solution. However, the
importance of this conclusion is decreased by the fact that qu\

(1) has not been established for Ni-H solid solutions and, accor-
ding to eqg. {1), the hydrogen remaining at 500°C seems unrealistical-
ly large, 34 cc(STP)/g Ni.

(115) studied Raney

In a recent paper Martin and Fouilloux
nickel,free of A1203 and NiO,by means of magnetic techniques
and concluded that evolved hydrogen cannot be the result of reac-
tion of hzo.with metallic Ni or Al. The experimental observations
were interpreted assuming that H, is mainly present as chemisorbed
gas, but no values for metallic surface area are given. Some of
Raney nickels studied by Martin et al. evolved nearly 50 cc{STP)Hz/g

which would correspond to a nickel surface area of 182 mz/g, a

highly unrealistic figure even for the total surface area of a Raney

PR VY A T2 LY
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nickel catalyst. In the author's opinion, most of this hydrogen
must have come from the mass of Ni and probably less than half
of it from the Ni surface.

Hydrogen dissolved intékftitially in Raney nickel has been
described by the "screened prot&h model"(lls). This model assumes
that hydrogen is ionized to protons. The positive charge of the
metal ions is smoothed out into a uniform positive charge neutra-
lizing the electron gas. The effect of introducing a proton into
this hypothetical metal is considered from the standpoint of the
" Debye-Hiickel theory of electrolyte solutions. The electrons will
tend to cluster around the proton creating an increase in electron
density. The screened proton model leads to conclusions that are
consistent with the experimental observations. For example, the
heat of solution fo? the following process

M

+ _ :
1/2 H, >Hias) t ©(ads) » (2)
where M is a transition metal, can be calculated using an expres-

sion predicted by the screened proton model theory:

L3

'Aﬂexp = 15,9 eV - ¢ + Erep + Epol‘ (3)
Here AHexp is the experimentgl heat of solution, ¢ is the work
function of the metal, erep is the interaction energy between
{

the screened proton and the ion core (mainly a repulsive term)
and Epol is the energy change on going from the initially uni-"
form electron density to the final situation where there is an
increase in electron density around the proton. Due to a difference

in_erep for Ni and Pd it is found that AH®° for Ni is +7.0 Kcal/mole
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and -4.6 Kcal/mole for Pd, in agreement with the experimental
data. It follows that the desorption of the interstitial hydro-
gen is a slightly exothermic process. During hydrogen desorption
from COM a small exothermic effect was recorded only when large
amounts of samples were used. No thermic effects accompanied H,
desorption from lower weights of COM catalysts. Readsorption
experiments with COM Raney nickel indicated too the possibility

of the presence of interstitial hydrogen as the amoynt of hydro-
gen put back into the catalyst exceeded the hydrogeﬁ which could *
be accomodated by thevnickel surface.

The case of ethanol-stored Raney nickels is more compli-
cated as, in addition to hydrogen, methane and carbon monoxide
were also evolved on heating the catalysts due to the presence
of residual ethanol and acetaldehyde left on the Raney nickel
surface. All the reactions indicated by Table 8.2 could occur
on ethanol-stored Raney nickels. It was proved that reactions
4 and 5 occur only to a limited extent. Both exothermic and
endothermic peaks were recorded in a TPD spectrum of II A and IV A
sa@ples,copresponding mainly to. reaction 1 and 2 (Table 8.2),
respectively. The exothermal effect could also be produced by
reaction 3. The larger amounts of hydrogen evolved from samples
II A-3 and IV A (Table 8.1) certainly cannot be attributed only
tolchemisorption. The large exothermic effect (AT = 130°C)
accompanying a hydrogen peak at about 220°C, the temperature
characteristic of bayerite losing most of its water, is a strong
argument in favor of aluminum oxidation by water with formation

of hydrogen.

>
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Table 8.2 :

o
AH298 for Reactions Occuring on Raney Nickel Catalysts
During Thermal Desorption
-]

Reaction AH298' Kcal/mole
1) 2/3 Al + HZO(g) = 1/:? A1203 + H2 -70.5 ‘
2) Al,05.3H,0 = Al,0; + 3H,0(g) +70.4 (ref. 112) :
3) H, + 2C2H50H(g) = 3CH, + CO + H,0 -25.4
4)_ Ni + H,0(g) = NiO + H, + 0.5 ;
5) Ni + 2HZO(g) = Nl(OH)2 + H2 -13.0 l
6)  (/X)Ni.Hy, (absorbed) = Ni *+ Hy(g) - 7.0 :
7) ({1/x)Ni.H = Ni + H,(g) +10,0 + 30.0 E
2x (adsorbed) 2 (ref. 114) é
:
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'Addition of water vapor to Raney nickel produced an exo-

A

»
2y

thermic hydrogen peak in the TPD spectrum confirming that Al
oxidation is another source of hydrogen when heating Raney nickel
catalysts. The amount of hydrogen evolved in water addition

tests was more than 3 times that for regqular TPD experiments,
dependiﬁg on the amount of water added. IV A Raney niEkel evolved
the same amount of hydrogen in water addition experiments as in

a regular TPD due to the presence of a relatively large amount

of water bound to Al,0.-3H,O0 (v 49 wt %) in the catalyst. The

273 2

additional water did not have any effect on H, evolution. 4 !

8.3 CONCLUSIONS

The nature of hydrogen in Raney nickel catalysts was
studied by the following methods: hydrochloric acid dissolution,
amalgamation, thermal desorption in a volumetric apparatus,
hydfogen-deuterium exchange and temperature-programmed-desorption.

The hydrochloric acid dissolution method determined the
preexistent hydrogen, i.e., the chemisorbed hydrogen and the
hydrogen in solid solution with nickel. The hydrogen-deuterium
exchange method was used to measuﬁ? the amount of exchangeable
hydrogen, at least equal to the ﬁieexistent hydrogen, i.e.,
the‘hydrogen coming from the surface (chemisorbed) and the bulk
(Ni lattice) of the Raney nickel. For reasons shown earlier
(page 161) it is not likely that the hydrogen associaéed with
A120313H20 and from C2H50H and CH3CHO adsorbed on Raney nickel,
exchanged with‘deutérium. The volume\of hydrogen determined

by amalgamation corresponded to the chemisorbed hydrogen and/or
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the hydrogen in solid solution with nickel. COM Raney nickel
reacted faster with Hg at room temperature than II A samples.
Thermal desorption determines the amount of preexistent
hydrogen and the hydrogen formed in the reaction of Al oxida-
tion by water bound to alumina trihydrate. The same holds
true for temperature-programmed desorption with the difference
that during the TPD run there is less chance of oxidizing Al,
water vapor being carried away by argon. Most or all the hydro-
gen in COM catalysts is chemisorbed and in solid solution with
inickel. On heating COM samples, hydrogen desorption was accom-
panied by a small exotherm only observed for large samples.
Due to the low content of alumina trihydrate in COM catalysts,
only small amounts of hydrogen are produced by thé reaction of
Al and water. Temperatures of peak maximQ‘obtained for Raney
nickels and gibbsite in TPD experiments are listed in Table 8.3.
The peak at 206°C in the TPD spectrum of COM Raney nickel,
accompanied by a very small exotherm, is a;tributed mostly
to hydrogen from the nickel surface and lattice. After hydrogen
,wasjreadsorbed (more than 50% of the hydrogen initially evolved)
on COM (Section 7.5), a TPD experiment showed two new peaks,
at 118°C and 254°C. These peaks were attributed to two different
kinds of'hydrogen, not present in the original TPD spectrum
and adsorbed on sites characterised by different activation
energies of desorption. Also, part of the readsorbea\ﬁydrogen
is probably in solid solu#iqn with nickel, as the values for
hydrogen readsorption were higher than hydrogen chemisorption

on Raney nickel at room temperature.
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The interpretation of the TPD spectra of the ethanol-
stored catalysts (II A and IV A) is complicated by the presence
of ethanol and species derived from it, adsorbed on the catalysts.
The gas evolved in the temperature range 170°C-240°C was probably
o CH4 and CO (Secﬁion 7.6). Gas evolution in

this temperature range was accompanied by large exotherms.

a mixture of H

Gibbsite loses nhost of its water at about 220°C and both Al

oxidation by water vapor and C2H OH hydrogenolysis dn Raney

5
nickel are exothermic reactions (Table 8.2). Depending on the

"amount of gibbsite and metallic Al present in the catalyst,

hydrogen can still be produced by the oxidation of Al above
270°C. However, the gas evolution beyond 270°C was not accom-
panied by an exotherm, suggesting that Al oxidation did not
occur. Instead, strongly chemisorbed hydrogen or hydrogen in
solid solution with nickel was evolved. Most of the peaks
below 150°C were not accompanied by thermal effects and were
attributed ‘to weakly chemisorbed hydrogen.

In the case-of IV A Raney nickels, removal of consti-
tutional water, i.e., water bound to gibbsite, pr?duced an endo-
thermic effect at about 220°C. Although exothermic reactions,
producing H2 and othe;/gases including aluminum oxidatién, also
occur in this temperaéure range, the overall effect was endo-
\the;mic, due to the large amount of constitutional water present

I

/ ,
in the IV A catalysts, angd the peaks at 234°C and 267°C (Table

8.3) are endothermic. overheéting of large samples of II A

during the exothermic qrption (AT = 130°C) of hydrogen
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Table 8.3

Temperatures in the Maxima in the Desorption Rate for Different

Types of Raney Nickel and A1203'3H20

Catalyst Start in Gas Temperature of Peaks (°C)
Evolution

) (°C) I II ITI IV
coM 72 206

qcom 50 118 202 254
IIA-1 103 151  213% 234 440
IIA-2 63 170* 220 - 454
IIA-3 50 .. 122 183* 242 288
IVA 78 153 234+ 267* 542

AL,0,- 3H,0 P16s 224

* indicates the largest peak in the desorption spectrum

a: readsorption experiment

b: start in the evolution of H,O vapor

2
¢: maximum in the rate of desorption of HZO vapor
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and/or‘methane resulted in a distorted fPD pattern; most of.
the gas was evolved at the time of the exotherm, producing
large, sharp peaks in the TPD ;pectrum. Complications by

exo- and endothermic reactions, the broad peak maxima, and

the limited range of heating rates employed prevented the esti-
mation of activation energies by the methods described on p.108.

Water addition tests constituted a direct proof that
hydrogen was produced inlthe reaction between metallic Al
in Raney nickel and water evolved from alumina trihydrate.
Oxidation of nickel did not occur in the regular -TPD experi-
ments, that is on heating the catalysts in argon, and only to
a small extent in water-addition tests.

Previous magnetochemistry experiments do not lead
to an unambiguous explanation of the nature of hydrogen in Raney
nickel. The increase in the specific magnetization obtained by
heating Raney nickel can be explained by either the removal of
hydrogen from the Ni surface or lattice and by oxidizing Al in
a solid solution of aluminum in nickel.

The nature of hydrogen in Raney nickel catalysts is a
multiple oﬁe: chemisorbed hydrogen, hydrogen in so0lid solution
with nickel or Ni-Al alloys,and in addition hydrogen is formed
by the reaction of metallié aluminum with water associated with

alumina trihydrate in thermodesorption and T.P.D. experiments.

8.4 RECOMMENDATIONS
It is suggested that in further work on Raney nickel, the
~
following recommendations and research proposals be taken into

account:

~



2)

3)

4)

5)

lé68

a continuous determination of“CH4,CO and H2 could be done by

/

using three sets of matched pairs of thermistors and
absorption tubes(ll7). Argon carrier gas is passed over
three reference thermistors, the TPD cell, the first analysis
thermistor, an ammoniacal cuprous chloride solution for CO
absorption, a dry-ice trap to remove H20 vapor, the second
analysis thermistor, a CuO tube at 400°C to convert H2 to
HZO’ a dry-ice trap to rémove Hzow and finally the third
analysis thermistor. The three thermistors detect the total

gas (H2 + CH, + CO), H, + CH4,and CH, respectively. The signal

4
can be recorded on a three pen recorder, and the individual
gas contents of the mixture can be obtained by subtraction of
appropriate signals. Also, this analysis can be done by

using three thermal c¢onductivity detectors in series.

Chemical analyses of Raney nickel -should include the deter-
mination of metallic aluminum and separately, of the alumina.
If possible, preparation of Raney nickels free of metallic Al
and/or Al,0, (possibly at 150°C in an autoclaQe).

Removing completely the storage ligquid from the catalysts
without affecting the hydrogen content or the structure of
Raney nickel.

Improving the hydrochloric acid dissolution method, as this is
the only method which can determine the hydrogen preexisting
in Raney nickel before thermal desorption, i.e., excludes

the hydrogen formed between Al and H,O0 when Raney nickels are
heated. Then determine the hydrogen evolved in a thermal de-

sorption experiment with a new sample and compare the results.
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6)

7)

8)

9)

10)

11)

12)
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Thermal gravimetry and differential thermal analysis experi-
ments in connection with TPD.

A comparative study of the properties of Raney nickel, other
Raney catalysts (like Raney cobalt and zinc) and Urushibara
catalysts.

Removal of-nickel from Raney nickel by treatment with cakbon
monoxide at about room temperature, and examination of resi-
dues by electron microscopy, X-ray diffraction and physical
adsorption. Determine the hydrogen content of Raney nickel
with part of Ni removed by thermal desorption an@/or

TPD.

Treatment of Raney nickel with‘DZO vapor in water addition

TPD experiments and analyse the effluent. Follow Al oxidation

by weight change.

Determine the hydrogen content of a Raney nickel prepared by

"activation of a Ni-Al alloy by water (possibly in a closed

autoclave at about 200°C).

Study the properties and hydrogen content of nonpyrophoric
Raney nickel (possible preparation by anodic oxidation;of
Raney nickel).

When unrealistic large amountégof hydrogen are considered as

chemisorbed, metallic surface atea determinations should be

. made. .




APPENDIX A

A-1 REAGENTS USED IN THE ANALYSIS

1. 1 N Nitric acid solution
2. 6 N Nitric acid solutjon
3. 30% Ammonium hydroxide
1 N Sodium hydroxide solution
5. 33% Triethanolamine agueous solution
6. rexide indicator powder (500x0.01 g indicator +
1020.1 g sodium chloride powder)
7. 0.025 M EDTA (Ethylenedfamine tetraacetic acid, disodium
salt) solution ~
8. 0.05 M EDTA solution
9. 0:025 M Nickel chloride solution
10. 0.025 M Lead nitrate solution
1l1. 0.5% Xylenol orange solution
12. Hexamethyleneamine
13. 10% Ammonium fluoride solution
l4. Tartaric acid =
15, Dimethylglioxime alcoholic solution (10 g per literi
A-2 DISSOLUTION OF RANEY NICKEL
Raney nickel was evacuated for 24 hours at 23°C and 10-5
torr to give a 0.5-1.0 g of dry sample; At the end of the period

of evacuation and after weighing the sample, water was introduced

170
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over the catalyst through a side funnel provided with a teflon
vacuum stopcock. The wet sample was thén transferred to a 250

ml beaker. The procedure used was taken from ref. (70), slightly
modified by the author. 50-100 ml of 1IN sodium hydroxide solu-

tion was slowly édded to the catalyst and the beaker was covered
with a watch glass. The beaker was put on a hot plate to make sure
that aluminum has been completely dissolved, then enough time

was allowed the suspension to cool and decant. If no Al was pre-
sent in the sample, no reaction occured upon sodium hydroxide
treatment. When samples containing large amounts of alumina
trihydrate were dissolved, more concentrated alkali solution (20
wt %) was added and the sample was boiled on the hot plate to
dissolve as much alumina as possible. The supernatant ligquid

was then decanted into a 500 ml volumetric flask and nitric acid
was added, 1l ml at a time with mixing, to acidify the solution.
Depending on the amount of aluminum present, a precipitate of
“aluminum hydroxide occurs which redissolves upon complete acidi-
fication. 50-100 ml of 1:3 nitric acid was added to the beaker
containing the residue and heated to complete dissolution. This
portion was combined qgantitatively with. that from the 500 ml
volumetric flask filtering if necessary. The solution was allowed
to cool to 20°C in an ice bath, diluted to volume with distilled.

water and shaken. Aliquots of this solution were used to deter-

mine Ni, Al and Fe. !

i
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A~3 DETERMINATION OF NICKEL BY THE DIMETHYLGLYOXIMEw METHOD
The method used was taken from réf. 69 and was slightly

modified by the author. Dimethylglyoxime, CH,.CNOH.CNOH.CH
(73)

3!
was recommended by L. Tschugaeff as a reagent for nickel.

When a dilute, neutral solution of a nickel salt is treated with
an alcoholic solution of dimethylglyoxime, a red, crystalline pre-

cipitate of nickel dimethylglyoxime is formed:

Ni(NO3)2 + 2(CH3)2C2(NOH)2 =

[(CH NOH NQJ Nl + 2HNO (1)

2 2
nickel dimethylglyoxime

3

The salt is soluble in mineral acids so that precipitation
is incomplete because of the acid set free in the‘reactioﬁ. Tpe
precipitation,becom?s quantitative if the mineral acid is neutra-
lized by ammonia. The precipitate is soluble ﬁn absolute ethanol
but practically insoluble in iced water. The sensitivity of
the method is 4-5 ppm.

A 50 ml aliquot of Raney nickel solution is pipetted in a
250 ml beaker and 3 mg of tartaric acid added to complex bothl
Al and Fe. Then aqueous 30% ammonia is added until the pH wgs
7 and one more ml of ammonia was added again. The beaker was
placed on a ho£ plate and when the £empera£ure reached 70°C,
dlmethylglyoxlme (DMG) solution was poured directly into the
nickel solutlon, whxle stirring vigorously with a glaSs rod.

The amount of DMG solution added was 0.4 ml of 1% solutlon for

e A el a8 SN, N e et
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every mg of nickel and 5 ml in excess. The solution was then’ i

allowed to cool to room temperature with occasional stirring

and filtered through a fritted-glass crucible of medium porosity,
" 30 ml capacity. The precipitate was washed well with cold water,
dried at 150°C to constant weight, cooled in a dessicator and
weighed as nickel dimethylglyoxime. The amount of nickel as

weight percentage, was calculated as follows: o

Nickel, percent = A X 0’2232 x 10 (2)

where A: grams of nickel dimethylglyoxime

’

B: grams of Raney nickel sample used.

[PV S

To check the method, a known nickel solution was prepared. 99;9%
of nickel ball bearings were cleaned of oxide in 1N HNO3, washed T
with distilled water, absolute ethanol and chloroform, dried in gf
filter paper and finally weighed, 0.3665 g. By the DMG method it ' N
was found 0,.367010.0008 g.

A-4 DETERMINATION OF NICKEL BY CHELATOMETRY(7O)

In this method Al and Fe are masked by forming strong com=~ s f
plexes with triethanolémine and nickel is titrated with EDTA in | }f
the presence of murexide as indicator. ‘The procedure is divided y
intp three parts:

l) Standardization of EDTA solution

2) Chelatometric nickel titration
3) Calculations;

EDTA (ethylendiamine tetracetic acid) is a multidentate ligand
(74)

which forms coordination complexes with certain ions or molecules
N .

A3

1
!
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These comg}exes are called "chelates". The disodium salt‘of the

EDTA is usefi in titrations because of its solubility in water:

2+ -2 .l + (3)

e anion of the disodium EDTA.

where HZY-Z'is

To standardize the 0.025 M EDTA solution, 25 ml of 0.025
NiC12 sq&ution are pipetted in a 500 ml Erlenmayer flask dontaining
a magnet; stirring bar. .10 ml of 33% triethanolamine solution
are a@ded ané the solution stirred on a magnetic stirring base.
30 ml of 30% NH4OH are added and the solution is diluted to a
volume of 250-300 ml. Thén the indicator powder (murexide) 1is
added and tit?aéion is done with 0.025 M EDTA to"a deep violet
¢color.

The normality of EDTA is:

25x%x0.2500
ml titration,EDTA

= Normality EDTA . (4)

To a 50 ml aliguot in an Erlenmayer.flask containing a magnetic

stirring bar is added 10 ml of 33% trietanolamine solution,

stirred, 35 ml of concentrated NH,OH added and the”  solution

diluted with distilled water to a volume of 156—300 ml. The solu-

tion is titrated with 0.025 M EDTA in the presence of murexide

to the same deep violet color used for the EDTA standardization.
The percent Ni in the sample is given by:

(ml EDTA titration) Npoma o.ps5871
Sample weight, grams-—-

x 100 = wt % Ni

NEDTA = normality of EDTA.

o
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A-5 DETERMINATION OF ALUMINUM BY CHELKTOMETRY(7O) _

The princible of the method is to treat the solution with 3
an excess of EDTA and complex both Al an@ Ni. The solution is
boiled to complete complexation. Excess EDTA is eliminated with i
a lead salt. Ammonium fluoride is added to liberate all EDTA
complexed‘with Al. EDTA is then titrated with lead nitrate to
a xylenol orange end,pointl A 50 ml aliquo® ©of Raney nickel

solution was_pipetted in a 250 ml beaker ‘and, with the aid of a :

pH-meter, the pH is adjusted to 4%0.1 by adding 1N NaOH. A N

slight excess of 0.05 M EDTA is added to complex both Al and Ni.

PR P R AY

Kn approximate composition of the solution should be known. 1

-~ —

Pt e

ml of 0.05 M EDTA corresponds to 2.9345 mg Ni and 1.3485 mg Al.

M me s v
K -

Excess EDTA must be less than 5 ml of 0.05 M EDTA. The ‘solution

is then boiled for 2 minutes and allowed to cool. Using a pH-meter
solid hexamethylenégine is added, while stiéring, to bring the pH
to 5120.1. 2-3 drops of xylenol orange is added and the excess

EDTA is titrated with 0.025 M lead nitrate solution from yellow-
green to a violet eng point. 10 ml of 10% aluminum fluoride, is
then added to complex Al3+ and likewise the corresponding amount
of EDTA. The solution is boiled 3-4 minutes and cooled to 15°Czl°.
If the solution turned viglet on boiling, 1N HNO, is added to

3
get a green color and is titrated with 0.025 M ledd nitrate to

I R P

a viclet end'point.

A —— S i

i

The percent Al in the sample is

3)5 titration) (0.02500) {0.02698).10
Sample weight, grams

{ml Pb(NO

= wt % Al (5)

- -

B Y .
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To check tbe'accuracy of the‘method, 0.2008 g of Al wire

(Fisher cétalog No. A-557) was dissolved in 1N NaOH by boiling

Id

for 1 hourf

-

. Chelatometric determination of Al gave a value of

0.1999 g & 0.0012.
Whenever only two expérimental determinations were made
and‘two identical values were obtained, both of them were given

in the Tables A-1'and A-2.
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APPENDIX B

.

B~1 DETERMINATION OF VOID VOLUME IN THE ADSORPTION APPARATUS

Referring to Fig. 5.1 Qe wish to determine the total void
volume which includes the volume of the capillary tubing to the
right of 82 not accounted for by the glass bulbs and the burette,

3
in liqguid nitrogen. The glass bulbs and the’ burette are main-

the volume between S, ahdis3and below S.. The trap was immersed
‘ ~

tained at 25°C by thermostatted circulating water. Keeping 82

and S, open, He is admitted via S, which is then closed. At.

13

pressure P, the number of moles of He admitted is

n = p(vB ’+ vv)(RT (1)

where Vy is the total volume df gas in the calibrated bulbs ,and

burette, T is 298.16 K and \/ is the void volume we wish to

"calculate. Rearranging equation (1), we obtain

LY

PVB = - PVv + nRT . -

A series of P and Vg readings are taken, and PVB is plotted
atainst P. Since nRT is constant, we expect a linear graph of
slope —Vv,_the desired void volume.: Such a plot is shown in

“

Fig. B-l1.1l. The value Vv = 108.66 cc.

B~2 GAS CHROMATOGRAPHIC ANALYSIS OF‘GASES EVOLVED IN THERMODESORPTION

f The gas chromatogréph used in the analyéis aof gases evolved

&

in thermodesorption was a Varian Aeregraph, modél A 90-P3 equipped

3;:79
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with a thermal conductivity detector.

, ‘The comditions of the G.C. analysis were the following:

- 6 ft bf copper tubing column, 1/4 inch o.d. filled with 80-100
mesh Fisher activated coconut charcoal, kept at room temperture

-~ thermal conductivity cell, intensity of the current 110 mA

- argon (Mathesén high purity) carrier gas with a flow rate of

£
60 cc/min. . .

t

The gas samplé tube was made from two 3-way hiéh vacuum stop-

cocks with two glass tubings between them; one line was a capil-

lary glass tub%ng and used to flush out the air and the second
I

.was the sample tube itself with a volume of 4.5 cm3. The sample

&

tube could be attached to the adsorption system by means of a

5

male joint and evacuated to 10 ° torr before a gas sample was

taken. Before the gas sample was introduced into the argon

f%ow in-the’chromatogr;ph} the air was flushed out from the lines
of the sample tube and chromatograph with the two 3—way s?opcock
system. The following gases could be separated 'on the coconut
charcoal column: hydrogen (retention time 1,41 minutes), air
(r.t. = 3.23nm;n), carbon monoxide {(r.t. = 4.35 min).apé

methane (r.t. = 11.61 ﬁin). All gases used foxr ca}ibration of ’
thegthermal conductivity cell were, supplied by Matheson of
Canada, Ltd., gné Canadian Liquid Air Co. Ltd. at better Eﬂan

99.8% purity. The cal ibration procedure consisted of using a

1) [ -
gas sample valve with different sample loops of known volumes to -

iétroduce gas samples in the érgon stream, * The afeé of the peaks

-

measured by a Hewlett-Packard HP 3373B digital;integrator pldtted .

-
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against the volume of gas, yielded straight lines of the form N

Yy =mx + b, The parémeters m and b for different gases and

attenuation 8 of the chromatograph are given below: X
A

Gas m i b
(uV—sec/cma) S uv-sec . K
Hydrogen : 620,000.0 ,° 0
. . u. / ,
Carbon monoxide, 38,235.3 ) 1300
f v ‘ . »“
Methane . 116,666.7 6200 S
. k . |

L« ]

~
‘

e

! Here Y is/the.area of the peak in miéfovolts~séconds {(uv-sec),
xm is the area per unit volume of gas’in hv-sec/ch3 and b is the
intércept in yV-sec. The sample tube was filled wifk gas at
pressures large enough to avoid workiﬁg.in_extreme concentra-
.tion ranges . . S : .

!
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APPENDIX C
E:-l CALIBRATION OF THE GAS CHROMATOGRAPH DETECTOR IN H2~D2
EXCHANGE EXPERIMENTS
The détector of the gas chromatograph used (A 90 P-3
Varlanpggrograph) for the chemical analysis of mixtures of hydro-
gen, deuterlum and hydrogen déuterlde was a thermal conductiVLty,
I

cell, The calibration of the response of the detector to Hz,

HD and D, species was made byyinjecfing known amounts of a 50:50

2
HZ—D2 mixture into the G.C. before and after equilibration. The
equilibration of the 50:50 hydrogen-deuterium mixture was done
in a 400 ml equilibration bulb over a tungsten wire heated to
approximately 1000 X (red hot) for several hours. The volume
measuremenfs were made in a BET adsorption system to which the
equilibration bulb was conﬁécted. The equilibrium constant for
the feaction

H, + D, gm==> 2HD (1)
is/3.895 at 1000 K(83). An error of 100°C in the temberature
of the wire makes such a small change in the equilibrium con-
‘'stant that varlatlon in the calculated percentages of hydrogen,
deuterium and hydrogen deuteride in a mixture are within experi-
mental errcr(84). Gas samples from the BET system were taken

by means of a U sample tube {(number 4 in Fig. 6.1) which could

be connectgd to.the GC system tlirough standard tapered joints.

: . 183/
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From the chromatographic data of the initial H2—D2 mixture and '1
of the eqﬁilibrated H2,lﬂ) ahd D2 mixture, the ratio between the

sensitivities of these isotopic species was calculated.

The area of a peak A measured on the recorder is given by

-1

the equatiQn
A=m-8 (2)
where m is the number of moles of a certain species, S is the .

sensiti&*ty for that species in area units per-mole. The equili-
1 A\

brium constant for the reaction (1) is

-1 (moz-x)_j‘l (3) :

P N
7 -
&

— 2 -—
Keq = X (mH2 X)

where x is the equilibrium concentration of HD in moles/1l
(mH -xX) and (mD -x) are the equilibrium concentrations of H, and
2 ) 2 . 2
D, respectively, expressed in moles/l, and m and m, are the
2 ' Hy 2
initial concentrations. Substituting m from equation §2) into :
equation (3), we obtain ¢

K = al

eqg HD 2 2 HD

-1 -1 -2

AH 'AD .SH OSD .S (4)
2 Y2

‘ 2 1 .-1 .-1

If the quantity AHD.A—z.AHZ.AD is termed A, then we have for

2 »
K ‘ . ',M,,// ’

oq
K__ = A.S .S, .S> (5) (4
eq ° Hz' Dz' HD ) .
. 1
N s . ) '.‘
Multiplying equation (5) by Hy we obtain il
Ste.
Hz .
- “(Saz) 2 (Snz) |
Keq = A, ‘g;—m: . -S—,-I-i—— ) (6)
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Sp

The expression S 2 is calculated from hydrogen-~deuterium ratio

equal to 1.014 ana from the ratio of hydrogen peak area to

deuterium peak area egual to 0.9895x0.0054 (see Table C-1l.1):

L

SD2 9D2 “H,
= = 0.932 (7)
Sy Ry /\mp

2 2 2

The value of A from eguation (6) was.determined experimentally

lfrompthe GC analysis of the equilibrated hydrogen~deu€érium
mixture. A difference of about 9% between the two values
qbtained for A (4.4 and 4.8) did not havg'a significant effect
on the gas composition (Table C~1.2). As the equilibrium con-
stant at 1000 K, Keq,is known, the ratio SHZ/SHD is %?Fn éeter-
. mined from equation (6), From Sy /S and Sp /S the last
ratio, S /S ig obtained. The values of thi lazt three ex-
pressmons are given in the Tablé/c 1.3. ’We now wish to find the

gas composition in mole pe;ce‘t and we know the area of the Hy o

HD and D2 peaks;

A, =m, .S, ;. .{1.025 S, )
B, = ™m,"%n, ' Pp, ~ oy’ | mD2 | H,
Bup = "pp-Spp = mnn (”'"6“ Sh )
I e
. A, =m, .S,
Hy mHz Hy ‘
®p, .
1025 ~ ", °n, , 8) -

AHDQO.QQS) = Mep Sy

\/'

BN
e A
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L
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We find mole percent hydrogen as follows:

AH m., 'SH
2 = 2__2 (9)
AD2/1.025+AH2+AHD.(0.909) sz.sH2+mH2.sH2+mHD.SH2
SH2 is cancelled from the numerator and denominator of expression
(9) and if we multiply the left side of equation (9) by 100,
we obtain mole percent hydrogen: -
100x "y . H x100 = mole & H, (10)
A.D2/1.025+AH2+AHD. {0.909) mH2+mHD+mD2 - 2

In a similar way it is calculated the percentage of the other

isotopic species,

2,HD and D2

C-2 GAS CHROMATOGRAPHIC SEPARATION OF H
C-2.1 General
The advantage of the gas chromatographic technique of
separation of the hydrogen isotopes over mass spectrometry is
convenience and the simple instrumentation required in gas chroma-
tography. An alumina column at low temperatures with helium as
carrier gas leads to the separation of the nuclear spin isomers
of hydrogen and deuterium. Since the HD/ortho-—H2 separation
factor is nearly unity at 64-77.5 K, these species are not separa-
ted. However, the presénce on the surface of the alumina of a
catalyst which makes ortho-para interconversion rapid relative
to motion along the column, causes ortho and para-H, isomers to

appear as a single peak with a retention time intermediate between

the retention times, expected for the individual isomers in the

*
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Table C-1.1
Gas Chromatographic Data for a Hydrogen-Deuterium
Mixture Before Equilibration (HZ/D2 = 1.014)
Sample Hydrdgen Peak Deuterium Peak Hydrogen/Deuterium
Size Area (uV-sec) Area (uV-sec) Area Area
cc (STP)
1.600 28,030 28,430 0.9859
1.536 27,090 27,140 0.9982
0.044 20,010 20,220 0.9896
0.041 48,790 19,090 0.9843
- 15,200 ‘ 15,360 0.9896

Hydrogen Inleét = 109.397 cc(STP)

Deuterium Inlet = 107.883 cc(STP)’

Hydrogen Peak Area _ 0.9895120.0054

Average Deuterium Peak Area

U O S



et ot e St = e s it -t atm = — = + e et A e e = - - - - - - - - - - A

188 o

Table C-1.2 %
The Chromatographic Data for the Equilibration of a Hydrogen- %
Deuterium Mixture (;% = 1,014) Over a Tungsten Wire at 1000 K %
First Run 3
cc {(STP) Peak Area Peak Area Peak Area
uvV-sec uvV-sec uV-sec
1.052 8470 8677 18520 4.667
1.200 9757 10180 21660 4.723
l1.161 9329 9652 20870 4.837
1.070 8340 8730 18990 4.953 ;
k.
Setond Run | 5
- 13030 13390 28030 4.503 f
- 12680 12840 27140 4.524 !
- 12550 12750 © 26170 4.280 b
- 11970 11710 24580 4.310 :
- 11790 11680 24340 4.302 .
- 11320 10930 23500 4.463 ‘f
- ’ 10800 10490 - 22330 4\401, :

*
A

n

A;n/(AH )(AD ):; The average value of A for the first 4
, 2 2
determinations is 4.79520.123 and for the last 7 determinations

is 4.398x0.102

R L




, +as9 3

#

“

§

B
Table C-1.3 .

The Ratio Between the Sensitivities of H,, Hy and D, ‘
Calculated from the Chromatographic Data in Tables Qi
* %k .

C-1.1 and C-1.2 and using A* = 4,596 and K = 3,895 o
91000k -

S. /S S. /S S. /S K
HZ HD/ D2 H2 DZ HD 4
0.909 \ 1.025 0.932 g2

A = (Area of HD Peak)z/Area of Hydrogen Peak):
(Area of Deuterium Peak)
ok 1000 K
Keq

L N
Y oa AP RIRNE W,

= [HDJz/[Hzl.[DZ] = 3,895 (ref, 83)

S
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absence of equilibration. Since HD is unaffected, segaration of
7 .

H2’ HD and D. into three peaks results. The first complete

2

separation of the Hz, HD and D2 by GC was accomplished by Smith

and Hunt(84'85)on chromia~aluminha columns and Moore and Ward(ss)

on alumina packings coated with ferric oxide. Both Fe3+ and
Cr3+ are paramagnetic substances and cause rapid gara-ortho H2

interconveésion., Peak tailing is eliminated by adsorbing small
amounts of carbon dioxide on the alumina. Laréer molecular spe:
cies are less efficient in reducing peak tailing, presumaily due
to their inability to penetrate fine pores., Ammonia and water
vapér can also be used in reducing tailing. Oxygen adsorbed on
alumina is also quite effective in producing rapid ortho-para
equilibration. Columns of strongly activated (480°C, 8 hours)
iron-free alumina also lead to orthfpara equilibration, probabiy
due to the presence of free radicals formed gy heatirg on the

-

alumina surface, Eartial deactivation with C02 restores ortho-

para separation, i.e., the conversion of orth‘o—H2 to para—l—l2 does

-

not take place. Removing the CO, produces the rapid ortho-pa;ﬁ

equilibration. When helium is used as carrier, the effluent gases

*

are converted to their corresponding oxides with copper oiide-
to increase their sensitivity at the thermal conductivity
detector. 1In addition to alumina, the'follow;ng packings were
used to sepaigte the hydrogen isotopes and spin isomers: 5 i
molecular sieve,~1§%Amol;cular sieve, charcoal,.and silica -
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C.2.2 Preparation of the Chromatographic Col&gn
Choosing the best column for the separation of the Hz, HD )

and D ﬁroved to be difficult because of the tailing, poor sepa-

2
ration and instability of the different columns tried. 1In this

work several column preparations were used: A

l. 5 ft of 1/4" o.d. copper tubing column filled with 80 mesh, .L;

5A molecular sieve. 5

2. 13 ft of 3/16" o.d. copper tubing column filled with 80-100

mesh Alcoa A1203 + Fe,04 (Bastick recipe(gs))

3. 6 ft of 1/4" o.d. copper tubing column filled with 80-100 -

mesh Alcoa Al. 203 {(Venugoplan rec1pe(94)) ‘ -ﬁ

4. 2 ft of '1/4" o.d. copper, tubing column filled with 80-100 | o
mesh Fisher £ocd 'charcoél \

5. ;7' /4" o.d. copper tubing column filled with 80-100

mesh Alcoa A1203 + Fe,05 (Shlpman rec1pe(93))

6. 1ll.5 ft of 1/4" o.d. copper tubing column filled with 35-65

mesh Kalser Al,O45 + MnCl, (Yasumori recipe(gs)) g

293
7. 17 £t of 1/4" o.d. copper tubing column filled with Al,0, ‘ i
. . !

+ MnCl2 (Yasumori recipe(gs))’ . )

8. 7.2 ft of 3/16" o.d. copper tubing column filled with 80-100 ‘

P
SR

mesh Baker basic Al,0; + MnCl, (Yasumori recipetgs)). x

From all these columns only the ‘6th column gave proper re-

sults with a good separation and stability and no tailing. When

 Eyvrn

- the column was too "active” a small amount of CO, /s ammonia or , 1
water vapor wgs-adSorbed on it, to reduce the humber and/or the §L

étrength of the adsorption centers on the surface of the alumina.
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The column packing was prepared accordihg to Yasumori and

Ohno(gs)

with slight modifications. The gamma-alumina support
supplieé by Kaiser Chemicals and was spherical with an average
particle diameter of 5.5 mm. It was crushed, mixed and 35-65 )
mesh fraction was selected. 85.5 g of alumina was dried at 450°C
for 23 hours. 73.3‘g of dried alumina was immersed in 550 ml

of 0.075 M MnCl2 aqueous solution for 22 hours. The algmina was
quickly washed with distilled water gnd dried at 200°C for 12
hours, packed into a copfer column (11.5 £t x 1/4" o.d.) and

then treated in a current of helium at 200°C for 23 hours.

C-2.3 Gas Chromatographic Analysis
o The isotopic mixture of 32' HD and D, was analyzed by a
modified Aerograph A 90-F3 gas chromatOgrabh equipped with A
thermal conductivity detector. The modifications rerouted the
carrier gas and enabled_the'use of a liquid nitrogen bath for

the chromatogiaphic column. After the separation on the GC

column, the hydrogen isotopes were passed through a U tube filled

with copper oxide at 600°C and cogverted to H,0, HDO and D,0
which had higher signal regﬁbnse in the presence of helium. The
-conditions of the GC anaiysis were the following:

.Filament current, 212 mA -
'Tem;erature of the thermal conductivity cell,.ll2 mA
Column temperature: - 190°C

Temperature of the CuO furnace: 600°C

Helium/flow rate: 85.7 cc/min

Isotopes retention time: Ho, 15.5 min; HD, 17 min:
; D2, 21.3 min.
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A typical chromatograh of a HZ—HD—DQ mixture is shown in

Fig. C-2.1.

Cc-3 ,DEAD SPACE FACTOR

The dead sPaée factor F is defined as the nuhber of cc at
S.T.P. of gas per unit pressure which are present to the left
of the stopcock S2 (82 being open) but nqt adsorbed on the
sample (Fig. 5.1). The dead space factor ﬁas determined in
adsorption experiments (Chapter 3) and hYdrogen-deutFrium ex-
change experiments performed in a BET adsorption apparatus. ’The
dif?erence between the BET apparatus and the adsorption appa;é—
tus described:in Chapter 5 is that the graduated burette is re-
placed in the BET system by five calibrated‘gas bulbs sﬁrrounded
by a thermostatted water jacket t':md there ié no manostat to keep
the preséure pons?ant during adsorption and desorption. Also
thg liquid nitrggen trap in Fig. 5.1 was not present in the BET
apparatus. Keeping in mind the difference betﬁeen the twé
adsorption sgstems we will refer to Fig. 5.1 in describing the
é;ocedure of deterﬁiniﬁg the dead space factor for the BET
apparatus. The volume of the- two 5Jgas bulb systems is known

and this includes the volume of the capillary tubing between

Sz' Sl and the zero mark of the manometer {(void volume).

-

~

F is a function of the éemperature of the sample tube.
because the gas density chanées and the sample tube volume\
changes‘sligbtly'due to glass exp;hsion/qontraction. 'Heliumv
is used to determine F because it is not .usually adsorbed on

most solids at -196°C. " With water circulating through the gas'
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Figure C-2.1 Chromatogram of 0.69 cc sample of HZ,HD,D2 mixture on a
11.5 ft. x 1/4 inch o.d. column of MnCl, on A10, at -i96°C
with.85.7 cc/min He flow rate. ‘
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A

bulb jaékets He is allowed to enter via Sq to the fight‘of Sy

with S, closed. The inlet volume V., (cc(STP)) can be -calcula-
ted with knowledge of gas bulb volume VB’ pressure p”and‘temft
perature T. Four different readings of Vg and P are taken and
an average value for VI'is obtained. Now S, is open (S3 beiqd
opeh too) and a series of P and Vg readings are taken to deter-
mine the residual bulb volume V. (cc(STP)) to the right of Sz}
at the pressure P. The dead space factor is given by ' '

F = (V, -V,)/P | - (11)

F is determined in this way at different sample tube bath

temperatures, where

_ VP
VI"'VR = Q + T

N
w
<

7
60

P 27
00 760 - w2

+

~J
()

P = pressure, mm Hg

V = Volume in thermostatted bath, to the left of'S2

v = volume at room temperature'(300°K), to the left of 82

T = temperature in °K of volume in thermostatted bath

Q = amount adsorbed cc(STP)/g.

Therefore: : | ¢
F=§-+(¥+3%—5)§%% . a3

‘. |
On most solids the amount of He adsorbed in zero, i.e. Q = O.

Equatioﬁ {13) becomes

273 vT
FT = %E0 (V + 3369 . o (14)-

!
i

The values on a FT versus T plot fall on a straight line. Data

in this form are plotted in Fig, C-3.1 between -196°C and +25°C.

.
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Flggre C-3.1 Temperature dependance of dead space factor."
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APPENDIX D

D-1 CALIBRATION OF THE THERMAL CONDUCTIVITY DETECTOR

The interpretation of a temperature programmed desorption
(TPD) spectrum, similar to a chromatogram, required a correla-
tion between concentration and signal response for hydrogen.
The calibration prodedﬁre consisted of injecting different known
volumes of hydrogen and recording tﬁe}correspondiFg areas. A
Yarian Aerograph 6-port linear gas sampling valvsﬁwas used with
seéeral sample loops of known volume. The amount of hydrogen
injected was cor;ected to STP conditions. Occasionally, the
hydrogen,dalibration curve was checked by injecting known
amounts of gas measured in a volumetric apparatus (see proce-
dure in Appendix B). ;?hé conditions of the TPD'analysis are
givén in Table D-1.1. The recorded areas were measured by both
digit%l and disc integrat;rs, and two calibratioﬁ curves were
obtained. About‘? calibrations per month were made and over
£he éxpefimental period the galibfation factor' for hydrogen was
62,726 dv-§ec/cc H, * 4.3% for the digital integrator and
8046 counts/cc H, & 6.6% for the disc iptegrator. The digital
integrator‘yas not used foxr soﬁg expe;imenﬁs involving long
flat peaks because of its low sensitivity for detecting changes
of slope. The maximum‘slope,sensitivity.of the digiéal inte-
grator was 0.03 millivolts/minute for the up slope and 0.0l mv/

min for the down slope. When the slope of the input signal

197
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Table D-1.1

TPD Operating Conditions

Carrier gas

Carriger gas flow rate
{(for both measuring and
reference cell)
Detector temperature
Filament current

Chart speed
Attenuation

Inteé&ator sensitivity

Integrator attenuation

Integrator mode of
analysis

[

Room temperature

argon

40 ml/min.
! 3

100 ma

1/2 inch per minute
Variable between 1 and 512
Maximum

l, occasionally 10

Manual operation
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reached the value€ selected for the up slope, integration started.
Area was printed and stop analysis, occured when the input signal
decreased to 50% of the value selected for down slope. Whenever
a TPD pattern wés such that the sensitivity of the digital inte-
grator was not sufficient to measure the area accurately, d%sc
integrator readings were used. The hydrogen calibration curve
is shown in Fig. D-1.1. Up to about 0.7 cc of hydrogen sample
there is a linear relationship between the signal response and
the volume of gas sample. The hydrogen concentrégion correSpoﬁ—
ding to 0.7 cc hydrogen sample was about 0.5 cc/min. When the
argon flow rate was 40 ml/min TPD experiments were perf;imed
in the linear range of hydrogen concentrations.

Fig. D-1.2 shows a straight line with a small intercept
for the hydrogen calibration up‘to about 0.6 cc of gggrsample.
The slope of the line represents the calibration factor and was
calculated by the least squares method. The signal response of
methane, carbon monoxide and ethane was also linear and the
calibration factors when argon and hydrogen were used as carrier
gases, are giyen ;n Table D-1.2. |

Anotherxmeéhod used for hydrdgen calibration was to plot
V/A versug the peak height, h (Fid. D-1.3): . ,

V/A = mh + b : : (1) ’

8

Here V is the volume of hydrogen sample, A is the corresponding

area and h is the peak height.. The slope m and £hg intercept b

'

are determined from the graph or by the least §quare method.
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Figure D-1.1 Detector calibration for hydrogen.
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It can be seen from Fig. D-1.3 that V/A is a linear function of
h and gives a line almost parallel to the abscissa. If the plot 4
A versus V (Fig. D-1,2) did not have a small intercept, then

V/A versus h would have given a line parallel to the abscissa.
7

1 . sy X
0 R At

The values for m and b in eq. (1) are 0.0644 and 149.1x10°

respectively when digital integrator readings are used; for the

disc integrator m = 6.2><].0"4 and b = 1.183Xl0_4. The units

1

for m are cm3~(ﬁV-sec)-l-(mm)" and b is measured in cm3'(1‘lV—sec)m1
when the digital integrator units for area are used. To obtain

the volume of hydrogen evolved in a TPD experiment the total {
area of the peak is divided into small parts, Fhe corresponding N i
A's and h's are measured and their values substituted in formula 3
(). The total volume of hydrogen evolved is the sum of the
volumes corresponding to each area. The agreement between this
method and the method which uses the slope of the line in Fig.
D-1.2 as a calibration factor is good. As an example. we take a
TPD experiment made with 0.2796 g of commercial catalyst. The
total response éiénal obtained was 377,647 uvV-sec (digiéal
iﬁtegrator) and'49,700 countg (disc integrator). The calibra; .
tion factors were: 60,671.5 uV-sec/cc H2 and 7496 counts/cc ﬁz' 3
The volume of hydrogen found by this method was 22.3 cc(STP)Hz/g
(digital integrator) and 23.6 cc Hz/g using the disc integra§0£.

The peak height method gave the following results: 21.8 cc H,/g ‘

P S Y

(digital integrator) and 22.7 (disc integrator).
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Calibration Factors for CH4, co, C

-ar

and HZO

204

Component Carrier Gas

Calibration

Factor

(attenuation 32)

Digital Integrator
(Ww-sec/cc)

~Disc Integrator
(counts/cc)

Methane
Methane

Carbon
Monoxide

Carbon
Monoxide

Ethane
- Hydrogen

HZO

12,802.0
2724.,0

6462.7

2911.0

3968.2
62,726.0
1938.1

1656.8

350.4

837.3

367.3

526.5
8046.0
255.6
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D.2 CALCULATION OF HYDROGEN CONCENTRATION FROM THE TPD SPECTRUM

We want to calculate the concentration of hydrdben in the
. . [ )

N i . . . ’
argon stream from the response of the thermal ‘conductivity cell. The

hydrogen calibration peaks have the shape of a gaussian curve,
the ordinate is Y and the abscissa is t = time - retention time.
(Fig. D—2.l) a

The area of the peak A is:

e te 2,2
A=[Ydt=[ae"1t=5aﬁ, t2)

- 00 -0

where B is the peak height and a is _a constant. The area of

the peak is also given by
A = ByV (3)

"where B is a calibration factor and repregents the area pro-.
duced by 1 cc(STP) assuming that there is a linear relationship
of the form y = mx between the area A and the volume of gas V.

Y in equation (3) relates the peak height with the corres-
ponding peak area and is determined experimentally from ghe area
of rectangular peaks obtained when the recorder pen traces a‘
line parallel to the base line at different peak heights over

different periods of time. <« is then obtained by plotting
A/t versus B and tak}ng the reciprocal of the slope of the line
obtained in this way. A/t versus B gives also a straight line
of the form y = mx. If T, /2 Tepresents the width of the peak
at half height (B/2), then
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Figure D-2.1 Gaussian curve,used im the <alcdlation of
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the hydrogen concentration from [the TPD spectrum.
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t .
12 =e /2 (4)

where t1/2 = Tl/z/g

(5)

)

From eg. (2), in which we substituted the value of a, and eq.

(3) we finally obtain:

R | _ 1.0645

V/Typ2 = g B {6)
V/T172 is the concentration of hydrogen in units of

volume per, unit Eime, let's. say ce/min and is calculated by
measuring only the peak height from the TPD spectrum. y and B

are determined in calibration experiments.

v K

{millimeters) (minutes)
(microveolts—-seconds)

For hydrogen in argon’ Ypiq = 4.136xl0—3

using digital integr&tor units fqr peak area and

-3 (millimeters) {minutes)
(counts)

= 32,110x%10 when using disc

integrator units for.peak area. The calibration factor B for

hydrogen is given in Table D-1l.2. ©

D-3 CAI:CIjLATION OoF H2/H20 IN WATER ADDITION TPD EXPERIMENTS
- We wish ‘to calculate the ratio H2/H20 from a TPD spectrum

when water vapor is added to the Raney nickel sémplé at dif-

ferent temperatures. The hydﬁogen concehtration V/Tl/z expressed
in cc(STP)Qg}n‘Was calculated as shown in :;Section D-2. To
calculate he fraction of hydrogen in the argon stream we take

the ratio - ) .

- - i

: : (V/Tl/é)/E&V/Tl/Z) + 40) 7 . 17)

3
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where 40 is the argon flow rate in ml/min. The ratio H,/H,0 is

given by
N \'
: T
___1_L2_~_(p + P_ )
P w—— + 40| M2 Ar
2 _ 1/2
5 = 5 (8)
HzO HZO
Here PH2 + PAr = Patm - PHzo

where Potm is the atmospheric pressure and Py

+

0 is the vapor
2 y

pressure of water at room temperature.

D~4 CALCULATION OF EQUILIBRIUM CONSTANTS FROM FREEENERGY FUNCTIONS

The free energy function is

_ F°-Hoes
T \

F°“H°
o

is the standard

where F° is the standard Gibbs free energy,

(-]
Hygg

o
enthalpy at 298 K and H

is the standard enthalpy at 0 K.

<o

Because the free energy function is not very sensitive to changes
iﬁ temperature its value‘can be tabulated at fairly large tem-
perature intervals and its wvalue at‘intermedlate temperatures
obtained by grephical interpolation without undue loss of accuracy.

We wish to calculate the equilibrium constant of the reaction

= NiO + H (10)

’ ! . °
using free energy functions (FEF). If the/FEF is based on Hogg
then the equilibrium constant is obtained by subtracting the

. [ . @ ‘
value of the enthalpy of formation AH298 divided by the absolute

3
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4

temperature T from A{FEF) for the reaction (10):.

F°- H AH °
_ 298 _ _ AF  _ -
A~ —-T—-*) T = T = R 1ln Keq {(11) )
F°-H AHZ |
g . 298 298 .
1n Keq = . : R (12)

AH;98 is the enthalpy change of formation of the indicated sub- é
stance from the elements in their standard reference states.
Both enthalpy change and free energy function change during a o

reaction can be obtaine&"&ﬁ follows:‘ .
= T vi(function) {13) B
i

A(functlon)reaction

] )
where v, are the stoichiometric coefficients in the chemical
equation. The stoichiometric coefficients are positive for the %

products and negative for the reactants. The thermodynamnic

¢

functions of the substances involved in the reaction (10) and e

used in the calculation of K,  are given in Table D-4,1. The 5
: \ '

calculated values for the equilibrium constant are given in Table'

D~4.1 and plotted in Fig. D-4.1. The experimental data of Pease

Kk (100)

and Coo for nickel oxidation by water vapor are compared

-

with the calculated values: at 609°C‘bcth calculated.§nd”experi— ‘ i-

-

5 Swean Ty
LR

mental values are 4.2XI0-3 and at 485°C the calcu;ateé value is

3 3

3.27x10" compared to 3.03x10"

, the experimental wvalue.

[

X
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Qo
fi is the free ene;?y function or AH298

Thermodynamic Functions for H,0, H,, Ni and NiO (ref. 118)
© ° )
- (F —H298)/T, cal/deg AH298' Kcal
Substance 298.15 K 500 K 1000 K

H20 45.12 46.03 49.38 -57.798

H2 31.21 32.00 34.76 0

Ni 7.14 - 7.90 ) 10.77 0
~ "Nio 9.08 10.40 15.53 -57.3

*

L v;Af, for -11.97 -11.53 -9,86 0.498

i

the reaction ’

Table D-4.2
Cny |
Equilibrium Constant K = ——— for the Reactlon
eq
"‘ Hzo
Ni + H,0 == NiO + H, jf Various Temperatures .
3 Temperature, K 298.15 500 1000
Equilibrium constant ; o45  1.830 . 5.448
/ Rog O 2079
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