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Abstract

Cadmium-containing catalysts were obtained by calcining a parent mixture of chromia and cadmium nitrate precursor
materials in atomic ratio Cd/C& 0.5. The thermal genesis of the catalysts was explored by means of thermogravimetric
analysis (TGA) in different atmospheres (air, nitrogen, and hydrogen) and in the temperature range Z5-Tll@Ealcination
products were characterized by adopting many techniques such as differential scanning calorimetry (DSC), Fourier transform
infrared spectroscopy (FTIR), scanning electron microscopy (SEM), estimation of surface ef¢essrientration, surface
area, and electrical conductivity measurements. It was demonstrated that raising the calcination temperature of Cd/Cr mixture
results in many effects on the structural as well as the electrical properties of the calcination products. The foléaf<Cd
in improving the electrical behavior of such a mixture was discussed. The results of the present study offer the advantageously
usage of Cd/Cr catalysts over the net chromia catalyst in the dehydration/dehydrogenation of alcohols as it will be discussed
in the next paper. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction chromium ions in various oxidation states enables an
easy exchange of electrons between the oxide and the
Chromia possesses an interesting electrical, mag-adsorbed species of the catalytic reactions, the oxide
netic as well as surface properties that affect its being in a position to accept electrons as well as to
usage as an industrial catalyst in many reactions. give them up. This means that both the adsorptive and
Such reactions include oxidative dehydrogenation the catalytic properties of the gel are sensitive to the
of isobutane [1] and ethane [2], selective oxidation conditions of preparation and heat treatment. Chromia
of HoS [3], CO oxidation [4] and ethylene poly- can be considered as a host oxide in preparing many
merization [5]. When annealing takes place, in air, groups of catalysts, viz. solid solutions, perovskites,
the gel suffers the well-known oxidation—reduction and spinels. Considering its industrial importance [7],
cycle (CP* — Crft — Cr*") and becoming a  metal chromites, MGiO4, represent another example
highly nonstoichiometric oxide [6]. The presence of for the previously mentioned redox cycle. In addi-
tion to the preparation procedure and according to
"+ Corresponding author. Tel+20-88-412107: Fahim et gl. [8] thi_s cycle is .controlled by the ex-
fax: +20-88-342708. tent to which the divalent cation (M) can exchange
E-mail address: el-awad@aun.eun.eg (A.M. El-Awad). electrons with the surface chromia ions. Recent
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investigations performed in our laboratory [9-11] chromia parent was followed throughout TGA
have concerned with the effect of addition of alkaline analysis by heating the starting mixture from ambient
earth as well as some transition metal cations on the up to 1000C in a dynamic atmosphere (40 ml mit)
formation and stability of chromate/chromite systems. of air, nitrogen, and hydrogen.
Among the investigated systems, Zn—-Cr—O system XRD patterns were recorded using a Philips diffrac-
showed interesting features. Reviewing the literature tometer (type PW 2103/00). The Philips generator,
revealed that a great number of publications have beenoperated at 35kV and 20 mA, provided a source of
reported on the formation [12-14], characterization Cu Ka radiation. FTIR spectra were obtained using
[7,14-17], and catalytic behavior [18—21] of stoichio- KBr disk technique over the range 1200-400¢nat
metric and non-stoichiometric zinc chromite spinel.  a resolution of 2 cm?! using Nicolet 710 FTIR spec-
The chemistry of zinc and cadmium is very similar trophotometer. Disks containing 2 mg of each sample
[22]. Moreover, they naturally occur together [23]. and 200 mg of KBr (spectroscopically pure) were pre-
To our knowledge, in the last two decades, no studies pared for comparable purpose.
on the catalytic properties of CdCiQr CdCrOg4 Water extractable &t ion concentrations were
systems have been reported. From this point of view, determined spectrophotometrically [9]. The measure-
it is of interest to investigate the textural as well as ments were made on a Shimadzu UV-200S double
the catalytic properties of the calcination products of beam spectrophotometer. Surface areas were deter-
cadmium-containing chromia catalysts. Therefore, the mined by BET analysis of the corresponding nitrogen
present paper was undertaken to shed some light on theadsorption isotherms (measured afl96°C) [24].
textural and electrical conduction variations accom- The isotherms were obtained by using Quantachrome
panying the heat treatment, in different atmospheres, (Nova 3200 series) multigas adsorption apparatus.
of a mixture of cadmium nitrate and chromia gel Scanning electron micrographs were obtained using
(CdO:CrO3 molar ratio) from ambient up to 100G. a JEOL scanning microscope, model JSM-5400 LV.
Characterization was carried out by using different The samples were prepared by the gold sputtering
techniques, thermal analyses, viz. thermogravimetric technique [25].
analysis (TGA) and differential scanning calorimetry The electrical conductivity measurements, adopting
(DSC), X-ray diffractometry (XRD), Fourier trans- the pellet technique, were carried out using a con-
form infrared spectroscopy (FTIR), and scanning ductivity cell described by Chapman et al. [26]. The
electron microscopy (SEM). In addition, surface area temperature was controlled with a Cole—Parmer tem-
of different calcination products was determined us- perature controller (type Digi-Sense). The resistance
ing nitrogen adsorption at196°C. Moreover, water measurements were carried out using a Keithley in-
extractable & ions estimation and electrical con-  strument 610 solid-state electrometer.
ductivity measurements were also carried out. In
a next paper, the catalytic behavior of the calcina- 2.2. Catalysts preparation
tion products, as obtained in the temperature range
400-1000C, towards ethanol decomposition will be Analytical grade chemicals were used. Chromia gel
discussed on the basis of their structural as well as was prepared [27] by adding chromium nitrate solution
electrical properties. (0.1 M) with constant stirring. The complete precipita-
tion was performed at pH= 9.1. The precipitate was
left overnight, filtered using centrifuge, then washed

2. Experimental twice with distilled water, finally dried at 10C un-
til constant weight. The cadmium/chromia mixture
2.1. Apparatus and techniques (CdO:CrO3 molar ratio) was prepared following the

impregnation procedure reported elsewhere [28]. Fi-

TGA and DSC analyses were performed on the nally, and based on the thermal analysis results, the

parent cadmium/chromia mixture using thermal ana- parent mixture as well as chromia gel parent were cal-
lyst TA-2000 apparatus. The effect of the surrounding cined in air at 300-100@ temperature range, for 5 h,

atmosphere on the thermal behavior of cadmium/ then quenched to room temperature. For simplicity,
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the catalysts will be referred to by abbreviationsxCr-
and Cd/Crx, for chromia gel and the mixture respec-
tively, wherex indicates the calcination temperature.

3. Results and discussion
3.1. TGA and DSC analyses

TGA thermograms of the solid mixture chro-
mia/cadmium nitrate parent mixture, as obtained in

215

three main stages. The completion of the first stage is
obtained at 250C and corresponds to 47.7% weight
loss (WL). This stage seems to be a composite one,
which involves two different processes taking place
simultaneously, viz. the decomposition of the parent
constituents of the mixture and the solid-state reac-
tion, which eventually leads to the formation of some
solid products. These products will be identified later.
The other two stages lie in the temperature range
440-520 and 570-66& with the corresponding WL

of 1.64 and 4.5%. In order to identify the different

air, pure nitrogen and hydrogen atmospheres are solid phases at each stage, the parent mixture was
shown in Fig. 1, thermograms a—c, respectively. The isothermally heated at 250, 520 and 665or 20 min,
obtained TGA curve in air atmosphere (Fig. 1a) shows which are the temperatures corresponding to the com-
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Fig. 1. TGA and DTG curves obtained by heating (at@@in—1)
the cadmium/chromia parent mixture in dynamic atmosphere
(40 mImin~1) of air (a), nitrogen (b), and hydrogen (c).

pletion of stages 1-3 respectively (as detected from
the DTG plot in Fig. 1a). XRD analysis of the solid
products revealed the existences@CdCrQ, together
with CrOOH, a-Cr,03 with B-CdCrQy, and CdCs04

[29] as the major phases in stages 1-3, respectively.
According to our results, cadmium chromate suf-
fers a phase transition in the 400-800temperature
range. Such transformation will be discussed later
(cf. XRD results). Based on the obtained WL values
corresponding to the different stages and with the aid
of XRD analysis, the thermal behavior of the parent
mixture, in air, can be described as follows:

Paren%sgca—CdCrQ; + CrOOH+ gases Q)
a-cderay 2 s cderg, @)
CrooH =227 1 4-Cry03 + 3H,0 3)
B-CACrQ + 3a-Cr03°3°CdCRO, + 20, (4)

When the decomposition was performed in nitro-
gen atmosphere, the TGA curve of the parent mix-
ture showed two main stages (Fig. 1b). The first stage
is identical with that found in case of heating the
parent mixture in air, while the second stage lies in
the 440-580C temperature range and corresponds to
5.28% WL. Results of XRD analysis confirmed the
formation of a-CdCrQ, together with CrOOH in the
first stage whereas Cdgld, is the only detected prod-
uct at the end of the second stage. Thus, the thermal
behavior of the parent mixture in nitrogen atmosphere
may be expressed as follows:

Paren%‘r’—o;ca-CdCrQ + CrOOH+ gases (5)
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a-CdCrQgy + CrOOH Aiming to evaluate the kinetic parameters as well
440—_5)80@chCrzo4 + %H20+ %Oz ©6) as the rate equations describing the thermal behavior

of the parent mixture in the various atmospheres, the

On the other hand, the TGA curve in hydrogen at- «-temperature data (wheke is the fraction decom-
mosphere (Fig. 1c) seems to be completely different Posed) were analyzed using a computer program [31]
compared with those obtained in air or nitrogen. It @nd by applying the two methods, Coats-Redfern and
shows two main stages, the completion of the first one Horowitz—Metzger. The obtained results as depicted
takes place at 22€ and corresponds to 47.56% WL, in Table 1 show that the phase boundary movement
whereas the second stage takes place along a very widénodel €2), whereFa(@) = —[1 — (1 — )~ "], is the
range of temperatures (500—-88) and corresponds ~ One which gives the best fit of data in both air and
to 23.85% WL value. Using the same method of phase nitrogen atmospheres. This model changes to become
identification, as previously mentioned in case of air the three-dimensional diffusion modeD4) [32],
and nitrogen atmospheres, it was found that G@gr ~ WhereDs(a) = 1.5[1— (1 - )32, in hydrogen at-
and a-Cr,0O3 are the only solid products formed at mosphere. On the other hand, a comparison between
the end of stages 1 and 2, respectively. Accordingly, the calculated activation energy valueg)( in the
it can be concluded that the role of hydrogen atmo- 140-250C temperature range, corresponding to stage
sphere is to accelerate the formation of Celyphase 1, indicates that the reaction atmosphere significantly
at relatively lower temperatures, whereas at higher influences these values. It shows a gre&igvalues
temperatures, above 50D, it causes the decompo- in case of nitrogen than in air atmosphere. This result
sition of the spinel with the complete reduction of May be related to the formation of cadmium chro-
Cd?* ions to zerovalent cadmium. In this context, itis Mate phase in stage 1. The formation of such a phase
worth-mentioning that the total WL value in the sec- involves the oxidation reaction & — Cr®" that is
ond stage which amounts to 23.85% is very close to 9reatly enhanced in air atmosphere offering such a
that anticipated theoretically to the removal of cad- lowering inE, value. It is to be noticed that the above
mium oxide. This fact together with the XRD analy- €xplanation cannot be applied in case of using hydro-
sis, which indicates the presence 0pOs as the only ~ 9en atmosphere. In such a case, the chromite phase
phase detected at the end of stage 2, enable us to sugi.S directly formed in stage 1 instead of chromate one.
gest that the second stage proceeds as follows: When a comparison between thg values was held
in the temperature range corresponding to the de-
CACRO, + H 0 CCr05 + Cd 1 +H,0 1 (7)  COMPposition of CACr@into CdCRO, phase, it was
found that the activation energy value in presence of
It is obvious that the produced Cd metal will evaporate air becomes much greater (212 kcal mglcompared
at temperature higher than 6&D[30]; leaving CpO3 with that in nitrogen atmosphere (76.1 kcal mb), a
as the only solid phase exists; offering a theoretical situation that may be related to the retarding effect of
WL value (24.8%), a situation agrees well with that oxygen on the transformation process of Cdgt®

found in TGA analysis (Fig. 1c). CdCr0O4 phase which involves the reduction reaction
Table 1
Activation energy values of the decomposition of the Cd/Cr parent mixture in different atmospheres
Atmosphere Stage Coats—Redfern Horowitz—Metzger
Ea (kcal mot?1) logA Model Ea (kcal mot?) logA Model

Air 1 8.9 2.14 F2 17.4 6.04 F2

2 212 24.5 F2 210.6 36.6 F2
Nitrogen 1 28.8 6.9 F2 28.5 115 F2

2 76.1 10.5 F2 79.2 20.15 F2

Hydrogen 1 20.3 4.68 D3 4.5 0.45 D3
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Cr®t — Cr3t. In this respect, it was stated [33] that temperature relationship. The obtained plot (Fig. 2a)
the activation process for the thermal decomposition is divided into many regions, I-VIIl, which are; from
of solid chromates is a one-electron transfer from the point | to Il, the conductance is slightly increased due
nonbonding oxygenr-orbital to the chromiume{ — to thermal energy causing electrons emitting from
2e electronic transition). The activation energy for the low energy level to conduction band [34]. From point
thermal decomposition of chromates may be related to Il to 1ll, the lowering in the conductance may be
the energy of this charge transfer process; the effect of attributed [35] to the removal of water according to
this is to reduce the oxidation state of chromium from

+6 to +5, then a strong polarization effect of cations Cr(OH)3 — CroOOH+ H0 (8)
leading to further reduction of €f to Cr** occurs From point 1l to IV and then to point V, the two
[33]. From this point of view and as a probe to rec- dominant reactions in this region of temperature are,
ognize the various stages of the decomposition of the respectively, the decomposition of cadmium nitrate
parent mixture, in situ measurements of the electrical and the formation o&-CdCrQ. It is obvious that the
conductivity were performed in the two atmospheres, formation of the later phase, which involves the ox-
air and hydrogen. The results as conducted in the idation process, GF — Cr®* + 3e™, is responsible
25-500C temperature range (500 is the tempera-  for the large conductivity increase in the IV-V region
ture limit for measuring in our conductivity cell) are throughout increasing the number of charge carriers.
shown in Fig. 2a and b, respectively, as togersus From point V to VI, the obtained values show the
temperature-dependence of the conductivity behav-
ior of the formeda-CdCrQy phase. In addition, the
phase transition process af to B-CdCrQy as well
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asa-CroO3 formation are responsible for the notice-
able lowering of conductivity in the region VI-VII.
After the completion of these processes, the electrical
conductivity of solid product behaves a continuous
increase with increasing the temperature up to®&00
(point VIII). It is worth-noting that the above expla-
nation is in a complete agreement with both TGA
(Fig. 1a) and DSC (vide infra) results. It also finds
further support when the conductivity measurements
were conducted in hydrogen atmosphere (Fig. 2b).
In such a case, the obtained conductivity behavior
clearly indicates the absence of the characteristic
effects above 40@. These effects were related be-
fore (Fig. 2a) toa-CroO3 formation. Instead, a sharp
conductivity lowering was found which could be as-
cribed to the direct formation of CdelD, phase in
the reducing atmosphere.

DSC thermogram obtained for the parent mixture
in air is shown in Fig. 3. The heating curve (solid
curve) manifests four endothermic effects maximized
at 45, 142, 193, and 59€ together with other three
exothermic peaks located at 184, 428, and °@87
The early two endothermic effects are corresponding
to the elimination of different types of water of hydra-
tion [36], followed by an exothermic effect at 182

Fig. 2. Variation of logr with temperature during heating (at
10°C min~1) the parent cadmium/chromia mixture in air (a) and
hydrogen (b) atmospheres.

which has been attributed to the formation of CrOOH
[36]. The main endothermic peak at T@3seems to
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184°C a-CdCrQy (major) anda-Cr,O3 (minor). The detec-

0+ 428°C~_ /487"0‘ tion of a-Cr,O3 agrees well with the reported data
[38—-40] concerning the formation of microcrystallites
/ \ of a-Cr,O3 at 400C. Raising the calcination temper-
ature up to 500C is accompanied by a phase transi-
/ tion of CdCrQ, from «- to B-structure. On the other
2 142°C hand, the pattern of Cd/Cr-600 catalyst undergoes
remarkable structural changes. Our analysis showed
that cadmium chromite phase (major) together with
3 \ chromic oxide (minor) and cadmium chromate (trace)
T T T T T : represent the constituents of Cd/Cr-600 catalyst. Fur-
0 100 200 300 400 500 600 700 ther rise of the calcination temperature up to D0
Temperature /°C leads to progressive formation of C@Qy at the ex-
Fig. 3. DSC thermogram for heating (solid curve) and cooling pense of the other phases. The picture for Cd/Cr-1000
(dashed curve) the cadmium/chromia parent (CI@in~2). catalyst is almost the same as that of Cd/Cr-700.
Only the intensity of the characteristic lines of the
former become sharper reflecting an increase of the
be not a simple one, it is a composite peak involves crystallinity order.
two processes: (i) decomposition of cadmium nitrate,  From the absence of the characteristic lines of
and (ii) solid-state reaction leading eventually to the cgo together with the detection af-Cr,O3 and
formation ofa-CdCrQy phase, such process involves g.cdcrQ, phases in trace amounts in the XRD pat-
the oxidation reaction Gt — Cr®". The second  terns for the samples calcined in the 700—T@DO
exothermic peak at 428 refers to the Crysta”ization temperature range, we can conclude that the Spine' is

of orthorhombic CrOOH intax-structure, which is  formed immediately as a result of the decomposition
accompanied by water evolution, as indicated by TGA of cadmium chromate according to

analysis [10,37]. The last exothermic effect at 487
can be assigned to the to B-CdCrQy phase transi-
tion. Such process is confirmed by XRD analysis (vide
infra). Finally, the endothermic peak being located at o ) ]
599°C is referred to the decomposition of chromate Th|s_90|n0|d_es with our earlier results for the thermal
phase to chromite one. It is worth-mentioning that the Stability of zinc chromate [9]. The newly formed CdO
previously discussed thermal events are irreversible, aPhase in Eg. (9) reacts, simultaneously, with excess
fact which can be clearly understood by checking the ®-Cr20s (minor phase in Cd/Cr-500 catalyst) to form
cooling curve of the parent mixture (Fig. 3, dashed gnother molecule of cadmium chromite spinel accord-
curve). Based on the above TGA analysis, the parent N9 t0

mixture was isothermally calcined in air, for 5h, in

the 300-1000C temperature range. The structural CdO+ a-CryO3 — CdCrO4 (20)

as well as the electrical properties of the obtained

samples will be given in the next sections. In view of this conclusion, the thermal behavior given

by the above two equations can be represented as a
3.2. X-ray diffraction (XRD) analysis whole by Eqg. (4). The parent chromia gel was sub-

jected to the same heat treatment in the 400 up to

The XRD patterns of the calcination products of 1000°C temperature range. XRD investigations of the

Cr/Cd mixture in the temperature range 300-1@0  obtained samples (the data are not shown) revealed that
are presented in Fig. 4 and summarized in Table 2. all the diffraction peaks for all samples were assigned
Results of Cr/Cd-300 revealed the existence of two to a-Cr,Oz (with d (A) = 2.48, 2.67, and 1.67), while
major phases, viza-CdCrQ; and CrOOH [29], no peaks for other compounds such as £add CrQ
whereas Cr/Cd-400 showed the coexistence of both were detected in the diffraction diagrams.

Heat Flow / (W/g)
[$)]
3
o

2B-CdCrQy — CdCrRO4 + CdO+ 30, 9)
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Fig. 4. XRD powder diffractrograms for the calcination products of the parent cadmium/chromia mixture in the temperature range
300-1000C.

3.3. FTIR spectra shown in Fig. 5. The spectrum of the starting sample,
i.e. Cd/Cr-300, shows absorptions at 923(s), 867(w),

The FTIR spectra taken for the calcination prod- 827(sh), 799(s), 533(b), and 423(w)ch where
ucts of the parent cadmium/chromia mixture are s= sharp, w= weak, sh= shoulder, and b= broad.
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Table 2
Structural information of calcined cadmium/chromia mixture

AM. El-Awad, B.M. Abu-Zied/Journal of Molecular Catalysis A: Chemical 176 (2001) 213-226

Calcination temperature C) Phase detected

0-Cry03 a-CdCrQy B-CdCrQy CdCrO, CrOOH
300 - j - - m
400 m j - - -
500 m j j - -
600 m - t j -
700 t - - j -
1000 t - J -

aj: major, m: minor, and t: trace.

The early two bands at 533 and 423chare due to
lattice vibration of chromium oxide [6,37,41-44]. The
bands located in the spectral region 930-780tm
which cover the fundamental frequencies of normal

€d/Cr-\
Cd/Cr-900

Cd/Cr - 800

cd/Cr-700

\:—a\ﬂfkf

Transmittance / %

10 %
1

Wavenumber / cm’!

Fig. 5. FTIR spectra exhibited by the calcination products of
the parent cadmium/chromia mixture in the temperature range
300-1000C.

chromates [10,16,43-45], can be assignhed according
to Muller et al. [46] to different stretching vibra-
tions of x-CdCrQy. The FTIR spectrum of the parent
mixture calcined at 40@ shows a progressive in-
crease in the intensity of the absorption bands due to
a-CdCrQy. In addition, the band located at 923th

for Cd/Cr-300 catalyst, is splitted into two bands at
927 and 907 cm!. On the other hand, in the low fre-
quency region (ak700cnt!, where the absorption
due to CF—O vibrations appears) one can observe
that the band at 533 cnt is splitted into two bands

at 627 and 583cmt. Meanwhile, a new band at
465cnT! emerged. Such absorptions are assigned to
a-Cr03 [37,42]. The FTIR spectrum of the calcina-
tion products at 50CC is in line with the XRD results
(Table 2). This is clearly manifested by the persis-
tence of the previously detected bands characterizing
a-CdCrQy and a-Cr,0O3. Moreover, a new band lo-
cated at 765 cm! appeared, which can be assigned to
the presence @-CdCrQy, [46]. It is worth-mentioning
that this newly detected band lies in the 840-720¢m
wavenumber region, where the Cr—O—Cr stretching
vibration of dichromate group appears [37,43,47]. In
agreement, it was reported [48,49] that some chro-
mates may give rise to dichromate-like IR spectra if
they were bound to cations of a charge density as high
as Cr, e.g. Gi(CrOy)3, Tl2(CrOy)3, and CdCrQ.
Raising the calcination temperature up to 600
where the C&#+ — Cr3* reduction is affected either
thermally (Eqg. (9)) or chemically (Eq. (4)), one can
observe an emergence of a very sharp two absorptions
at 618 and 502 cm! which are assigned to the lattice
vibration of chromite group [10,44]. Meanwhile, a
weak absorption due to chromate ion is still evident.
The picture is the same for the samples calcined at
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Table 3

Texture data of the calcination products of chromia gel as well as cadmium/chromia mixture

Calcination Cd/Cr-parent Chromia gel

temperature’C)  ger (gl s (mPg)  CRf (moim)  Ser (PgY) S (Mg  Cet (molmd)
300 18.49 20.11 1.75E4 153.91 142.32 2.27E6
400 5.77 3.87 21.95E4 30.77 30.94 4.71E6
500 6.1 3.32 24 .24E4 25.29 25.14 4.31E6
600 4.49 2.43 0.15E4 21.7 20.79 4.01E6
700 4.27 29 0.16E4 10.41 10.31 3.84E6
800 4.54 2.66 0.13E4 10.93 10.38 2.29E6
900 4.03 2.76 0.14E4 5.26 5.16 2.09E6
1000 2.79 2.32 0.11E4 4.62 4.64 1.52E6

700-1000C temperature range. The only difference authors [39,40,50-53] observed the phenomenon of
is that the band at 502 cmh suffers from a splitting oxidation of chromic oxide gel on heating in air. Deren
into two bands located at 513 and 489¢mThese et al. [50] assumed, therefore, that chromic oxide gel
spectra support the existence of cadmium chromite asoxidized on heating to GO3-3CrQ;. Others [40,51]
a major phase in the 600-10@ temperature range.  suggested the formation of chromium chromate. On
the other hand, for the M—Cr—O systems @MAg™,
Zn?t, Mg?t, and NF"), the detection of hexavalent
chromium ions was attributed to the formation of
metal chromates [8-10,36]. Generally, and according
The results of colorimetric estimation of surface to the results given here, one can state safely that
extractable C¥" ions for the calcination products of  Cd/Cr catalysts possess much highet‘Ceoncentra-
chromia gel as well as cadmium/chromia mixture are tion than the corresponding Cr-ones. A fact that may
summarized in Table 3. In addition, the variation of reflect the stabilization role of cadmium ions to the
Cr%+ concentration with the calcination temperature of high oxidation state of chromium ions throughout the
both series is given in Figs. 6 and 7, respectively. Many formation of chromate species (cf. Table 2).

3.4. Determination of water extractable surface
Cr®* concentration
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Fig. 6. Variation of the surface areaSgtt) as well as the concentrations of surfacé'Cof the Crx catalysts with the calcination
temperature.
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Fig. 7. Variation of the surface areaSsft) as well as the concentrations of surfac€Cof the Cd/Crx catalysts with the calcination
temperature.

Upon heating the freshly-prepared chromia gel of Cr%* concentration. No marked change in®Cr
from 300 up to 1000C, the water-leached €¥ ions concentration was observed as a result of raising the
increase firstly going from 300 to 400; showing calcination temperature from 600 till 100D. These
a maximum value for Cr-400 sample; then decrease findings respond positively to the inference drawn
continuously till 1000C. At 400°C we have two com-  from the XRD results, they confirm that the highest
pensating processes: (i) decomposition of chromium Cré* concentrations are observed in the temperature
oxide monohydrate (cf. XRD results), where the re- range where cadmium chromate represents the major
leased water molecules leave back some chromium phase, i.e. at 300-500.
ions ready to coordinate with oxygen to the extent
of Cr®+ formation; and (ii) crystallization of chromia  3.5. Surface area measurements and
into a-structure which is accompanied by a decrease grain morphology
in surface excess charge [52]. According to our results,
we may suggest that the former effect predominates. Adsorption—desorption isotherms of nitrogen were
Moreover, this mild increase in €r concentration measured on the calcination products of chromia gel
may be correlated with the drastic drop in surface as well as cadmium/chromia mixture. The sorption
area values (vide infra), viz. 153.9Pmy ! at 300C isotherms (not shown) were found to be of type Il of
and 30.77rAg~! at 400C. Within this context, the  Brunauer's classification [54]. The surface areas, cal-
continuous decrease in the®rvalues for the other  culated by applying the BET equation, are cited in
chromium catalysts is a direct response todh@r,O3 Table 3. Moreover, th& values were also obtained
formation (which increases with increasing the calci- using theVa—t plots of de Boer and coworkers [24].
nation temperature) as well as the continuous decreaserigs. 6 and 7 report the surface area change as a func-
in the measured surface areas of these catalysts. tion of the calcination temperature for chromia gel

The detection of water extractable®rions from and cadmium/chromia mixture, respectively. Follow-
the calcination products of cadmium/chromia parent ing up the variation oBggt values of both series with
mixture indicates that raising the calcination tempera- calcination temperature two points can be raised: (i)
ture from 300 up to 50T is accompanied by a contin-  the chromia-catalysts exhibited higher areas than the
uous increase in its concentration. Passing Cd/Cr-500 corresponding cadmium/chromium ones; and (ii) for
to Cd/Cr-600 catalyst resulting in a drastic drop both series, raising the calcination temperature from
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300 up to 400C is accompanied by a drastic drop in
the measure8get values, whereas further raise in the
heating temperature up to 10@D produces the ex-
pected continuous decrease in the surface areas. The
high surface areas for Cr-300 and Cd/Cr-300 catalysts
can be reasonably correlated with the weight change
of the starting parents as illustrated by TGA analysis.
The evolved gases ¢ from Cr-parent and 0, O,
and NQ. from Cd/Cr-one) are responsible for the cre-
ation of new pore system having high surface areas.
The drop in the surface areas of both series, as ob-
served upon raising the calcination temperature from
300 up to 400C, can be understood taking into ac-
count two factors: (i) sintering effect which increases
with the temperature; and (ii) the presence of high
concentration of " ions at 400C calcination prod-
ucts of both series. In this respect, it was reported, for
chromium oxide [38] and for ZnO:GO3 system [10],
that the presence of such ions produce pore narrowing
even to the extent of blocking and hence decreasing
the surface area. Finally, the continuous decrease in
the Sget values, for both series, with the calcination - : ]
temperature can be related to the process of densifica- g% $ .53 i!’ oL
. . . . . . . Y. o e P,
tion, which is going parallel with the sintering process. e R
With the aid of electron microscopic investigations, - VP
it is possible to obtain further knowledge about the y' R T
surface features of our catalysts. The microscopic SkU X1@, lum OOOBBE
investigations of chromia is given elsewhere [55].
Focusing our attention on Cd/Cr system, and with the
aid of the previous analyses, selected three catalysts
of this system were investigated, viz. Cd/Cr-500,
Cd/Cr-600, and Cd/Cr-1000. The SEM micrograph of
Cd/Cr-500 catalyst (Fig. 8a) showed spherical crys-
tallites with size varying in the range 0.27-0,67.
Moreover, irregular holes distributed among the parti-
cles is evident. Raising the calcination temperature to
600°C, where CdCyO4 formation starts, one can ob-
serve that Cd/Cr-600 catalyst (Fig. 8b) possesses the
same morphological features as that of Cd/Cr-500 one,
but with smaller grain size (0.07-0.p3n) as well
as smaller irregular holes. Inspection of Cd/Cr-1000
sample (Fig. 8c) revealed that this catalyst consisted
of highly crystalline material with large particles
(0.27-4um in size) having a well-defined edges. In
view of our results, we can conclude that the perfect
structure of cadmium chromite can be obtained by Fig. 8. SEM micrographs obtained for Cd/Cr-500 (a), Cd/Cr-600
calcining the parent mixture at high temperatures as (b), and Cd/Cr-1000 (c) catalysts.
such as 100CC.
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2 - ") crystallinity of CdCpO4 spinel which reaches almost
s S—— S a complete ordered form at 80D. Then, heating
M o —— . .
N — T —+ the parent mixture at more elevated temperatures, i.e.

)
- R —t ()
£ N :'/\ B S at 900 and 100, has no marked influence on the
"§ ol - /”'\_\A\\v v——v (d) measured values. A situation that can be evidenced
g \. A, A from the constancy of the conductivity values for the
°c N \\*——»«.f—— — (b) 800-1000C calcination products.
S \ A comparison between the mode of conductivity
—_— . (a) variations of the various samples with the estimated
10 R . R Cr®* ions (Table 3) clearly indicates a parallel rela-
400 500 800 700 800 900 1000 tionship between the conductivity increase and the
Calcination temperature / °C Cr8+ content. Thus, the higher conductivity values

Fig. 9. Variation of logr of the Cd/Cdx catalysts with the calci- char_acterlzmg Cd/CI‘.-4OO and -500 catalysts can be
nation temperature, where the measurements were carried out atascr'bed to the co-existence of a large amount gtcr
100 (a), 150 (b), 200 (c), 250 (d), 300 (e), 350 (f), 400 (g), and — Ci%* pairs forming a stable surface mobile-electron
450°C (h). Zener phase [9]. The presence of such redox couple
of chromium ions on the surface creates an ideal
environment for maximization of the conductivity
3.6. Electrical conductivity measurements [10]. In a similar manner, the conductivity lowering
observed for the calcination products of the parent
Fig. 9 shows the variation of conductivity values, Cd/Cr mixture at more elevated temperatures, i.e.
as obtained in air atmosphere at the 100-=@56m- above 500C, can be related to the solid-state reaction
perature range, with the calcination temperature of the given by Eq. (4) which acts to diminish the number of
cadmium/chromia parent mixture. Considering the Cr¥f— C8+ pairs and, consequently, leads to such a
conductivity values at 10, it appears that the calci- conductivity lowering [56]. However, the above con-
nation products at 40C are characterized by a higher cept could explain the conduction behavior depending
specific conductivity value (1.886Q~1cm™1), this on the existence of pairs of chromium ions in two
value slightly increases upon raising the calcination different oxidation states, the possibility of other par-
temperature up to 50C€. Then, a continuous lowering ticipants to be exist and to have influence on the elec-
of conductivity can be observed upon further increase trical behavior cannot be ignored. In this respect, it
of the calcination temperature up to 8@which dis- was stated [57], for chromia-containing catalysts, that
plays a specific conductivity of 4.35E10Q 1 cm1. there are sites having an excess positive charge (low
At more elevated calcination temperatures, i.e. at 900 anion charge) which seek to be neutralized by electron
and 1000C, almost the same conductivity values as movement either from a negatively-bound entity or by
for 800°C-products were also obtained. A combi- electron movement from the bulk of the solid. Such
nation between the above findings together with the electron movement will tend eventually to an increase
results of TGA and XRD analyses allows us to con- of conductivity. It is to be noticed that one of the
sider the variation of conductivity values to reflect the two constituents forming the parent Cd/Cr mixture is
accompanied structural changes of the parent mixture cadmium nitrate salt, which decomposes to cadmium
upon raising the heating temperature from 400 to oxide with the excess of cadmium in the bulk and the
1000°C. Consequently, the higher conductivity val- surface layers [58,59]. This excess cadmium is pro-
ues of Cd/Cr-400 and Cd/Cr-500 catalysts are mainly duced by the removal of the lattice oxygen [60] either

referred to the formation af-Cr,O3 anda-CdCrQy, from the bulk or from the surface and can be again
and a-Crp0O3 and B-CdCrQqy mixtures, respectively, ionized thermally, giving interstitial cadmium (II)
whereas the subsequent formation of CdQyr at cations and free electrons. Thus, an additional source

temperatures higher than 5@ is accompanied by  of charge carriers will be created causing the observed
a noticeable lowering of conductivity. Such a low- higher conductivity values of Cd/Cr calcination prod-
ering becomes greater with increasing the order of ucts. The above explanation finds support when the
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cadmium and chromium ions in the development
301 / (b) of cadmium/chromia catalyst. In addition, catalyst
o preparation environment, e.g. air, nitrogen, and hy-

5] drogen, can have profound effects on the catalyst

-1

— ./I/:\
E sl / / @ structure.
;“‘3 /' /‘ 2. As it was shown for several transition metal chro-
~o15] = . mates, e.g. copper chromate [33], zinc chromate
w . / [10], and silver chromate [36], the thermal stability
104 T of cadmium chromate, in air atmosphere, is limited
. . . : . . ‘ to 500°C. At more elevated temperatures, cadmium
400 500 600 700 800 900 1000 chromite Spine| forms.
Calcination temperature / °C 3. The step formation of the intermediate chromate is

hindered in hydrogen atmosphere, while retarded
when curing medium is nitrogen. This indicates that
oxygen is necessary for this intermediate forma-
tion and hence for the spinel itself. In this regard,

it is plausible to suggest that the limited supply of

oxygen resulting from lateral hydroxyl groups con-

densation of chromia gel partner [38] taking place
during heating up the starting mixture contributes
to oxidation and, hence, cadmium chromate forma-
tion.

4. From the electrical conductivity measurements, it
is evident that the charge carrier movements be-
come easier for the 400-50D calcination prod-
ucts of cadmium/chromia catalysts. Such property
will have a marked influence on the catalytic be-
havior of these catalysts, as it will be discussed in
the next paper.

Fig. 10. Variation of the activation energy of conductance with
the calcination temperature of Cd/€rta) and Crx (b) catalysts.

activation energies of conductancgk,{, character-
izing the calcination products of the parent chromia
as well as Cd/Cr mixture, were calculated. Results
are represented in Fig. 10 as a relationship between
the E, values and the calcination temperature of the
various samples. One can easily distinguish a remark-
able lowering ofE, values for Cd/Cr calcination
products (curve a) compared to the corresponding
cadmium-free samples (curve b). A situation confirms
the suggested role of cadmium oxide in enhancing
the conduction process of Cd/Cr system. In addition,
it appears that the conductivity behavior of Cd/Cr
system is divided to three regions depending on
the calcination temperature, viz. 400-500, 500-800,
and 800-100QC regions. The calcination products
in these temperature regions possess different acti- References
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