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The System CuCrz_zFe;O4 has been studied with a view to correlate the catalytic behavior of spinels
on the decomposition of cyclohexanol. All the compositions between 0.0<z<1.0 had cubic symmetry and
p-type semiconductivity except the compound CuCr204 (£=0.0) which showed tetragonal symmetry. The
activation energy for the electronic conduction varied between 0.38 and 0.13 eV. The Seebeck coefficient
(o) was found to increase with increases in ‘z’. Catalytic evaluation was done in the temperature range
200—400 °C using cyclohexanol as a probe molecule. Our results show CuCrFeQOy4 to be a better catalyst for
cyclohexanol decomposition than CuCry04. The percent decomposition of alcohol increased with increases in
mobility of charge carriers and decreases in values of activation energy. Further, dehydrogenation selectivity
increased with increases in p-type behavior of the compositions from CuCrz204 to CuCrFeQOy4. X-ray and IR
studies indicated that the spinel catalysts are quite stable over the temperature range investigated.

Ferrites have been used by various industries as cata-
lysts for some industrially important catalytic reactions
such as oxidative dehydrogenation of butene to butadi-
ene and hydro-desulfurisation of crude petroleum and
the treatment of automobile exhaust gasses.!™® For
the conversion of butene to butadiene an inverse spinel,
MgFe2Q4, was found to be a better catalyst than a nor-
mal ferrite, ZnFe04.9 Schwab et al.® have reported
that normal ferrites are more active for carbon monox-
ide oxidation than the inverse ferrites. Gradation in the
activity of the inverse ferrites have also been observed
by Cares and Hightower,® who reported CuFe;Oy4 to be
more active than CoFesO4 for the conversion of butene
to butadiene. Gallium-containing spinels have been in-
vestigated for nitrous oxide decomposition” and decom-
position of 1-octanol,® while pure GayO3 has been re-
ported as an effective catalyst for the decomposition of
methyl cyclohexanol.? Catalytic properties of CuCryO4
for cyclohexanol decomposition has been reported by
Fridman et al.*®

In a number of previous studies,’* % we have syn-
thesized and characterized spinel ferrite systems. In
this paper, we have attempted to study the decompo-
sition of cyclohexanol using ferrite catalysts. Further,
the ferrites containing Cu, Cr, and Fe have aroused con-
siderable interest with regard to their valency and site
distribution between tetrahedral and octahedral sites.
We have studied CuCry_,Fe,O4 systems with a view
to investigating the effects of substitution of Fe3* on
structural, electrical, and thermo-emf properties, and
its subsequent effects on the catalytic activity in the

decomposition of cyclohexanol. We have used X-ray
diffraction, electrical conductivity, thermo-emf, and IR
spectroscopic studies for the characterization of the cat-
alysts.

Experimental

The various compositions of the catalysts CuCro—_;Fe;zO4
(£=0.00, 0.25, 0.50, 0.75, and 1.00) were prepared by the
precursor method. Accurately weighed quantities of respec-
tive metal salts, ferric citrate, and citric acid were dissolved
in a minimum amount of warm distilled water. The mix-
ture containing individual metal salts and anhydrous citric
acid was refluxed for 5 h. at 100 °C. Finally the refluxed
solution was slowly evaporated to form a gel. This gel was
dehydrated in an oven at 110 °C to obtain the citrate pre-
cursor, which later crumbled to a powder. The fine powder
was calcined at 450 °C in a furnace for 6 h.

X-Ray diffraction patterns of the powdered catalysts were
recorded on a Siemens D-500 Krystalloflex diffractometer
with a microprocessor controller using nickel-filtered Cu Ko
radiation. X-Ray patterns of all compositions indicated the
formation of single spinel phase. Pellets of the above cata-
lysts were prepared using a 2.0% poly-vinyl acetate solution
under 10000 psi (1 psi=8.894757x 10° pa) pressure. Initially
pellets were heated in air for 5 h to remove the binder and
then heated at 900 °C, the sintering temperature, for 15 h.
X-Ray intensity calculations were done for the hkl planes
220, 311, 222, and 422 using the formula

I =| Fhyy |? <P+l + cos® 260/ sin” fcos 6

where notations have the usual meaning.
DC resistivity of the catalysts was measured using an
LCR Marconi bridge with a two-probe technique. The end
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faces of each pellet were coated with a thin layer of conduct-
ing silver paste and the resistivity was measured from RT
to 500 °C. An electric field of 20 Vem ™! was applied across
the pellet for these measurements.

Seebeck coefficient measurements were done after sand-
wiching a thick pellet between two Cu blocks. The temper-
ature difference across the sample was measured using cop-
per—constantan thermocouple and potential difference gen-
erated was measured using a microvoltmeter.

The IR spectra of fresh and used catalysts were recorded
on a Perkin—Elmer FTIR-1600 spectrophotometer from 1000
to 300 cm™! using KBr as a standard.

Each compound of the system was studied for its catalytic
activity in the temperature range from 200 to 400 °C using
a fixed-bed flow reactor as described earlier.®) The reactor
(25 cm long and 10 mm i.d.) made from Pyrex glass con-
tained 3.0 gms of powder catalyst held between two glass-
wool plugs surrounded by glass beads to facilitate heat ex-
change. The alcohol was fed into the reactor at a rate of
0.206 cm® min~! with the help of a motor-driven syringe
pump. After each run, the reactor was flushed with nitro-
gen to obtain an inert atmosphere. Cyclohexanol was used
as the probe molecule. The products were collected and an-
alyzed on a gas chromatograph and were further confirmed
by GC-MS.

Results and Discussion

Catalyst Characterization: X-Ray Analysis:
The results of the X-ray analysis are summarized in Ta-
ble 1. It was observed that all the compounds of the
system crystallized with cubic symmetry except £=0.0,
which had a tetragonal nature. The values of lattice
constants increased with increases in values of ‘z’ from

CuCrz04 to CuCrFeQy4 (Table 1). To discover the most

Table 1.

Decomposition of Cyclohezanol on CuCra_zFez Oy

probable cation distribution and its variation with com-
position the intensity ratios Ioo/Isse, Iooo/Is11, and
Iyg2/I31; for different possible models were calculated,
as reflections 222, 422, 311, and 220 are known to be
sensitive to cation distribution at both the sites.!® The
observed and calculated intensity ratios for the com-
pound CuCrFeQ, using different models are summa-
rized in Table 2. The model in which Fej%,Cujts at
the tetrahedral site and Cu3 b Fedt.Cr3+ at the octahe-
dral site shows better agreement between observed and
calculated intensity ratios. The models of cation dis-
tribution selected gave the least value of the reliability
factor, R=|Fpki|obsd —| Fhki|calcd/ | Fhki|obsd, Which varied
between 0.07 and 0.52. No temperature correction had
to be introduced in the intensity calculations since the
oxidic spinels have high melting points and, therefore,
thermal vibrations of the atoms at RT should have neg-
ligible effects.!® From X-ray intensity calculations we
propose the probable ionic configuration for the system
CuCrq_,Fe, 04 as:

24 3+ 2+ 1 3+ 3+ -
Cuy"Fey ", [Cuil FeiT, ,CrT )04

where ‘2’ and ‘y’ are fractions of Cr3t and Cu?T ions
respectively. Ok and Kim'” have studied the com-
pound CuCrg Fe; gO4 using the Mossbauer technique
and have reported the presence of Fe3* and Cu?t at
both the sites.

Transport Properties Room temperature resis-
tivity values of all the compounds of the system as a
function of temperature varied between 10® and 103
ohmcem™!. The electrical resistivity (p) vs. tempera-

ture behavior obeyed Wilson’s law, p=pg exp (AE/kT),

Lattice Constants a, ¢, Activation Energy (AE), Seebeck Coefficient (o),

Mobility of Charge Carriers (1), and Number of Charge Carriers (n) Values for
the Different Compositions of the System CuCra_;zFe;zO4

Composition a c AFE « I n
T A A eV uVK-? mZVv-lsTt cm™®
0.00 6.039 7.868 0.38 +100.00 1.835x107 1! 4.51x10%!
0.25 828 828 025  +142.85 3.87x107° 1.61x10°
0.50 8.32 8.32  0.21 +233.33 1.83x1078 3.48x 108
0.75 8.36 836  0.17 +263.15 8.65x1078 7.50x 107
1.00 837 837 0.13  +291.66 4.06x1077 1.61x 107

Table 2. Cation Distribution for the Composition CuCrFeOg4

Cations at Ino2/Ia22 -+ Ingo/Izn1 Ipa2 /1313
A-site B-site Obsd Caled Obsd Caled Obsd Calcd
Fe3t Cu?*tCr3+ — 0.6142 — 0.5638 — 0.1126
Fedt. gus?,f,s,FegEs 0.9444  0.9421  0.3900 0.3904 0.1700  0.1698

T
Fedt CugtFedt — 1.0447 — 0.6238 — 0.3643
Cugt Crét
Felt,  Fedt,Cult, — 3.8251 — 0.9019 — 0.8537
Cugts Cr3t
Cu*t  Fe3*tCrdt — 6.1118 — 1.0912 — 0.9986
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indicating the semiconducting behavior of all the com-
pounds. The activation energy values obtained from the
linear plots of log p vs. 103/ T for all the compositions of
the system are listed in Table 1. Further, from the table
it is observed that AFE decreased from CuCry04 (0.38
eV) to CuCrFeQy, (0.13 V). The decrease in the activa-
tion energy values of the system can be attributed to the
substitution of Fe3t ions. Further, it can be seen that
the conductivity behavior of the composition CuCryOy4
is due to the presence of Cu?t/Cul? ion pairs. With
increase in concentration of Fe3* ions in the lattice of
CuCry0y4, the number of Fet/Fe?t and Cu?*/Cult
ion pairs increases, as is evident from ionic configura-
tion, increasing electrical conductivity. The presence
of Fe?* ions in the ferrites causes a shoulder or split-
ting in infra-red absorption bands.'® In the case of our
compounds neither of the bands showed any shoulder
or splitting, which may be due to the presence of very
small concentrations of Fe?* ions.

For calculation of mobility in the case of hopping car-
riers in oxidic semiconductors with localized states the
following equation given by Heikes and Johnston'® was
used:

p = ed’vexp (—AE/kT)/kT

where AFE =activation energy, k=Boltzmann constant,
d=jump length of charge carriers, taken as the average
distance between neighboring octahedral sites, and v=
lattice frequency (obtained from the strongest IR band
observed).

From Table 1 it is observed that the values of mobil-
ity showed an increasing trend with increases in value of
Fe3* ion concentration in the lattice. The electrical con-
ductivity ‘o’ is related to the number of charge carriers
‘n’, and their mobility ‘i’ at RT by the relation, c=nep,
where ‘e’ is the electronic charge. From this relation the
number of charge carriers were calculated, which varied
between 4.51x102! for CuCry04 and 1.61x10'7 cm—3
for CuCrFeQy.

The plots of Av vs. AT were used to find out the
nature of charge carriers and Seebeck coefficient val-
ues. For the compositions with 2=0.0 (CuCrz0y4) the
thermo-emf showed n-type behavior at low tempera-
tures (below 100 °C) and p-type nature at high tem-
perature. Seebeck coefficient values, which showed an
increasing trend with increasing Fe®* ion concentration,
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are reported in Table 1.

Infra-Red Studies: Two strong bands, v; and vs,
around 610 and 500 cm™! respectively were shown by
all the compositions of the system. The band positions
and threshold frequencies for the different compositions
of the system are listed in Table 3. The threshold fre-
quency is for electronic transitions. The band positions
agree with the values reported by earlier workers?°—2%
for ferrite spinels. The higher frequency band (1) is
assigned to the tetrahedral group and lower frequency
band (v3) can be assigned to the octahedral stretching
vibrations.®’ The threshold frequency decreases from
CuCry04 to CuCrFeQy4, which is in accordance with
the trend observed for the activation energy (Table 1).
With the substitution of Fe3t ions in the lattice in the
place of Cr3t ions the frequency of stretching vibra-
tion shifts from 613 to 609 cm™! (1) and 511 to 485
cm™! (v3). This shift in the band frequencies may be
attributed to the migration of ions from B-sites to A-
sites with increases in value of ‘z’.

Catalytic Studies: The oxidative dehydro-
genation of cyclohexanol over different catalyst compo-
sitions of the system is summarized in Table 4. It gave
cyclohexanone as a dehydrogenation product and cyclo-
hexane as a dehydration product as shown in Chart 1.

From Table 4, it is observed that conversion of cy-
clohexanol on CuCrFeQy4 is always greater at all tem-
peratures compared to other catalyst compositions. It
can also be seen from the table that decomposition of
alcohol increases with increasing values of ‘z’ in the
system. The conversion of cyclohexanol vs. tempera-
ture for various compositions of the system is given
in Fig. 1. It is observed that conversion of cyclo-
hexanol increases from CuCro0O4 to CuCrFeO4. It is
also noted that iron-rich catalysts are consistently more
active than chromium-rich catalysts at all tempera-

ow o
il
dehydrogenation
O ______________ * O +H2
cyclohexanone
OH
dehydration
O ______________ -) O +H2 O
cyclohexane

Chart 1.

Table 3. Band Positions and Threshold Frequencies for Different
Compositions of the System CuCra—_zFe;O4

Composition Absorption bands/cm™! Threshold frequency
T 141 V2
0.0 613 511 843
0.25 612 508 830
0.50 611 504 818
0.75 610 490 800
1.00 609 485 794




3654 Bull. Chem. Soc. Jpn., 68, No. 12 (1995)

Decomposition of Cyclohezanol on CuCrg_Fez Oy

Table 4. Surface Area and Catalytic Performance Data for the Decomposition of
Cyclohexanol over the Different Compositions of the System CuCra_zFe;O4
Composition Surface area  Catalytic bed Conversion Selectivity
T m2g! temperature/°C % Cyclohexanone Cyclohexene
0.00 43.2 200 16.46 47.62 50.16
300 32.89 43.99 55.71
350 38.54 29.85 67.12
400 42.51 23.81 73.14
0.25 52.6 200 21.45 66.78 31.16
300 46.34 54.51 45.48
350 57.56 41.72 56.56
400 61.98 35.89 63.29
0.50 57.4 200 32.14 81.17 18.80
300 53.26 77.65 22.29
350 60.40 62.01 35.98
400 67.98 38.91 59.01
0.75 64.7 200 38.99 86.32 10.62
300 60.03 80.96 16.00
350 72.56 67.67 30.15
400 81.93 43.23 53.26
1.00 68.1 200 65.67 89.38 7.14
300 77.41 84.19 11.80
350 80.91 76.24 20.74
400 88.64 62.43 35.26
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Fig. 1. Plot of % conversion vs. temperature for the Fig. 2. Plot of % conversion vs. activation energy

system CuCra_;FezO4.

tures studied. Further, from Table 4, it is observed
that CuCryQ4 showed only 42.5% conversion, which in-
creased to 67.9% for CuCry 5Feg 504 and showed max-
imum conversion of 88.64% at 400 °C for CuCrFeQy.
The increase in activity from CuCro04 to CuCrFeOy,
can be explained on the basis of increase in number of
active centres (Fe®t +Fe?t«=Fe?* 4+ Fe’t).

The effects of electronic activation energy on the cat-
alytic activity of spinels are shown in Fig. 2. From
the figure it is observed that with decreasing values

(AE) for the different compositions of the system
CuCrz-zFe;Oq4.

of activation energy from 0.38 eV (for CuCrz04) to
0.13 eV (for CuCrFeQy), the percent cyclohexanol de-
composition increases. As catalysis involves transfer
of electrons/holes from the surface of the catalyst to
the substrate molecule and is reversible, the greater
the activation energy, the more energy is required for
the electronic transition and consequently the poorer
will be the catalytic activity. Therefore, at 400 °C,
CuCrs04 (AE=0.38 eV) gave 42.51% conversion while
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at the same temperature CuCrFeO, (AE=0.13 eV)
gave 88.64% conversion.

Using the relation o=mneu, it is observed that the
number of charge carriers decreased with the increases
in mobility (Table 1). Further since catalytic activity
is dependent on the exchange of electrons/holes from
the surface to the probe molecule, the greater the mo-
bility, and the more easily the electrons/holes could be
exchanged with cyclohexanol. This behavior is clearly
reflected in the catalytic activity of the compositions
from £=0.0 to 1.0. Thus, CuCry04 (£=1.3567x10~1!
m?2V~1s571) gave 38.54% conversion while CuCrFeO4
(1=4.0653x10"" m? V=1s7!) gave 80.91% conversion
at 350 °C.

The surface area of the different compositions of the
system CuCry_,Fe, Q4 was measured using the conven-
tial BET method at 77 K. From Table 4, it is observed
that surface area of the compositions showed an increas-
ing trend with increase in concentration of Fe3* ions.
This increase in surface areas with increasing values ‘z’
accounts for the increasing trend of catalytic activity.

Decomposition of alcohol on an oxide surface can be
explained with the help of adsorption behavior sug-
gested by various workers.?*?®) According to widely
known conclusions based on electroni¢ theory of cat-
alysts the rate-limiting step for dehydrogenation is the
migration of holes, while for dehydration it is migra-
tion of free electrons of the catalyst. Percent selectiv-
ity of cyclohexanone and cyclohexene vs. thermo-emf is
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plotted in Fig. 3. It is observed that cyclohexanone se-
lectivity increases and cyclohekene selectivity decreases
with increases in the value of the Seebeck coefficient.
Thus, it can be seen that, at 200 °C, CuCry04 (o=
+100.0 pVK™1) gave 47.62% dehydrogenation selec-
tivity while at the same temperature CuCrFeOy (a=
+291.66 pVK 1) gave 89.38% dehydrogenation selec-
tivity. Such a correlation has also been reported in
higher alcohols.?”

The selectivity for dehydrogenation and dehydration
can be explained with the help of the following mecha-
nism:

The multiplet theory of catalysis implies two-point
adsorption as a condition for alcohol adsorption on the
catalyst.?® In the case of oxide semiconductors, the oxy-
gen of the hydroxyl group gets chemisorbed on the p-
type surface by donating an electron and then the hy-
drogen of the hydroxyl group is lost to the surface as
a proton. Later on, this proton combines with the hy-
drogen of the first carbon atom, leaving behind cyclo-
hexanone as a dehydrogenated product. The various
steps involved in the process are as follows (Chart 2):

In case of dehydration reactions by compositions with
low concentrations of Fe3T, the cyclohexanol gets ad-
sorbed on the surface through the hydrogen atom of
a neighboring (next to C-OH) carbon atom. This is
followed by a loss of a proton to the surface and forma-
tion of carbanion (C™!). However carbanion formed as
an intermediate product is unstable and loses the -OH
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Fig. 3. Plot of % selectivity vs. thermo emf () for the different compositions of the system CuCra_;FezOs.
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Table 5.
400 °C.

Decomposition of Cyclohezanol on CuCre_z;Fez Oy

Conversion Obtained after 15 h Process Time (T =
Flow rate=0.206 cm®min~!) for the System

CuCrz_zFe; 04

Composition Conversion (%) after
T 1h 5h 9h 13 h 15h
0.0 42.00 42.00 42.00 41.92 41.92
0.25 59.98 59.98 59.25 59.25 59.25
0.50 67.25 67.25 67.25 66.87 66.87
0.75 81.95 81.95 81.90 81.90 81.90
1.00 88.50 88.50 87.85 87.85 87.80

2H® <® H@ 0 fi 1t
/ é /
Vs

Chart 2.
: H
W Z,MW;WHZ% %%/ F ﬂ'ﬂfuztm;

Chart 3.

group to the surface, thus forming an olefin and a water
molecule. The various step are given in Chart 3:

Stability of the Catalysts Studied: The cat-
alytic decomposition of cyclohexanol was done in nitro-
gen. To measure the stability of the catalysts, three
checks were made (i) conversion level over a long pe-
riod (process time 15 h after reaching steady state), (ii)
comparison of IR spectra and (iii) comparison of the X-
ray diffraction patterns of used catalysts with those of
a fresh one.

The products were collected at intervals of 1 h af-
ter reaching steady state (constant conversion at this
temperature). The results are summarized in Table 5.
Further, from the table, it can be seen that conversion
did not fall even after 15 h of process time. This al-
lowed us to sustain the activity of spinels in terms of
conversion over 15 h of process time to be measured.

IR spectra of the used catalysts did not show any
appreciable change in the band frequencies. However,
the Fe3t ion-rich catalysts showed very little change
in the band positions (2—5 cm™!), indicating that the
catalysts are fairly stable over the temperature range
studied.

X-Ray diffraction patterns of used catalysts did not
show any additional lines although there was a slight
decrease in intensity as compared with fresh catalysts,
indicating that there is no bulk reduction of the catalyst
and the spinel structure is essentially retained under
reduced conditions.
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