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ABSTRACT

The importance and usefulness of differential thermal analysis (an old tool in the study of
clay minerals), in the field of catalysis, have been envisaged only very recently by Bhatta-
charyya and his co-workers. They have systematically applied this technique to study the
thermal characteristics of a large number of single, binary and ternary catalyst systems, having
industrial as well as theoretical importance. The observations, made thereof, have already been
published in various journals.

In the present review, the authors deal only with the redeeming features of the thermo-
grams of the following catalyst systems:

Single oxide systems: (i) CryOj3, (ii) Fep0j, (iii) ThO,, (iv) ZrOs, (v) Si0,, (vi) AlsO4, (vii)
NiO, (viii) Ti0Qg, (ix) ZnO.

Binary oxide systems: (i) CryO3-FepQ,, (ii) Cry03-ZrO,, (iii) Crg04-AlgO4, (iv) Crp0;-
NiO, (v) Cry03-Zn0, (vi) Fey0;3-Al,0,, (vii) ThO4-A1,0;,, (viii) Si0s-Aly0,, (ix) ZrO,-
NiO.

Ternary oxide systems: (i) Cry03-NiO-ZrOy, (ii) Al304-Fe,04-Cra0y.

The thermal characteristics of the catalyst systems, as revealed by D.T.A., have been
successfully correlated with their surface areas and catalytic activities. The intimate relation
between X-ray diffraction study and differential thermal analysis has been clearly brought out.

The experimental arrangements and theoretical considerations of the differential thermal
analysis have also been presented.

INTRODUCTIONX

The structural studies of catalysts have furnished valuable data in the
elucidation of the mechanism of catalytic reactions and of the basic role of
solid catalysis. The usual tools, which have received much attention in this
field, are X-ray diffraction, electron diffraction, and microscopic and magnetic
methods. Each of these methods, in its own domain, has contributed signi-
ficantly to the studies of structural properties of solid catalysts. It is, hence,
evident that any new approach or method, that can be evolved to investigate
the structural aspects of catalysts, is likely to add to the existing knowledge
of the catalytic action. With this end in view, the technique of differential
thermal analysis (D.T.A.), which had been fruitfully applied to the study
of clay minerals, was systematically and successfully used by Bhattacharyya
and his co-workers (Bhattacharyya and Ramachandran 1952a, b, 1953, 1959;

* Submitted for the Silver Jubilee Tssue,

VOL. 27, A. No. 6,



BHATTACHARYYA & GANGULY : DIFFERENTIAL THERMAL ANALYSIS 589

Bhattacharyya et al. 1957, 1960; Bhattacharyya and Kameswari 1959a, b)
to study the thermal characteristics of a good number of single, binary and
ternary catalyst systems. It has been concluded from an extensive and
systematic study of various catalyst systems that the technique of D.T.A.
can be used successfully to explore the thermal behaviour of solid catalysts
and is definitely a valuable adjunct to X-ray diffraction.

In this paper the authors have reviewed their observations and conse-
quent inferences from the differential thermal analyses of a large number of
catalyst systems, carried out during the last few years. The correlations
between the thermal characteristics of the catalysts and their activity and
surface area have also been brought out clearly.

EXPERIMENTAL ARRANGEMENT AND PROCEDURE

I. Differential thermal analysis

The experimental unit comprised of a furnace, porcelain support, a
metallic specimen holder, a potentiometer, a reflecting type sensitive galvano-
meter, resistances, thermocouples, etc. Fig. 1 gives the general experimental
set-up. The furnace was constructed by using alundum tube. Kanthal wire
was used for winding and the tube could be heated up to a temperature of
about 1,100°C.

The metallic specimen holder was cylindrical and made of pure nickel
with two holes, one for the specimen and the other for the thermally inert
a-Al,O3. The two tips of the two sets of thermocouples were each made to
pass through an insulator fixed at the middle of the hole. These were made
of Pt-Pt . Rh (13 per cent) and of the four outgoing leads, two Pt-Pt. wires
were connected together and the other two Pt.Rh. leads were connected to
a very sensitive galvanometer. Into the third hole in specimen holder the
tip of another thermocouple was embedded to measure the temperature of the
block. This was connected to a very sensitive potentiometer.

The specimen holder was mounted on a porcelain support that could just
pass through the furnace tube. The support was designed for the purpose
and made in India by the Government Porcelain Factory, Bangalore.

After filling up one of the wells of the specimen holder with the catalyst
powder (other well contained calcined alumina), it was covered with a nickel
covering. The porcelain support was then stripped into the furnace tube.
Temperature was slowly raised by means of an autotransformer. The rate
of heating could be controlled at 10 4+ 1°C/min. by variation of the variac
and noting the amperage and the temperature of the block from time to time
with a stop watch.

After filling up the Dewar’s flask with powdered ice (cold junction of
the thermocouples) it was ensured that the galvanometer mirror stood at ‘0’
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position on the scale. The galvanometer reading was almost constant when
there was no thermal change. When there was a thermal change, either due
to the absorption of or evolution of heat, the galvanometer pointer moved to
the right or left of the scale, attained the maximum and returned to a constant
value on the scale. The galvanometer reading which measured the differ-
ential temperature was represented as the ordinate and the temperature of
the block as the abscissa in the thermograms. The curves were drawn
showing the endothermal peaks downwards and the exothermal peaks upwards
with respect to the base line.

The atmosphere in the furnace during almost all analyses was ‘air’. In
some experiments, when D.T.A. was to be carried in an inert atmosphere, a
continuous flow of nitrogen was maintained.

In order to run the experiments under identical conditions all the
samples were ground to pass through about — 80 to 4100 mesh. The rate
of heating was kept at 10 £ 1°C/min. Great care was taken to pack each
sample the same way in the specimen holder and to keep the positions of the
thermocouple junctions constant. For fuller details of the experimental set-
up, the metallic specimen holder and the porcelain support, reference may be
made of the papers published earlier (Bhattacharyya et al., loc. cit.).

I1. Surface area measurement

The surface areas have been determined by low-temperature nitrogen
adsorption applying the Brunauer-Emmett-Teller (B.E.T.) method.

The experimenta'l details and procedure followed were the same as des-
cribed by Ghosh et al. (1959).

III. General method of preparation of the gels

In order to study the influence of the method of preparation of the gels
on the nature of their thermograms, different precipitants like NaOH, NH,OH,
KOH, etc., were used to precipitate the gels from the aqueous solutions of
their nitrates, chlorides, sulphates, ete., at various concentrations. The
effects of drying and ageing of the samples were also studied. The binary
and ternary gels were precipitated generally from the nitrate solutions, mixed
in definite proportion so as to conform to the final composition. All the
samples, on precipitation, were washed free from alkali and other adsorbed
ions like NO~3, Cl~, etc., and subsequently either dried in oven at 110°C or
in a desiceator for 24 hours.

Theoretical considerations of differential thermal analysis :

From theoretical consideration Speil et al. (1945) have shown that the
area enclosed under a thermal curve peak is proportional to the heat of
transformation. It can be very briefly summarized with the aid of Fig. 2.



592 8. K. BHATTACHARYYA & XN. D. GANGULY: APPLICATION OF DIFFERENTIAL

]
Vd

‘ P
C
—5\//
il
<
b

Y

Y

Fie. 2. Thermal peak for CaCOj.
The curve shows a reaction beginning at @ and continuing towards c.

‘ M
Areaabc-_-fATdt: (giH) Y

where M = mass of the reaction specimen; AH = specific heat of the re-
action; g = geometrical shape constant; and & = thermal conductivity of
the reacting specimen,

Equation (1) neglects the temperature gradient as well as differential
factors which are insignificant.

‘Transposing terms,

areaabcocgkf ATdt=MAH = .. .. o (2

(@ = heat of reaction.)

The thermographic base line in Fig. 2 is not linear, as is found to be the
case with calcium carbonate decomposition. This is due to the accom-
paniment of sharp change in thermal conductivity an®specific heat capacity
due to the decomposition

CaCO3(S)—>CaO(S)+C0x(g).

Hence there is a thermal gradient and a non-linear base line. In Fig. 2
point C is displaced to C; and continues towards Y.

Wittels (1951) has shown a precise relationship between the thermo-
graphic response and two functions, the heating rate and the mass of the
sample. A series of straight lines are obtained when area is plotted against
the heat of reaction.

Suppose, A = area; R = rate of heating; @ = calories;

# = tan™1 (%) —...(8): A =area (in sq. in.) and @ = calories (in tenths).

‘Graphical representation of R and 6 indicates the existence of an ex-
ponential relation between the two functions. In fact, a plot of R against
8 gives an exponential curve. The function B may be replaced by 6 in equa-
tion (3) thus

R=% . .. .. . @
and KinR = 8. . .. .. .. .. (5)
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Substituting the above values of R and 6 in equation (5) and solving for
K, plot of R against K shows a general form ¥ = ma4-C ;
80 R=mK+C
K =E=-C
m

Substituting in equation (4) we have

R = emB/R‘(?
mo
B = z—
and o= MBER-C)
m

A final substitution in equation (3) gives

A

Q=55 - . . .. .. (6)
tan PR(E—C)
m

This equation is found to hold good for heating rates between 10° and
30° C/min.

REsuLTs AxXD DiscussioN

1. Single oxide catalysts

Detailed investigations on the differential thermal analyses of Cr,0s,
Fe,04, ThO,, Zr0,, Si0,, AL, NiO, TiO, and ZnO have been carried out
and reported earlier (Bhattacharyya et al., loc. cit.). Each gel has been
prepared by different methods and under different conditions and the re-
sulting samples have, in some cases, shown marked differences from one
another in their thermograms. But in this article, for brevity, only the
representative thermograms of the various gels will be discussed. The thermo-
grams of the single oxide catalysts are given in Figs. 3(a) and 3(b).

(@) Chromium oxide gels

Thermogram of chromic oxide gel, prepared from chromium nitrate
solution by precipitation with ammonium hydroxide, shows two endothermic
peaks at about 160° and 250° C corresponding to the removal of loosely bound
and strongly bound water respectively. These endothermal changes are
followed by an exothermal peak at 395° C due to the crystallization of chromia.

From X-ray analysis, it has been found that the chromic oxide gel
remains amorphous till 300° C and a very faint X-ray pattern indicating
crystallization is obtained at 350° C. At 400° C, a distinct pattern of crystalh-
zation is obtained.
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Fig. 3(¢). Thermograms of CryOg, Fe;O03, ThOy, ZrO; and Si0, gels.

The specific surface area of the gel heated in vacuum passes through a
maximum (315-3 m2/g) at 300° C with increasing temperature. At 500° C,
the surface area falls down to 74:6 m2/g.

Lazier and Vaughan (1932) found that Cry0; catalyst used for hydrogena-
tion and dehydrogenation reactions lost its activity completely with any
treatment leading to glowing and consequent development of crystallinity.
Catalysts prepared from precipitants like sodium or potassium hydroxide
showed uniformly poor activity, whereas those prepared by precipitating
chromic nitrate with ammonium hydroxide exhibited maximum activity.
It was observed by Molstad and Dodge (1935) that, for methanol synthesis,
the gel prepared from chromic nitrate and ammonium hydroxide was about
three times as active as that obtained by the decomposition of the oxalates.

The gels precipitated from sodium hydroxide or potassium hydroxide
also show large exothermic peaks but exhibit less activity, the exact cause
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Fi6. 3(b). Thermograms of Al,Og, NiO, TiO, and ZnO gels.

of which is rather difficult to explain by D.T.A. results (Bhattacharyya and
Ramachandran 1959). But the exothermic peaks obtained from chromic
galts other than nitrate solutions are of smaller magnitudes. The lower
magnitudes of the exothermic peaks in these cases are perhaps associated with
less catalytic activity.

For dehydrogenation, maximum catalytic activity of Cr,Og is exhibited
at a temperature of 350°~370° C. Kutzelinigg and Wagner (1936) studied the
catalytic properties of Cr;Os for the oxidation of K,Fe(CN)s by oxygen.
The catalytic activity of CreOs was found to be maximum in the temperature
range of near about 250° C and at a temperature of 450° C the activity dropped
almost to zero. From the D.T.A. of CryO3 gel precipitated by ammonium
hydroxide, it can be seen that the expulsion of bound water from the gel
is almost complete at & temperature of about 350° C. Since the complete
expulsion of water from the gel should result in large exposure of the surface

5
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of the catalyst, the specific surface area as well as the catalytic activity may
be maximum at temperatures of about 350° C to 400° C.

Thermograms of CryO; gels heated in nitrogen show two endothermlc
peaks as observed in the case of gels heated in air. But, strangely enough,
the exothermic peak is absent even up to a temperature of about 600° C.
It is also found that if air is admitted into the furnace, when the sample is
at 600° C in nitrogen stream, a sudden kick in the galvanometer on the exo-
thermal side is registered. It may be concluded from the above observation
that the crystallization of CryOg gels is retarded in absence of air or oxygen.

(b) Ferric oxide gels

Ferric oxide gel, obtained by precipitating from ferric nitrate with
ammonium hydroxide, shows a low temperature endothermic peak at about
180° C (100°-270° C) due to loss of adsorbed water and an exothermic peak at
about 420° C representing the transformation of ferric oxide to crystalline
o-variety.

X-ray diffraction studies of ferric oxide gels indicate that the gels remain
amorphous till 300° C and that definite crystalline pattern of «-Fe,O3 appears
at and above 300°C. The D.T.A. curves for the gel, precipitated by ammonium
hydroxide, show that crystallization to «-Fe,O; begins at a temperature of
about 310° C.

The values of specific surface area of ferric oxide gels heated to different
temperatures indicate that it attains the maximum surface area (49-2 m2/g)
when heated to a temperature of 250° C due to the complete expulsion of
adsorbed water; but when the sample is heated to 300° C and 400° C, the
surface areas fall sharply to 24-4 and 22-8 m?/g respectively in consequence
of the formation of «-Fe,O3. It may be anticipated that the gel should
exhibit maximum catalytic activity at the temperature range corresponding
to maximum. surface area. The differential thermal analysis of the aged
ferric oxide gels (aged for 7, 12 and 90 days and for 1} years) indicates the
existence of goethite («-Fe,O3.H;0). As the gel is aged, the exothermic
peak corresponding to the formation of «-Fey,O3; decreases and vanishes al-
together after a period of 90 days; an unmistakable endothermic peak develops
corresponding to the dehydration of goethite with the aging of the gel. It
has also been observed from the D.T.A. results that the gel precipitated by
sodium hydroxide transforms to goethite more rapidly than that precipitated
by ammonium hydroxide.

(c) Thorium ozide gels

Thermog-a.ms of thona gels, irrespective of the method of preparation,
show only one large endothermic peak at about 140° C (in the range 70°~280° C)
due-to the expulsion of water. The ourve, immediately after completion of

5B
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dehydration, gradually rises on the exothermal side. This exothermic trend
probably indicates the onset of crystallization of the oxide. These D.T.A.
results are in close agreement with X-ray diffraction results of Levi (1925),
according to whom thorium hydroxide dried at temperatures below 340° C
was amorphous, but, at higher temperatures, was crystalline with the same
x-radiogram in all cases.

Pichler and Ziesecke (1950) have observed an enhancement in the cata-
lytic activity of thoria gel on adding a little quantity of potassium carbonate.
The effect of potassium carbonate on thoria gel has been discussed earlier
by Bhattacharyya et al. (1960) in a previous publication. In fine, potassium
carbonate probably impedes the crystallization of thoria and thus serves as
a promoter in thoria catalysts.

(d) Zircontum oxide gels

Zirconium oxide gels, prepared by various methods, have similar exo-
thermal and endothermal effects. All the gels show an endothermic peak
at 170° C (in the range of 100°-300° C) due to the loss of water. The exo-
thermic peak corresponding to the formation of monoclinic zirconia from
the amorphous variety occurs at 430° C (360°-440° C range). There is no
other transition in zirconia up to a temperature of 850°C. Bohm, from his
X-ray diffraction studies, has reported that zirconia crystallizes at 440° C
(Bohm 1925).

. The specific surface area of the gel heated in vacuum passes through a
maximum (1829 m2/g) at 350° C with increasing temperature. At 500° C,
the surface area falls down to 128:0 m2/g. The catalytic activity of zirconium
oxide has also been found to decrease appreciably above 350° C.

(e) Stlicon oxide gels

Silica gels, irrespective of the method of preparation, show only one
endothermic peak at a temperature of 140° C (range 100-200° C) due to the
expulsion of loose and rigidly bound water from the gel. There is no other
transformation of the gel up to 700° C.

(f) Aluminium oxwide gels

As shown in Fig. 3(b), pure alumina gel, prepared from aluminium nitrate
and NH,OH, gives two endothermal peaks at 120° and 330° C caused by
successive removal of adsorbed and rigidly bound water leading to the forma-
tion of y-Aly03. Absence of any other thermal effect corresponding to the
formation of «-Al;O3 within the temperature range studied (900° C) suggests
that the formation of a-Al;O3 takes place at a still higher temperature. The
irregularities in the thermograms, above 400° C, may be due to crystal re-

organization.
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Weiser and Milligan (1948) systematically studied the isobaric
dehydration curves and X-ray diffraction patterns of y-Al,05, 3H,0
subjected to thermal treatment. The X-ray diffraction gave a distinct pattern
corresponding to y-Al;03, HyO (boehmite). But the dehydration isobar
gave no indication of the formation of a monohydrate. The differential
thermal analysis results support the isobaric dehydration studies of hydrous
aluminium oxide in giving a large endothermic peak at about 330° C, which
represents the elimination of structural water almost totally, but not step-wise.

Surface area determinations of thermally treated alumina gels show that
Al,O3 acquires maximum surface at 380° C, above which the surface area
decreases considerably. The values of surface area are 2, 205, 235, 200 and
170 at 290, 350, 380, 430 and 480° C respectively. y-Al,O3, the formation
of which is complete at about 400° C, as found by D.T.A. should be possessing
a large surface area and that is why it acts as an efficient dehydration catalyst
at this temperature range.

(9) Nickel oxide gel

All the nickel oxide gels, irrespective of the method of preparation,
show two endothermic peaks. The one near about 105°C corresponds to
the elimination of weakly bound water and the other one at 350°C (range
260°-370° C) indicates the expulsion of one mole of water of crystallization
according to the following reaction—

(NiO, H,0) ——— (NiO)-+H,0
cryst cryst
Faivre (1944) has also observed the same phenomenon by X-ray diffrac-

tion studies. NiO, when used as a catalyst for dehydrogenation of ethanol,
shows maximum activity at 260° C.

(k) Titanium oxide gels

All the titania gels show a large, low temperature endothermic peak in
the temperature range of about 190°-230° C. This effect is due to the re-
moval of water from the gel. It has been reported (Weiser and Milligan 1934,
Levi 1925, Barksdale 1949, etc.) that thermal isobar and X-ray studies of
TiOg indicate a continuous loss of water and that, during the process, no
definite hydrate is present. In D.T.A. also, the thermograms do not indicate
the formation of hydrate in any case. The gels in general exhibit two exo-
thermic peaks at 375° C and 510° C which may be due to the formation of
anatase and brookite forms respectively. There is an exothermal trend
above 650° C which probably represents the temperature at which the forma-
tion of rutile sets in, the change oceurring slowly. Bohm (1925), Wohler (1926),
Brusilovskii et al. (1939) and others have also reported similar observations,
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In the manufacture of pigments, certain agents like KOH, Bay(PO,),,
NazS;03 are added in small quantities to the wet titania gel. It has been
shown by D.T.A. (Bhattacharyya and Ramachandran 1957) that these agents
inhibit the formation of rutile titania at the temperature of calcination.

() Zinc oxide gels

The pure zinc oxide gel, prepared from zinc nitrate and NaOH, exhibits
in general a low temperature endothermic peak at 80° C (range 60°-120° C)
due to the loss of adsorbed water.

The second endothermal peak at 190° C indicates the complete decom-
position of Zn(OH), to ZnO.

A sharp unmistakable endothermic peak is also found at 280° C (range
250°-300° C). This peak occurs with all the samples of ZnO irrespective
of the method of preparation and it is probably due to the formation of a
definite hydrate of zinc oxide. According to Nicol (1947), ZnO, 2H;0, which
is precipitated in the form of the gel, loses one molecule of water at 210°-310° C,
while the second molecule is expelled slowly at a higher temperature range
of 772°-902°C. D.T.A. has, however, failed to indicate the existence of an
endothermal effect corresponding to this temperature.

2. Binary oxide catalysts

Detailed investigations on the D.T.A. of the binary oxide catalyst systems
like Cry03-Fey03, Cry05-ZrO,, Cry0s-Aly03, Cro03-NiO, Cry05-Zn0O, Fey0g-
Al 04, Zr0,-NiO, Si0;-Al,O; have already been carried out and reported
earlier by Bhattacharyya and his co-workers (1957, 1959 and 1960).

(@) The system, Cra0g-Fes04

In the coprecipitated gels, mutual protective action against crystalliza-
tion is shown to a remarkable extent. Addition of one oxide in small quan-
tities to the other has been found to shift the crystallization peak to higher
temperatures or prevent the crystallization completely.

Fig. 4 gives the thermograms of Fey03-Cr,O3 mixtures containing
0, 20, 40, 60, 80 and 100 per cent CryOs;. In all the cases, an endothermic
peak in the temperature region of 150°-250°C is obtained representing
the dehydration of the samples. The exothermal peak temperatures of
the above samples (varying from 100 to 0 per cent Cry0O3), indicating crystalli-
zation, are 395, 440, 480, 550, 500 and 420° C respectively. The maximum
protective action against crystallization is exhibited by the sample containing
60 per cent Fe,03. The mechanical mixtures of Fe;O3 and CryOs, prepared
separately, do not exhibit this protective action. :

From the surface area measurement of the samples, Fe;03-CryOg (60 : 40)
has been found to have the maximum surface area (291:8 m2/g) in this system.
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(6) The system, Cry03-Zr0,

All the samples of CryO;-ZrO, show an endothermic effect of large
magnitude extending from 100°C to- about 300°C (Fig. 5). This peak is
due to loss of water from hydrous Cry0; and ZrO,. Even a presence of 20
per cent CryO; shows a remarkable protective action against the crystalliza-
tion of ZrO,. The exothermic peak for the sample Cr,03 : ZrO, = 20 : 80
occurs at 548° C (range 520°-620°C). In the sample containing 40 per cent
Cr;0g the crystallization peak is retarded to a still higher temperature
at 817°C (750°-840° C). The gel containing 60 per cent CryO; crystallizes at
a temperature of 760°C (lower than the previous sample). The sample
contai.ning 80 per cent CryOg shows a still lower exothermal peak at 500° C.

It is clear from D.T.A. studies that the sample containing 40 per cent
Crg03 by virtue of its highest mutual protective action should also have
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Fia. 5. Thermograms of Cry0;-ZrQ; binary gels.

largest surface area in this binary

system. Determination of surface area

of the samples by B.E.T. method has actually proved the inference as shown

in Table T,
TaBLE I
Composition
Specific surface,
)
Cr,0, Zr0, m3fg
20 80 186-4
40 80 222-0
60 40 132-0
80 20 1976
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(¢} The system, Cry05-Al,0q

Thermograms of chromic oxide-aluminium oxide mixtures are shown in
Fig. 6. The mixture containing 20 per cent of chromic oxide exhibits two
endothermic peaks at 140° C (range 140°-250° C) and 310° (range 250°-340° C).
The former peak is due to elimination of water and the latter is caused by

ALz 03 . CYiO3
0:100
80:20
, 70:30

] 1 1
100 200 300 400 500 600 700

Temperature, °C
" F16. 8, Thermograms of Cry04-Alg0y binary gels,
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the formation of y-Al,03. It is of interest to note the peculiar character of
the curve obtained by the thermal analysis of the mixture containing 30
per cent Cr;O0s. In addition to the two endothermal peaks obtained with
the previous sample (20 per cent chromia content), another endothermic
peak at 244° C is present in this case. This endothermal effect may be due
to the formation of poorly crystalline 8-Cr,Oj, as suggested by Griffith ef al.
The sample containing 50 per cent CryO; shows a large endothermic peak at
200° C due to water elimination and another small endothermic peak at
about 300° C corresponding to the formation of y-Al,03;. The binary-oxide
sample containing 70 per cent CryO; shows an endothermic peak at 200° C
(100°-300° C) and an exothermic peak of small magnitude at 590° C. The
endothermal effect is, as usual, caused by the expulsion of adsorbed water and
the exothermal peak is due to the formation of erystalline Cr,O3 from the
amorphous state. It is quite evident from the study of the thermograms of
Cry04-A1,03 system that Al,O; retards or prevents the crystallization of
Cr;03. These results are in agreement with those obtained by Griffith
et al. (1954) who reported that the surface area of the binary oxides increased
with the rise in alumina content and this increase was very marked with
the samples containing high concentration of Cr,0;. The maximum surface
area of 325 m?/g is possessed by the sample containing 29-6 per cent Cr,0;
and this particular mixture is associated with the formation of 3-Cr,0O,, as
revealed by D.T.A. These results conform to those reported by Eischens
and Selwood (1947, 1948) to the effect that the X-ray line corresponding
to the crystalline CryO; is absent in the coprecipitated samples even when
the concentration of CryO; reaches 51 per cent. Griffith, Marsh and Martin
(1954) reported that the coprecipitated CryO;-Al;Og3 catalysts for the con-
version of n-heptane to toluene showed two regions of maximum activity.
One, at about 30 per cent CryO3, is associated with a change in structure.
The other, at about 70 per cent Cry0Oj, is close to the maximum for chemi-
gorption of hydrogen and also marked with high electrical conductivity.

The conversion of n-heptane to toluene studied by Griffith et al. (loc. cit.)
is simply a dehydrogenation reaction. But, since this binary system com-
prises of a highly dehydrating component Al,O3 and a strong dehydrogenating
catalyst CryOs, the application of this binary combination has been extended
to the study of a simultaneous dehydration and dehydrogenation reaction,
e.g. one-step conversion of ethyl alcohol to butadiene. The catalyst con-
taining 30-9 per cent Cry;O; has been found to be the best one for this re-
aotion, The second region of activity at about 70 per cent CryOj; is not very
prominent in this case possibly due to the fact that the one-step conversion
of ethanol to butadiene is more a dehydration reaction than a dehydrogenation
one (elimination of two moles of H,O per one mole of Hy). Hence, the higher
concentration of Al;Og in the catalyst is essential, '
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The existing ocorrelation between catalytic activity, D.T.A. results and
the surface area of the Cry03-Al;04 samples is shown in Table II and Fig. 7. .

TaBLEe I1
A,
. Composition
P Exothermics Endothermich P ield of
peak peak b 1:’rac:;;:e:s:s yield o vo
Al,0y Cry0; Temp. °C Temp. °C utadiene, per cen
100 0 — 330 15-94
69-1 30-9 absent {244 (3-Cry0y) 20-81
310
49-8 50-2 absent 320 19-21
27.1 72-9 590 absent 17-96
0 100 395 — 7-97
B.*
Composition
Surface area,
2
A1,0; Cr 04 m*/g

100 0 306

81-6 184 269

71-6 28-4 269

70-4 29-6 325

643 35-7 269

497 50-3 275

30-9 69-1 201

23-8 76-2 222

155 84-5 149

0 100 - 45

* Reported by Griffith, Chapman and Chaplin (1954).
a Indicates crystallization of Crg0j,.
b Indicates the formation of ¥-Al,0j3.
¢ [Weight of the catalyst = 20 gms,
Temperaturs, °C = 425.
Aleohol feed rate = 1-875 cc of aleohol/hour/gm of catalyst].

(@) The system, Cre0g-NiO

The thermograms of coprecipitated Cr;Os-NiO mixtures are shown in
Fig. 8. The gel containing 80 mole per cent chromic oxide shows an exo-
thermic peak at 500° C and two endothermic peaks at low temperatures. The
first endothermic peak is due to the loss of adsorbed water and the second
endothermic peak at -250° C is due to the removal of rigidly bound water as
it is observed in the case of chromic oxide gel. Small amounts of NiO (20
mole per cent) definitely have a retarding effect on the crystallization of CryOs,
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F1e. 7. Correlation between catalytic activity, D.T.A. results and the surface area of
Cra0;-Al,0, binary gels,

the difference in the peak temperature between that obtained for 100 per cent
Cry0; and 80 per cent CryO; being as high as 105° C.

The mixture containing 60 mole per cent chromic oxide seems to exhibit
the maximum protective action against crystallization. There is no exo-
thermic peak due to the formation of crystalline CryO5. This composition
may correspond to enhanced surface properties and catalytic activity. The
mixtures having the composition 40 per cent and 20 per cent chromic oxide
respectively behave similarly as the mixture having the composition 60 per
cent Crg03.

Milligan and Watt (1948) reported that mixtures of composition 30 : 70
and 40 : 60 = Cry03 : NiO were amorphous at a temperature of 500°C.
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Fi1e. 8. Thermograms of Cry03-NiO binary gels.

However, the thermal analysis shows that the mixture of the composition
80 : 20 (Cr04 : NiO) is crystalline at a temperature of 500° C and the mixtures
containing less than 60 per cent chromic oxide are aporphous even up to a
temperature of 600° C.

(e) The system, Cry03-ZnO

The thermal behaviours of Cry03-ZnO mixtures (1 : 1), either mechani-
cally mixed or coprecipitated, have been discussed in detail by Bhattacharyya
and Ramachandran (1959).

All the mechanically mixed samples exhibit an exothermic effect which
in each case sets in at a temperature of about 520°-540° C. The maximum
catalytic activity is found to be at a temperature much below that which
leads to spinel formation. This is in accordance with the results of X-ray
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diffraction, magnetic susceptibility and catalytic activity tests. It is probable
that, if the D.T.A. of the mixture is carried out under conditions of high
pressures as it exists in the methanol synthesis, the temperature of the onset
of the exothermic peak may be considerably lowered so as to correspond
exactly to the temperature of maximum ecatalytic activity (200° C).

The exothermic peak at 415°C for the coprecipitated Cry03-ZnO is
followed by three more exothermal dents at 565, 665 and 885° C. These
three exothermal dents represent perhaps a stepwise spinel formation between
chromia and zine oxide according to the following reaction,

Zn0+0r203 = ZDCI'204.

Similar observation has been reported by Frost ef al. (1934). Spinel forma-
tion has also been observed in Zn0-Al,03 and MgO-Fe;O; systems (Hild 1932;
Griffith 1946).

(f) The system, F6203'Al203

As shown in Fig. 9, all the ferric oxide-alumina gels exhibit low tem-
perature endothermic peaks in the temperature range 75°-250°C, corres-
ponding to the expulsion of water. The gel mixtures containing Fe,Os
from 10 to 40 per cent show large endothermic peaks between 315° and 320° C,
characteristic of the formation y-Al,03. But no exothermal effect due to
the formation of «-FeyO3 is observed even up to a temperature of 900° C,
The exothermal effect is observed only in samples containing 60 per cent or
more of Fe,O5. Protective action against crystallization of Fe,Oy increases
with the increase in Al,O; content. The maximum protective action is
observed when Al,O3 content is 60 per cent or more. The gels containing
80 and 60 per cent Fe,03 show endothermic dents of small maganitude in the
temperature range 360°—475° C probably indicating the formation of y-AlyOs.
The shift in the temperature of the peak may be due to the presence of Fe;Os.

Cirilli (1947) observed that the magnetic susceptibility of Fe,03-Al;04
solid solutions, prepared at 850°C, increased with increasing Fe;O; content
and he attributed this increase to the presence of strongly magnetic y-Fe,Os.
With proportions of FeyO3 above 67 per cent the magnetic susceptibility
decreased rapidly because of the presence of weakly magnetic a-FesO3. The
D.T.A. results showed that at 850° C, at which Cirilli had prepared the solid
solutions of Fey03-Al,03 for the susceptibility measurements, the samples
with Fe,O3 above 60 per cent crystallized to the weakly magnetic a-form. .
Thus, D.T.A. results support the observations of Cirilli regarding the nature
of Fey03-Al; 03 mixtures.

The surface areas of the Al,03-Fe,0O3 catalysts, varying in composition,
Lave also been determined and Fe,Oy : AlyOg (40 : 60) has been found to
have a surface area of 200-7 m?/g which is the largest in this system.
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F1g. 9. Thermograms of Fe,03-Al,0; binary gels.

This catalyst system has been tried in the one-step catalytic conversion
of ethanol to butadiene. It has been observed that the Fe;Og : Al,Og (40 : 60)
sample gives the maximum process conversion (37-7 per cent at 425°C) of
alcohol to butadiene.

The D.T.A., surface area and catalytic activity results for various com-
positions of Al;03-FesQg system are summarized in Table IIT and Fig. 10.

(9) The system, ThOy-AlsO4

Thoria-alumina (80 : 20), whether prepared by coprecipitation or l;y
mechanical mixing, exhibits two endethermio peaks. The first peak near



THERMAL ANALYSIS TECHNIQUE TO THE STUDY OF SOLID CATALYSTS 609

Tasre III
Composition Process con-
Exothermic . Temperature Surface area, version of
peak, °C range, °C m2fg l';‘lc(;];fl to
Fe,05 | AlyOy utediens,
per cent
100 0 420 375-475 23-0 14-33
90 10 605 540-650 176-2 —
80 20 695 625-765 229-5 20-08
60 40 930 900-950 235-9 23-83
40 60 No peak —_ 290-0 37.7
20 80 . — 262-0 16-24
0 100 200-0 14-94

[* Weight of the catalyst = 20 gms.
Temperature, °C = 425.
Alcohol feed rate = 1-875 cc of aleohol/hour/gm of catalyst].

about 110° is due to the loss of adsorbed water while the second one at about
280° C is due to the formation of y-Al,O; (samples 1 and 2 in Fig. 11). As
soon as the dehydration is complete, the thermograms for both the samples
rise on the exothermal side perhaps due to the beginning of crystallization
of ThOZ

The catalyst, ThO,-Al,O3 (80 : 20), is generally heated to 300° C before
it is applied for the isoparaffin synthesis. At the above temperature, the
catalyst loses all its water. But, since temperatures higher than 450°C
result in crystallization (indicated by D.T.A.), the isosynthesis cannot be
carried out at this temperature range.

Pichler and Ziesecke (1950) observed that addition of a small quantity of
potassium carbonate to the thoria-alumina (80 : 20) catalyst resulted in a
sharp rise in the activity of the latter with simultaneous increase in the iso-
paraffin yield. To find out the effect of potassium carbonate, the D.T.A. of
thoria-alumina samples containing 0-2 per cent and 0-6 per cent of potassium
carbonate have been carried out and the results are presented in Fig. 11.
Both these samples exhibit two endothermic peaks, which can be explained
in the same way as in the cases of samples 1 and 2. The striking feature
is that the exothermal slope due to crystallization is appreciably checked with
increase in potassium carbonate content. Probably, this may be reason
for the promoter action of potassium carbonate with respect to thoria.

(h) The system, S?:Oz—Alea
The thermal behaviours of SiOrAIZOS gels have been_ discussed in ‘detail

by Bhattacharyya et al. (1960). ;
The thermal analysis curves for the silica-alumina hydrogels, obtained
by adding sulphuric acid to sodium silicate and aluminium sulphate, are



610 s. K. BHATTACHARYYA & N. D. GANGULY: APPLICATION OF DIFFERENTIAL

—

£9

s °; 800}

L5

E®

G 9

L

e E 600 -

d -

AN

z

g

P

g

o

[¢]

o

a.

Q

c

8

3

b

3

o

20

=]

€

§ 200

1 3

<

o

8

-

a oo
1

1 ) !
AlzO, 0 20 " 40 60 80 100
Fe,O,4 {00 80 60 40 20 0

Catalyst Composition, %,

Fre. 10. Correlation between catalytic activity, D.T.A. results and the surface area of
Al,0;3-Fey04 binary gels.

illustrated in Fig. 12. The gel containing 70 per cent alumina shows two
endothermic peaks, one at about 120° C and the other at about 320°C. The
first endothermal depression is due to the elimination of water from the gel
and the second one is due to formation of y-Al;O3. The gel consisting of 50
per cent alumina also gives endothermic peaks at 130°C and 330° C due to
the loss of water and to the formation of y-Al;03 respectively. The remaining
two gels containing 30 per cent and 12-5 per cent alumina exhibit only one
endothermic peak of large magnitude at about 130° C, caused by the removal
of adsorbed as well as rigidly bound water from both alumina and silica.
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Fia. 11. Thermograms of ThO3-Al;04 binary gels,

But they do not exhibit any change corresponding to the formation of y-
Al;Os.

Elkin, Shull and Roess (1945) as a result of their X-ray studies on silica-
alumina mixtures concluded that the gels containing up to 26 per cent alumina
were amorphous, as far as could be judged from X-ray analysis, whereas
gels with “higher percentages of alumina contained mixtures of boehmite
(Al;03.H;0) and hydrargillite (Al;03.3H;0) when heated at 120° and
y-alumina when heated at 540°." From these results, it is possible to expect
that the gels with alumina content higher than 26 per cent alone can give
& dehydration peak corresponding to the formation of y-alumina from boeh-
mite and hydrargillite and that the gels with lower alumina content cannot
give the above peak. The thermograms of silica-alumina (Fig. 12) indicate
that the endothermal dehydration peak, associated with the formation of

6 .
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F16. 12. Thermograms of Si0Og-Al;0g binary gels.

y-alumina, is given by the gels with alumina more than 30 per cent only, but
not by the gels with lower alumina content. Thus, there is a close agreement
between the X-ray analysis results of Elkin, Shull and Roess and D.T.A.
results.

(2) The system, ZrOg-NiO

The thermal characteristics of NiO-ZrO,; gels have been discussed in
detail by Bhattacharyya and Kameswari (1959a, b). It has been found that the
presence of 20 per cent nickel oxide in zirconium oxide increases the latter’s
erystallization temperature by 90°C and with the increase in NiO-content
this temperature moves higher and higher. The sample containing 60 per

cont NiO does not show any crystallization even up to 600° C.
68
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3. Ternary oxide catalysts

The mutual protective action against crystallization, exhibited by the
binary catalyst systems, quite naturally suggests that the same phenomenon
may also be present in ternary combinations. With this idea in view, the
technique of differential thermal analysis has been extended to the following
ternary catalyst systems:

(1) Nickel oxide-chromium oxide-zirconium oxide.
(ii) Aluminium oxide-ferric oxide-chromium oxide.

The essential features of the thermograms of the above two systems are
discussed below.

(a) The system, NiO-Cry04-ZrO,

In Fig. 13 is given the D.T.A. of various coprecipitated samples (oven
dried) of NiO-Cr,03-ZrO, obtained by using ammonium hydrox1de as the
precipitant.

The gel containing 80 mole per cent of chromic oxide shows an exothermic
peak at 400°C. But the gel having 60 mole per cent of chromic oxide
indicates an exothermic peak at 470°C. Small amounts of NiO and ZrO,
(each 20 mole per cent) definitely has a retarding effect on the crystallization
of Cry03, the difference in the peak temperature between that obtained for
100 per cent Cr0; and 60 per cent Cr,O3 being 75° C. The mixtures con-
taining 40 per cent CryO3 and 20 per cent CryO3 show only one endothermic
peak due to the loss of adsorbed water. There is no indication of the exo-
thermic peak due to the formation of crystalline Cry,O3 or ZrO,. D.T.A.
results show that these samples are amorphous up to a temperature of 600° C.
Milligan and Watt (1948) observed an extensive amorphous zone in this
system NiO-Cry03-ZrO, at a temperature level of 500° C. In this amorphous
region each oxide exerts a mutual protective action by preventing the crystalli-
zation of the others.

Gels rich in zirconium oxide show one exothermic peak at higher tem-
peratures as in the case of above gels and the gels having low concentrations
of zirconium oxide show only one endothermic peak.

(b) The system, Aly0s-Fes03-Cra0;

Having a thorough knowledge of the thermal behaviours of the single
catalyst systems, like CryOg, FepO; and Al;Og and their binary mixtures
Fe;03-A1,03, Cry05-Aly05 and Fez03-Cr,0g, it has been considered desirable
to ext>nd the D.T.A. technique to the study of AlyO3-Fey03-CryOg ternary
system.

The three component oxide combinations have seldom been used as
catalysts. Since AlyOj is predominantly a dehydration catalyst and CryOs
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Fia. 13. Thermograms of NiO-Crg03-ZrQ; ternary gels.

a dehydrogenation catalyst, whereas Fe,Og possesses both the characteristios,
it is expected that a combination of the three may exhibit improved dehydra-
tion-dehydrogenation qualities, Different compositions of the ternary system,
Al;04-Fe;03-CryOg, have been used as catalysts for the one-step conversion
of ethanol to butadiene.
A comparisonof the results of D.T.A., surface area and catalytic measure-
ments has been made with a view to finding out possible correlations.
~ Figs. 14 to 16 represent the different thermograms of the three component
gels, :
From Fig. 14, it is evident that all the gels in this group, except the two
having the compositions 60 : 10 : 30 and 40 : 30 : 30, show two endothermic
peaks in the temperature ranges of 120°-300° C and 315°-325° C caused by
suceessive removal .of water and formation of y-Al;O3. The samples, having
the ‘compositions 60 : 10 : 30 and 40 : 30 : 30, exhibit a third endothermic
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F1a.14. Thermograms of Al;0;-Feg0;3-CrgOg ternary gels,

peak at 220°-250° C which may correspond to the formation of a poorly
crystalline new phase of chromia. Hence, it is concluded that the presence
of ferric oxide to the extent of 30 per cent does not have much influence in
these gels. The gel with Al;Ojg : FeyOy ; CryOg = 20 : 40 : 40 exhibits an
unusual exothermic hump at about 650°C (550°-750° C), probably repre-
genting the crystallization of both ferric oxide and chromia.

~Fig. 15 represents the thermograms of the ternary system containing
varying proportions of ferric oxide, the ratio of the other two being equal.

The low temperature endothermic peak, due to the loss of water, is
common for all the samples in this group. The sample containing 80 per cent
Fe,0g shows an exothermic peak at 625° C (560°-700° C) probably representing
the crystallization of ferric oxide. "The 60 per cent FegOq sample due to the
presence of 40 per cent mixed alumina and chromia seems to have very high
protective action since no exothermio peak is observed in the temperature
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F16. 15. Thermograms of Aly0,-Fes0;-Cry0; ternary gels.

range of study. The gel with 40 per cent Fe,O3; shows an endothermic peak
at 315°C due to the formation of y-Al;0;. The two endothermic peaks,
other than the first one due to loss of water from the gels, are probably caused
by the elimination of rigidly bound water from chromia gel and the formation
of y-Al;05 respectively.

The thermograms of the ternary gels with varying chromia content (the
compositions of the other two being equal) are illustrated in Fig. 186.

The gels with 80 and 60 per cent Cr;O; exhibit an endothermic peak in
the temperature range of 100°-350° C caused by the expulsion of loosely as
well as rigidly bound water followed by an exothermic peak in range of 450°—
550° C due to the crystallization of chromia. By comparing these thermo-
grams with that for pure Cry0j, it is evident that by the combined protective
action of Al;03 and Fe;O; the crystallization peak of CryOj is shifted from
395° C to a higher temperature. This combined protective action is all the
more marked in the samples containing 40 and 60 per cent CryO;. The
former sample exhibits an exothermic crystallization hump at 650° C (600°—
720° C range) and the latter shows only a small exothermic dent at about
570°C. The second endothermic peak at 320° C for the Al,Oq : Fe,03 : CryOy
(40 : 40 : 20) sample is due to the formation of y-Al;Os.
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F16. 16. Thermograms of Alz03-Fe03-Cro0; ternary gels.

From the D.T.A. of the ternary gels it is expected that the samples
given in Table IV, by virtue of their mutual protective action, should exhibit
high specific surface areas and also comparatively high catalytic activity.

TaBLE TV
!
AlO; | Fey0y Cry04
(i) 80 15 5
(1) 80 10 10
(iii) 80 5 16
(iv) 60 20 20
) 40 20 40
(vi) 30 40 30
(vii) 20 60 20
{viii) 30 30 40
(ix) 40 40 20
: |

With this idea in view, the surface areas of the samples are determined
and, further, their efficiency in catalyzing the one-step conversion of ethanol
to butadiene has been evaluated. Table V records the results obtained

thereby.
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Tasre V
- - Composition
Surface area, Process yield of
i me/g butadiene, per cent*
A.lgoa Fegoa C!'goa
1 80 15 5 330-9 34-92
2 80 10 10 330-5 19-86
3 80 5 15 317-0 25-89
4 80 30 10 309-8 26-33
5 80 20 20 282-8 10-77
6 60 10 30 ) 3027 26-92
7 40 30 30 310-9 27-24
8 20 . 40 40 3017 13-90
9 40 20 40 276-3 21-90
10 30 40 30 260-0 18:71
11 20 60 20 2589 18-58
12 10 80 10 230-1 14-71
13 40 40 20 302-8 : 2427
14 30 30 40 312:3 ’ 24-74
15 20 20 60 221-3 773
16 10 10 80 2495 13-30

[* Weight of the catalyst = 20 gms.
Temperature, °C = 425.
Alcohol feed rate = 1:875 cc of alcohol/hour/gm of catalyst].

From the scrutiny of the above table it is clear that the correlation be-
tween D.T.A., surface area and catalytic activity is quite convincing. The
enhanced catalytic activity and surface areas found in the gels with Al,O4 :
FeoOjg : CryOg = 60 : 10 : 30 and 40 : 30 : 30 may be due to the formation
of the poorly crystalline phase (5-CryOg) as discussed above. However, the
low process yields (10-77 and 19-86 per cent respectively) obtained in the case
of the samples 5 and 2 in Table V are difficult to explain.

CoNCLUSION

The use of heterogeneous catalysis in large-scale industrial production
has expanded beyond all expectations during the last three decades. Cata-
lysis is important to iridustry, and its applications have often been ahead of
our understanding of the phenomenon. Only very modest progress has yet
been made in the scientific elucidation of their working mechanism. Hence,
exhaustive research work is being carried out to find any correlation, whatso-
ever, between the physico-chemical properties of the solid catalysts and their
catalytic activity. .

Of the numerous physical methods of approash for an endeavour to
understand the nature of catalysts, the one based on differential thermal
analysis clearly reveals the influence of temperature on their chemical and
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physical properties. With the help of this technique, any phase change
(like orystallization, solid solution, decrystallization due to dehydration, ete.),
mutual protective aotion against orystallization in multi-component catalyst
systems, can be easily and quite definitely detected.

It is thus clear, from the above discussion, that the technique of D.T.A.,
an old tool in the field of clay mineralogy, has opened a new channel of re-
search in the field of heterogeneous catalysis. ’
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