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a b s t r a c t

The effects of K2O and Li2O-doping (0.5, 0.75 and 1.5 mol%) of Fe2O3/Cr2O3 system on its surface
and the catalytic properties were investigated. Pure and differently doped solids were calcined in air
at 400–600 ◦C. The formula of the un-doped calcined solid was 0.85Fe2O3:0.15Cr2O3. The techniques
employed were TGA, DTA, XRD, N2 adsorption at −196 ◦C and catalytic oxidation of CO oxidation by O2

at 200–300 ◦C. The results revealed that DTA curves of pure mixed solids consisted of one endothermic
peak and two exothermic peaks. Pure and doped mixed solids calcined at 400 ◦C are amorphous in nature
and turned to �-Fe2O3 upon heating at 500 and 600 ◦C. K2O and Li2O doping conducted at 500 or 600 ◦C
modified the degree of crystallinity and crystallite size of all phases present which consisted of a mix-
ture of nanocrystalline �- and �-Fe2O3 together with K2FeO4 and LiFe5O8 phases. However, the heavily
i2O-doping Li2O-doped sample consisted only of LiFe5O8 phase. The specific surface area of the system investigated
decreased to an extent proportional to the amount of K2O and Li2O added. On the other hand, the catalytic
activity was found to increase by increasing the amount of K2O and Li2O added. The maximum increase in
the catalytic activity, expressed as the reaction rate constant (k) measured at 200 ◦C, attained 30.8% and
26.5% for K2O and Li2O doping, respectively. The doping process did not modify the activation energy of
the catalyzed reaction but rather increased the concentration of the active sites without changing their

energetic nature.

. Introduction

The catalytic activity and selectivity of a large variety of cata-
ysts can be modified by various methods such as loading on a finely
ivided support [1–6], subjecting to ionizing radiations [7–15] and
oping with certain foreign oxides [16–22]. The loading on suit-
ble support material results in an increase in the concentration
f catalytically active constituents via increasing their dispersity
nd hindering their grain growth. The ionizing radiations might
lso increase the number of active components by splitting them
nto small-sized particles besides modifying their acidic proper-
ies [12,13]. The doping with certain foreign oxides such as Li2O,
2O or ZnO hinders the metal oxide–support interactions thus
ncreasing the stability of catalytically active constituents [16–23].
his treatment induced significant changes in the physicochemical
haracteristics of the treated solids such as the electrical, magnetic,
extural and acidity features of the resulting solid catalysts. Nano-
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sized catalytic systems could be prepared by a variety of methods
including sol–gel, co-precipitation, laser controlled deposition, wet
impregnation and convenient microwave heating [24–27].

The catalytic oxidation of CO by O2 can be used as a convenient
test reaction for investigating the catalytic properties of various
catalytic systems. The oxidation state of the catalytically active
component is an important factor in determining the catalytic
activity of such systems in which the active component can exist
in different oxidation states [2,3].

Carbon monoxide, emitted from many industrial processes and
transportation activities, is considered as an important class of air
pollutions. Supported noble metals (Au, Pt, Pd and Ru) are efficient
catalysts for CO oxidation [28–32]. Since the precious metals are
relatively rare and expensive, some transition metal oxide catalysts
have been used as active solids for CO oxidation by O2 to avoid the
high cost of the precious metals [33–40].

We have found, in our recent study that Cr2O3 acted as a catalyst

stabilizer of Fe2O3/Cr2O3 system via hindering the grain growth of
Fe2O3 crystallites [41].

In our last paper [41] the effects of chemical composition and
calcinations temperature of pure Fe2O3/Cr2O3 system on its sur-
face and catalytic properties have been investigated. The results

dx.doi.org/10.1016/j.jallcom.2010.10.023
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between weak and strong and being broad and sharp. The last peak
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evealed that the increase in Cr2O3 content increased the specific
urface area and catalytic activity.

The present work reports the results of a study on the influ-
nce of Li2O and K2O-doping on the surface and catalytic properties
f Fe2O3/Cr2O3 system. The techniques employed were TGA, DTA,
RD, adsorption of N2 at −196 ◦C besides catalytic oxidation of CO
xidation by O2 at different temperatures between 200 and 300 ◦C.

. Experimental

.1. Materials

Ferric and chromic mixed hydroxides were prepared by using co-precipitation
ethod. This process was carried out using an aqueous solution of ferric and chromic
ixed nitrate solutions. This method was carried out at 50 ◦C with continuous vig-

rous stirring, until a pH of 8 was attained. Concentrated NH4OH solution subjected
o pubbling by a current of dry air free from CO2 flowing at a rate of 20 ml/min was
sed as precipitating agent. Different amounts of Fe(NO3)3·9H2O and Cr(NO3)3·9H2O
f analytical grade, supplied by BDH company, were used. The amounts of ferric
nd chromic mixed nitrates were calculated in a manner that Fe/Cr atomic ratio
as 0.85/0.15. The molecular formula of the prepared calcined mixed solids was

.85Fe2O3:0.15Cr2O3. The carefully washed mixed hydroxides were dried at 120 ◦C
nd then were heated at 400, 500 and 600 ◦C for 4 h.

Three Li2O-doped and three K2O-doped samples were prepared using the Fe/Cr
ixed hydroxide samples having Fe/Cr atomic ratio equals to 0.85:0.15. Known

mounts of the mixed hydroxides were impregnated with calculated amounts of
ithium or potassium nitrates dissolved in the least amount of distilled water suf-
cient to make pastes. The pastes were dried at 120 ◦C until constant weight then
alcined in air at 400, 500 and 600 ◦C for 4 h. The dopant concentrations were 0.5,
.75 and 1.5 mol% Li2O or K2O.

Pure mixed solids were designated as FeCr, while those doped with K2O were
eCrK1, FeCrK2 and FeCrK3 containing 0.5, 0.75 and 1.5 mol% respectively. Li2O-
oped solids were designated as FeCrLi1, FeCrLi2 and FeCrLi3 including 0.5, 0.75
nd 1.5 mol%, respectively.

.2. Techniques

.2.1. Thermal analysis
Thermo gravimetric and differential thermal analyses (TGA and DTA) of different

repared uncalcined solids were carried out with the aid of Thermo analyzer (D-50)
himadzu, Japan. About 2 mg of each sample was heated at a rate of 10 ◦C/min in
stream of dry nitrogen flowing at a rate 20 ml/min. The thermally inert reference
aterial was sintered alumina (�-Al2O3). The temperature was measured with the

id of Pt/Rh (10%) thermocouple.

.2.2. X-ray diffraction (XRD) analysis of different mixed oxides
X-ray powder diffractograms of the samples calcined at 400, 500 and 600 ◦C

ere determined using a Bruker diffractometer (Bruker D8 advance target). The
canning rate was fixed at 8◦ in 2�/min for phase identification and 0.8◦ in 2�/min
or line broadening profile analysis, respectively. The X-ray patterns were recorded
sing Cu K�1 with secondly monochromator (� = 0.1545 nm), operated at 40 kV
nd 40 mA. The crystallite size was calculated from the line broadening profile
nalysis of the main diffraction lines of the phases present using the Scherrer
quation [42].

= K�

ˇ1/2 cos �

here D is the mean crystallite diameter in Å, � is the wave length of X-ray beam, K
s the Scherrer constant (0.89), ˇ1/2 is the full-width at half-maximum (FWHM) of
he main diffraction peak of crystalline phases and � is the diffraction angle.

.2.3. Measurements of different surface characteristics
The different surface characteristics of various solids were determined from

nalysis of nitrogen adsorption isotherms, carried out at −196 ◦C over various adsor-
ents. These characteristics include specific surface areas (SBET), total pore volume
Vp), mean pore radius (r−) and pore volume distribution (�v/�r). The different
dsorption desorption isotherms were measured using Quantachrome NOVA Auto-
ated Gas sorbometer. The SBET values were determined from linear portion of the

ET equation. Another series of specific surface area (St) was determined from Vl − t
lots constructed using suitable standard t-curves depending on the values of the
ET-C constant.

The values of Vp were computed from the relation Vp = 15.45 × 10−4 × Vst cm3/g,
here Vst is the volume of nitrogen adsorbed at P/P0 tends to unity. The values of r−
ere determined from the equation

−(Å ) = 2Vp

SBET
× 104
Compounds 509 (2011) 1314–1321 1315

2.2.4. Apparatus for measuring the catalytic activity
Catalytic oxidation of CO by O2 over the various catalysts was carried out at

temperatures in the range of 200–300 ◦C using a static method. A stoichiometric
mixture of CO and O2 (CO + 1/2O2) at a pressure of 2 Torr was used. A fresh catalyst
sample (200 mg) was employed for each kinetic experiment and was activated by
heating under a reduced pressure of 10−6 Torr for 1 h at 250 ◦C. The CO2 produced
was removed from the reaction system by freezing in a liquid nitrogen trap. The
kinetics of the catalytic reaction was monitored by measuring the pressure of the
reacting gases, using mercurury Mc Leod gauge, at different time intervals until no
change in pressure was attained. This indicates that no further interaction between
CO and O2 occurs. The % decrease in pressure at a given time determines the percent-
age conversion of the catalytic reaction at that time. The saturation vapour pressure
of CO at −196 ◦C being 160 Torr makes its liquefaction at that pressure improbable
under the employed conditions (2 Torr) as shown by El-Shobaky et al. [43].

3. Results and discussion

3.1. Thermal analyses of different prepared mixed hydroxides

TGA and DTA curves of pure and doped un-calcined mixed solids
were determined. The obtained TGA curves consists of four weight
losses most of which took place at temperatures blew 500 ◦C. The
thermal decomposition of ferric and chromic mixed hydroxides
proceeds according to:

0.85Fe2O3 + 0.3Cr(OH)3 → 0.85Fe2O3 + 0.15Cr2O3 + 0.85x·H2O

+ 0.45H2O

The value of x was readily determined in terms of the total
weight lossobserved. The DTA curves of the un-calcined pure mixed
solid consist of two exothermic peaks and an endothermic one with
their maxima at temperature near from each other for the variously
investigated solids. The amounts of dopant nitrates (lithium and
potassium) added were very small. Their thermal decomposition
did not exert any detectable influence in TGA and DTA curves of
the doped solids.

Figs. 1 and 2, respectively, depict the TGA and DTA curves of
FeCr, FeCrK3 and FeCrLi3 samples. The TGA curve of FeCr sample is
composed of four distinct weight loss processes. The first process
extends between 27and 138 ◦C, the second from 138 to 271 ◦C, the
third from 271 to 453 ◦C and the fourth from 454 to 570 ◦C. These
processes are followed by weight losses of 12.76, 12.4, 2.05 and
1.2%, respectively. So, the total weight loss of FeCr solid sample is
28%. This value might suggest the formula of hydrated ferric oxide
in the doped sample to be Fe2O3·3.5H2O. The DTA curve of this sam-
ple (pure one) consists of three peaks. The first peak is endothermic
relatively sharp and strong, the second peak is exothermic strong
and sharp, and the third peak is exothermic broad and weak. The
maxima of these peaks are located at 89.8, 198.23 and 619.78 ◦C.
The first two peaks correspond to removal of physisorbed water,
water of constitution of hydrated ferric oxide and dehydroxylation
of chromic oxide yielding ferric oxide and chromic oxide, respec-
tively. The third peak might correspond to crystallization of ferric
oxide into �-Fe2O3 phase.

The TGA curve of FeCrK3 sample is composed of four distinct
weight loss processes. The first process extends between 34 and
149 ◦C, the second from 150 to 329 ◦C, the third from 437 to 585 ◦C
and the fourth from 586 to 773 ◦C. These processes are followed
by weight losses of 2.51, 7.87, 5.2 and 18.95%, respectively. So the
total weight loss of FeCrK3 solid sample is 34.2%. This value might
suggest the formula of hydrated ferric oxide in the doped sam-
ple to be Fe2O3·4H2O. The DTA curve of this sample consists of
seven endothermic peaks and one exothermic. These peaks vary
is exothermic peak, strong and sharp. The maxima of these peaks
are located at 71.46, 140.9, 245.8, 278.8, 331.6, 707.8, 797.3 and
884.1 ◦C. The first five peaks correspond to removal of physisorbed
water, water of constitution of hydrated ferric oxide and dehydrox-
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Fig. 1. TGA curves of un-calcined FeCr, FeCrK3 and FeCrLi3.

lation of chromic oxide yielding ferric oxide and chromic oxide,
espectively. The last two peaks might correspond to crystallization
f ferric oxide into �- and �-Fe2O3 and also the possible forma-
ion of potassium ferrite. The crystallization of Fe2O3 into �- and
-phases and the possible formation of the ferrite phase was con-
rmed latter by XRD investigation, as it is discussed in the next
ection.

The TGA curve of the heavily Li2O-doped sample consisted

f three distinct weight loss processes. The first process extends
etween 30 and 110 ◦C, the second from 111 to 394 ◦C and the third
rom 395 to 577 ◦C. These processes are followed by weight losses
f 12.77, 0.9 and 30.7%, respectively. So, the total weight loss of
Fig. 2. DTA curves of un-calcined FeCr, FeCrK3 and FeCrLi3 solids.

FeCrLi3 solid sample is 43.1%. This value might suggest the formula
of hydrated ferric oxide in the doped sample to be Fe2O3·7H2O. The
DTA curve of this sample consists of five endothermic peaks. All
peaks are strong and sharp. The maxima of these peaks are located
at 33.3, 77.25, 159.05, 257.89 and 530.62 ◦C. The first four peaks cor-
respond to removal of physisorbed water, water of constitution of
hydrated ferric oxide and dehydroxylation of chromic oxide yield-
ing ferric oxide and chromic oxide, respectively. The last peak might
correspond to crystallization of ferric oxide into �- and �-phases.
The absence of any peak for the possible formation of lithium fer-

rite might be attributed to the very slow rate of formation of this
compound that could not be easily detected by DTA measurements.
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(iii) Treatment of the investigated system with 0.5 and 0.75 mol% of
ig. 3. X-ray diffractograms of pure and 0.5, 0.75 and 1.5 mol%. K2O and Li2O-doped
amples calcined at 500 ◦C

.2. XRD investigation of pure and variously doped solids

The XRD diffractograms of pure and variously doped solids
eated at 400, 500 and 600 ◦C were determined. Fig. 3 shows rep-
esentative X-ray diffractograms of different investigated solids
alcined at 500 ◦C. Pure and variously doped solids calcined at
00 ◦C were amorphous in nature. Examination of Fig. 3 shows the
ollowing: (i) Pure solids crystallized into �-Fe2O3 upon heating at
00 or 600 ◦C. (ii) K2O-doping (0.5–1.5 mol%) conducted at 500 or
00 ◦C led to the appearance of �-Fe2O3 as a major phase together
ith �-Fe2O3 and new diffraction lines at d = 2.97 Å and 2.94 Å cor-

esponding to K2FeO4, JCPDS-ICDD 25-652. (iii) Li2O-doping (0.5 or
.75 mol%) conducted at 500 or 600 ◦C led to the appearance of �-
e2O3 as a major phase besides �-Fe2O3 and new diffraction lines at
= 1.47 Å and 2.08 Å which correspond to LiFe5O8 [44]. (iv) Increas-

ng the dopant concentration to 1.5 mol% Li2O led to the complete
isappearance of all ferric oxide phases and LiFe5O8 was only the
etected phase present.

The fact that the amount of Li2O added is far below the detection
imit of X-ray diffractometer points out to the enriched presence
f the dopant agent in the top surface layers of doped solids. The
nriched presence of Li2O-dopant on top surface layers of doped
olids had been reported by El-Shobaky et al. [45] in different doped
atalytic systems prepared by wet impregnation method. The dis-
ppearance of ferric oxide phases could be tentatively attributed

o the solid–solid interaction between Li2O and all surface ferric
xides.

It is known that the crystal of �-Fe2O3 generally possess an
mperfect cubic spinel structure, which is different from that of �-
Compounds 509 (2011) 1314–1321 1317

Fe2O3, hexagonal structure. The imperfect spinel of �-Fe2O3 allows
promoter such as Cr to be incorporated into vacant sites in the
�-Fe2O3 resulting in less sintering of active phase in the cata-
lysts consisting of �-Fe2O3 than those containing �-Fe2O3 under
identical operating conditions [46]. The crystallite size and degree
of crystallinity of different crystalline phases in pure and doped
solids calcined at various temperatures are given in Tables 1 and 2.
It is clearly shown from these tables that K2O and Li2O-doping
(0.5–1.5 mol%) conducted at 500 or 600 ◦C increased the degree of
crystallinity and crystallite size of phase present which consisted
of a mixture of �- and �-Fe2O3 together with K2FeO4 and LiFe5O8
phases (JCPDS-ICDD 25-652 [44]).

The formation of potassium and lithium ferrites took place
according to:

Fe2O3 + 2K2O + 3/2O2 → 2K2FeO4

5Fe2O3 + Li2O → 2LiFe5O8

The crystallization of ferric oxide into �- and �-Fe2O3 together
with the formation of K2FeO4 and LiFe5O8 phases are expected
to modify the surface characteristics of pure and variously doped
solids calcined at 400–600 ◦C.

3.3. Surface properties of pure and doped solids

The Vl–t plots (not given) of the investigated solids calcined at
500 ◦C showed an upward deviation, suggesting the domination of
wide pores. The value of r− varies between 20 and 83 Å depending
on nature of dopant and its concentration. So, all adsorbents are
considered as mesoporous solids. However, one can not overlook
the possible existence of a small portion of macropores.

The slopes of all Vl–t plots constructed for the investigated solids
enable the St to be determined. The computed St values are given
in Table 3.

The pore volume distribution curves (�v/�r) for pure and heav-
ily doped adsorbents calcined at 500 ◦C were determined. The
curves obtained are illustrated in Fig. 4. These curves show mul-
timodal distribution for pores present in pure and Li2O-doped
adsorbents. The maxima of the most probable pore radius are

located at 18, 29 and 46 ´̊A for pure solid calcined at 500 ◦C and

at 15, 18 and 54 ´̊A for 1.5 mol%-doped solid calcined at the same
temperature. However, the majority of pores present in the doped

adsorbent measured pore radius between 15 and 18 ´̊A. On the
other hand (�v/�r), curve of adsorbent doped with 1.5 mol% K2O
shows unimodal distribution of pores with a maximum present at

a value of 36 ´̊A. These findings might suggest that K2O-doping led
to the widening of pores present. K2O-doping shifted the value of

most probable pore radius from 18, 29 ´̊A to 36 ´̊A. The comparison
between the areas of (�v/�r) curves shows that the doping process
conducted at 500 ◦C decreased the volume of pores present. The
decrease was, however, more pronounced in case of Li2O-doping.
These results agree well with the Vp values measured for pure and
doped solids calcined at 500 ◦C (cf. Table 3). Examination of Table 3
reveals the following: (i) The values of SBET and St for all adsor-
bents investigated are close to each other which justifies the correct
choice of standard t-curve used in pore analysis and indicates the
absence of the ultra micro pores. (ii) K2O-doping followed by calci-
nation at 500 ◦C resulted in a progressive decrease in the SBET of the
treated solids reaching to about 29% for the heavily doped samples.
Li2O followed by calcination at 500 ◦C led to a measurable increase
in its SBET of about 17% and 98%, respectively. On the other hand,
the addition of 1.5 mol% Li2O brought about a sudden drop (about
85%) in the SBET of the treated solids. This drop could be tentatively
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Table 1
XRD data of pure Fe2O3–Cr2O3 and variously K2O-doped solids calcined at 400–600 ◦C.

Catalyst Calcination temperature (◦C) Phases present Crystallite size (nm) Degree of crystallinity (a.u.)a

FeCr 400 Amorphous – –
500 �-Fe2O3 22 12
600 �-Fe2O3 35 26

FeCrK1 400 Amorphous – –
500 �-Fe2O3 37 16

K2FeO4 34 8
�-Fe2O3 25 7

600 � -Fe2O3 52 31
�-Fe2O3 32 18
K2FeO4 31 15

FeCrK2 400 Amorphous – –
500 K2FeO4 69 11

�-Fe2O3 39 7
�-Fe2O3 42 8

600 �-Fe2O3 46 15
K2FeO4 54 11
�-Fe2O3 29 10

FeCrK3 400 Amorphous – –
500 �-Fe2O3 40 13

K2FeO4 64 12
�-Fe2O3 15 8

600 K2FeO4 79 19

asure

a
i
s

d
r
A
c

T
X

T
S

�-Fe2O3

�-Fe2O3

a The peak area of the main diffraction lines of �- and �-Fe2O3 was taken as a me

ttributed to the presence of some of Li2O added in the pores, caus-
ng an effective blocking of these pores and hence decreasing its
pecific surface area.
The observed increase in the SBET for Fe2O3/Cr2O3 system due to
oping with Li2O (0.5 and 075 mol%) could be attributed to the nar-
owing of pores (r− decreases from 83 to 20 Å) in the doped solids.
lso, the observed increase in the SBET could be attributed to the
reation of new pores during the thermal treatment of the doped

able 2
RD data of pure Fe2O3–Cr2O3 and variously Li2O-doped solids calcined at 400–600 ◦C.

Catalyst Calcination temperature (◦C) Phases present

FeCr 400 Amorphous
500 �-Fe2O3

600 �-Fe2O3

FeCrLi1 400 Amorphous
500 �-Fe2O3

�-Fe2O3

LiFe5O8

600 �-Fe2O3

LiFe5O8

FeCrLi2 40 Amorphous
500 �-Fe2O3

LiFe5O8

�-Fe2O3

600 �-Fe2O3

LiFe5O8

FeCrLi3 400 Amorphous
500 LiFe5O8

600 LiFe5O8

a The peak area of the main diffraction lines of �- and �-Fe2O3 was taken as a measure

able 3
ome surface characteristics of pure and K2O-or Li2O-doped Fe2O3/Cr2O3 solids calcined

Adsorbent SBET (m2/g) St (m2/g) Total pore volume

FeCr 52 54 0.21658
FeCrK1 37 35 0.0555
FeCrK2 35 32 0.03697
FeCrK3 37 33 0.03635
FeCrLi1 61 58 0.1106
FeCrLi2 103 99 0.16243
FeCrLi3 7.4 7.2 0.0242
64 17
38 15

of degree of crystallinity of these phases.

solids via liberation nitrogen oxides gases during thermal decom-
position of LiNO3 dopant added. Similar results have been reported
in the case of CuO/Al2O3 [47], CuO–ZnO/Al2O3 [48] Cr2O3/Al2O3

[49] and NiO/Al2O3 systems [50,51].

The limited decrease in the SBET for Fe2O3/Cr2O3 system due to
doping with K2O could be attributed to a possible blockage of the
pores by K2O. The decease in surface area might be also attributed to
the formation of potassium ferrite. The formation of this compound

Crystallite size (nm) Degree of crystallinity (a.u.)a

– –
22 12
35 26

– –
39 13
31 12
50 6
65 30
48 19

– –
29 12
63 11
24 10
31 18
50 15

– –
53 16
87 15

of degree of crystallinity of these phases.

at 500 ◦C.

, Vp (cm3/g) Mean pore radius, r− (Å) BET-C constant

83 152
30 3
21 3
20 3
36 5
32 4
65 −9
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Table 4
Reaction rate constant per unit mass (k × 10−3 min−1 g−1) and Activation energy
�Ea for the catalytic oxidation of CO by O2 over Fe2O3/Cr2O3 system being doped
by different amounts of Li2O or K2O and calcined at 500 ◦C.

Catalyst Reaction temperature (◦C) k (10−3 min−1 g−1) �Ea (kJ/mol)

FeCr 200 7.8 2.7
250 8.1
300 8.9

FeCrK1 200 9 3.3
250 10
300 11

FeCrK2 200 9.6 3.7
250 11.1
300 11.2

FeCrK3 200 10.2 2.7
250 10.8
300 11.5

FeCrLi1 200 8.8 3.0
250 9.3
300 10.1

FeCrLi2 200 9.1 4.0
250 9.7
300 10.9
Pore radius (Å)

ig. 4. Pore volume distribution curves of FeCr, FeCrK3 and FeCrLi3 samples calcined
t 500 ◦C.

s normally accompanied by a significant loss in their porosity [52],
ollowed by a corresponding decrease in their SBET values.

The observed changes in the surface characteristics of the inves-
igated system due to doping with K2O and Li2O could induce
ossible changes in its catalytic activity.

.4. Catalytic activity of pure and doped solids

The oxidation of CO by O2 was carried out at different temper-
tures within 200 and 300 ◦C over pure and variously doped solids
alcined at 500 ◦C. First order kinetics was observed in all cases; the
lopes of the first order plots determine the values of reaction rate
onstant (k) measured at a given temperature over a given catalyst
ample. Fig. 5 shows representative first order-plots of CO oxida-

ion by O2 carried out at 200, 250, and 300 ◦C over FeCr, FeCrK3
nd FeCrLi3 solids. The k values were calculated for different solids
re given in Table 4. Examination of Table 4 shows the following:
increases progressively upon increasing the Li2O or K2O contents

n the doped solids. The maximum increase in the k200
◦C value is
FeCrLi3 200 9.9 1.0
250 10.1
300 10.4

due to doping with 1.5 mol% K2O or 1.5 mol% Li2O for the reaction
carried out at 200 ◦C attained 30.8% and 26.5%, respectively. These
results clearly indicate the role of nature of dopant in modifying
the catalytic activity in CO oxidation by O2.

The parameters, which determine the catalytic activity of
Fe2O3/Cr2O3 system, include the concentration of catalytically
active constituents on the top surface layers of treated solids and
their interaction. The doping process might change the number of
active sites on the catalyst’s surface contributing in chemisorp-
tion and catalysis of CO-oxidation by O2. The energetic nature of
these sites could also be influenced by doping. Furthermore, the
mechanism of the catalytic reaction could be changed by doping.

The change in the catalytic activity of the system investigated
due to doping either with K2O or Li2O could be discussed in terms
of the following parameters: (i) the change in SBET, (ii) the change
in the crystallite size of the catalytic reactive constituents (some of
surface Fe2O3), (iii) conversion of some of �-Fe2O3 into �-Fe2O3,
(iv) conversion of some of Fe2O3 into lithium or potassium ferrites.
The increase in the SBET is normally accompanied by an increase
in the activity. The decrease in the crystallite size of Fe2O3 might
also be followed by an increase in the catalytic activity and vice
versa. It is well known that �-Fe2O3 is more active than �-Fe2O3
[46]. So, the conversion of some of �-Fe2O3 to �-Fe2O3 should
be expected to increase the catalytic activity of the treated cata-
lyst. The formation of lithium or potassium ferrites (devoted with
smaller activity compared to Fe2O3) might decrease the catalytic
activity of the doped solids. In order to account for the induced
change in the SBET, the reaction rate constant per unit surface
area (k−) was calculated and the computed values for the reac-
tion carried out at 200 ◦C were 15 × 10−5, 24.3 × 10−5, 27.4 × 10−5

and 27.6 × 10−5 min−1m−2 for pure sample and those doped with
0.5, 0.75 and 1.5 mol% K2O, respectively. These values attained
14.4 × 10−5, 8.8 × 0−5 and 133.8 × 10−5 min−1m−2 for 0.5, 0.75 and
1.5 Li2O-doped solids, respectively.

The fact that the calculated values of k −200 ◦C are different
from each other may indicate that the doping process increased the
catalytic activity of the investigated system. The increase was, how-

ever, more pronounced in the case of K2O-doping. Furthermore,
the induced changes in the specific surface area due to doping are
not a dominant parameter determining the catalytic activity of the
system investigated. The formation of lithium and potassium fer-
rites in the doped solids might decrease their catalytic activity. This
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Table 5
Computed activation energies (�E, �E*) and logarithm of pre-exponential factor of
the Arrhenius equation for the catalytic reaction carried out over pure Fe2O3/Cr2O3

system being doped by different amounts of Li2O or K2O and calcined at 500 ◦C.

Catalyst �E (kJ/mol) �E* (kJ/mol) ln A

FeCr 2.7 2.7 −1.88
FeCrK1 3.34 2.8 −1.54
FeCrK2 3.7 2.9 −1.43
FeCrK3 2.7 2.9 −1.58
FeCrLi1 3.0 3.0 −1.67
50403020100

Time (min.)

Fig. 5. First order-plots of CO oxidation by O2 carried out at differen

xpectation was not verified experimentally since an increase and
ot decrease in the activity was found. So, the observed increase

n the catalytic activity due to doping could be, mainly, attributed
o the role of the dopant used in increasing the thermal stability of
-Fe2O3 phase.

.5. Effects of Li2O and K2O doping on �E of the catalyzed
eaction

Determination of the apparent activation energy (�E) of the
nvestigated catalytic reaction sheds some light on the possible
hange in the mechanism of the catalyzed reaction. Furthermore,
t may give useful information about the possible alteration in the
oncentration and nature of catalytically-active constituents.

The values of k measured at temperatures varying between
00 and 300 ◦C over the variously doped solids enable the estima-
ion of �E value by direct application of the Arrhenius equation.
able 5 lists the estimated values of �E and the values of the pre-
xponential factor (A) of the Arrhenius equation. Table 5 shows that
changes with doping, which may be an indication of the hetero-

eneity of the catalyst surface. In addition, it shows that �E and ln A
alues fluctuate in the same manner, indicating that the changes in
E values come from a corresponding changes in ln A values. This

peculation could be confirmed from recalculation of �E values for
he reaction conducted over pure and variously doped solids. This
alculation was done via adopting the ln A value for pure sample

o all doped samples calcined at the same temperature. The recal-
ulated values of the activation energies (�E*) are given in Table 5.
E* values of pure and doped solids showed almost the same val-

es (2.85 ± 0.15 kJ/mol). This finding suggested clearly that doping
e2O3/Cr2O3 system either with Li2O or K2O followed by heating
FeCrLi2 4.0 2.7 −1.38
FeCrLi3 1.0 2.7 −2.04

at 500 ◦C, did not much modify the activation energy of the cat-
alytic reaction. The doping process may change the concentration
of active sites involved in the catalyzed reaction.

4. Conclusions

The following points are the main conclusions of this study:

1. Pure and doped solids, calcined at 400 ◦C, are amorphous in
nature. Pure mixed solids crystallized into �-Fe2O3 upon heating
at 500 or 600 ◦C. On the other hand, the addition of K2O or Li2O-
doping (0.5–1.5 mol%), followed by heating at 500 or 600 ◦C, led
to the formation of �- and �-Fe O phases together with K FeO
2 3 2 4
and LiFe5O8 phases.

2. Doping with 1.5 mol% Li2O, followed by calcination at 500 or
600 ◦C led to the complete disappearance of all ferric oxide
phases.
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G.A. El-Shobaky et al. / Journal of Allo

. Doping either with K2O or Li2O, followed by calcination at 500 ◦C
brought about significant changes in its surface characteristics.
K2O-doping decreases both the SBET and Vp due to an effective
increase in the r-value. On the other hand, Li2O doping exerted
opposite effects.

. The catalytic activity, expressed as k200 ◦C, was found to increase
by increasing the amounts of dopant added. The maximum
increase due to doping with 1.5 mol% K2O or 1.5 mol% Li2O
attained 30.8% and 26.5%, respectively.

. The increase in the catalytic activity, expressed as the reaction
rate constant per unit surface area measured at 200 ◦C, k−200 ◦C,
due to doping either with K2O or Li2O was much more pro-
nounced as compared to that calculated for k200 ◦C values.

. The estimated values of activation energy of catalytic reac-
tion were relatively small, indicating the big catalytic activity
of the investigated solids. Li2O and K2O dopant did not mod-
ify the mechanism of catalytic oxidation of CO by O2, carried
out at 200–300 ◦C over various solids. It rather changed the
concentration of catalytically active constituents (surface Fe2O3
crystallites) without modifying their energetic nature.
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