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INTRODUCTION

A catalyst is a gubstance whioch, by virtuc of its pro-
sence, can alter the rate of & chemlcal reaction and whioch
does not appear in the produstas of the reesction, Two gener-
al eriberia are often used in determining whether a given
pubstance is a catalyst or not, These are (a) the catalyst
is found unaliered chemionlly at the end of the catalysis or
i? altered, no stolohiometric relationship exists between
the amoun® of catalyet shanged and the amounts of reactants
ghanged, and (b} a muall asmount of the catalyst will bring
about a relatively large smount of reaction,

Heterogeneous catalysis refers to catalytioc procesces
in a heterogenecus gystem in the sensse thet the catalyst and
the substrate are found in d4different phages, Heterogeneous
catalysis usually involves a solid catalyst and liguid or
gaseous reactants (substrates), Host catelytic hydrogena-
tions are ol the heterogeneocus type,

When & solid is able to influence the rate of a reace—
tion hetween gaseous reactants, it is obvicus that some
interaction between the sollid catalyst and the gaseous reac-
tants must occur, This interaction is called adsorpbtion,

At leasst two types of adsorpiion are now recognized,
The firast of these is called van der Waal's or physical ad-
sorption, It is charaocterized by a rapid, reversible adsorp~
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tion of vapor whieh attains equilibrium rapidly, The forces
responsible for this type of adsorption are the same rela-
tively weak dipole~dipole or ion-dipole interactions which
are responsible for the condensation of s gas to the liquid
state, Buch adsorptlon does not lead to dissoclation of the
adsorbed moleonles, It cocurs at relatively low tempera-
tures and the amount of gas adsorbed deoreases as the tem-
perature is inereassed, Such adsorption is non-specific in
nature end is not important in catalysis since it does not
lead to the activation of adsorbed molecules necesgsary for
chemiocal reactlon,

The second type of adsorption is known as activated ad-
sorption or shemisorption, This type of adsorption takes
place at a higher temperature than the van der Waal's type,
reaches equilibrium much more slowly, and has a velocity
characterized by a temperature coefficient from which an
apparent energy of activation can be caleulated (65),
Generally, both changes in temperature and pressure are
necessary to reverse this type of adsorption, It 1a quite
posaible that chemisorption leads to the formation of a rela-
tively stable surface compound which exists in stoiochiometric
proportions if only the surface region is oconsidered,
Whether or not compound formation is involved in chemisorp-

tion, 1t is certain that the adsorbed molecul®s on the sur-
face of the catalyst are in an activated state conduecive to
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chemical reaction, The amount of material adsorbed usually
incresses with inereagsing temperature until the surface of
the catalyst is saturated, It is now generally agreed that
activated adsorption is a necessary part of heterogeneous
cabalysis,

In 1936, MNenzel (&a)/égawe& that cuprous oxide is an
aotive catalyst for the liquid phase hydrogenstion of fur-
fural to furfuryl alcohol, He also showed that the catalyst
wasg promoted by the mechanlcal addition of caloium oxide,
The face’ that the Cugl~Cal mixture lacked stadlility lead
Stewart (84) to investigate various oxides which oould be
added to inerssgse the stabllity of the catslyst, He found
that vanadium tetroxlde was the best stabilizer of the oxides
investigated,

The mechanlsm of the catalytie hydrogenation of furfural
may be consldered o ococur in the following stepa:

(1) Furfural + catalyst = adsorbed furfural

{8) Hg + catalyst = adsorbed Hp

(3) Adsorbed furfural + adsorbed Hz = adsorbed furfuryl

aleohol

(4) Adgorbed furfuryl alcohol = furfuryl alcohol +

catalyst,

In order to test the validity of this proposed meohan~
ism, adsorption studlies were sitarted to determine the ad-

aorptive capacity of the catalyst for the reastants and pro-



duct of the reaction,

Stenerson {63) studled the adsorptive capacity of the
catalyst and its various components for hydrogen, Thus the
adsorptive capacity of the catalyst for furfursl and fur-
furyl aleohol 2911l remained to be lnvestigated,
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Cuprous Oxide as a Catalyst

Cuprous oxlde has been recognized as s catalyst for
various yeactions since 1923, In that year, de Loisy and
Demiens (17) reported that ouprous oxide may be used as a
catalyst for the conversion of ethylene to ethyl aloohol, It
was shown that ouprous ozxide catalyzes the formation of
CeHlsH304 from ebthylene and sulfuric acid, The ethyl hydrogen
sulfate can then be hydrolyzed to ethyl aleohol,

Cuprous oxide is also a catalyat for certain decomposi-
tion reasctions, In 1984, it was shown that cuprous oxide
catalyzes the descomposition of hydrogen peroxide (33), and
Kurtenacker and VWerner (39) reported in 1927 that euprous
oxide catalyzes the decomposition of hydroxylamine in alkallne
solutions,
| The activity of ocuprous oxide as an hydrogenation cata-
lyat was first established by lenzel in 1936 (48).

Cuprous oxide has alsc been shown to be actlve in cata-
lytioc oxidations, The vapor phase oxidation of monoketones
containing at least Tour carbon atoms to produce the corres-
ponding diketones is catalyzed by cuprous oxide (52), Hearne
and Adama {(32) have been issued a patent for the use of cu~-
prous oxide in the alr oxidation of ovlefins conteining st

least three carbon atoms to form unsaturated aldehydes and



ketones,

Some misosllanecus ugses of cuprous oxide as a catalyst
inelude the preparation of diphenylarsencus chloride from
phenyl! vdrazine and arsenic acid (2), the conversion of ortho
oy pars chloronitrobenzene to the corresponding anisole or
phenetole {16), and the formation of ouprene from acetylene
(41).

Cuprous Oxide as an Hydrogenation Catalyst

Probably the most familiar copper satalyst for hydro-
genation reactions is Adkins's copper chromite catalyst (12),
The copper in this catalyst is present in the divalent state
and, according to Adkins, the catalyst becomes inactive if the
copper be reduced to the monovalent state (1), However,
llenzel (48) has shown that ocuprous oxide, promoted by the
mechanieal addition of caleium oxide, is an active hydrogene~
tion catalyst, In fact, under the same oonditions of tempera-
ture and pressure, this cuprous oxide catalyst is more active
than Adkins's catalyst for the hydrogenation of furfural to
furfuryl aleohol, denzel also found that the method of pre-
paration used had a profound effect on the catalytioc activity
- of the ocuprous oxlde, He found that commercial samples of
cuprous oxide were without asotivity, as were asamples prepared
by 50z reduotion of cupric salts, Active cuprous oxide may
ha preparad by reduction of a cupric nitrate solution with
glucose followed by the additlon of godium hydroxide,
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Stewart (64) investigated a series of metalllc oxides as
promoters for Menzel's catalyst and concluded that, of the
orides investigated, veanadium tetroxide wag the most offec~
tive promoter., In general, it 1s considered lnmportant to
abbain a uniform dlstridution of a promoter throughout a
eatalyst (29), Thls may be acoomplished by (a) co~precipi-
tation (b) evaporation of mized solutions or (c¢) moistening
a powder with a solution, Thus, it is surprising that the
three~component catalyst developed by Menzel and Stewart can
be prepared in an active form by simply grinding the three
consbituents Yogether in a mortar,

Lefrancoia {40) studied the effect of varying the pro-
portions of the three components, Cugld, V304 and Cal, on the
activity of the catalyst in the hydrogenation of furfural and
acetophenone, He came to the concluslon that the optimum
proportions are Cuzd, 1,0; Vz04, 0,70 and Cal, 1,4 parts by
welght,

Stanerson {63) investigated the adsorption of hydrogen
by the catalyst and found that adsorption occurred, starting
at & temperature of 57° €, It was found that the adsorption
of hydrogen was an essentially lrreversible process, since
only a small fraction of the adsorbed hydrogen could be ro-
moved by lowering the pressure above the catalyst, This be~
havior is characteristic of activated adsorption, Stanerson

also found thet a ocommercial sample of cuprous oxide d4id not
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adsord hydrogen oven when promoted by caleiun oxide, This
probably explains the cntalytie inactivity of auch a pre-
saration as Tound by Menzel, Stanerson found that there was
a falr degree of corrslation between adsorptive capacity for
hydrogen and the catalytic activity of thoe various mixbures
he studled,

Adsorption of Substrate and Catalytic Activity

O0f the two types of adsorption now recognized, only ac-
tivated adsorption is considered to he of importance in
catalysis, Van der Waal's adsorption is predominately a low-
temperature phonomenon and the amount of gas adsorbed by van
der Waal's forges Jeoreases as the temperature increases,
Aotivated adsorption; on the other hand, predominates at
higher temperstures, However, the two ¢ypes of adsorption
overlap, Astiveted adsorption hes been demonstrated even at
1iquid air temperatures, Thus, a measurement of total ad-
gorptive eapacity of a catalyst includes both van der VWaal's
and activated adporption, However, a correlation between
adsorptive cepacity and catalytle sctivity is to be expected
only if the adsorptive ogpacity of the catalyst for activated
adsorption 1s considered,

Fortunately, there are means of distinzulshing between
the two tyves of admorption, The most dellicate test for ao-
tivated adsorption involves the use of isotopes, The ex-

change reaction Hg + Dp = 2HD can cocur only if the reacting
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gpecies are broken inte atoms, If such an exchange reaction
poours on the surface of a catalyst, the adsorption which
preceded the exchange reaction must have besn chemisorpiion,
ginoe wvan dey VWasl's adsorption involves forces which are
too weak o cause bond rupture, Such an exchange reaction
constitubes a very delicate test for chemisorption in a tem~
perature range where adsorption measurements alone would
fail, since extensive ven der Weal's adsorption may ocour
sinultaneously, In the case of chromium oxide gel, the
hydrogen exshange reactlon showed that chemisorption is
oecurring at a temperature hundreds of degrees lower than it
gould he detedéted by adsorption measurements {28},

Another similar tool for investigating the ococurrence of
chendsorption involves the conversion of ortho to para hy~
drogen, 4z hydrogen naturally oceurs, the ortho variety is
three times as abundant as ie the para variety (67)., It has
been found that ortho hydrogen c¢an be converted Lo para hy-
drogen by interaction with either {(a) paramagnetic molecules,
ions or radicals or {b) atomic hydrogen, Thus, in the ab=
sence of paramsenctic species, the conversion of ortho to
paya hydrogen constitutes a sensitive test for the presence
of atomie hydrogen, hence, chemisorption,

In general, however, ven der Weal's adsorption is impor-
tant below O ¢, If relatively large amounts of adsorption

ssour at higher temperatures, activated adsorption is



agsumed to have oocurred,

One of the most lmportant industrial reactlions involve-
ing catalysts is the synthesis of ammonia, This reaction
has besen subjected to careful investigation in order to de-
termine the mechanism of the synthesis, Using a synthetio
ammonia catalyst of iren, doubly promoted by AlgOg and K0,
Imett and Brunsuer have shown that the ¢gatalyst adsorbs
nitrogen (Table 1, page 23) under the conditions actually
prevailing during the synthesis of smmonla (2l)., They have
also shown (228) that the rate of adsorption of nitrogen and
the rate of formation of ammonia are approximately equ:l and
thus it 1s probable that the rate-~determining step in the
gynthesis of ammonia is the adsorpiion of nitrogen, They
have also shown that the catalyst will adsord hydrogen (10},
They have succeeded recently (28) in showing that the ad-
sorption of hydrogen and nitrogen are activatéd processes,
It was found that the exchange reaction N4N14 + NiSNIS a
AN14N15 goourred rapidly at 500°, at which temperature,
therefore, nitrogen adsorbs and desorbs rapidly at the sur-
face of the catalyst and synthesis of ammonia occurs, Using
the hydrogen~deunterium exchange reaction, it wag shown that
activated adsorption of hydrogen occurs even at -195° C,
Thus, the mechanism of the synthesis of ammonia on an Fe-
AlgCa=Ka0 catalyst involves the activated adsorption of both
nitrogen and hydrogen,
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Using the sanme catalyst, Teylor and Jupgers (68) in-
vestigated the catalytic decomposition of amonia into ni-
trogen and hydrogen, By atudying the exchange reaction be-
twoen NHs and Dg, iV was established that deuterium ex-
changes with ammonia on an iron synthetic ammonla catalyst
gven at room temperature, They ascribed the exchange to
the existence of adsoried gages on the surfacs of the cata=
lyat in the form of dlssooiated Tragments, atoms in the case
of Dy and at least NHz and H fragments in the case of
amonia, They concluded that, even at room temperature, ace
tivated adsorption of ammonia, disscclative in nature, is
freely occurring, Furthermore, since the deutero-ammonlas
produced (NHgD, NHDz and NDg were all found) passed freely
into the gas phame, it 18 evident that the reactions,

NHg(g) = NHz(ads) + H{ads); Da(g) = BD(ada); NHz(ads) +
D(ads) = NHgD(g), and so on for more complete deuterium sub-
atitution, are all occurring freely at room temperature,
Therefore, 1% 1s %o be expected that such processes will
pocur with great rapidity st the higher temperatures

(500° C,) employed in the synthesis of ammonia, Thus, such
resctions cannot be expected to he rate~determining steps in
such a aynthesis,

The findings of Emmett and Brunauer are Lo be ocontrasted
with those of Roiter, Geuchmann and Leperson (57), These
authors investigated the adsorptlon of hydrogen and nitrogen

on an iron-molybdenum catalyst, promoted by Alz0z, active in



thse synthesis of amonia, It was found that the catalyst
chemisorbed hydrogen, At low temperatures (~184° to 0° C,)
large quantities of nitrogen were adsorbed (van der Weal's
adsorption), As the {emperature was inoreased, the amount of
nitrogen adsorbed decreaged, At the temperatures at which
ammonia synthesis began, the adsorption of nitrogen was in-
measurably small, They could find no adsorptlon provess
whioch indiocated a chemloal reaction or activated adasorptien,
They concluded, therefore, that the adsorption of nitrogen
is not involved in the synthesis of axmonis on an Fe=lio-
Ala0g oatalyst.

Frankenburger snd Hodler (86), using a metallic tungsten
catalyst aotive in the decomposition of ammonia to nitrogen
and hydrogen, found that the catalyst not only chemiforbded
ammonia, dbut also both nitrogen and hydrogen,

Another reaction which has retelved considerable study
ig the catalytioc hydrogenation of ethylene to ethane, using
various metallle catalysts, particularly copper,

In 1981, Taylor and Burng (68) found that at tempera-
tures at which ethylene ls rapidly hydrogenated (150°-200°C,)
over copper, the adscrptlion of ethylense had become vanishing-
ly small, Pease {58}, on the other hend, found that his pre~
paration of active copper not only adsorbed both ethylene
snd hydrogen, bub that the adsorption of ethylene was marked-
ly greater thsn thet of hydregen, The asncunt of ethanse ad-
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sorbed was quite small, On polsoning the catalyst with mer-
cury, it was found that while the adsorption of hydrogen was
reduced to one-twentieth its value on tha‘nnpaiamnad ocatalyst,
the rate of reaction was reduced %o one two~hundredth

its value on the unpoisoned ocstalyst, The adsorption of
athylene was only moderately diminished, Thus, it was evi-
dent that the catalyst nmust be adle to adsorb both hydrogen
and ethylene before it can bring about reaction,

In a furither investigation, Pease (54) found the order
of aﬁaﬁrptiun by coppar depended on the pressure ab which
the comparison was made, Thus at 10 mm,, the order of ad-
sorption wasmy ﬁaﬁa arester than Hz greater than CgHg: while
at 760 mm,, the order was: Ha greater than CpHs greater than
CaHy; arnd at still highar,graﬁaawas, the order was: Hp great-
er than OzHy greater than CzHs, |

These observations were later confirmed by Harker (31),
Sti1l later, Turkevich and Taylor (71), while confirming the
oceurrence of activated adsorption of ethylene by metallic
copper catalysts, showed that the pleture was complicated by
depcompoaition of the adsorbed ethylene, Thus, at 0° C,, the
pases desorbed by pumping analyzed 70 per cent CpHg and 30
per cent CpHg, with some carbon being left behind on the
catalyst, Apparently, the excess hydrogen used ln preparing
the catalyst by the reduction of Cul, and not removable by
evacuation at high temperatures without sintering of the
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catalyst, reacted with the adsorbed ethylene, In addition
to this reasction, the adsorption was not completely revers-
ible by desmorption at 0° €, The diserepancy between the
yolume of ethylene adsorbed and the volume of gases desorbed
inoreased with lnorveasing time of contact with the catalyst,
Ethane was always found in the desorbed gases even after ten
guccessive experiments, indlecating that some of the adsorbed
ethylene must have undergone processes of both hydrogenation
and dehydrogenation,

Ingsley (38), however, found that his preparation of a
metallie copper sample, while an active catalyst for the
hydrogenation of ethylene, falled to adsord any hydrogen,
ethylene or ethane, Ingsley also found that a metallic co~-
balt catalyst adsorbed both hydrogen and ethylene, while
Taylor and Burns (86) found that such a catalyst adsorbed
ethylene, but not hydrogen,

Ingsley (98) showed that an active metallic iron pre-
paration adsorbed ethylene, but not hydrogen, while Taylor
end Burns (66) found amall adsorption of both ethylene and
hydrogen,

Hetallie niekel catalysts for the reduction of ethylene
have also received considerable study, Thus, Ingsley (38)

found that sueh a catalyst would adsord considerable hydro-
gen, only a slightly smaller amount of ethylene and & small

amount of ethane, This was confirmed by Taylor and Burns (66)
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By use of the exchange reaotion CzHyg + HD = CgHaD + Hjy,
Farkas (24) confirmed the existence of chemisorption of
ethylene by metallie nickel catalysts, Since ethane did not
exchange under the same conditions, it was concluded that
the activated adsorption of ethane did not oecur, The ad-
gorption of ethylene was also observed by Twigg and
Rideal (74),

In a recent paper, Twigg (78) discussed the results of
a 8Series of experiments in which ethylene was hydrogenated
on a nickel catalyst using (a) a mixture of Hz and Dz and
{(b) the equilivrium mixture of Haz, Da and HD, Infra-red
gpectroscopic examination showed that the mixtures of ethanes
produced in the two cases were identical, and were different
from an equimolar mixture of CpHg and CpHgDaz, This was con-
gildered to be direct proof that in the hydrogenation, the hy~
drogen was first disgsociated into atoms on the catalyst,
The mechanism proposed by Twigg to account for all the known
facts in this reasction was: (1) hydrogen is not adsorbed di-
rectly on the catalyst, but only through reaction with a
chemisorbed ethylene molecule to form an adsorbed ethyl radi-
cal and an adsorbed hydrogen atom; (2) hydrogenation then
occurs through the addition of a hydrogen atom to the ethyl
radical; (3) exchange 1s controlled by the reverse of the
first step, A further fast reaotion ocours in the union of

adsorbed ethylene and a hydrogen atom to form an adsorbed



ethyl radlesl,

Using a platinum blaek catalyst for the same reaction,
Maxted and Moon (44) found that both hydrogen and ethylene
were chemisorbed by the catalyst, Taylor and Burns (66),
however, found that thelir platinum catalyst would adsorb hy-
drogen but not ethylene,

In contrast to the behavior of moast hydrogenating oxide
satalysts, Crz0s 18 an excellent catalyst for the hydrogena-
tion of ethylene, Gould, Bleakney and Taylor (28) have
ghown that Crp0g is quite active in the ortho to para hydro-
gen convergion, even at liquid alr temperatures, Therefore,
this catalyst will éh&m&aarb hydrogen, Activated adsorption
of ethylene was alaso demonatrated (36), although extensive
decomposition of the ethylene was also Tound on desorption,
o evidence for the activated adsorption of ethane was found,
These cobservations were also made on a Crg0a-Mn0 catalyst
(71},

The catalytic oxidation of carbon monoxide te carbon
dioxide has been the object of considerable investigation,
During World War 1, gas nmasks were developed to carry out
this oxidation at room temperatura, The catalyst used was
hopealite, a synthetliec mixture of manganese dioxide and
sopper oxide, Beveral metals have also been found to cata-
lyze this reaction, Hetalllic silver was studied by Benton
and Drake (5), They found that at pressures below the
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dissoclation prassure of Agg0, activated adsorption of oxy-
gen oscurred, Benton and Bell (4) then showed that neither
CO nor COz was adsorbed in an activatsd stvate, They con~-
aluded that the catalytic oxidation consiats of two steps
(a) activated adsorption of oxygen, followed by (b) reaction
of adsorbed oxygen with carbon monoxide when the latter im-
pinges on it from the gas phase,

Hurat and Rideal (37), using a metallic copper catalyst,
found that adsorption of both oxygen and carbon monoxide
occurred, Since a maximum in the rate of this oxidation
ocourred at 175° C,, at which temperature the formation of
Cud from Cu and Oz begins, they felt that the mechanisu of
the catalysis involved alternate oxidation and reduction of
the catalyat,

Benton (3) investigated the oxides Coz03, Mn0-Cul, Cul,
MnUg, Pegls, Vg0p and 8103, He found that there was a direct
gorrelation between catalytic activity of these oxides and
their ability to chemisorb carbon monoxide, The same was
true for the activated adsorption of both oxygen and carbon
dioxide,

The chemisorption of carbon monoxide by Cul, M¥MnOz and
¥nO=-Cul catalysts was confirmed by Hoskins and Bray{35).
They alse found that while the adsorptlon of carbon nonoxide
was essentially reversible, a portion of the carbon monoxide

was rapidly transformed to carbon dioxide,



Finkelstein, Rubanik and Khrizman (25) investigated a
series of oxides including the Mn0~Cu0 mixztures and found
that while activated adsorption of oxygen ocecurred, nc chemi-
gorption of carbon monoxide cculd be found,

The ocmbination of hydrogen and oxygen to form water is
catalyzed by a number of metals, Copper, studled by Hurst
snd Rideal {(87), was found tc chemisorb both hydrogen and
oxygen, Silver, investigated by Benton and Elgin (6), showed
activated adsorption of oxygen, but not of hydrogen., They
algo investigated the adsorption of water (8), which was
found te be egbrongly adsorbed on silver surfaces previocusly
covered by adsorbed oxygen, which is the condition prevalling
during the reaction, They concluded that the mechanism of
the catalysis involves reaction on every collision of gaseous
hydrogen wlth adsorbed oxygen, nct covered by adsorbed water,
in whieh the total energy on colllision exceeds a cexrtsin
value, Using a metallle gold catalyst, these same workers
showed (7) that oxygen was irreversibly sdsorbed in consider-
able quantity, but the amount of hydrogen adsorbed was im-
measurably low, VWhile kinetic nmeasuremsnts showed that the
mechanism of the catalysis 18 not the same as in the case of
the metallice silver catalyst, the authors proposed noc mechan=-
lam to account for the observed kinetics,

The reduction of carbon monoxide by hydregen to methane

and water is catalyzed by s number of substances, Taylor and
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Burns (68) found that an active metallie nickel preparation
adsorbed both hydrogen and carbon monoxide, They also found
that a metallic cobalt catalyst adsorbed carbon monoxide but
not hydrogen, A palladium castalyst, on the other hand, ad-
sorbed both hydrogen and carbon monoxide in larpge quantities,
This obgervation was later contirmed by Taylor and MoKinney
(89)., They also ghowed that the adsorption of hydrogen wasg
complicated by diffuslon into the interior of the metal,

iIn the Fischer-Tropsoch synthesis of hydrocarbons from
garbon monoxide and hydrogen, a metallic cobalt catalyst,
yromoted by thoria and supported on kieselgubhr is used, Un~
der certain conditions, this catalyst will selectively pro-
mete the formation of methane and water, instead of the
usual oils, In studying this resction, Craxford (15) found
that extensive ortho to para hydrogen conversion occurred and
80, under the conditions which result in the formation of
methane, astivated adsorption of hydrogen occurs, Carbon
monoxide was found %o be chemisorbed also under these condi-
tiong, Under the normal opsrating conditions which result
in the formation of hydrocarbon olls, Craxford found that
while the formatlion of a surface layer of cobalt carbide
pecured on the chemisorption of carbon menoxide, no ortho to
pare hydrogen conversion cccurred, The ovidence thus pointed
%0 the Tirst atep in the Fischer~Tropseh syntheais being the

reaction of chemisorbed carbon monoxlde with hydropgen to give
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a surface cobalt carbide and water, <The next step is the re~
duction of this carbide by gaseous hydrogen to give higher
hydrocarbons,

Certain metallic catalysts are able to hydrogenate car-
bon dloxide to methane and water, Taylor and Burns (68)
tound that while nickel catalysts chemlsorbed both hydrogen
and carbon dioxide, & metalllec cobalt preparation adsorbed
garbon dioxide but not hydrogen, and a palladium catalyst
adsorbed hydrogen but no carbon dioxide, The observations
soncerning nickel were confirmed by Russell and Taylor (58)
who used a nickel catalyst promoted by thorla,

While metallic catalysts promote the reduction of carbon
monoxide to methane, oxide catalysts favor the reductlion of
carbon monoxide to methanol, Garner and Kingman (27), using
g ZnO=Crp03 catalyst, demonstrated the activated adsorption
of both hydrogen and carbon monoxide, Taylor and Ogden (70}
gtudied adsorption of a ZnO-MogOs catalyst and found the ac-
tivated adsorption of hydrogen and of small amounts of care
bon monoxide,

A number of miscellaneous catalyzed reactions have been
investigated to determine which reactants are chemisorbed,
Twigeg (78) studlied the behavior of a metallic silver catalyst
active in the oxidation of ethylene to ethylene oxide and
found that oxygen is chemisorbed, but not ethylene, Thus,

this reaction takes place by collision of molecules of ethyl=-



ene with chemlsorbed oxygen,

Benzene can be hydrogenated over both platinum black
and nickel, Horiuti, Ogden and Polanyl (34) investigated
the activated adsorption of benzene by these catalysts st a
temperature at which hydrogenation was almost imperceptible,
They were able to demonstrate the exchange of dsuterium for
the hydrogen atomas of benzene, IEither the benzene dissoci~
ates on the gurface of the catalyst or else an adsorbed hy-
drogen atom is transferred to the adaorbed benzene while
another hydrogen is detached from it, They were unable to
decide which mechanism is correct,

Using an alumina catalyst active in the reaction of car-
bon disulfide and water to produce hydrogen sulfide, Munro
and MoCubbin (51) demonstrated the adsorption of carbon di-
sulfide by the catalyst,

Crawley and Griffith (14) investigated a titanium sul=-
fide catalyst active In the reaction CSz + S0z = C0p + 33,

It was found that activated adsorption of sulfur dioxide
occurred, while on the other hand, the adsorption of carbon
disulfide showed all the characteristics of the van der Waal's
type,

It has been shown that the reduction of carbon disulfide
by hydrogen in ithe presence of NiaSz leads to the formation
of CHaSH, which in turn is further reduced to hydrogen sul-
fide, In studying these reactions, Griffith and Hill (30)
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demonstrated the activated adsorption of carbon disulfride,
hydrogen and amall amounts of CHgSH, NiaSz also catalyzes
the hydrogenation of sulfur dioxide to hydrogen sulflde and
water, Here too, both reactants (Hz and 80z) were found to
be chemisorbed,

Again using an HigSg catalyst active in the reduction of
CO0S to HaS8, Crawley and Griffith (14) found that while ac-
tivated adsorption of hydrogen occurred, no adsorption of
CO8 could be demonstrated,

In suwmmary, 1t may be sald that a study of the activated
adgorption of the substrates by catalysts can lead to an
elucidation of the mechanism of the catalysis in favorable
cases, While a number of authors have found no correlation
between adsorptive capacity and ecatalytic activity, these
authors have not been careful to distingulish between acti~
vated adgsorption and van der Waal's adsorption, Instead,
they have been content to sinmply measure total adsorptive
capacitics, In those cases in whieh the distinction between
the ¢two types of adsorption has been heeded, such a correla-
tion has often been found, In reviewing those instances in
whish adsorption of substrates has been studled, 1t becomes
apparent that the activated adsorption of all the reactante
is not a neocessary condition for reaction: instead, in many
cages, the activated adsorption of only one of the reactants

is necessary,
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TABLE 1
Adsorption of Substrate in Catalysis

Catalyst Reaction Agtivated No Activated Ref,
adgorp,of adgorp, of

Fe~Alz0g-Kz0 Nz + SHp = 2NHg Ng 21
H " YKa 28
" " Nay Hz 10
" " Na, Ha 23
* ~ BNHg = Np + 3Hg NHg 68

Powlio=AlgOs Ng + SHp = 2NHa Ha Nz 57
W gNHg = Ny + 8Hg NHs, Ha, Na 26
Gu Colly + Ha = CpHs CaHa 1)
" " Hay CaHe CoHa(?) 53
" " CgHes Hey Calle 54
" " Hg, Cale 31
" “ Caly 71
" # Hg ,CpHe ,C2He 38
Co " Hay CaHe CeHa(?)
bl " CaHe Hg 66
Fe " CpHs Ha 38
" " Hay CsHe 66
11 » Hgz, C3He, CaHe(?) 38
| " Hg, CaHe 68
" ! Calig CaHa 24

# " CaHa n4
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TABLE 1 {Continued)

— Catalyst Reaction Aotlvated To Activated Hef,
adsorp,of  adsorp, of

Wi UpHg + Hp = UgHs Cgla 78
Pt " Hzy CpHg 44
" " Hg Cally 60
Crs0s " Hz, CaHa CzHs 36
Mn0-Crg0g " Ya, CaHg 71
Ag 200 + Og = 800g Oz 5
" " CO, COa 4
Gu " G0, Op a7
Coalsa b G0,y Og, COp 3
MnOg=Cuo " co, Oz, COz 3
. cwo " o, 0z, GO 3
¥nOg " €0, Oz, COg 3
Feals " €0, Oz, COz 3
Vals " COy4 O, COp 3
540, " CQy O0g, COg 3
Sud " €O, 02(?), €Oa(?) 35
¥nOg " CO, 02(7), CO2(%) 35
M0 g=0ud " CO, 02(%?), CO2(?) 35
Cra0y " Oz Co 25
Zno " Og co 25
AlaOs u Og (HY 25
Peglyg " Oz Co 25
Hn0z=Cud " Oz co 25
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TABLE 1 (Continued)

Catalyst Renction Activated No Activated Rer,
adgorp, of adsorp, of

Ou 8Hg + Op » 2HpO Hg, Oz a7
Ag " Og Ha 6
Ag " 330 8
Au " Og Ha 7
Hi GO + 8Hg = QHg + HpC 00, Hp 66
Co " co Ha 66
Pa " 0O, Ha 66
ra " G0, Hg 69
Co=-Thiyz " CO, Ha 15
Co~ThOg CO + Hg = olls co Ha 15
Hi €Oz + 4Hz = CHy + 2Hg0 COg, Hp 66
Co " COg Hg 66
rd " Hg COg 66
Ni-ThOg " COg,. Ha 58
Zn0«CraCs CO + 2Hz = CHa0H O, Ha 27
ZnOw-oa0s R CO, Hg 70
Ag 20pHg + 0z = 2UaH4O0 . Og CaHy 72
Pt CeHg + 8l = Cgiligp CaHg 34
Ni " Cells 34
Ala0s ©CSg + Hp0 = Hg3 + % C3s 51
Ti8s OSg + 803 = COp + 38 S0z C8a 13
NiagS8s CSg + Hg = CHeSH + ? CSa, gz, CHaSH 30
NisSs S0z + 3Hy = HgS + 28He0 802, Hg 30

Nig9g CO3 + Hg = Hp8 + 7 He cos 14




EXPIRIMENTAL

Henzel {(48) determined the opbtimum conditions for the
preparation of active cuprous oxlde and found that calelunm
oxide was the best promoter for cuprous oxide among tné
following compounds: Cal0, Ba(0H)az, Ca(0H)z, MgC, Bal, and
Ba(O0H) 2+ 810,

Stewsrt (64) found that catalysts consigting of
AlaOg*XHp0, CralgexHz0, Mn(OH)z and Co{0H)z coprecipitated
with Cug0 were inferdior catalysts conmpared to Menzel's cata~
lyst of mechanically mized Cuz0 and Cal, Stewart also fbund
that the mechanieal addition of the Tollowing oxides also
reduced the sebtivity of Menzel's catalyst: AlzOs, Zn0, Sno,
Co0 and Moz0s, However, he found that the mechanical addi-
tion of Va4 oy Cra0p enhanced the activity of the CugoO~Cal
mixture,

Lefrancois (40) Tound that increasing the amount of
Ve04 in the catalyst Cup0«Tg0s~Cal up to a welght ratio of
Ouz0 to VzO04 of 10 to $ resulted in increased activity of the
mixbure, Inoreasing the amount of Cal in the catalyst up to
s weight ratio of Cupd to Cal of 10 to 14 inoreased the ac-
tivivy of the mixbture, The most active mixture contained
1.0 p. Cugl, 0,70 g, Va0g and 1,4 g, Cald, Only this latter
conbination was chogen for study in the present investigation,

Proparation of Catalysts
The catalysts were prepared according to the direotions



Biven by Stanerson (63),

Cuglr One thousand and sighty-five grams each of Cu(NOg)g *
330 and dexbtrose were dlssolved in 5485 ml, of water, To
thia mixture was added 1736 ml, of 40 per cent NaOH solution,
The procipitate was digesied at 65-70° O, for 45 minutesm and
then filtered with suotion, After washing with distilled
water until the precipitato peptized and began passing through
the filter paper, the preeipitate was drled in a vacuum de-
giceator over Anhydrone, The yield was 328,4 gz, of Cugzl or
108 per cent of the theoretical, A yleld greater than 100

per cent is Indicative of an iuwpure preparation,

V2041 Three hundred grams of VpOs was added to a solution
containing 800 g, of dextrose in 1500 ml, of water and the
mizture was digested on a hot plate for 24 hours, The mix-
ture was then filtered with suction and the precipitate was
waghed with hot wabter until 1t peptized, The precipitate
wags then dried at 110° €, over night, The resulting hard
blue lum?ﬂ were powdered Iin a mortar to pass a 40 mesh sieve
and then dried in & vacuun &aaiaaétar over Anhydrone, The
yield was 889,5 g, of VgO4 or 106 per cent of the theoreti-
cal, Again, a yleld greater than 100 per gent is indicative

of an impure preparation,

Cal: Five pounds of reagent grade caleium oxide was ignited
in a muffle furnace at 900° C, for one hour and then placed

in a screw~capped bottle while still very hot, After the



s0lid had cooled to room temperature, the ¢ap on the bottle
was opened to the air long enough to regaln atmospheric
pregsure, Thercafter, the bottle was kept tightly sealed
when not in use,
Determination of Catalytic Activity

To determine the catalytic aotivity of the catalyst rre-
parations, an hydrogenation of furfural was carried out
following the procedure given by Lefrancois (40, p, 45).
The réaaﬁian wag carried out in a Parr Hydrogenation bomb,
model B~3B, The bomb was ¢leaned out with soap and water,
ringed with distilled waser and then acetone, and allowed to
stand until dry, Seventy ml, of furfural was distllled at
atmogspheric pressure, the first 10«1l nml, was discarded, and
- the next 42 ml, (1 mole) was collected and placed in the
bomb, The catalyst was prepared from 0,70 g. Cupld, 0,70 g,
Val4 and 0,528 g, Cal, These amounts wers placed in a mortar
and ground ag rapldly aas r»ossivle until homogéneous and then
nlaced in the bomb, The bomdb was sgaled and plaoczd in the
ghaker, Four hundred p, &, i. of tank hydrogen was added
and then released o displace alr from the bomb, Then 1030
Ds 8. 1, of hydropgen wnz added and the bomb was rooked until
the pregsure beoames constant, adb 1000 p, 8. i, The tinme,
temperature and pressure wore read and the shaker and heater
atarted, FReadings of both temperature and preassure wers

taken every Ifive minutes, When the bLemperature reached
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200° C¢,, the heater was disconnested and the bomb was rocked
until the teumperature reached 1506° C, The results are shown
in Figure 1, where a curve taken from lLefrancois's thesis,
(40, p. 51}, is also given,

A comparigson of the two curves shows that, while in
Lefrancolis's case, the hydrogenation was well under way after
15 minutes, in ths present case, reaction apparently began
after 25 minutes of heating and shaking, The temperature of
the bomb at this point was 115° €, Once the reaction began,
however, it procesded faspter in the present case than in
Lefrancois'’s case, as shown by the slopes of the stralght
portions of the curves in Figure 1, In the present ocase,
this slope gives a rate of reaction of 38 p, s, 1,/ min,,
while in Lefrancois's case, the rate of reaction was
14 p. 8. i,/ min, The highest temperature rcached by the
bomb in the grmaﬁﬁt case was 214° €, which occurred 45 min-
utes arter readings were bhegun, Although there appears to be
a longer induction period before the start of hydrogenation
in the present c¢ase than in Lefrancois's case, there can be no
doubt that the preparation used was catalytically active,

Analysis of Catalyst Preparations
Analysis of cuprous oxide preparation

Lefrencois (40, p, 39) reported that a sample of ocuprous

oxide, prepared by dextrose reduction of Cu(NOa)g* 3HRO,
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analyzed: Cu = 2,12%
ﬂugﬂ L 94943.2%
HaO = 38,787,

The method of analysis used by lefrancois consigted in heat-

~ ing a sample of the cuprous oxide preparation in an atmos-
phere of pure dry nitrogen, The water thus produced wes
gollected and weighed, Next, the remaining material was
redused vo copper with pure hydrogen to ovtalin the total per
cent of voppeyr, From this, the per cent of oxygen was cal-
eulated ag the difference between 100 per cent and the sum
of the per cent water and the per cent copper, The per cent
ocuprous oxlde wag then calculated, assuming all the oxygen
wag pregent as cuprous oxide, Knowing the total copper
present and the copper present as ocuprous oxide, the per
cont metallic copper was calculated,

However, the method of analysis used by Lefrancols is
incapable of distinguishing between Cuzl and Cul, Therefore
a method of analysis was sought by whioch one could determine
not only the per eent cuprous oxlde, bubt also the per cent
metallic copper and the per ¢ent cupric oxide,

The Tirst methed of analysis tried was the "silver sulfate-
sulfurie” method of Fitzpatrick {(59). This method oonsists
in treating a sample of the cuprous oxide preparation with a
neutral, saturated solution of silver sulfate, whioh causes

the metallic gopper in the sample Lo dissolve by displacement



of gilver, The mixture is then filtered and the copper in
the filtrate ig determined elestrolytically following the
removal of silver lons in the riltrats by the addition of
hydrochloric acild,

The residue of Cugl and Cul is transferred to a beaker
and bolled with dilute sulfuric acid which brings into solu-
tion all of the copper combined as Oul and half of the copper
eombined na Cugld, The mixture is then filtered and the copper
in the riltrate is determined eloctrolytically,

The copper in the residue, precipitated by the reaction:
Cugl + Hefly = Qu + CuBlyg + Hp0, 1s dlssolved in hot, dilute
nitric acld and determined electrolytically, This copper,
expresged in terme of per cent content in the sample, multi-
plied by B, gives the copper combined as Cug0 and multiplied
by 1.1258 gives the per cent Cugld in the sample, TFrom the
per cent of copper in the gample dissolved by dilute sulfuriec
acid is subtracted bthat precipltated by the same reaction to
obtain by difference the copper combined as Cul, This multl-
plied by 11,2517 gives the per cent Cul in the sanple,

However, the method was found to give inconsistent
repults, In the table below are presented some typioal
results given by this method ol analysis,

20w %0ugd  %Cul
Sample I 40,82 82,89 37.30
Semple II 42,99 0,71 59,58



33w

On the other hand, the method of Ubaldini and Guerrieri
(75) seems to be gatisfactory. This method oonsists in first
determining the total coppser content of the cuprous oxide
preparation by treating a weighed sample (0,5 g.) with 10 ml,
HpO, 3 ml. cone, Hp80¢ and 2 w1, cone, HNCg, in that order,
After the sample has dissolved, 6% nml, of HpO is added ang
the copper determined electrolytically in the ususl manner (77),

Next, the metallic copper content of the preparation is
determuined, A Bwo gram sample 1s welghed out, wrapped in
filter paper and then placed in & Soxhlet extraction thinble,
The thimble is then soaked in 200 ml, of & 5 per cent solution
of sulfur in CSg for three nours, At the snd of this tine,
the thimble is plaeed in a Soxzhlet extractor and washed seve
eral times with C3z, The thimble and its contents are then
dried in a vacuun desicoasor, When dry, the oxldes of
copper arve dissolved by lmmersing the thimble in a 200 ml,
solution § per ocent in HCl and 10 per cent in XC1,

Afber about &n houyr, the mixture is filtered and the
residue washed Tirst with the HIHC1-KC1l mixture and then with
water made glightly acidie with HCl, The sulfide remaining
on the rilter ig dissclved in hot dilute nitrie acid and the
filtrate is transferred to & vall~form beaker, Three ml, of
cone, IpB04 is added to the filtrate and the mixture is then

evaporated on & hot plate until the wabtch glass cove’ing the
beaker is dry. The resldue is then taken up in 75 ml., Ha0,



1 ml, cone, HNOs is added and then 1 drop of 0,1 N HOL solu-
sion (77}, The aayyér in thayﬁ@aulhing solution is then
ﬁ@tafminaﬁ slectrolytically, The welght of copper deposited
gives direcily the metallic copper content of the sample,
Finally the metallic copper plus cuprous oxide content
is determined, &4 0,2 g, sample is dissolved in 25 ml, of a
¥aCls solutlion prepared from 75 g Follg+6HzO, 150 ml, conec,
HCL and 400 wl, Ha0, Normally, the sample dissolves rapidly,
The ferrous vhloride thus formed is titrated with stendard
5§/10 ceric gsulfate, using 2-8 drops of o-phenanthroline
ferrous sulliate as an indlcator, The ceric sulfate solution
was gtendardized agoinst Oesper’s salt, The per cent reducing
material in the sample is then caloulated,
Por the final calculatlon of results, leb:
A = o Sotal copper
B = 4 metallic copper
¢ = o peducing material expressed ag Cupl,
Then, D = % Cugld » ¢ ~ 2,86168, where 2,80618 1s the factor
OugO/tu, and ¢ tuo = /4 - (B + 0,8882D)71,4517, where 0,8882
is the factor 20u/Cuz0 and 1,2517 is the factor Cud/Cu,
Aecording to this method of analysis, the cuprous oxide
preparation analyzed:
Cu= 2,80
Cughd = 64,1
Cuo = 26,45

Unacoounted for

i
~3
-
8
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This material will hereafiter be referred to as Cugl,

Analysis of vanadium tetroxide preparation

Although Stewart (64) first used V04 as a promoter, and
both Stanerson (63) end Lefrancois {40) studied its catalytic
effects,; the material had nrob been analyzed, Lefrancols (40,
p. 40), stated that, by ecomparison with various statements in
the literature, the preparation i1s prodbably hyaxgtaa and oon-
taing some unr@&ueﬁﬁ vanadium pentoxide,

As a first attempt at analyzing the preparation, several
gamples were digeolved in dilute sulfuric acid in a €Oz at-
moaphere a&aof&i&g to the method of Prandtl snd Murschhauser
(55}, According to this method, a weighed sample of the
pw&paratinn is placed in afmﬁuyparw& Erlenmeyer flask and
covered with dllube HpS04. A saturated soclution of NaHCOg
is then introduced through a dropping funnel inserted in the
stopper in the flask, The carbon dioxide thus genersied dise
places ﬁh@ air in the flask and provides a non-oxidizing at-~
mﬁﬁyhara* The mixture is then warmed until all of the sample
has dissolved, The pentavaelent vanadlium content of the
resulting solution vwes &ate?mina& aocording to the procedure
recomnended by Ransey (56), | |

after the solution hes vooled, a solution of 2 g, of KI
in 50 ml, of HgC is added through the dropping funnel, This
made the resulting solution about 8 N in Haf0yg, After complete

reduction of the pentavalent wvanadium present, the solution is
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diluted to 200 ml., 2 buret is inserted in the stopper and
the I, liberated by the reduction is titrated with standard
godiw thicsulfate solution, using etarch as an indicator,
However, the results glven by thls method were unsatisfactory,
Below are presented some results given by this procedure:
%V 205

Sample I 83,94

Sample II 78,57

Semple IIX 75,76

Sample IV 74,028,

It was found, however, that the methed of Morette and
- Gaudefyoy (49) gave good rasults, This method consists in
welghing 2 0,05 g, sample into an Zylenmeyer flask and then
aovering the sample with a thin layer of a saturated solution
of sodium bloarbonate, The sample is then dissolved by
adding 20 to 3ﬁ‘mi* of 8 N HpBS04 and then satirring and orush-
ing the sample untll it completely dissolves, Then 40 to
80 ml, of Ha0 and 5 ml, of HaPOy (D = 1,61) are added,

The indicator used is oxidized diphenylaminesulfoniec
acld prepared according to the directions given by Willard
and Dishl (76), TFour drops of diphenylaminesulfonic acild
solution are pleced in a 80 ml, beaker, 5 drops of He0, 5 to
¢ drope of N/50 Feﬁ@@ solution, 3 to 4 drops of cone, BzS0g
and 3 to 4 drops of N/10 KaCra07 are added, From a buret,
/50 Feo0s im added until the purple color of the solution
Just turns to bluish~green, The resulting solution is then
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with 8 W NHaO0H, Some NCl-NHyOH buffer solution was added,
then a small amount of Nall and finally an indicator solution
prepared by dissolving erlochromessohwartz T and hydroxylomine
hydroohloride in mebhanol: The mixture was then titrated with
a gtandard solution of disodlum dihydrogen ethylenedianine
tetraacetate, Thls solution was shandardized against prinmary
sbandard grade calolum carbonate; A series of such determi-
nations gave, as an average, 69,84 pey cent Ca, Pure Cald
sontaing 71,47 per cent Ca,

An attempt Yo determine the per cent CaCly in the Cal
preparation was made; However, the loes of welght nethod of
Soott ond Jewell (59, p. 298) 444 not lead to consistent re=-
gulte with pure CaClyz,; so no anelysis of the calcium oxide
nreparation was made, This material will hereafter be re~
Terred to as Cal,

Adsorption of Hydvogen

The apparatus used (see Figure 2) was the same as that
used by Stenerson (463, p, 19}, The only change made in the
apparstus was the introduction of z standard taper joint above
the catalyst bulb A, This facilitabed the changins of
samples, During all of the runs made, the joint was made
veouun tight with glyptel,

Procedure |
The procedure used was the same as that given by Staner-
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gon (62, pp, 26~31), The buldb, A, was of about 50 ml, capa-
olty, It was weighed before end after £illing with catalyst
and then a small wad of cotton was placed above the catalyst
to prevent any fine particles from goling up into the capillary
tubing above the buld on evacuation, After the buldb was
sealed to the system with glyptal, evacuation wan started with
a water aspirator attached to points V, then this appeared
complete, the pumping was continued with an oil pump attached
to the apparatus at point L, This pumping was continued over
night, At the end of this period, the final evaouation was
made with a Toepler punp connected as shown in Figure 2,

After complete evaocuation, the alr inlets to the mercury
reservoirs R, R' and R" wers opened to the atmosphere at
points P, The mercury did not completely £ill the gas buret,
The volume of the space betwsen the zerce reading of the buret
and the stopoooks H and X was determined as follows, If a
sertain ampunt of gas {(alr) is allowed to enter the buret
through stopooek E, while stopcock B is closed, and then gstop~
sook X 1s closed, a certain number of moles of gea, n, are
present, If the temperature of the aystem be kept constant
at room temperature and the pressure and volume of the gas
changed by lowering or raising the mercus in the buret, the
exbra volume, %, may be calculated as follows, assuning the
perfect gas law holdsy
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Pr({Vy + x} = nRT = Pa({Vs + x)

- - Fﬁ“; : ?ﬁxVa .
4 series of such measurements gave for the volume, x, 2 value
of 1,99 ml, at standard conditions, This volume was added to
sach buret reading to give the @a&ai volume of gas in the
buret,

After the air was removed from the buret, stopcock I was
eloged and stopoock X opened so the helium could be drawn into
the harat from o smell eylinder, The helium used was supplled
by Hatheson Co, and had a purity of 99,8 per cent, Vhen the
desired amount of helium had entered the buret, the tLempera-
ture, pressure and volume wara’r@aﬁ, ALl mercury levels were

read by mmam& of a cathetometer placed on a table a few feet
| away Trom the center of the apparatus,

The next step was to lower the mercury level above R!
untll it was nesr the cut-off ¥, and then stopeock H was
openad in order 4o fransfer some of the gas fyrom the bduret to
the adsorption buldb, After a suitable amount of gas had
passed through the cut-off, the pressure on R' was increased
until the mercury roae exactly to point B, and to sume point
in the capillary ¢, This point varied in position so that a
correction had to be made for the various amounts of gas left
in G,

Vacuum oy pressure was then applied to R until the mexr-
cury stood exasctly at D, The volume in which the gas was
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stent wolume of gas could be roemoved indefinitely by the
Toepler »unp. The system waz then tested for leaks by means
of a Tesla coil, Ho lesks could be found, The sample was
then removed and the enpty bulb resealed to the gysten, The
systen could then be completely ovacuated, Thus the gas
being removed frow the gystem was belng glven off by the cataw
lyst semple, The sample was then yeplaced in the bulb and the
buld was heated to 100° €, Again, the apparatus could not be
conmplately evaguated, The bulb wapm then heated to 190° C,
Agalin, the system could not be completely evacuated, On cool~-
ing the buld to room temperabure, it was found that the
spparabus could he completely evacuabed,

The free space in the adserption bulb was then messured
with hellum, the heliwn was pumped out and bank Hp intro-
duced, The bulb was heated to 100% C, and adsorption allowed
to taks place at constant temperature, Stanerson (88, », 36),
ptates that the adsorption of hydropgen started with notice-
able velocity at about 87° C, and that the length of time for
an adzorption to reach equilidyrium at 100* C, was usually
about ons~half hour, Neither of these observations were con~
firmed, Afber 60 hours at 100° C,, the adsorption appeared
somplete, The final vressure in the bulb was 7,79 om, The
volume of hydrogen adsorbed was 14,67 ml, {at standard condi-
tiens), The wvolume of hydrogen adsorbed by enough catalyst
to contain 100 g, Cupz0 was 1869 ml, Stanerson (88, p, 42),
found about 410 ml,
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A desorption experiment was then run on thls semple to
teat the reversibiliby of the adsorption of hydrogen, The hulb
allowed to cool to roon temperature (20° C,) over night and
then the system wma completely evacuated by meens of the oil
pump and the Toepler pump, The eystem was then allowed to
stand feor one-half howr and the pressure was read., The buld
wag then heated to 40° C,, allowed to stand for one-half hour,
and the pressuve was then yead, This was repeated for each
10® ¢, vise in temperaturs over the range 20° C, to 250° C,
The results are shown in Tigure 3, where the per cent of the
hydrogen adsorbed at 100° ¢, whieh was desorbed is plotted
againat temperature,

The bulb was then allowed to cool to room temperature,
removed and weighed, It was found that a loss in welight of
0,087 g, occurred during the adsorption and desorption pro-
gegsen, The sample was then analyzed for metallic copper con-
tent escsording %o the »rocedure of Ubaldini and Guerrieri (78).
The metallic coppor ocontent was found to be 3,2 per acent,

in adsorntion experiment was next carried out on a cata«
lyst sample whloh had never been heated above 100° C, Ano~
they seample was prenaved from 1,0 g, Cugd, 0,70 g, V204 and
1,40 gy Cad and transferred to the adsorption buld, The
welight of the oatalyst transferred was 2,610 g, The buld was
attasched to the gysten snd evacuated ns before, Once again,
it wes found very 4ifficult to remove all the gas in the sys-

tem, After evacuation was asn complete as possible, the free
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gpage in the adsorption bulb was determined with helium, The
helium was then pumped out and hydrogen added to the bulb,
The bulb was then heated to 100* C, Adsorption was ocomplete
after 13 hours, 7The volume of hydrogen adsorbed was 15,19 ml,
The final pressure in the bduld was 0,74 om, The volume of
hydrogen adsorbed by enough catalyst to contain 100 g, of Cugl
wag 1802 ml, Stanerson (83, p., 42) found less than 71 ml,
The aystem was then allowed to ccol to room temperature
{80®° ¢,) and evacuated and then allowed %o stand over night,
After standing, the pressure in the dbuldb inoreasged 0,04 onm,
An increase of only 0,04 om, in pressure after 16 hours at
80* indleates that a negligible amount of adsorbed hydrogen
wag lost while evacuating the system, A desorption study was
then carried out by heating the system to H0° C,, allowing it
to stand at this tempersture for one hour, at which time the
preagure was recorded, This process was repeated, railsging
the temperature of the buldb 20° ¢, at a step, until a notice~
uble desorption oocurred, This started at 160° C, The sys~
tom was kept then at 180* C, while an isothermal rate of Qe-
aorption experiment was carvied ocut, The data thus cbtained
are shown in Figure 4, where the per cent of adsorbed hydro~
gen which was desorbed is plotted sgainst time, The tempera-
bure of the system was then dropped from 160° to 100° C,
This change in temperaturs was bdbrought about as raplidly as
pogaible by siphoning off the hot mlnersl oll in the bath and
then adding cold mineral oil., Readings of pressure were
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taken every hour for seven hours, Ko readsorption of hydro-
gen ooourred, The aystem was then cooled to room temperature
by standing over night, Again, no readsorption of hydrogen
ccourred,

The bulb was then removed from the apparatus and the
sanple of oatalyst in the bulb was analyzed for V04 and Vals
content according to the prooedure of Morette and Gaudefroy
 (49), Accordingly, a weighed semple of the catalyst was
placed in a flask, covered with a layer of & saturated solu-
tion of NaHCQs and Ltreated with 9 N HaB804., The undissolved
Caf0y and Cu were filtered off and some oxidiged diphenyl-
aninesulfonie acid indicator added, No color change ococurred,
which meansg that pe pentavalent venadium was present, This
way repested on another portion of the catalyst with the pame
results, Next, a fresh sample of the vatalyst was prepared
Prom 1,0 g Cugl, 0,70 gy Va0O4 and 1,40 g, Cal, This was
analyzed for pentavalent wanadium content by the same proce~
dure, Again, ne change in color ocourred on adding the indi-
gator solution, Since the Vs04 used in preparing this sample
gontained 48 per cent Vp0p, it 1s apparent that the mixed
patalyst cannot be analyzed for pentavalent and tetravalent
vanadium eontent by this method,

Lofrancods (40, p. 58) reported that the use of freshly
ignited Cal is very lmportant, Accordingly, some of the Cal
wes ignited in & porcelain coruvible st the full heat of a

Meker burner for two hours, It was then placed quiokly in a
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desiccator over Anhydrone and Asearite for three hours, A
¢atalyst nixbure contalning 1,0 g. Cusl, 0,70 g Valg and

1,40 ge of this Cal wes prepared and placed in the adsorption
bulb, An adsorpbtion of hydrogen study was made on this sample
at 100° C, as before, The welght of sample used was 2,183 g,
After adsorpbion was complete, more additions of hydrogen were

The resulbts are sumuarized in Table 2,

made,

TABLE 2
Adsorption of Hydrogen by a Catalyst Sample
Contalning ¥reshly Ignited Cal

\ddn, Vol, of Hg vin,Press, Adsptn, Total vol, Total vol,Hg

No, adsorbed in bdulb, omplid, Ha adsbd, adsbd.by eno,
mle o, {time} by sample cat,to cont,

100 g, Cug0

1 15,40 ml, 3,53 om, 9 hrs, 15,40 ml, 2235 ml,

2 l&s'?& mlu :5‘3.5 O 6 hrﬁg 83916 m.ly 4087 ml.

8 18,66 ml, 3,05 om & hrs, 44,88 mi, 6505 ml,

4 15,59 ml, 0,42 om, % hrs, £0,41 ml, a7é8 ml,

B 16,89 ml, 0,47 om, & hys, 96,97 ml, 14074 ml,

The seventh addition of hydrogen rulned this experiment as

the catalyst buld was ascdidentally £illed with mercury,

Rates

of adsorption were determined during this series of experi~
ments, The surves obbained are presented in Pigure 5,
Hext, an attenpt was made to saturate the catalyst with

hydrogen at 100° C, by the aucoessive addition of portions of
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hydrogen as soon as adsorption of the previous portion appeared

o be sompletbe,

No rates of adsorption were determined in this

geries,  Another sample of catalyst was ?reyarad from 1.0 g.

Cug0, 0,70 g. V504 and 1,40 g, Cad (not freshly ignited),

weight of sample taken was 2,265 g,
in Table 3,

TABLE &

The

The results are summarized

Saturation of the Catalyst with Hydrogen

KGR, VoI, of e ¥imal ~ Time To%al vol. Total vol.

He,  adsorbed pressure allowed of Hgp Hz adsorbed
in buld for adgorbed by enough

: adsptn, Dby sample oat,to cont,

100 g, Cug0
1 18,24 ml, 0,52 om. 18 hours 18,24 ml, 2496 ml,
2 18,38 ml, ©.94 em, 4 hours 36,306 ml, 4976 ml.
3 17,12 ml, 0,60 om, 18 hours 53,48 ml, 7320 ml,
4 16,80 mi, 0,49 om, 80 hours 70,28 mi, 9629 11,
8 17,82 ml, 0,77 em, 8 hours 87,80 mi, 11,989 ml,
6 17,08 ml, 0,46 em, 14 hours 104,68 wl, 14,326 ml,
7 16,58 nl, 1.52 om, 10 hours 121,20 m), 16,3589 ml,
8 5,85 ml, 90,88 om, 24 hours 127,05 ml, 17,988 ml,
9 1,54 ml, 46,98 om, 23 hours 128,39 ml, 17,572 ml,

Hydrogen was then removed from

the buldb in a series of stepns,

After each removel, the system was maintained at 100° C, until

equilibrium was reached,

4,

The results are presented in Table
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pumping, all the gas appesred to have been removed, so the

; mercury levels were brought back to the sonstant volume marks,
| D and B, Migure 2. The pressure in the buldb then msasured
0432 onm, Bvidently all the gas had not been removed, so the

, ﬁﬁawwma pump wag agein exployed, This time the pressure was
0,17 omy, but as the pressure aawawa&m were being taken, the
pressure suddinly Jumped to 0,838 em, It would appear that a

~ rapid evolution of adsorbed Hp ovcurs on deoreasing the press-
ure wﬁwaa about 0,32 om,

| With the systen in this condition, & descrption ax%@ﬁw@a9¢
was stated, The bemperature of the bulb was glowly incrsased
Cuntil the temperature reached 150° ¢, DIressure readings were
Loken %@W every £ cr 8% rise in tenperature., By the time am@

- bulb wﬁﬁ‘ﬁ@@ﬁwﬁﬁ a temperature of 150° n*y 0,15 per cent of the
adsorbed w%&&a&g&,@%&a&ﬁﬁ had been desorbed, ﬁmn gystem was
then kept at 150° €,, 160 C, and wqaw C. for wayving periods

of time, The resulte are presented in Taeble &,
Between 30 and 96 hours at 190° C,, the pressure in the

syaten awaﬁw% decreased, due to either readgorption or reaction
of the w%&ﬁa&aﬁ present, The oatalyst was then ﬁaﬁa4@@ from the
S buld @w@.ﬁﬁ&w%ﬁaﬁ for metallie sopper, The per cent §a¢&wwwa

copper Tound was 20.2. mng per cent origlnally present was
2.8,
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TARLE 5
Desorption of Hydrogen fron the Catalyst
after Saburation with Hydrogen

Temperacure 1ime bulb was  Final  Voi, of Hg & Hg
of buld kopt at this pressure Jdesocrbed  present

temperature  in bulb égggrbaﬁ
1500 8¢ hours 14,80 om, 4,58 nl, 3,515
1e0% 4 hours 15,08 omy 4,09 nl, 3, 6450
1700 44 hours 19,86 om, 5,61 ml., 4,505
et 06 hours 3.88 em, 1,13 ml, 5,15/
l80* 72 hours 5,81 em, 1,61 ml, 54 B
1a0® 28 hours 6,08 ome  1e70 wml, 54805

' After 44 hours at 170° ¢,, the desorbed hydrogen which had
ascoumulated was pamped off., The bulb wasg then maintained at
170% ¢, for an additional 65 hours,

Adgorption of Furfural Vapor

The apparatus used in studying the adsorption of furfural
was deslgned ap a nodification of the familiar Abderhalden
drying platol, The apraratus is shown in Figure 6, TFlask A
gontalned a liquid which was refluxed, The vapors of this
liquid pass through the jsokeb and enter a condenser placed in
the standexd baper B, The vapors are condensed and the liquid
is returned to flask A by means of the tube ¢, In this menner,
the imner chamber D ies maintained at a temperature olose Lo the
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boiling point of the llquid placed in flask A, The temperature
in the inner chamber D was measured by means of a pair of
thermocouples inserted in the thermocouple wells E and ¥,

Flask G contained furfural, When brought to boiling, the
furfural vapors passed through the Iowa State type Kjeldahl
trap H which casught any liquid furfural which might have bumped
up into the trap, The furfural vapors then sntered the inner
sharber D and passed over the boat J whioch contasined the cata-
lyst semple under study, The vapors of furfural then entered
& condenger N placed in the standard taper X, The vapors were
then condensed and returned to flask ¢ by means of the tube L,
Thé condenged furfural was prevented from running back into the
inner chamber D by means of a orease M in the gless, It was
found advisable to place a ring of asbestos paper around the
neck of flask A to prevent overheating of the tube L by the
burner under flask A,

In the top of the condensger N was placed a Y Joint which
was conneoted with 2 manomebter, a Nz tank and a Cartesian mano~-
stat and water aspirator or vacuum pump, The liquid placed in
Tlask A was chosen according to ite boiling polnt and stabil-
ity on refluxing so that the inner chamber D would be main~
talned at a temperature above the boillng point of furfural at
the pressure being used,

Procedure

The procedure used was to place a weighed sample of the

catalyst in the boat ¥, which was then placed in the inner



o E5 57

phanber D, Tho gysten was evasusted and then filled with tank
pitrogen, Treshly dlsbilled furfurel wos placed ln flask G and
a seitable liquid ipntrodused into flssk A, Bulling stones were
slso pleeed in flask A %o facilitete boliing, Considerelle
difTiculty was experienced with bunpdng of the Tarfurael; pap~
tloularly at pressures helow atwospheric, The use of bolling

stones and wooden apyliam%a? gticks failed to prevent bumping,
Paoking the flask with glags woeol also falled ap 414 Lhe intro-
duetion of & fine sbrean of Iy bubbles, This difficulty was
finally overcome by the use of an ebbulator tube of the Lype
recommended by Metviol {45), This is & tube made fyom thin-
wolled glass of 8-8 113, bore, The owversll length of the tube
is aueh that, when the Jower end rests on the botton of the
flask, the upper end is Q&?@Q?ﬁﬁé by the neak of the flesl,
Aboub 10 pm, from the lower end, & secbion of the tube is
vealed off,

The puwup wag then fturned on and when the pressure had
reasched the desired value, as resd on the panometer, the Cur-
teslon manostel was set to malntaln thet pressure, The llgquid
in Llask A was then boiled, Vhen the btemperature of the inneyr
chamber hal become consbant, as shown by peans of bLherncoouples
ingeried in the wells T and T, Yhe fuxfwral in flash G was
hesbed to bolling and furfural vapors passed ovexy the catalyst,

After the furfuyel wvapors had passed ovey the catalyst for
sope deflinlte period of time, usually an hour, the durner under

Tlask O was turned off, Vhen 1iquild furfural sbtopped flowing
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from the end of tudbe L, the burner under {lask 4 was turned off,
When the systen had eooled to room bemporaurs, it was brought
to atmospheric pressure with Nz and the punp bturned off,

The boat was then removed from the chamber D by mesns of o
Jength of wire with a book on one end which engaged & hook on
one end of the boat, The boat was then weoighed and any change
in weight was vecoyded, The boat wss then ve-introdused into

the chamber apd the procedure repeated,

The first adsorption study on furfural was made at stmog~
pherlc pressure, A suuple of the catalyst was preparyed from
1.0 g Cupl, 0,70 gy Vele and 1,40 go Cal, 'The weight of swuple
taken was 3,077 g The boat was placoed in the adscrpbion
apparabus and bensaldelyde {(boiling poins, 174 C,) was ploced
in flaesk A, Vien the tewporsture of the inper chomber had
resched 179" O, wuﬁ burnor ander flask ¢ was burned on., By
Bhis bilme, 1% was obeserved that the catalyst had turned black,
The usual color of the miwsure 1s Gull ved, Then %he furdiral
vapolr eatered the adsorption chanmber, it condensed Lo & liquid,
Yhile most of this llquid later evaporabed, o Lilw of ligquid
remained bebwoon the wall of the boad and the wall of tho ad-
gorpblon chamber, For thls reason, the boat was not woighed
aiter rencval from the chanbeyp,

The change lo colop of thwe catalyst cu Lwabing nmuy be due
o disproportionatlion ol the Suad pregsont intc Cu and Cud, To

test this hypothesin, another sauple of the cotalyst was pre-



pared and divided into two portions, One portlion was analyzed
for netallie copper contont and thoe othor portlon placed in the
adoorption epparatus and heated by refluxing methyl Lonzoato
{voiling neint, 190° C,) for one hour, Agein the sauple burned
black, The systen wan then cooled in anltrogen and anaslyzed for
mebolliie coppey content., It wes found thet op heabing to 1507,
the pomple, whiah‘wéig;ﬁﬁ 1e84E g, doob 0,000 g, 1n welighl or
1,88 per cent, The y&rﬁiwm'whiah,haé not been heated anclyzed
3,40 per cent meballic copper, while the portion which had been
hooted to 180° anslyued 8,58 per cent medalllic copper, Thua,
little, if any, disproportionation of cuprous oxlde occurred on
heating the cedelyst do 190° O, in on atwosphere of nitroges,
The logs in welght is prebebly due to loss of waber ard the
dorkening of the gutelyst may Le due Lo elther pyrolysis ol
orgenic pobier undoubdedly present cor to chonge in particle
size of the entolynb.

Before apy furiber ptudy of the ability of the catalyst to
edeerd furfursl could be made, 1t wern nececasary Yo know vhether
the cestalyrst which hed been heated to 190° G, and turped blueck.
woo 8bill sabalyticelly aetive, Accordingly, o sample of the
eatelyet was prepuved fropm 0,70 g Cuel, 0,90 g. Vaels and (6,585
e 80, This pasple wag placed in the bost and heated in Ly to
let® 4, for 8 houre, The sovple teken welghed 1,858 g, wnd lost
Q080 £y br 53,08 per cent by welght oo heating, This sample was
gged to hydropenste furdfural, The resulis sre chown in FPigure
7+ where the previous ﬁyﬁmagﬁmﬁtimm rur. on bthe unheated cvatalyst

{p, 30) is also given, A comparisen of the two curves shows
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that the catalyst which had been heated to 190° €, for 3 hours
was catalytieally asotive,

In Filgure 7, curve 1 presents the dataz obtained using an
unheated sample wf’%hﬁ catalyst, This curve is plotted in
gwaaﬁww detall than in Plgure 1. It will be noted that between
§ and 15 minutes, the pressure In the bomd inoreased 93 p. a. i,
wihile the tes
and 20 sinutes, the pressure decreased 183 p, s, 1. while the

nparature increased from 26° to 73° €, Bebween 15

tonperature increased from 73° to 100° O, Between 20 and 25
ninutes, the pressure inoressed 30 p, s, 1., while the tenpera~
ture inoreased from 100° to 115° C, Thersafter, a smooth de-
oreane in pressure due %o reaction followed, Curve 2, Figure
7+ presents the dabas obbalned using the heated sample of the
catalyst, Between 5 and 10 minutes, the pressure increased 59
De 8¢ 1, while the btemperature incressed Trom 23° to 33° C,
Between 10 and 15 minutes, the pressure deorsased 169 p. 8. 4.
while the temperature inoreased from 32° to 58° C, Between 15
and 80 minutes, the pressure increased 210 p, s, i, while the
temperature inoreased from 58° to 87° C, Thereafter, a smooth
decrense in pressure due to resciion followed,

Another sanm

mle of the eabalyst was prepared from 1,0 g.
Cugl, 0,70 go Valy and 1,40 g Cal, %hé sanple was tranaferred
to the boat and welched, The welght of sample taken wan 3,047
e The boat was then heated by beoiling methyl benzoate to 1§0°
in the adsorpiion apparatus until it came to consbtant weipght,
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The sample lost 0,085 g or 2,78 per cent by weight., This
sanple wag then used to determine the isothernal adsorption
characteristics of the catalyst toward furfural vapor at 190 °
and atmospheric pressure, The results are shown in Figure B
wheore the increase in welight of the catalyst is plotted agalnst
bhe time the catalyst was exposed to furfural vapor,

Since the rate of adsorption was becoming erratic and more

particnlarly bvecaude pome

of the catalyst was being nechanic~
ally transferred by the furfural wvapor on past the bosat, this
run was stopped, The osolor of the catalyst after adsorption of
furfurel wapor was o light brown and i¢ was still very powdery.
No evidence of the fommation of & gummy polymer was noted, Some
of thefurfural decomposed on the walls of the adsorption chamber
and on the sides of the boasd leaving a dark deposit,

The wmost promising method of analyzing the resulting mize-
ture of catalyst and adsorbed furfural appeared to be that of
Hasakant (42). According to this method, furfural may be
auantitatively precipiteted from its agqueous solution by means
of an soetiec meld solution of penitrophenylhydrazine, It wasg
felt that the adsorbed furfural could best be removed from the
catalyst by extraction with anhydrous ether,

In order 4o test this method of separadtion and analysis,

a synthatio mﬁxﬁa&% wags prepared by treating a sanple of the
catalyst with s known welght of double~distilled furfural, The
mixture was then extrected with anhydrous ether in a Soxhlet

apparatus, After four hours of extraoction, 94 per cent of the
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furfursl hed been removed from the cabalyst, A solution of p-
nitrophenylhydrazine was then added to the other extract, the
regulting precipitate was £iltered off, washed with water and
dried at 110° C, to constant welght, The furfural thus re-
sovered amounted to only 70 per cent of the weight of furfural
buken,

Beveral variations of this method of analysis were tried,
The method finally evolved wos az follows: ¢the mixture of
cabalyst and furfursnl wag placed in & Soxhlet extraction thimble
and extracted with anhydrous ether for et least 24 hours, At
the end of this perloed, 50 ml, of distllled wabter was added to
the ether extract and g Y~joint attached to the flask, The Y-
Joint was connected Yo a nitrogen tank, a manometer and a water
pump,. The ether layer was then evaporated at room temperaure
unﬁ@r reduced pressure, Vhen all the ether had heen removed,
the flask was 11led with Ny, The &Qﬁﬁmu@ furfural solution
left in the flask was made 30 per vent in acetle acid, poured
into o bealker and the flask was rinsed with 80 per cent acetio
acid, A golution containing twice the theoretical amount of
p=nitrophenylhydrazine in 30 per cent awaﬁia aeid was then
nrepared and added Yo the furfurel solution, This mixture was
allowed to stand overnight and then the resulting precipitate
wag filtered, washed with 30 per cent acetic acid and then with
wateyr, The flltering crusible containing the precipitate was
then placed in s wvacuuwr desiccator until 1% reached consgtant
wolsht,
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This procedure wae then used on the sample of catalyst
which had been allowed to adsorb furfural vapors at 190° C,
and atmospheric pressure, After 48 hours of continuous ex-
traction with anbhydrous ether, the sample of catalyst had lost
an gmount in welight which torresponded to e removal of 21,1
par cent of the adsorbed furfural, On the addition of a solu-
tion of 0,770 g, of p-nitrophenylhydrazine in 50 ml, of 30 per
ﬁﬁnﬁ acebtie scid %o the agueocus furfural solution, & precipi~
tate wap obbtained which welghed only 0,083 g., which corres~
vonded 4o a recovery of only 1.3 per cent of the adsorbed fur~
fural, The precipitete was red-brown in color and melted at
195«800° ¢, The preciplitate was recrystallized from hot
ethanol, and then had a melting volnt of 203-210° ¢, The
nelting point of the p-nitrophenylhydrazone of furfural is 154°,
The melting point of p-nlitrophenylhydrazine is 157° C.

I% is posaible that furfural in contact with the catalyst
might be changed to elther furoin or furil, Some furcin and
furdil were obtained from Fasbmen, Kodek and Co, and the ocorreg-
nending penitrophenylhydrazones were prepared according to the
girections glven by HeBlwvain (46),

A 1x107% molar solution of p-nitrophenylhydrazine in
65 per cent ethanol was prepared in g 50 ml, volunetric I[lask,
Solutions of the penitrophenylhydrazones of furfural furoin,
furil and the ether extracted materisl were prepared In 95 per
cent ethanol so that they had about the same intengity of color
as the p-nitrophenylhydrazine solution, The four solutions of
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the lnown compounds all appeared yellow, while the unknown
solution was diffevent, having a distinet pink tinge in addition
to & yellow color, These five soluticns wore then apsctro-
vhotonetrically exarined using o Cary recording spectrophoto-
%ﬁﬁ&% and 2 om, oella over the wave length ranre 285 - 880
ﬁ&l&imiar&ua” The resulting spectral distribution curves are
ghown in Pigure 9.

Jnee the adsorption of furfural wvapor by bthe catalyst at
190® €, is apparently an irreversible prooess, a series of
axperiments was carried out to determine at what temperature
ravorgible adsorption of furfural will ccour, The procedure
umed was bo prepare a saxple of the gatelyst fronm 1,0 £, Cue0,
0,70 g, Velg and 1,40 g, a0, The sample was then placed in a
tared buldb and welpghed, The bulb was then placed in a flasik
of methyl benzoate and evacuebed twlice, each time being filled
with Hzye  The bulb was then heated by refluxing methyl benzoate
to conastant welght, On sooling, the catalyst waes protected by
a tube econtalining Asearite and Anhydrone,

By means of & leng eaplllary pipette, a known weight of
froshly distilled furfural was added %o the cabalyst and nixed
by rotating the bulb, The buld was then allowed to stand ab
gome Tixed temperature, surrounded by some appropriate roflux~
tng liquid, for 8 hours: at the end of which time, the syntenm
wag avacuated with an oll pump, the buldb being maintained at the
game bemperature, After one hour of pumping, the bulb was
gooled in a Wp stmosphere and then welghed, This was repeated
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TABLE ©
Determination of the Reversibility of Purfural Adsorption

7, of Ligeld —Temp, 03 1o, OF hours  TUFfural
furfural surrounding refluxing of pumping removed by
addod bulb liguid _pumping
0e935 gy gl 2B° ¢, 82 100,0%
0711 Be acetone 85% O, 2 100,07
0,648 a4 water 00° O, 2 100,04
Ce880 g, n-amyl acetale 14¢6° ¢, 6 97,57
04689 g, wethyl benzoate  190° C, 4 99,4

m&ti&/%hm bulb reached constant weight, The results are shovin
in Tadble 6,

Next, a series of experiments wers carried cut to detormine
the adsorpilon an&wﬁﬂ%@wiﬁﬁiaﬁ of the catalyst for furfural at
a pressure of 80 mm, and various %ﬁm@@r@ﬁﬁr@a¢ The apparebusg
and provedure used have already hewa ﬁamar1haﬂ (see FPipure a);

The ﬁ%ﬁmlﬁ& are presented in Table 7,



TABLE 7
Adaorobion of Purfurel Vapor at 60 mm, Fregsure

and Various Temperntures

W, of  Tdguid in Texmperature Time of Increaze in
gatalyat flask A of adsorption experiment welght of
chapber

_uged gatalyst

2,980 g, water 100% €, 23 hours 0,000 g.

2,800 g, wylene i3s® €, 20 hours G000 g

2,900 g bromobenzene 156% G, 6 hours 0,000 g,

D847 o, nebutyl la48% €, 11 hours 0,000 2,
n~butyrate

24847 g pecresyl 17¢¢ G, 6 hours 0,000 g.
wabhyl sthar

5860 gy nothyl 190% ©, 12 hours Ced?75 g,
benzoate

Fros Table 7, it is seen thet at 80 mm, pressure, no ad-
gorption of Turfural vapor cccurs until the temperaturs reaches
190% ¢, AL this bemperature at atmospherie pressure, the ad-
gorntion of furfural was found to be irreversible, so it is
probable that the adsorption of 0,175 g, of furfural at 190°
and 80 mpm, yregsure iz alse due %o an irreversible process,

Admorotion of Furfuryl Alechol Vapor
Appayabus

The apparabus used vas the same osg that used in studying
she adsorption of furfural {(see Pigure &),
Progodure

The provadure used wos algo the seme s that used In
ghudying the adsorption of furfural,



Adsorption atudlies

The ¢irst adsorption study on furfuryl aleohel wasg made
ab 190° @, and stmospherie pressuye, The 1iouvid in flask A
wae methyl benzoate, A ssmple of catalyst was prepared from
1e@ gy Cugly 0,70 p, Vels and 1,40 g Cal and welghed 2,850 g,
?ﬁ@ furfuryl alochol used was obtained from the Paragon Testing
Laborptories and was freshly distilled, the first and last
@mwﬁﬁmﬁm of the distillate beins discarded, The freshly dige
%ﬁ&lw@\ﬁawfumyi alechol was water white, but 1% slowly devel-
oped &vwame tinpe on standing,

Purfuryl aleohel waper was passed over the catalyst for
11 hours et 190° O, Ab the end of this time, the catalyst had
turned a light ton color and had swollen to several times its
original volume, so that 1t ocompletely ologrmed the boat, It
was found that the optalyet hed increased in weisht 2,310 g,
This relatively enormous inorease in welght is indicative of
some proveans other than sdsorption.

Dunlap and Peters (20) reported thet when furfuryl aleohol
is heated, intemalesular dehydretion ocours socording to the

saheme s
winl ~Hp0 ~Hgz0
CHa 08— e il ——— OHa O, HzOH —ate,
Y 0

Gompound I Compound IT
They found that after only 8 hours at 200° ¢,, some 20 per
gent of the furfuryl aleohol originally present was converted

to sompound I, Compound I was found to be insoluble in water,



aoluble in acetone, bengens and nitrohengene, The A-naphihyl-
urethan derivative of goupound I melts at 10%-3° O, Compound

II ezhibited the gsame aolubility oharncteristics as compound I,
Howavor, u Sphotton~-Bewsann test on gompound IX was wnsuogessfiul,

Thus, the large inerease in weight on passing Turfuryl
nloohol over the catalyst nay be due $0 such an intermoclecular
debydration, Turfuryl aleohol is soluble in bobth acstone and
benzene, but benzene wes chosgen asz the solvent with which to
axtract the catalyst, becsuse part of the vanadiuww copponent of
the catalyst 1s soluble in acetons (49) and nitrobenzene has a
high boilinzg noint (811° C,) and it was eonsiderad undesirable
to subject the mixbure to any further heating, Thus any un-
shanced adasorbed furfurel aleohel asz well as any compound I and
1T pressnt could he peparated from the cabalyat by benzene ex~
traction, The furfuryl aloohol could then be separated from
Cany conpound T oor IT by takling advantage of the solubllity of
furPuryl aloohol 4n water and the insclubllity of ecompounds I
and II in waber,

The catalyat was therefore trapsferyed to a Soxhlet thimble
and extrasted with benmene until the extract was eolorless,
which took about 40 mioutes, The bengene exbract was red-=orange
in eolor, The benwene remnining on the eabalyst after extraction
wan removed by placling the thinble in a beakeyr nnd placing bobh
in a drying oven at 110° G, On cooling in aiy, a thiock, yelloww
rreen sooke poured oub of the thimbley the catalyst turned Jet-
black and glowed with burning embers, Iuough heat was developed



t0 char the thimble, Of course, it was now useless to weigh
the thimble, so the amount of material r@mnvaﬁ from the cate-
lyat by benzene extraction iz unknown,

The benzene extreact wag subjlected to distlllation at atp~
mogpharie pressure to remove benwene, A smaell smount of =
dark liquid remeined behind, This was poured into » 25 ml,
buret and the flask wes rinsed with 10 ml, of ¥x0 whioh was
added to the buret, The mixbture was ghaken and allowed %o
stand untll it separeted inbto two layers, Deriaz, Stacey,
Tesce and Wigeins (18) reported that furfuryl sloohol gives a
blue eolor when trested with Dische's reagent which is sultabdble
ag o gqualitative end senmi-guantitative test for furfuryl alco-
hol, Dische's reapent was prepared accordirs to the procedure
given by Sevag, Smolens and Leolman (61), One rlerospatula of
diphenylamine was pleced in a test tube, 3 drops of oono,
Hp80s and 8 ml, of plueial avetice acld were added, Three ml,
of the aguecus layer was added fr;m the buret =nd the mixbture
was heated for 3 ndnutes in a briskly holling water bath and
then eagled under running water, A pale blue color developed
which proved the presence of s little furfuryl aleohel, An
equal volume of Disehe's reapent was prepaered in the same
manner and 1 drop of furfuryl aleohol added to 4it, An intense
dsep blue color &wvalmysa;

Next the two lavers in the buret were gseperated by drain-
ing off the bottom agueous layey and the non~aqueous layer was

pleced in a veovum deslecabtor over Anhydrone over nicht, The
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next morning the residue was treated with o/~naphthylisoceyanate
necording to the procedure given by Shriner and Tuson (82),
but no o~naphthylisoeyanate derlvatives were recovered,

Fext, a2 series afyaxpawimﬂﬂﬁa wan pade to determine the
roversibility of furfuryl alechel adsorption st various tem=
peratures, The preocedure and apparatus used were the sawme ap
that already deseribed in the csse of furfursl exvept for the
inclugion in the system of & sintered glass manostatio valve
for m&imﬁa&u&a@ an irert atwosphere, as descrided by Covagnol
{11), The results sre shown in Table 8,

TABLE 8
Datermination of the Reveraibility
of Furfuryl Alcohol Adscrption

W, of Wk, of Tiquid Wam§ Yo, of . furfuryl
eabalyst furfuryl aarwuund&mg rat axing hoursa sloohol re-
taken alechol buldb liquia of moved by

Laken pumping vumpine
2,705 g, 0,845 p, alr 28° ¢, 68 100,05
2,705 o, 0,484 (29 acetone 53% C, 19 100,02
8,705 &, 0,360 g, water 98 C, a3 87,27
2,770 g, 0,487 e CC1le 75% ©, 4 79,57

S8ince the adsorption of furfuryl alcohol is to some ex-
tent irreversible even at a bemperature as low as 75° C,, the
adsorptive characteristics of the satalyst toward furfuryl al-
schol were not further iavma%ig&baﬁ,
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Attempbed Preparation of Pure Cuprous Oxlde

As disounssed earliier, it has been shown that the reduction
of a solution of Cu{li0z)a by glucose followed by the sddition
of NeOE led to the formabtion of a e¢uprous oxide preparation of
the composition: Cu, 2,201 Cugl, 84,15; Cul, 26,4 ; unaccounted
for, 7.3, loser {50) reported a method of preparing Cuz0 by
the redustion of a cupric salt with hydroxylamine hydrochloride
in a basie solution according to the equation:

20u*t + SNHQOHSHCL + 60H™ = Cug0 + Nz + 7Hz0 + 2017,
Inassnuch as the oxidation product of the reducing agent is a
gas {Mz) and the redusing agent itamelf is quite soluble in
waber, as distinet from the case of glucoss, the method of
Hoser appeared Lo be better sulted to the preparation of un=-
contaminated Cugl, The procedure uged was as follows: 9.7 &.
Cu{N0g)p*B8Hz0 was dissolved in 90 ml, a0 and placed in a
500 ml, 3-nescked flask equipped with a stirrer, a Nz inlet and
an addition funnel, A solution of 4,5 g. NHgOH*HCL in 25 ml,
Ha0 was added to the copper solution, The flagk was then
gurrounded by an le¢ bath and the stirrer and flow of Nz start-
ed, A solution of 10 g, of XOH in 185 ml, of Ha0 was added
dropwise with constant stirring.

A ﬁrighﬁ vellow precipitate formed, It was washed by de-
santation with water until it peptized, It was then filtered
on a Egahnﬁr funnel with suction and washed with water until
the filtrate gave a negative test for chloride ion, The pre~
eipitate was then washed several times with 95 per cent



ethanol and then with acetone, I% was then placed in a vacuunm
desicoator over Anhydrone, After 48 hours, the orange~brown
solid was transferred to a weighing bottle, The yield was
8,600 g. or 90,8 per cent of the theoretical, The preparation
was then analyzed as before, The analysis gave the following
resulbs:
Cu = 23,0%
Cug0 = &4*43?5}
ﬁaaam@unt@aﬂggg : 3g:a§ |
In the next atbtempt to prepars pure suprous oxide, a none
agueous solvent waz employed to suppress disproportionation of
cuprous oxide as much as possible, Seidel (60) lists the
following solubilities in methanol:

culls 58,6 g, in 100 g, CHaOH at 20° C,
NHpOH*HCL 16,4 g, in 100 g, CHaOH at 20° C,
LioH glightly soluble

Licl 48,8 g, in 100 g, CHsCH at 20° C,

Accordingly, the following solutions were prepared: 18,8 g,
CuCly in 100 ml, CHa0H, 9,7 g, NHzOH*HOL in 100 ml, OHsOH, and
17.7 g LAOH*HgO in 5060 ml, CHgOH, The solvent used was abso-
lute mﬁ%h&n&i.

The cupric chloride and hyroxylamine hydrochloride solu-
tions were mixed with stirring in a one~liter, three~nscked
round-bottomed Tlask, The 1ithiuwsn hydroxide solution was then
added dropwise from a dropping funnel while the gsolution was
constantly stirred and tank nitrogen was bubbled through the



solution, The resulting bright vellow precipitate was fillter-
¢d on a Hﬁ@%mam‘fannal and washed with acetone, During the
filtering and washing, the nreciplitate developed a green color,
The resulting solid was placed in a vacuun desiceator over
Anhydrone until dry, It was then transferred to a weighing
bottle, The yield was 9,871 g. or 98.7 per cent of the theore-
tical, The preparation was then apalyzed with the following
resulbs:
Cu = 8,47
Cugl = 84,7

Cuo = 12,59
unaceounted for = 14,47,

Attempbed Preparation of Pure Vanadium Tetroxide

kAéﬁmrah of the literature revealed that MeCay and Ander-
gon {45) found that when a hyﬁrawklewia'awié solution of a
vanadate is ahﬁk@ﬁ vigorously in the presence of mercury, the
solution besomes pure blue in eolor, the vanadium being quan-
titatively reduced %o the quadrivalent state according to the
equationy

2HVOg + 2Hg + OHCL = 2VOClg + HgaCle + 4Hg0

The following procedure was used: 1,0 g, VaOs was dissolved in
26,6 ml, SN HOl with boiling, The mixture was cooled und the
undissolved material filtered off, The filtrate was caught in
a flask which had a ground-glass stopper., Two ml, of mercury
weore added to the filtrate and the mizture shaken until the
Eﬁlﬁ%i@m becane pure blue in color, The mixture was then £il-
tered through & sintered glass filter and a solution of 31 g,
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Kz00g in 80 ml, of Hp0 was added to the filtrate with stirring.

This resulted in the formation of a grey precipitate in a
' dark red solution, The mixture wes filtered, but the precipi~
tate went through the filter, To coagulate the precipltate,
the mixture was heated Jjust to bolling, cocled in running water
and filtered, Agaln the precipitate went through thae filter,

A wall portion of the solution was transferred to a teat tube
and dil, HC1l was added dropwise, g resulted in the forma=
tion of a blue-grey precipitate, so the solution was too basie,
The rest of the sclution was treated with dil, HCL with stir-
ring, However, the solution turned green, which is charascteri-
atic of pentavalent vanadiuvm ip acid selution, A small amount
of this green sclublon was shaken with mercury and the solution
turned blue, proof that the vanadium was in the pentavalent
atatbe,

Britton and Welford (9) report that when solutions of
tebravalent vanadium obbtained by the method of MeCay and Ander~
gon (45) were titrated with standard base, preaipihaticn began
whaen the solution had reached approximately pH 4, VWhen four
aquivalents of base had been added, the precipltate changed
from greyish-white to derk brown and the supernatant liquild,
instead of becoming colorless, assured a red colorsticn.

The procedure wes then repested except thabt solid KpCOg
was sdded %o the filtrete until precipitation just began,

Then 15 &, of ures was added and the mixture bolled gently for

an houpr to buffer the solution et pH 4,2 - 4,6, as recommended
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by Willard and Fummen {77, p., S97) for the precipitation of
saleium oxalste, The mixbure was then cooled in running water
and filtered with suction., The resulting blue precipitate was
then washed with weter until the filtrate gave a negative test
for chloride ion, Tho precipitate was then washed 2 times with
93 pervent ethanol, then 3 times with sodiun-dried ether, The
resulting light blue-grey solid was then dried in a wacuun
dasiccator over Anhydrone over night,
By the next morning, the solld had turned a darker blue,
The yield was 0,980 g. or 107,38 per cent of the theoretical,
Analysis of the preparstion gave:
Velbs = 81,10
Valg = 50,44
unaccounted for = 18,54,
Since the preparation had a definite odor of ethanol, it
was dried at 110° C, to constant welght, It waa cooled in a
desiccator over Avhydrone, The sclid turned 4o a dark blue-
blask color after heating, It losgt 13,8 per cent by weight on
heating, Analysis now gaves
Vals = 78,7
T304 = 18,59
unaccounted for = 7.8/,
Before heatinrg, the ratic Va0s//Vg0e¢ was 0,62, After heating,
this ratio was 4,0, Thus drying in air greatly increased the
T20s conbent of the preparation,
The next preparstion was carried out avoiding contact with
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air as mueh as possible, The shaking with merocury was carried
out for one hour and was done mechanleally using & windshield
wiper, The filtering and washing was done in an oxygen~f{ree
atmosphere, oxygen beling removed from the alr by passage
through a vanadous solublon, as recormended by Meltes and
Yeltes {47)., The precipltate was dried to constant weight at
110 ¢, in a vaouvunm furnace, The solild analyzedy

Vals = 8l1.8%

V20s = 49,17

unaceounted for = 19,15,

Thue, nothing wes gained by working in an inert atmosphere,
Apsuming that the reduction by nmercury is quantitative as
HMoCay and Anderson olaim, these resulis might be due to the
formation of soluble HpgCls whieh, if precipitated on adding

base, would analyze zg Vals on tibtrating with FeS0g during the
analyaia, The preverabtion was analyszed for mercury following
the prosedure of Willard and Thompson {78) in which mercury is
precipitated ap the paveperiodate, Hus(I0g)z. However, no merw
oury was Tound in the preparation,

The formation of Vals under oxygen~free conditions might
have been due to the presence of peroxides in the ether used to
wash the preparstion, Accordingly, some of the ether used in
the preparation wes shaken with an acidified solution of KI,
The ether layer turned yellow, proving the sresence of per-
pxides Iin the ether,

Another preparation was made using the same procedure exe



gept that the precipitate was not washed with eother, The yield
this time vms 0,810 g, or 88,8 ner cent of the theoretical,
The preparation analyzed:
Vg0s = 34,97
Tale = 48,83
unacoounted for = 18,89,
Thug, no iaprovement was obbtained on avoiding the use of sther,

The high fraction of Vels in the preparation might have
been dus to ipocomplete reduction by meroury, Accordingiy, the
golubtlon was anslyzed Tor ventavalent vanadiuwn after shaking
wlth mercury, FHowever, no pentavalent vanadlivm was found, .
Thus the oxidstion %o the pentevalent state occurs during the
preeivitation or dupring the washing and drying to constant
welght,

%ﬁr&tﬁa'anﬁ Caudefroy (49) recommended the precipitation
of Vals by ndding solid NalC0s to the vanadyl solution and then
making the mixturve 80 ner cent in acetone, This modification
of the procedure resulted in the formation of 0,660 g, of pre-
elpitate or 72,4 per cent of the theoretical, The solid
analyzed:

Valg = 2,80
Valg = 32,8¢
unacsounted for = 64,74
When the solution was made 80 per cent in scetone, 1t was
notieed that a white nrecipitete formed, probably NaCl, Accor-
dingly, the preparation was algo snalyzed for ohloride (77,



ve 320) by precipitation ss AgCl, The percent NaCl found wasg
494,

Thus washing the precipitate with 80 per cent acebons does
net renove HaCl from the preparation,

Apnothor preparetion was made, The precipltete was fil-
tered and washed in an abmopphere of tank nitropgen wiloch was
bubblad through an allaline pyrogallol solublon to remove
tresceg of oxygen, The precipitete was washed with 200 npl, of
freshly bolled distilled water which had been cooled under
ozxygen-free nitrogen, and then with 200 ml, of acetone, This
rogulbed in the formation of o gelatinous brown preciplitate
vhich, when dried In a vecuum oven to consbtant weight, turned
to dark blus erystels, The yileld was 0,948 g, ox 104 per cent
of the theoretical, The preparation enalywzed:

Vel = 1,00

Valg # 71,88

wnacoounted for = 27,87,

It was noticed that when sawples of Lhe preparation were treat-
ed with ON Hp304 as the firat step in the analysis, bubbles of
pag were libverated from the solld, This was probably €0z from
saoluded NalfCOa, The npressnce of NaHOOs would also smssount for
a vield greater than 100 per ¢ent, The sample dissolved with
1ffioulty in 9N ¥MpS04: 4n fact, the mixture had to be bolled
to effect complete solublon, This may have lead to some re=-
oxidation of VaOs,

Another praparation of pure Vals was attempted, The only
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change in the procedure being the use of a KpC0z solution,
boiled and cooled under nitrogen, to bring about the precipi~
tabtlon of Val4. A K003 solution was used because the addition
of solid ¥aMHCOs may have resulted in the introduction of air
into the vanadyl solution, thus causing oxidation., KgzC0z was
shosen because it 1s much more soluble in water than is NagCOg,
Thus any occluded Kz00g should be easlily removed by washing
with watexr,
The preparetion, after drying to constant welight, con~
slsted of dark dblue e¢ryvatals, The yleld was 0,863 g, or
84,6 per cent of the theorstical, Analysis gave:
Va0 = 13,15
Talg = 71,67
unaccounted for = 15,37,
Since this preparation was worse than the last one, the

attempts to prepare pure Vplg were terminated,



B3
CONCLUSIONS

In repeating some of the adsorption of hydrogen studies
sarried out by Stanerson (62), a number of new obgervations
were made, Jtanerson had found that a rapid adsorption of hy-
drogen started at temperatures close to 60° C,, and that ad-
sorption was apparently complete after one~half hour at 100° 0;
Heither of the observations were confimed, Instead, it was
found that adsorption proceded slowly at 100° C,, never be~
goming complete in lese then four hours, It should be pointed
out, howeveyr, that several impoertant factors were different in
ﬁh@ two studies, First of all, Stanerson used a catalyast pre-
pared from 1.0 g« Ougl, 0,48 g, Va0e¢ and 0,48 g, Cal, whereas,
in the present study, the catalyst ugaﬁ was prepared from
1.0 g, Cugl, 0,70 g, Ve04¢ and 1,40 g, Cul, Secondly, Staner-
gon used carefully purified hydrogen, whereas, the hydrogen
veed in the present study was taken direetly from a tank,
Thirdly, Stanerson used a freshly prepared sample of the sata-
lyet which had never heenvhaata& above 100° C, before exposure
to hydrogen, whereas, in the present study, scme samples had
been heated to constent welizht at 190° C,, before adsorption
of hydrogen was investigated, However, 1t was found that such
preheating h&&‘gm particnlar effect on the adsorptive capacity
of the catalyst, whereas the rate of adsorption was »rofoundly
influenced, since 1t took s preheated sample some 60 hours to
ndsorb 14,67 ml, of Hp while another unheated sample of the
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catalyst adsorbed 15,45 ml, of Hg in some 6 hours,

The adsorptlon of Livdrogen was sc slow in the present case
that rates of adesorptien could be nmeassured, In general, the
gurves obtained are well represented by the familiar exponen-
tial type of expression, d4V/dt = kV, In trying to saturate
the catalyst with hydrogen at 100° C,, it was found that the
greater the amount of hydrogen already adsorbed, the greater
the rate of adsorption of the next quantity {(see Figure 5),

The volume of hydrogen adsorbed was enormous compared to that
found by Stanerson,

In one experiment using a Cupl«Cal catalyst, Stanerson
found that the adsorption of hydrogen was esgentially irrever-
gible since only a small fraction of the hydrogen adsorbed at
1c0® €, could be removed by pumping at 100° ¢, These desorp-
tion experiments were considerably extended in the present
gtudy, It was found that when a sample of catalyst whioh had
been prehested to constant welpght at 190° C, was allowed to
adsorbd 14,67 nl, of Hz at 100° C,, only some & per cent of this
hydrogen could be removed by heabting to 250° C, (see Figure 3),
On the other hand, another ssmple of the catalyst which was
not preheated and which was allowed to adsorb 15,45 ml, of
hydrogen at 100° ¢,, desorbed as much as 63 per cent of the
hydrogen at 180° ¢, (mee Figure 4), Thus, while preheating
the catalyst did not seem to affect the catalytic activity, it
did affect the reversiblility of hydrogen adsorptlon,

The preheated sample was analyzed for metallic copper



content after the desorptlion erxperiment, and no significant
change was found after the sample had been heated to 250° €, in
the presence of adsorbed hydrogen, Thus, the catalyst appears
%0 be well protected against reduction during hydrogenation
reactions,

Lefrancois reported that the use of freshly ilgnited Cal
very importent, However, no difference could be noted in
either hydrogenation rates or adsorption of hydrogen rates be~
tween the freshly ignited and an old preparation of CaO, Howe
aver, the old preparation wes well protected since the ignition,

In one experiment, the catalyst was saturated at 100° C,
by nine successive additions of hydrogen, On heating as high
as 190° C,, only 65,8 per cent of this hydrogen desorved, On
analyzing the catalyst sfter the desorption experiment, a me-
tallie copper content of 20,2 per cent was found, whioh is some
ten times the orizinal metallie copper content of the sample,
However, the cabalyst had had every chance to be reduced,
having been heated 840 hours or 35 days at 100° C, or more in
the prsaence of hydrogen, This particular semple had not deen
preheated, so it is apparent that while adsorption is revers«
ivle on such samples, after a long pericd of time, the adsorp~
tion becomsa irreversible, This irreversible adsorption is
probably due to reaction of the adsorbed hydrogen with elther
Cugl or V04 vr both to form water, whieh is picked up by the
¢a0 present, Thus, unless some means is found to dlabtinguish
betwesn that hydrogen which has been adsorbed and that hydro-
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#en whioh has reacted with the catalyst, not much significance
is to be attached to the adsorptlion of hydrogen by thlis cata-
lyst, I% iz not surprising that Stanerson found only a fair
correlation between catalytic activity and adsorptive capaecity
toward hyﬁw@ggn in view of the faot that the adsorption he
meagured was not entirely ehamisarpﬁian,

In the case of adsorption of furfural and furfuryl alcochol
by the catalyst, the situation is more ¢lear-cut, It was found
that the catalyst would not adsorb furfural at temperatures
below 190° C, At this temperature, adsorption did occcur, dut
it was immediately followed by reaction, since no furfural
could bve recovered from the e¢atalyst, It was shown that the
furfural wag not converted to elther furoin or furil,

In the case of furfuryl aleochol, it was found that irre-
versible adsorption occcurred at temperatures as low as 75° C,,
and that most of the furfuryl aleohel is converted to some
material which will not form an o{-naphthylurethan derivative,
in other words, which does not possess an hydroxyl group,

Thus, it may be concluded that the mechanism of the liquid
phagse hydrogenation of furfural to furfuryl aleohel in the
presence of a cuprous oxide catalyst involves the chemisorption
of hydrogen, followed by reaction with molecular, unadsorbed
furfural to form unadsorbed furfuryl aloohel, Here again is a
case of a cabalytlic reaction in which some 4¢ the adsorption

steps are miasing,
The preparation of pure cuprous oxide was attempted using



wn E3 77 v

a mild inorganic reducing agent in both water and & non-
aqueous solvent, In nelther case was the resulting preparation
any purer than that obitalned by glucose reduction, except per-
haps in the absence of organic matter, In spite of glowing re-~
ports of earlier workers in the literature, it is to be doubted
seriously whether pure cuprous oxlde has ever been prepared
from solution at low temperatures,

Several sttempis to prepare pure vanadium tetroxide
failed, Ewven though precautions were taken to assure conplete
reduction to the tetravalent state before precipitation, and
gontact with alr was svolded during all the filtering, washing
and drying sbeps, the beat preparation obtalned still oontained
1,0 per cent Va0s,



SUMMARY

1, The adsorption of hydrogen by a cuprous oxide catalyst,
promobed by Ve04 and Cal, has been reinvestigated and it was

- found that the adsorpiion is irreversible and complicated by
reduction of the ocabtalyst,
2, 'The adsorption of furfural by the catalyst was found not
to ocour except at high temperstures where the furfural is con-
verted to some other material which is neither furoin nor furll,
3, The adsorption of furfuryl aleoohol by the catalyst was
found to be irreversible at temperatures as low as 75° ¢, and
it was found that most of the furfuryl alcohol is converted to
some non~hydroxyl containing material,
4, Attempts to prepare pure Cugl by precipitation both from
agueous and non~aqueous media falled,
5, Attempts to pmapﬁre pure Valy4 by precipitation from a pure
vanadyl solution falled to yleld a product free from Vils,
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