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Summary. The textural characteristics, including surface area, mean pore diameters, and total pore

volume of Cr2O3–CuO=Al2O3 solid catalysts were determined from the low temperature adsorption of

N2 at 77 K. The structural properties were investigated using XRD. The surface acidity of calcined sam-

ples was determined using two comparable methods, including the non-aqueous titration of acidic

groups with n-butylamine and dehydration=dehydrogenation activity of cyclohexanol.

XRD patterns assigned a crystalline CuO and �-Al2O3 for 723 K calcinations products of lower

Cr2O3 content. The gradual increase of calcinations temperature promoted the crystallinity of Cr2O3

and resulted in solid–solid interaction of CuO and Cr2O3 forming CuCr2O4. The textural parameters

varied with both calcinations temperature and catalyst composition. The surface acid density (DAS)

increased with the increase of chromia content up to 0.132 mole% Cr2O3, while the rise of calcinations

temperature led to a decrease of surface acidity.

The dehydration=dehydrogenation of cyclohexanol as well as n-butylamine titration succeeded in

characterizing of surface acidity.

Keywords. Al2O3; Cr2O3; CuO; Magnetic susceptibility; Surface acidity.

Introduction

Surface acidity of catalysts was approved as a motivating power in many industrial
processes, e.g. dehydration of various alcohols, polymerization of unsaturated com-
pounds, isomerisation, cracking, and hydrocracking. The surface acidity can be
measured through the use of a variety of techniques. Among these methods may
be cited the titration of catalysts with n-butylamine in the presence of Hammett
indicators [1, 2], microcalorimetric methods and infrared spectroscopy [3, 4],
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temperature programmed desorption (TPD) of adsorbed bases [5–7], using of DTA
and TGA [4, 8], and poisoning of acid centers with some organic bases [9, 10]. In
addition, the dehydration of aliphatic and alicyclic alcohols has been used as an
alternative method for the characterization of surface acidity–basicity [11–13].
The latter method is convenient because it enables the determination of acidic
characters during the reaction performance. Indeed, studies of the acid–base prop-
erties of solid catalysts become of increasing importance as a means of directing
the reaction pathways, i.e. in increasing the selectivity towards particular products.

Moreover, the measured textural properties of solid catalysts, namely specific
surface area, pore structure, and total pore volume, makes more or less significant
contribution to the catalytic properties. Such surface characteristics were affected
by a number of variables, viz. metal content, methods of preparation, type of sup-
port, and pre-thermal treatments [11, 14–20]. The correlation between surface and
structural characteristics of ternary solid catalysts should be the aim of investiga-
tions in applied surface science prospects. However, there are few reports studying
the physico-chemical properties of Cr–Cu–Al–O system and their uses in the
catalytic conversion of alicyclic alcohols.

The ultimate goal of this research concerned with finding a simple and compar-
able method to determine the surface acidity via the non-aqueous titration of acidic
groups with n-butylamine and dehydration=dehydrogenation activity of cyclohexyl
alcohol. Indeed, studying how the different reaction parameters can control the
course of reaction pathway. The use of cyclohexyl alcohol for this concern was
arisen from: (i) the reaction produces on an aliphatic cyclic ketone, namely cyclo-
hexanone as precursor of Nylon-6; (ii) the reaction can be used to differentiate
between the acidity of various solid catalysts.

Results and Discussion

Powder X-Ray Diffraction (XRD)

Figure 1 shows XRD patterns of the calcined Cr–Cu–Al–O samples. The products
of chromia content up to 0.066 mole% calcined at 723 K revealed a well crystalline
CuO and �-Al2O3. The XRD lines corresponded to CuO at 2� values of 35.6, 38.7,
48.8, and 68�, whereas �-Al2O3 centered at XRD lines of 32.6, 44.8, 62.5, and 66.2�

[5, 23]. The particle size of CuO in the calcined samples containing 0.033 and
0.066 mole% Cr2O3 was estimated as 119.0 and 34.0 nm, respectively. The change of
particle size resulted in variation of textural parameters. The progressive increase of
mole% chromia within of 0.099–0.230 inhibited the crystallinity of both copper oxide
and aluminum oxide and therefore led to the formation of an amorphous matrix.
However, the ramps of calcinations temperature up to 923 K enhanced the crystallinity
of all samples, the catalysts of 0.033 mole% chromia didn’t show any spinel formation
while CuO was the only detected phase. The disappearance of XRD lines specified for
chromium oxide or other chromium spinel may be rationalized to, firstly, the highest
dispersion of chromium precursor on the high surface area of alumina, particularly at
lower Cr(III) content. Secondly, in co-impregnating of Cu2þ and Cr3þ precursor into
Al(OH)3, chromium(III) nitrate was strongly adsorbed and deposited on the alumina
surface, while copper(III) nitrate was less adsorbed and penetrated into alumina
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matrix [24]. The patterns of calcined samples containing 0.099–0.230 mole% Cr2O3

was also investigated, where �-Al2O3 and copper chromite (CuCr2O4, 2�¼ 35.29
and 37.7�) of crystallite size 9.0–47.0 nm were assigned. The latter phase indicated
solid–solid interaction between CuO and Cr2O3. The addition of 0.099–0.23 mole%
Cr2O3 to Cu–Al–O system led to a disappearance of all diffraction CuO character-
istic peaks. This may indicate that Cr2O3 – doping of examined catalysts decreased
crystallite size of CuO beyond the detection limits of X-ray diffractometer. In other
word, the doping process increased the degree of dispersion of CuO phase.

The progressive increase of chromia content, particularly at the calcination tem-
peratures �923 K, led to crystallization of Cr2O3 (d� 128.8 nm) at 2� of 24.5, 33.5,
36.2, 41.4, 50.2, 54.8, 63.5, and 65� [25]. In brief, the rise of calcination temperature
promotes the crystallization of Cr2O3 and CuCr2O4. The change of XRD patterns is
due to structural transformation from the amorphous or disordered into crystalline
form and thereby resulted in a significant change of surface characteristics.

Textural Properties Measurements

The adsorption of nitrogen at 77 K on all investigated catalysts was found to be
rapid, assuming the absence of ultra fine pores. According to BDDT classification

Fig. 1. XRD patterns of: (a) AcuCr1-I, (b) AcuCr2-I, (c) ACuCr3-I, (d) ACuCr4-I, and (e) AcuCr4-II

catalysts
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[26], the adsorption of N2 over products calcined at 723 K exhibited type II iso-
therms and type IV was observed for products calcined at temperatures exceeding
723 K (Fig. 2). This indicated the creation of some mesopores with the progressive

Fig. 2. Adsorption-desorption isotherms of N2 at 77 K over some selected samples

Table 1. Textural parameters obtained from N2-adsorption at 77 K

Sample SBET (m2=g) VT (cm3=g) RP (nm) �E1
a

723–923 K

�E2
b

923–1123 K

ACuCr1-I 25.4 0.025 19.7 20.0 �23.2

ACuCr2-I 33.7 0.048 23.7 15.6 �19.0

ACuCr3-I 39.6 0.050 25.2 24.9 �35.4

ACuCr4-I 44.1 0.058 26.3 24.4 �21.7

ACuCr5-I 53.7 0.078 25.0 28.3 �14.0

ACuCr1-II 52.3 0.106 40.5

ACuCr2-II 59.2 0.127 42.9

ACuCr3-II 97.0 0.214 44.1

ACuCr4-II 106.4 0.257 48.3

ACuCr5-II 148.7 0.374 50.3

ACuCr1-III 30.5 0.094 61.5

ACuCr2-III 38.1 0.122 64.2

ACuCr3-III 42.7 0.143 67.1

ACuCr4-III 64.3 0.230 71.6

ACuCr5-III 107.4 0.400 74.5

a�E1 is the activation energy of activation phenomena, b�E2 is the activation energy of the sintering

process
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increase of temperature. The adsorption and desorption branches met at intermedi-
ate relative pressure of 0.4–0.5, giving closed hysteresis loops of type A [27, 28].
The change of isotherm shapes may be related to the direct dependence of porous
texture on the thermal treatments of catalysts and=or the chemical composition
[11, 25].

The adsorption isotherms enabled us to estimate the specific surface area (SBET
(m2=g)), the total pore volumes (VT (cm3=g)), and the mean pore radii (RP (nm)) of
the catalysts investigated (Table 1).

Inspection of Table 1 reveals that: (i) For the same calcination temperature, the
specific surface area increased with the continuous increase of chromium content.
The change of SBET was much more pronounced for the calcinations products at
923 and 1123 K. For 723 K-calcination products, our assignments for XRD patterns
demonstrated the inhibition of catalyst crystallinity upon increasing chromia content,
causing thus an increase of SBET values. (ii) The rise of calcination temperature from
723 to 923 K developed the porosity of catalysts and resulted in an increase of SBET.
Further elevation of thermal treatment up to 1123 K led to a partial collapse of
porous structure, reducing thereby the total pore volume and increasing the mean
pore radius. In the course of thermal treatment of a solid, two processes operate,
namely activation at relatively low temperature to create new pores and sintering at
higher temperatures. Sintering phenomena were associated with increasing parti-
cle-particle interaction and subsequent adhesion, leading to pore widening, a de-
crease in the number of micropores, and a consequent lowering of specific surface
area [29–31].

The calculated activation energies (�E) of both processes throw light on the
dependence of the porous texture of the investigated catalysts on their structural
properties. �E was evaluated using the values of SBET -N2 data, adopting the rela-
tionship shown in Eq. (1) [32, 33] where A is a constant and �E the approximate
value of activation energy.

SBET -N2 ¼ A e��E=RT ð1Þ
When the surface area within a definite range of temperatures was used, the

values of �E could be calculated according to Eq. (2).

2:303 R log ðSBETÞT2
=ðSBETÞT1

¼ ��Eð1=T2 � 1=T1Þ ð2Þ

The calculated activation energies depicted a general increase of �E1 within the
temperature range of 723–923 K, where a significant increase of SBET-N2 was ob-
served. This may be attributed to the development of new pores with the continuous
increase of % chromium contents, via the earlier stage of thermal treatment, i.e. ac-
tivation process. In other words, the adsorbed species of Cr(III) hindered the activa-
tion ability within the temperature range of 723–923 K, causing an increase of �E1.
The higher thermal treatment, up to 923–1123 K gave lower values of �E2 com-
pared with �E1. XRD analyses matches to a great extent the variation of the
measured textural parameters. During the course of higher thermal treatment be-
yond 923 K, sintering of solid led to particle–particle adhesion, grain growth, and
collapse of the porous texture. The increase of �E2 may be explained from the role
of Cr2O3 in hindering the sinter-ability of investigated systems.

Figure 3 shows representative BJH differential pore volume distribution curves
of ACuCr4-II. The maxima of pore volume increase upon elevating the calcination
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temperature from 723 to 923 K, while their position was shifted to higher pore
width with more contribution of micro pores. The peak maxima were reduced upon
exceeding the temperature to 923 K, attributing to the partial disappearance of
micropores and creating some wider pores.

Surface Acidity Measurements

Figure 4 illustrates the change of electrode potential with the continuous addition
of n-butylamine. It is evident that the electrode potential decreases with the pro-
gressive neutralization of acidic surface sites until the inflection point, where
no remarkable change of the electrode with further addition of titrant occurs.
The inflection point related to the volume of n-butylamine required to neutralize

Fig. 3. Pore volume distribution curves of some calcination product samples

Fig. 4. Acidity titration curves of pre-calcined investigated catalysts
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completely the surface acid sites. Assuming each acid site can be probed by one
molecule of n-butylamine, the density of surface acid sites (DAS) were estimated.
Listed in Table 2 are the values of DAS for the 923 K-calcined samples, while the
DAS of ACuCr4-I and ACuCr4-III were considered for comparison.

The surface acidity expressed as DAS values increased upon impregnating
0.132 mole% chromia into Al–Cu–O system. Further increase of chromia beyond
0.132 mole% led to a decrease of surface acidity. In accordance with Tanabe [34, 35],
the acid sites on a mixed oxide system may be developed by charge imbalance of
oxide constituents, where the coordination number of minor cation determined the
net charge of the mixed oxide. The elevation of calcination temperature to 923 K
caused a two-fold increase of acid site concentrations. This may be judged from the
creation of new Lewis and Brønsted acid sites via the dehydration upon heating from
723 to 923 K. However, although the increase of calcination temperature up to 923 K
created an additional surface acidity, the rise of calcination temperature higher than
923 K reduced the surface acid density to 67.8%. This finding agrees with an earlier
report [36], which was described that the thermal treatment at higher temperatures
could promote an extra hydrolytic decomposition of surface acidic groups and there-
fore result in a decrease of acid sites.

Cyclohexanol Conversion as a Test of Surface Acidity

The catalytic investigation recorded cyclohexene as dehydration product (DHD)
and cyclohexanone from dehydrogenation reaction (DHG). It was earlier reported
that the dehydration of cyclohexanol takes place over acid sites, while the dehy-
drogenation reaction needs basic=redox sites [37–44]. Inspection of Table 2 dem-
onstrates an increase of DHD and SDHD, upon increasing of both chromia content
and DAS value. The further increase of chromia content was associated with a
decrease of both DAS value and dehydration activity (Fig. 5). In agreement with
literature, a higher dehydration of cyclohexyl alcohol was observed for those cata-
lysts of higher acid amounts. However, the increase of surface acidity was associated
with a decrease of surface basicity, thus the dehydrogenation activity increased. CuO
was reported as one of the most active metal oxides in the dehydrogenation reac-
tion [13]. This fact could be attributed to the formation of CuCr2O4 as laterally
approved by XRD technique. The increase of Cr2O3 led to spillover of CuO from

Table 2. Surface acidity and �eff of investigated catalysts, conversion, SDHD, and SDHG of

cyclohexanol

Sample Conversion (%) Selectivity (%) Acid amount �eff

DHD DHG SDHD SDHG

(Nacid sites�10�21)

ACuCr4-I 5.2 22.0 19.1 80.9 10.08 1.28

ACuCr1-II 10.5 33.9 23.6 76.4 5.12 0.73

ACuCr2-II 18.8 38.1 33.0 67.0 6.09 0.77

ACuCr3-II 27.4 42.5 39.2 60.8 7.43 1.48

ACuCr4-II 33.1 47.5 41.1 58.9 23.15 1.50

ACuCr5-II 15.8 49.1 24.3 75.7 8.77 1.58

ACuCr4-III 15.9 26.9 37.1 62.9 7.45 1.31
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the catalyst lattice matrix to form an additional CuCr2O4 species and therefore in-
creased the dehydrogenation activity. As evident from Table 2, the values of �eff

exponentially increase upon increasing the chromia content. Moreover, a direct cor-
relation between �eff and DHG was found. The formation of CuCr2O4 as dehy-
dration favoring spinel resulted in the increase of �m and thereby �eff via the
cooperative effect of the aligned magnetism on the metal atoms, considering the
contribution of Al2O3 in all samples.

This approach confirmed the importance of oxides’ paramagnetism as cata-
lysis criteria and evidently approved that the dehydrogenation of cyclohexanol
occurred on redox centers. These findings indicated that n-butylamine non-aque-
ous titration and catalytic conversion of cyclohexyl alcohol could be used as
a simple and rapid method in probing acid–base characteristics of solid catalysts
[2, 11, 13, 45–47].

The rise of calcination temperature reduced the DHD and DHG activities as
well as selectivities. In other words, thermal treatment beyond 923 K enhanced the
elimination of surface OH groups (M–OH) and destructed thus some of the surface’s
acid–base nature [2, 15]. Moreover, the sintering phenomena led to a decrease of
surface area accessible for the reactant molecules.

Reaction Mechanism

syn-Elimination of cyclohexanol was geometrically favored for the dehydration
reaction, since the neighboring OH and H departing groups were coplanar. The
reaction took place via the un-concerted mechanism, involving formation of a car-
bocation on Brønsted acid sites (Scheme 1).

In contrary, the dehydrogenation reaction occurred through a redox cycle owing
to the mechanism shown in Scheme 2, where DHG reaction may take place on
hydride accepting sites (metal cation as Lewis acid) and oxygen atom of basic
nature (Lewis base).

 
 
 
 

Fig. 5. Correlation between conversion, %, DAS, and �eff and chromia, %
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Conclusions

The above results and discussions show that: (i) the textural and structural proper-
ties affected both DHD and DHG reactions; (ii) DHD reaction took place on
Brønsted acid sites, while DHG reaction took place on redox centers; and (iii) a
good agreement between two alternative methods, amperometric titration and cat-
alytic conversion of cyclohexyl alcohol as a model reaction for probing acid–base
sites of investigated catalysts.

Experimental

Catalysts Preparation

All catalyst precursors, namely Al(OH)3, Cr(NO3)3 � 9H2O, and Cu(NO3)2 were obtained from BDH

chemicals. Five series of the investigated catalysts were prepared by the incipient wetness impregna-

tion of Al(OH)3 with Cu(NO3)2. For each preparation, an aqueous solution of Cu(NO3)2 was vigor-

ously stirred with Al(OH)3 for 24 h. The samples were dried using a rotatory evaporator, heated at

373 K for 24 h. The dried samples were soaked in Cr(NO3)3 � 9H2O dissolved in a least amount of

water for 24 h, followed by re-drying at 373 K. The samples were grinded and calcined in air at 723 (I),

923 (II), and 1123 K (III) for 8 h. The content of Cr2O3 was adjusted to 0.033 (1), 0.066 (2), 0.099 (3),

0.132 (4), and 0.230 mole%, while CuO content was maintained to 0.2 mole%.

The catalysts were designated, where the letter A denoted to alumina, the Arabic numbers

represented Cr2O3 contents, and the roman numbers showed the calcination temperature, e.g. the

Scheme 1

Scheme 2
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catalyst ACuCr1-I assigned the sample containing 0.033 mole% chromia and calcined at 723 K,

while ACuCr4-III represented the catalyst calcined at 1123 K and containing 0.132 mole% of

chromia.

Powder X-Ray Diffraction (XRD)

XRD patterns were recorded with a Philips diffractometers type 1390, using monochromatic Ni-filtered

copper radiation (�¼ 1.5405 Å) at 30 kV and 10 mA. The diffraction was scanned at a rate of 2� min�1

within the intervals of 2�¼ 12–80�. Statistical method, applying Scherrer’s equation (Eq. (3)), enabled

us to calculate the crystallite size, where d is the mean crystalline diameter, � the X-ray wave length, k

the Scherrer constant (0.89), B1=2 the full width half maxima (FWHM) of the detected phase, and � the

diffraction angle.

d ¼ k�=ðB1=2 cos �Þ ð3Þ

Magnetic Susceptibility Measurements

The magnetizations of prepared catalysts in terms of magnetic susceptibility (�g) were estimated

using the conventional Gouy method. Magnetic susceptibility of the pre-calcined catalysts has

been measured in a quartz cell of 0.3 cm diameter and 1–2 cm length, using a Mettler balance

model HL 52.

The effective magnetic moment (�eff) and the values of magnetic susceptibility (�g) of the 923 K –

calcination products were estimated from the magnetization values. Contribution of the mixed oxides

to the experimental magnetic susceptibility (�m) can be expressed using Eq. (4) where the coefficients

a, b, and c are the weight percentage of the individual components, neglecting the contribution of

oxygen magnetism [21].

�m ¼ a�g þ b�g þ c�g ð4Þ

The determination of �m enabled to evaluate the effective magnetic moment at 311 K, owing to the

relationship (Eq. (5)).

�eff ¼ 2:084ð�m � TÞ1=2 ð5Þ

Textural Properties Measurements

Surface characteristics, including surface area (SBET), mean pore radius (r�), total pore volume (VT)

and the pore volume distribution of calcined catalysts were determined from nitrogen adsorption at

77 K, using Quantachrome Nova Automated gas sorption system. Prior to the adsorption measure-

ments, out-gassing the surface took place under a reduced pressure of 10�5 torr for 2 h at 473 K in

order to remove the adhered water.

Surface Acidity Measurements

The total acidity of investigated catalysts was determined via the batch titration method, using n-butyl-

amine as a probe base [22]. The electrode potential (mV) was recorded with Orion A 420 digital pH

meter versus the added volume of titrant at a sequential rate of 0.2 cm3 min�1. Before carrying out the

experiment, a weight of 0.1 g was activated in a vacuum oven at 473 K for 24 h. The cooled sample was

soaked in 10 cm3 of acetonitrile, agitated for 30 min and the suspension was titrated with the probe

titrant. Equilibrium time of n-butylamine adsorption was established while recording a fixed mV value.

The titration continued till the complete probing of all acid centers with the titrant and no significant

changes of mV with further addition of n-butylamine could be recorded. The surface acid density

(DAS) was estimated according to Eq. (6) where D, V, and M are the density (g=cm3), the saturation

volume required to poison all acid sites (cm3), and M is the molar mass of n-butylamine, respectively.

DAS ¼ ½D�V�Avogadro’s number=M�=SBET ð6Þ
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Catalytic Conversion of Cyclohexanol

The catalytic reaction was performed in a micro-reactor (i.d.¼ 7 mm) containing 0.2 g of pre-calcined

catalyst and attached directly to a chromatographic column of PY-Unicam GC to analyze the reaction

out-flow within the temperature 773 K. For each run, 3 mm3 cyclohexanol were injected in a steam of

N2 carrier gas at constant rate of flow (30 cm3 min�1).
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