7/

o
ASTIA L COE 52

‘AD No.

THE STRUCTURE AND ACTIVITY OF
CATALYTICALLY ACTIVE SOLIDS

FIFTH TECHNICAL REPORY

Project NR 057 143

Contract N7 onr-45003

Period Covered: 1 October 1952 1o 30 Seprsmber 1953

by

Chief investigxtor
P. W. SELWOOD

THOMAS FREUND
Rasearch Associote

M. J. HULATT
Reseurch Associaie

PAUL k. JACOBSON
Research Assistant

LOUISE MOORE
Ressarch Assistant

The Department of Chemistry
Northwestern University
Evanston, illinois



THE STRUCTURE AND ACTIVITY OF
CATALYTICALLY ACTIVE SOLIDS

Fifth Technical Report
Project NR 057 143
Contract ¥7 omxr =~ 45003

Feriod Covered: 1 October 1952 to 30 September 1953

by

[%
>

Pe W. Selwood, Chief Inveatigator

Thomas Freund, Research Associate

2t Ve R

M, Jo Hulatt, Research Associate

ol a2

Paul B, Jacobson, Research Azzistant
Iouise Moore, Research Assistant

The Department of Cheaistry
Northwestern Univorsity

B S T

" "
- Y | SR i 3
S edputslo AN S

Evanston, Illinois

-

B B

i Ll ol
OF SV <o S

“.ﬁzj—ﬁ.!.‘lﬂv i

- Gem Vst




SUMMARY

Thls report is in two partse Part I is a manuscript to be submitted to
the Bditor of the Journal of the American Chemical Society. This represents com
pletion of a phase of our Contract work started four years sgo on an attempt to
moasure therzal migration in & supported copper catalyst systems The conclusion
reachod is that thermal migration, or sintering, does not ocour in such a catalyst
system.

Part II of this report represents the first phase of a magnetochemical
stuly of poisoning and, in genersl, the influsnce of aisorbed gases, on supported
metal catalyst systems. The principal oonclusion is that carbon monoxide premotes
the migration of iron atoms in a supported iron-aluminma catalyst.
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THERMAL MICRATION IN SUPPORTED COPPER CATALYSTS

/
ty Paul B, Jacobson and Po Wo Selwood

(1) This work was initiatad under contract with the Office of Naval Research and
contimed on the Union Carbide and Carbon Fellowship in Physical Chemistry,
rsceipt of which is gretefully ackmowledyed. Thie is the fourteenth paper
from this laboratory on the susceptibility isotherm and related subjects.
The thirteenth appeared §{n This Journal 76,000 (1954)o Inquiries should be
addressed to P. Wo Selwood.

- oK & o O O e 9 @ e W & ©

Development of a more sensitive magnetic susceptibility balance of the Fara-
day type has made possible extension of observaticns on suprorted cupric oxids,
and of suppcorted copper, on gamma alumina lown to copper concentrations of less
than 0.5 per cento It has been confirmed that thermal inactivation (sintering)
of this system is not accompaniea by copper particle aggregations It has also
been shown that supported cupric oxide is structurally different from a mechanical
mixture of crystalline cupric oxide plys cupric ions at infinite magnetic dilutione.

The word ~sintering® is often used in discussions on ccmtact cataiynh o It
implies a chenge brought about by heat, and attended with a loss of activity and
of épecific surface. Sintering is generaiiy found to occur above the Tammann.
temperature, and far below the melting paints of the catalyst components. Thus
Shekirter ¢t al?

(2) ko Bo Shekhter, Ao I. Echeistova, and I. I. Tret+yakov, Chem. Abstedd, 915
(1950%5 45, 3216 (1951),

have reported mierocrystal growth in supported metal catalysts sush as platimum on
asbestos at temperaturss of a fsw nu

This kind of investigation lends itself to magnetochemical study because the
magnetic susceplibilily of many catalysi components is strongly dependent en part-
icle size in tHe range of sizes often encountered in active catalysts. A prelimin-
ary study of supported copper by this method?

- . e e e e D % om ..o

(3) Po W. Selwod and No So Dallas, This Journal, 70, 2145 (1948).
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failed to reveal any surface migration of conper atoms leading 7o aggregation., But
the development of apparatus for measuring suscaptibilities with about ons hundred
fold incrase of sensitivity, and of conducting reductions and oxidations in sity,

suggested a reinvestigation of this problem,

Experimental Methods
Magnetic Susceptibility Measurementis.==The method used i3 sssentially that of Fare~
a¥o The sample hangs in a strong fisld which possesses a gradient in the verti-

[l

cal direction, The sample is suspended frowm a 3ilica spiral in a manper similar
t6 a MocBain-Bakr sorption balance. Deflection of the sample on application of the
magnetic field is observed with a micrometer microscope, The silica spiral and
the surrounding glass tubing are attached to the mechanical stage from a micro-
scopee The stage is adapted for convenient vertical motion of the whole system
rolative to the magneto The apparatus is shown diagrammatically in Pig. 1.

The field and gradient were ¢btained by an slectromagnet with poles cut im
the manner suggested by Sucksmith.4

(4) Wo Sucksmith, Phile Mage, 8, 158 (1929).

One pole face in profile is shown in ?igo 2. In an effort to increase sensitiv=
1€y the nngie § shown as 15° was increased from the 5® recommended by Sucksmith.
A compromise of 10® has aince been found to give good sensitivity with more conr-
veniences The minimm pole interspace is lol cms Maximum fields of 20,000 oer~
steds were obtained. |
The force acting on the small sample in this apparatus is given by

L= m%H H/34 vhere m is the mass of the sample, ) the susceptibility of the
pample per gram, H is the field strength, and dH/Qs the field gradient. It is,
therefore, necessary %o obtain HJE/ds 4n a region where this product is uni-

form and largeo Most inorganic so0lids contair traces of ferromagnetic impurities.
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4
Tt is necessary, for this reason, alsc to cbtain H as : function of current in
the magnst, so that extrapolation msy be mada to zero reciprocal fieli,
The product Ho H/'é & was obtained by cali‘cva‘aic; .wit'n pure cane sugar, ths

susceptibility of which was taken as =00566 x 10 = per grame’

(5) This value is based on studies by Dr. Carl Pitha in this laboratory, and is
in agreement with the average of the three principal susceptibilities given
in the International Critical Tables.,

Correction must, of course, be made for the liamagnetism of the glass er silica
bucket used to hold the sample, The sample moves on application of the field,
hence the procedure followed is to apply the desired fields move the sample to
a fixed position as observed in the micrometer microscope, remove the field, and
observe extension of the silica spiral. This operation, extended to complete
vertical mapping of HOH/ Jz , is conveniently donme with the aid of the mechani-
cal stage referred to above. The resuits are shown im Figo, 2,

The field, H, alore may be obtained by the Quincke method, using nickel chler—

ide solution as a calibrating agent. A glass or, better, silica rod mounted in
the fzshicn of the Gouy m-thod will also serve to obtain the field as a functiom
of current as at the working position indicated in FPigo 2.

The samples used ranged in weight from 20 to 40 mgo, The several silica
gpirals uzed averaged in sensitivity 0.2 mm. extension per mm, Overall precis-
ion with the caialyst samples uszed was 0.1 to 006 per cent of the measured sus-
bilitye A1l measurements, exszept a few noted below, were made at room temp-
srature, near 25®% The surrounding atmosphere was mitrogen which had been passed
oever copper turnings at 600®, then dried over magnesium perchlorate.

This apparatus is convenient for carrying out reactions such as oxidatiion
and reduction in situ. The mechanical stage permite horizontal motion of the
sample, A small tubular .ffurnace may be placed arcund the sample for such heat

treatment as may be desired, The atmosphere surrounding the sample may;' readily
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be changed through flaxible tubing attached to the apparatus &s shown in Fige 1.

Preperation and Analysis of Wateriais.——The substances investigated were alumina,
cupris oxide, and copper. So-called wgamma®=-alumina used throughout the study was
prepared as described by Eis:hens and Selwood.®

L B A

{(6) Ro Po Eischens and P. W. Selwood, This Journal, 69, 1590 (191:').

The specific surface area ¢f this slumina &s measured by nitrogen adsorption
(BsEoTo ) was about 250 nfs The magnetic susceptibility versus reciprocal field
for this substance is shown in Fige 3, together with corresponding lzta for four
commercial aluminase, The apparent susceptibility is markedly deperdent on the
presence of paramagnetic and, especially, of ferromagnetic impurities. .It aiso
depends on the wat.er contente For instance, an oven-dried alumina with a sus-
ceptibility of -00378 (x;O 6) per gram was ignited at 500 for thres hours. Tho
susceptibility became -Ooj‘)"l, the change being roughly proeportional to the vater
lostoe

In the iaterest of high precision it was necessery that the copper used in
{his stwly should be as nearly free from ferromagnetic impurity as i)ossible.

The expedient of quenching the semple from a high temperature and thus forcinmg
the ferromagnetic impurity into solid solution is ebviocusly not practical here
becuuse the catalyticaily active surface would be destroyed.

Ue Po copper gemerally shows strong evidence of ferremagnetism, and this
may evem be jtrue of samples which seem to be spectroscopically free from iren,
nickel, or cobalts Magnetically pure copper can sometimes be prepered directly
from selected shwet copper, or it may be purified by repeated electrolysis.?

(7) H. Morris and P. W, Selwood, This Journil, 62, 2245 (1543).
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K convenient alternative method? is tc dissolve the corrar in nitrie acid, to rorm

- ® o e * e O O O o = ® o

(8) Developad in this laboratory by Dro Fred No Fill,

the tetrammine complex by the addition of excess ammonium hydroxide, and to add a
dilute solution of aluminum nitrate. The aluminum hydroxide formed apparently
coprecipitates ferromagnetic=forming impurities because, after the precipitate of
aluminum hydroxide is filtered, the solution may be neutralized and the precipi-
tate of cupric hydroxide filtered, washed, ignited, and reduced to form magnetically
pure copper. Sems data related to these procedures ars shown in Fig. 4.

Supported cupric oxide was obtained in the ucual manner by impregmation ef
gamma alumina with cupric nitrate solution. The mixture is filtered, dried, and
ignited at 590‘ for twenty-four hours, The amounrt of copper present in the pred-
uct may be varied at will by varying thc concentraticrn of the cupric ﬁitrate so-

lutien,

Analysis of supported cup1:1~c éxide samples was done by dissolving the samples
in sulfuric acid, then electroplaiing the cépper om to weighed platimmm electrodes.
The supperted cupric oxide samples gave an x=ray diffractiom pattern for
cupric oxide, in addition to that for gamma alumina, at copper cemcemtrations ia

excess of 7.5 per cent. As previously reported, the sampls celors ranmged frem
yellow-green at the lowest concextrations studied ( ~- 005% Cu ) through blue~
green to gray at the highest concentrations ( ~~ 20% Cu), Samples reduced im
hydrogen were jet black at all copper concentrations except the highest.

Details cencerning the procedure used in reducing the above supported oxides

are givem beleow.
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Results are reported first for the wsuszeptibility isothérm" of supported
supric oxide, then for reduced suppcricd copper, them for samples wiich have been
reduced, sintered, and reoxidized. Finally, sume date are given at lower tempera=
tures.

A typical isotherm for the supported cupric oxide system on alumina at 23 is
shown in Fige 5. This is similur in general form to that previously reported for
this system by Selwood and Dallas, but the copper concentration 1limit is extended
down to lo4i2 per cento The plateau c¢f susceptibility per gram of cupric ion at low
concentrations is confirmed. It sovuld be emphasized that this is the only system,
of some eight or tea studisd im this Iasboratlory, inm which a plateau suggesting in-
finite magnetic diluticn is found. It was giso found that the exact shape and
height of the isotherm deperd, as expected, on the purity and formulation of the
support, and to toms degrees on the magnetic purity of the solution used for impreg=
nation, The limiting susceptibility per gram of cupric iom at infinite dilution
cprresponds to a magnetic moﬁent of 1.7 Bohr magneton, in excellent agreement with
tﬁs spin-only moment for the one unpaired electron inm the gupric ion.

Reduced copper-alumina samples were prepared by reduction with hydrogen at
550® to 650°® for eight to ten hours. A1l reductions were carried out in situ in
the magnetic balance. Figo 5 includos tho susceptibility per gram of reduced cop-

per supported on alumina down to a copper concentration of 00,488 per cente Most
of these reduced samples gave susceptibilities which were independent of field
sirengthe A typical sample containing 5043 per cent of copper had a susceptibility
of 0,775 (x 1076) per gram of catalyst sample in the oxidized state. This was
changed to -00534 in the reduced state. It was noted that the highest, and es-
pecially the lowest, concentrations of copper were more difficult to rediics than

VO  LiMAlL

those of intermediate corccentration. It was also noted that cooling the reduced

samples in hydrogen produced the same final susceptibility as flushing and cool~-
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jal
ing in purs nitrogen after reduc®icn had be:n completed in hydrogen. This suggests
that adsorbed and dissclved hydrogen do not nave a measureable effect on the sus-
ceptibility of reduced ccpper under the ¢indiiiems of this experiment.

Before the results on thsrmal migraticr :ir¢ presented the thecry of the meth~
cd will be outlineds The cupric ions in highiy dispersed cupric oxide have a mag-
netic susceptitility at raoom temperature of about 25(x 10"6) per grame. The cuprie
jons in pure crystalline cdpric sxids have a susceptibiiity of about L{x 10 j,
Intermediate degrees of dispersicn show intermediate susceptibilities, aithough the
exact relationship betwsen susceptibility and dispersion is not knrocwze

1f a highly dispersed copper system is »sinters.. and if lis brings about an
ageregation of copper atoms. then the decrsased dispersion of the copper will be
revealed by a decrease of susceptibility. The obgerved relationship of suscepti-
bility to aispersica occurs for zopper only when the copper 1s in the form of
cupric ions: Hence, attemnta ity detest thermal migratior 4m the surmorted copper
system involve the fsllowing stepes (1) msasurement of susceptibility in the oxi-
dized state, (2) reduction, (3) sintering, (4) reoxidation, and {(5) measurement of
susceptibility in the reoxidized state, Any decrease of susceptibility occurrirg
between steps (1) ami (5) is evidencs of thermal migration to form larger copper
particles,

In the search for evidence of thermal migratior there were tried a number of
reduction and sintering conditions as indicated below.

Figo 6 gives the susceptibiiities per gram of samples at 23° against recipro-
cal field, The sample contained 1,42 per cent of copper. Reduction in hydrogen
was for ninety minutes at 300® Recxidation was performed by slowly heating the
sample to 500° in oxygen over a periud of one hour, No further »sintsring» was
done during this particular run, Another trial with roduction conditions changed

to sixkwen hours at L00° gave similar results., It wiil be noted that there iz no
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13
evidence for migration. The susceptibility ef the recduzeld chass, which is ineYwuded

in Fige 6, is not necessary for the experiment, but it illustrates the ubiquitoue
trace of ferromsgnetism as showr by some depsndence of susceptibility on field
strengtheo

Bvidence of diffuaion in copper-mickel systems has been obtained as low as
200®, but temperatures above the Tammann temporature were thought more likely to
provide positive thermal migrationo Figeo 7 shows thu data obtained on a sample
containing 7,29 per cent coppero This sampie was reduced and #sintered* in
hydrcgen at 550® for one hunired hours. Reoxidation was slow after th:ls treat-
mente The progress of reoxidation was readily followed by tka change of color
and by the developing paramagnetism. Results similar to those shown in Fige 7
were alsc obtained cn samples containing 1,42 and 3o35 per cent copper, when
these were subjected to the 550® reduction and sintering treatment.

Por reasons described below susceptibllities on several samples were ob~

we W

tained over a range of temperatureo The results sre given in Table I.*

I - - - - b
f

(9) These data were obtained in this laboratory by Mr. Stephen Adler, to whom \
the authors are indebted for this assistance, ‘{

)

Tabie X ¥

!

Susceptibilities at 23° per gram of sample for supported cupric oxide on

alumina’
Uadoht pez cent Ou . /Y; X 106 ’
298% 195%. B%o :
3042 - 0,088 + 0104 + 1,57 F
9672 + 0,811 + 1426 +5.23 ]
7909 (pure Cuo) + 3400 + 2043 + 1,98 i
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Two observations not directly related to the problem at hand will be mentioned.
The firat is that some samples of supported cupric oxide on alumina on prolong™

ed ignition at tamperatures up to 900° gave definite evidsnce of ferromagnetism.

i\ s v s ot

Thia shows that ferrciagnetism may be found for certain phases of oxidation state
and enviromment for almost any transition element in the periodic tables

The second observation iz that some samplez of suppecrted cupric oxide on
alumina undergs a spontaneous rsduction when they are heated to about 500° If

2 A st

this heating is dons in air the reduction is rapidly followed by a reoxidations.

h
Lo,

The effect is apparenily due to some adsorbed reducing gas, or may possibly be
relsted to release of a2 trace of water from the gemma alumina at this temperature.
The effect is not accompanied by a vwglow phanomenca® or by significant loss of
specific surface.

Hie b RN RS e S

Discussion of Results

The plateau observed for the susceptibility isotherm of ‘supported cupric oxide i
on alumina suggests that at low concentratione of -:ep}.\er ‘i.. this esystem the cupric
ions ars effectively isolated from each other, Reduction might them be expected
to ylold 4solated copper atoms, although these would doubtless be highly active

chemically. Copper atoms have an odd mmber of electrons, and should be parsmagnetic.
It 2021 1lcws that reduction of a2 low concentration copper-alumina catalyst should pro=
duce little or no change of paramagnetism. Yet even at lo& per cent copper, which
is well up on the plateau, reduction lowers the susceptibility per gram of copper
to zeroo, The conclusion previously reached, namely that isolated copper atoms are
not formed in these systems, is, therefore, confirmed and extended down to the
lowest copper concentration which it is practical to reach with susceptibility ep-
paratus at present available,

It has also been confirmed that there is no thermal migration leading to in-
creased copper perticle size in this system. «wS3interingr as applied to low and
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moderate copper concentrations in a copper~alumina cataiyzt must have a cdifferent
meaning. The fact that prolonged sintsring leads t~ some increase of suscepti-~
bility (after reoxidation) suggests that solid solution or compound formation be-
ticon cupric oxide and alumina is the more probable reason why ignition destreys
the activity of this system. This is not to say that zintering in pure copper
powder may not lead to increased particle size because in any pureyrather than
supportad, catalyst the system must ve regarded as self-supported.

Another conclusion to be drawn frum tlie drtse concerns the nature of the sup-
ported oxide phase. In eariier work from this Laboratory it has been assumed that
suppertad oxides differ qualitatively frem purs crystalline oxides by a continu-
ous diminution of the paramagnetic neighborhood surrounding each perammgnetic sup-
ported iono There is an alternative view that a supported oxide may conslist of a
mixture of ions at infinite magnetic dispersion togetner with masaive crystalline
oxide. According to this view the susceptibility of, say, supported cupric oxide
at any concentration on alumina should be the weighted average of the susceptibility
of cupric ions at infinite magnetic dilution and that of cupric ions in massive
cup~ic c(xide. That this view is probably incorrsct is shown by the following cal-

culatione

Let x 4 be the susceptibility per gram of cupric jons in cupric oxide at infin-
ite magnetic dilution, and let ;L,,Lbe the susceptibility per gram of cupric ions in
massive cupric oxide. Then according to the viow presented above, the observed
susceptibility, "/Lo,,. per grem of cupris ionas in any catalyat sample should be given
by .. Xd.p . x\(l-p) where p is the fraction of total cupric ions present as
infinitely dispersed ions. This fraction should be indepernclent of the temperature
at which the susceptibility measurements are made.

Taking as an exampls the sample sontaining 9072 per cent copper, we find the

susceptibiliities per gram of cupric ion to bs as followss

- et b = N
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Susceptibilities per gram of cupris, .or

Condition et 3K, 2t 165}, at EI'E.
infinits magnetic diluticn f § 9 b5 o
9,72 per cent catalyst * k¥ 577
purs cupric oxide® 233 Zud? 2.86

*Pure cupric oxide is anti ferromagnet! u

Substituting irn the sbove oquti_? nd el o: ferp, v Dod et W . a

{8

ent fraction of cupric ions prosest 8§ IArimivs _sisrsics “s¢ st 208%%., & -

-

at 195%K.; Coiks and at 83%Ka, Cedle | Mda dovi - /AL tesmrsicrs of e Apoer
ent Gegree of dispersion shewe the t;; lecy of t. flov asdar £ cweaic, fecely,
that gupported cupric oxide =may bi‘(_i :ﬂdm o4 Lmiziage & (mffr iy Eiszpercse
cupric jons and of pure crystallize : gric axine  S: Qar tewslis W uraaloey
with other catalyst concentrati-ns, ‘' fhese resul tent i3 sspert the ¥iew pes
viously expressed thai these nrppg;‘f é aulm s Sasove, :m‘.w_pg e ]
other pa.ramagnet;.c elements, show r; m af weosptid It oo ¢emcemireiies
because of a statistically varying,; sresagnetic & ghoortaet smrresdisy veth pare

magnetic ion.
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