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Preparation of catalysts

2.1. Materials.

2.1.1 Parent compound.

2.1.1.1 Ammonium hepta molybdate(NH4)6 Mo7 O24.4H2O, high

purity, Merck, was  used as precursor for supported and unsupported

MoOx catalysts.

2.1.2 Support materials.

2.1.2.1 Alumina

High surface area (100  10 m2/g) aluminum oxide of Degussa

AG (Frankfurt, Germany) was used as carrier for supported

catalysts. The material bulk was shown by x-ray diffractometry to

assume a crystalline structure largely similar to that of -

modification (ASTM Card No. 10-425).

2.1.2.2 Silica

Silica (200  10 m2/g), the other catalyst support material, was

also a Degussa product. It is commercially known as Aerosil-200.

Also it is amorphous to x-ray diffractometry.
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2.1.3 Unsupported molybdenum oxide.

Unsupported molybdenum oxide was obtained by calcinations of ammonium

hepta molybdate (AHM) at 823 K in a static atmosphere of air for 3 h.

2.1.4  Supported molybdenum oxide.

Supported molybdenum oxide samples were prepared by wet

impregnation method [1], using alumina and silica as support materials and

aqueous solution of  AHM as the impregnating solution.

The impregnation solution was prepared by dissolving a calculated

amount of the precursors AHM of the required loads 3, 5, 10, 15 and 20  wt%

MoO3 in the final supported oxide materials in a suitable volume of distilled

water (50 cc/g support).

The support powder particles were sprayed slowly onto the impregnation

solution, while being continuously stirred. The free water was removed by

evaporation at 120 Co for 1 h. The AHM impregnated support material thus

yield was dried at 390 K for 24 h in an oven. Supported molybdenum  oxide

on alumina (xMoAl) and silica (xMoSi) were obtained by calcinations at

823K for 3 h in air of the corresponding impregnated supports. The resulting

catalysts were kept dry on CaCl2, till further use. For convenience, the
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various catalysts are denoted below by 3MoAl indicates the 3 wt%-MoO3

loaded alumina supported molybdenum oxide catalyst, Where as 3MoSi

indicates the 3 wt%-MoO3 loaded silica supported molybdenum oxide

catalyst.

Sulfated catalysts were obtained from alumina and silica supported MoO3

catalysts (xMoAl and xMoSi) by impregnation with ammonium sulfate. The

impregnation was carried out by immersing the dried supported catalysts

(xMoAl or xMoSi) in an aqueous solution containing a desired amount of

(NH4)2SO4 and evaporating to dryness, followed by calcining similarly as in

case of supported catalysts. The supported catalysts promoted with sulfate

were designated as xMoAlS or xMoSiS. The amount of sulfate adsorbed on

supported catalysts after impregnation and before calcinations was

approximately 6 wt % SO4.
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2.2  Physicochemical characterization of catalysts.

2.2.1  X-ray powder  diffractometry (XRD)

XRD is a technique used for the identification of the bulk structure

of macro–crystalline materials, which is used on measurement of

structure–sensitive high energy X–ray radiation. It involves

characterization of materials using data that are dependent on the atomic

organization in crystal lattices containing planes of high atomic density.

A monochromatic beam of high–energy X–ray photons will be scattered

by these atomic arrays. Consequently, a diffracted X–ray line (or peak)

will occur for each unique set of planes in the lattice [2].

The inter planner spacing dhkl (Miller indices) in Å or nm, is related

to the diffraction angle (2) by Bragg's equations [3]:

n = 2d sin θ ………………………(1)

X-ray powder diffractograms were recorded, using Ni–filtered

CuKα- radiation ( λ = 1.54056 Å); on a JSX – 60 PA Jeol X–ray

spectrometer. The generator at 35 KV and 20 mA, and the diffractometer

at 2θ diverging and receiving slits and at a scan rate of 20 mm/ min. The

sample ground to a particle size less than 44 μ and packed into the wall

of a sample holder, and then mounted in a horizontal position. Diffraction
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patterns (I/I0 vis. d-spacing (Å) derived from the powder diffractograms

were matched with relevant ASTM-standard patterns [4]. Crystallite

sizing (Dhkl) was carried out using the line broading technique in

conjunction with Scherrer’s formula [5]:

Dhkl=  0.9 λ  /  Bhkl . cosθ    ………………….(2)

Where, Bhkl is the width at half peak maximum in radians, is the

incident wavelength ( λ = 1.54051 Å) and θ is the diffraction angle.

2.2.2  Fourier–transform infrared Spectroscopy (FTIR)

Infrared spectroscopy (IR) remains the most widely used, and usually

most effective, spectroscopic method for characterization of the surface

chemistry of heterogeneous catalysts [6]. It is an easy way to identify the

presence of certain functional groups in molecule [7,8].

Fourier transform infrared (FTIR) spectroscopy is widely

employed for characterization of the catalyst surface [9,6], it is still

unclear whether the regularities obtained under conditions of spectral

pretreatments and measurements (evacuation, temperature) can be used

for interpreting and predicting the surface properties during adsorption of

a precursor or in a catalytic reaction.
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FTIR spectrometers  offer  two  pronounced  advantages  over

dispersive instruments: higher energy through and faster data

acquisition or higher  signal-to-noise ratio. Data processing is easy.

These features are significant when examining very strongly absorbing

and scattering solid and when following dynamic processes.  Much IR

transmission  work,  however,  requires  examination  of  only  limited

frequency  ranges  at  medium  resolution  and  computerized  dispersive

spectrometer.

Ex–situ FT–IR  spectra  of  supports,  unsupported and supported

catalysts  were  taken  at  frequency  range  4000 – 400 cm-1.  This was

done  at  a  resolution  of  4 cm-1 using a model  Genesis–II  FT–IR

Mattson  Fourier- transform infrared  spectrometer (USA)  and  an online

PC  with  win first  Lite  (V 1.02)  software  for  spectra  acquisition  and

handling.  The  spectra were  taken for  thin (  > 20 mg / cm ) lightly

loaded ( > 1–wt % ) wafer  of  KBr–supported test samples. About  1–2

mg  of  the  catalyst  as  a fine  powder  was  mixed  well  with

spectroscopy pure KBr  powder  and  was  finally  grinded  in  agate

mortar.
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2.2.3 Laser Raman spectroscopy

The application of Raman spectroscopy to the surface studies has

been reviewed in [10-15]. As compared to other vibrational spectroscopy

can widely be used for investigations of the surface species on oxides, on

supported and bulk of metals on supported oxides and at the water solid

interface. In IR spectroscopy a molecule absorbs photons with the same

frequency as its vibrations. In contrast, Raman spectroscopy is based on the

inelastic scattering of photons, which lose energy by exciting vibration in

the sample.

In the Raman spectroscopic experiments, ca. 90 mg of the catalyst

was pressed into pellets, of 5 mm diameter and 0.8 mm thickness. The

catalyst as pellets were heated (5 k/min) in stream of O2 (40 ml/min) at 770

k for 1 h to remove the contaminated carbonates and organic materials. The

spectra were recorded at room temperatures. The Raman spectra was

recorded over range characteristics to the structure of SO4
2- and

molybdenum oxide, the  range at 1200-100 cm-1 on a computer controlled

Dilor OMARS89 spectrometer which was equipped with an optical

multichannel analyser (OMA) Model IRY12 From Spectroscopy

Instrument. The excitation line was at 488 nm from an Ar ion Laser. For a
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given spectrum, the excitation power at the sample was constant. The

Raman spectra were measured with up to 5 cm-1 spectral resolution with an

absolute accuracy of ± 1 cm-1.
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Results  and  discussion.

3.1   X-ray powder diffraction

3.1.1 XRD of alumina supported molybdenum oxide

X-ray powder diffraction of alumina, molybdena and supported

molybdena catalysts (xMoAl) at different loading levels are shown in

(Fig. 1). The XRD patterns of alumina display a few weak broad peaks

which are indicative of fine crystallites of the γ–Al2O3 phase (JCPDS 29–

1486). The average crystallite size derived from the peak width at half

maximum (PWHM) was ca. 10.3 ± 1 nm (Table 1). The pattern of pure

molybdenum oxide (MoO3) found to be highly crystalline and exhibited

several sharp peaks (Fig. 1).

X–ray diffractograms of the calcinied products of supported catalysts

xMoAl at  823 K  for 3 h at different loading levels samples are shown in

(Fig.1). The XRD patterns of 3MoAl and 5MoAl catalysts display the

XRD pattern of -alumina structure. This is mean that MoO3 will have

high dispersed on alumina till 5 wt% of MoO3. The XRD pattern of

10MoAl display peaks characteristic to bulk MoO3 was formed. These

peaks become more intense  as the molybdenum oxide content of catalyst

increased (Fig.1). The molybdena has a very high dispersion in
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MoO3/γAl2O3 catalysts at low loading level (3, 5MoAl). In the presence

of low amounts of MoO3 (≤ 3 wt %) the formation isolated tetrahedrally

coordinated [MoO4] species is preferred. High molybdena loadings favor

the formation of polymeric molybdate structures in which the Mo (VI)

ion is octahedrally coordinated. Crystalline molybdena is usually

observed when the molybdena amounts is higher than 15 wt% and

Al2(MoO4)3 formation [1-5]. The difference in the XRD patterns of the

supported catalyst from that of pure support and molybdena is an

indication of much strong molybdena-support interaction.

The data cited in Table 1 reveal that the particle size obtained from XRD

data of alumina supported molybdenum oxide catalysts increases with

increasing the molybdena content.

The XRD diffractogram of sulfated alumina supported molybdena

catalysts (xMoAlS) are shown in ( Fig. 2). The XRD patterns of xMoAlS

display peaks at low loading levels (3MoAlS) characteristic to bulk

MoO3 formation. These peaks increase with increasing the MoO3 loaded,

which lead to the increases the bulk of MoO3. The data obtained from

XRD indicated that the presence of sulfate ion lead to formation of MoO3
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at low loading level (3MoAl). Also the particle size of these catalysts

increases with increasing of molybdena content see Table 1.



51

Table 1. The results of particle size obtained from XRD data of alumina

supported molybdenum oxide at different loading levels and sulfated

catalysts.

Samples Particles size  (D =  1 nm)

Al

MoO3

3MoAl

5 MoAl

10 MoAl

15MoAl

20 MoAl

3MoAlS

5MoAlS

10MoAlS

15MoAlS

20MoAlS

10.3

38.4

16.1

16.1

20.2

23.4

26.1

14.1

15.6

17.3

21.4

23.3
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Fig. 1. X-ray powder diffractograms for xMoAl catalysts. Diffractograms

of the support and unsupported MoO3 are inset for comparison.
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Fig. 2. X-ray powder diffractograms for xMoAlS catalysts.

Diffractograms of the support and unsupported MO3 are inset for

comparison.
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3.1.2 XRD of silica supported molybdenum oxide

X–ray powder diffraction  of pure silica and silica supported

molybdenum oxide (xMoSi)  at different loading levels  are shown in

(Fig. 3). The XRD patterns of  silica  display a broad peak due to non-

crystalline silica ( amorphous). The diffractogrames of 3MoSi displays

dominantly peak due to support (silica), and will-defined peaks that can

be found in the diffractogram of MoO3 (Fig. 3). It was observed that the

MoO3 species were highly dispersed on silica at 3 wt%,5% loaded. This

result indicates that molybdena species are not crystallized but highly

dispersed or exist as amorphous phase without the possibility to know if

the absence of any diffraction peak was due to absence of long-range

order of MoO3 or to low amount of MoO3 to observe diffraction[6,7].

While at higher loading levels 10wt% start the formation of bulk MoO3.

The formation of bulk molybdena increases with increasing the loading

levels. The patterns at highest loading levels 10, 15 and 20MoAl reveal

the main presence of stable phase MoO3 orthorhombic crystal structure

appeared at higher loading[8]. The particle size of these samples

increases with increasing the loading level of molybdenum oxide

(Table2).
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Table.2. The results of particle size obtained from XRD data of silica

supported molybdenum oxide at different loading levels and sulfated

catalysts

Samples Particles size  (D =  1 nm)

MoO3

10 MoSi

15MoSi

20 MoSi

10MoSiS

15MoSiS

20MoSiS

38.4

25.4

28.3

33.4

23.3

25.8

31.4
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X-ray diffractograms of sulfated silica supported molybdena catalysts at

different loading levels are shown in (Fig.4). The diffractogram pattern

exhibited by 3- and 5MoSiS is similar to that presented above for 3- and

5MoSi (Fig. 3) in showing that high dispersion of MoO3 at this loading

levels. Also, at higher loading levels  10 wt% the crystalline MoO3 was

increased. The particle size of xMoSiS samples increases with increasing

the loading levels up to 20 wt% see Table2.
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Fig. 3. X-ray powder diffractograms for xMoSi catalysts. Diffractograms

of the support and unsupported MoO3 are inset for comparison.
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Fig.4. X-ray powder diffractograms for xMoSiS catalysts.

Diffractograms of support and unsupported MO3 are inset for

comparison.
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3.2 Ex- situ FTIR spectra of catalyst

3.2.1 Ex-situ FTIR spectra of alumina supported  molybdenum oxide

Ex-situ FTIR  spectroscopic  analysis of  the supported catalysts were

performed to get  deep  information  about the  surface molybdenum

oxide. (Fig.5).  provides a comparison of the IR spectra obtained for the

xMoAl  samples, with those exhibited by alumina and molybdenum

oxide. The spectrum of pure alumina displays  two broad absorptions

centered at 760 and 569 cm-1in common. These frequencies may be

attributed to the Al-O lattice vibrations of Al2O3 [9]. Support exhibited

O-H stretching band at 3438 cm-1 indicating the presence of basic

hydroxyls, and similar stretching band of supported catalyst exhibited in

the range 3438 cm-1. As the loading level of molybdenum oxide is

increased, the two broad bands 828, 569 cm-1 decrease. The broad band

of absorption indicated the formation of  molybdenum oxide. As there

was overlapping of Al-O bending vibration band in the range 828,760

and 569 cm-1 with Mo=O band in supported catalysts [1,5], association of

Mo-O with Al-O was clearly  indicated by the intensity and shift of bands

in the lower region [10,11].
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The IR spectra of sulfated, xMoAlS, catalyst samples (Fig.6), shows the

similar spectra of  xMoAl in( Fig. 5) the difference in spectra of xMoAlS

loading level of sulfated xMoAlS increase become much strong

absorptions at 828, 614 and  558 cm-1 resembling those shown for MoO3

surface species in the spectra of alumina supported molybdenum oxide

and intensity of three bands are more intense than the spectra of xMoAl

catalysts. This indicates that the formation of molybdenum oxide of

higher bond order in xMoAlS catalysts than in  xMoAl.

Hence, the above IR spectral results are in a good agreement with the

XRD results.  By increasing the loading level of molybdenum oxide on

alumina the crystallinity of MoO3 increases dramatically. All the results

discussed above clearly show the dispersion capacity of molybdenum

oxide from MoAlS is larger compared with molybdenum oxide from

MoAl.
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Fig.5.  FT–IR transmission spectra obtained for molybdenum oxide,

the indicated set of alumina supported molybdenum oxide.
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Fig.6  FT-IR transmission spectra the  obtained for molybdenum oxide

and the indicated set of sulfated xMoAlS.
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3.2.2  Ex-situ FTIR spectra of silica supported molybdenum oxide

Ex-situ FTIR  spectroscopic  analysis of  the supported  catalysts was

performed to get  deep  information  about the  surface molybdenum

oxide. (Fig.7) provides a comparison of the IR spectra obtained for the

xMoSi samples, with those exhibited by silica and molybdenum oxide.

IR spectrum of pure silica display one broad absorption band centered at

1090 cm-1, and two absorption bands centered at 795 and 499 cm1. These

frequencies attributed to the Si-O lattice vibrations of SiO2. Water shows

an intense characteristic broad absorption band centered at 3450cm-1

assigned to O-H stretching in H-bonding [12]. IR spectrum display strong

absorption at 499 cm-1 due to Mo-O lattice vibrations of molybdena

phase [13]. As the loading level of molybdenum oxide is increased, the

absorption gradually narrow with the emergence of much strong

absorption resembling the shown for MoO3 surface species in the spectra

of silica supported molybdenum oxide (Fig.7). The intensities of these

vibration bands increase with increasing the loading level of

molybdenum oxide due to the increase in the formation of MoO3. There

an overlapping of Si-O bending vibration band in the range 795 cm-1 with

M=O band in supported catalysts.
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The IR spectra of the sulfated, xMoSiS, catalyst samples (Fig. 8) is

similar to the spectra of MoSi which shown in (Fig.7), with differences in

an intensity absorption  exhibits increase in absorption with increase of

loading of xMoSiS in range 499 cm-1 indicates increase in formation of

MoO3 .

Hence, the above IR spectral results in a good agreement with the

XRD results. It has been noted that by increasing the loading level of

molybdenum oxide on silica the crystallinity of MoO3 increases.
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Fig.7.  FT–IR transmission spectra obtained for molybdenum oxide,

the indicated set of silica supported molybdenum oxide.
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Fig.8.  FT-IR transmission spectra the  obtained for molybdenum oxide

and the indicated set of sulfated xMoSiS.
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3.3 Laser Raman spectra of catalysts

3.3.1 Laser Raman spectra of alumina supported molybdenum oxide

catalysts

The result of the Laser Raman spectra obtained for the xMoAl

samples at different loading levels presented in(fig. 9). All catalysts

display bands at 956 cm-1 (Mo=O stretching) at low molybdenum loading

(5MoAl) tetrahedrally coordinated species (MoO4
2-) are present as small

amount. With increasing the MoO3 loading (10MoAl) formation of new

bands appear at 222 and 356 cm-1 to 375 cm-1 (Mo=O bending) and 834,

900 cm-1 (asymmetric Mo-O-Mo stretching) and shift to higher values of

bands 956 and 997 cm-1 this shift can be attributed to a decrease in the

bond strength of O-Mo-O groups that are joined to the support, because

the high surface density of MoO3 species present in this catalyst. At

moderate loadings (between 5 and 20 wt% MoO3), tetrahedrally

coordinated MoOx species are present at 5MoAl catalyst [14,15]. And

increase in the amount of molybdenum oxide at 10MoAl catalyst the

octahedrally coordinated species can be observed and more crystalline.

The Raman spectra of sulfated, xMoAlS, catalyst samples (Fig. 9)

show the similar spectra of  xMoAl  but the difference in spectra of
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xMoAlS loading level of sulfated xMoAlS increase become much strong

absorptions at 853, 900 and 956 cm-1 resembling those shown for MoO3

surface species in the spectra of alumina supported molybdenum oxide

and intensity of three bands are more intense than the spectra of xMoAl

catalysts. This indicates that the formation of molybdenum oxide of

higher bond order in xMoAlS catalysts than in xMoAl
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Fig.9. Laser Raman spectra of alumina supported molybdenum oxide

Catalysts with sulfated xMoAlS catalysts
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3.3.2 Laser Raman spectra of silica supported molybdenum oxide

Catalysts

Laser Raman spectroscopic analysis of the supported catalysts was

performed to get  deep  information  about the  surface of molybdenum

oxide. (Fig.10) shows a comparison of the Laser Raman spectra obtained

for the xMoSi samples, with those exhibited by silica and molybdenum

oxide. At low loading for 5MoSi, the presence of MoO3 on the surface of

5MoSi as a dispersed which exhibits two small vibrational   bands at 816

and 992 cm-1 of molybdena. The appeared bands indicate that they have

small effect on the formation of molybdenum oxide [16]. By increasing

MoO3 loaded for 10 wt% become more intensive with increasing of

density and new bands appears at 216 and 241 cm-1. The new bands can

be assigned to molybdenyl bending as isolated and the Mo = O stretching

mod shifts from 281 to 289 cm-1 and at 666 cm-1 (the shift and the change

of band shape of the molybdenyl vibration can be interpreted as an

indication that the two bands belong to at least two different contribution

of the present molybdenum oxide species) and the presence of two sharp

bands indicates that the surface molybdenum oxide species [17,18,19].

At a higher loading levels the characteristic bands of crystalline  MoO3

are clearly observed.
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The Raman spectra of the sulfated, xMoSiS, catalyst samples(

Fig.10). similar to the spectra of MoSi  with differences in an intensity

absorption  exhibits increase in absorption and more sharp with increase

of loading of xMoSiS in range 816 and 992 cm-1 indicates increase in

formation of MoO3 crystalline.
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Fig.10. Laser Raman spectra of silica supported molybdenum oxide

Catalysts with sulfated xMoSiS catalysts
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3.4 Conclusions

A series of alumina and silica supported molybdenum oxide were

prepared using ammonium hepta molybdate at different loading levels (3

– 20  wt%  of molybdenum oxide ) by the impregnating method. Surface

and bulk characterization of supported catalysts by X-ray diffractometry,

FT-IR spectroscopy and Laser Raman spectroscopy leads to the

following conclusion :

1- XRD results of alumina supported molybdenum oxide exhibits the

crystallinity of catalysts and particle size increase with increasing the

loading level of molybdenum oxide. The similar effect was observed in

case of sulfated alumina supported molybdenum oxide (xMoAlS).

2- XRD results of silica supported molybdenum oxide exhibits high

dispersion at low loading level (3,5wt%) whereas at higher loading levels

the crystallinity and particle size increase with increasing loading level of

molybdenum oxide. Sulfate catalysts of (xMoSi) show the similar effect.

3- FTIR  spectroscopic results obtained indicate the dispersion capacity

of molybdenum oxide from MoAlS is larger than of molybdenum oxide

from MoAl.
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4- FTIR spectra of MoSi and MoSiS catalysts show the dispersion

capacity of molybdenum oxide from MoSiS is bigger than of

molybdenum oxide from MoSi.

5- The results obtained from Laser Raman Spectroscopy of xMoAl

catalysts indicated the formation of molybdenum oxide of higher bond

order in xMoAlS catalysts than in xMoAl catalysts.

6- The results obtained from Laser Raman Spectroscopy of xMoSi

catalysts indicated that the higher intensity absorption (sharp) increase

with increasing of loading level of MO3 (xMoSi and xMoSiS)indicate

the formation of crystalline MO3.
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Surface acidity of the catalysts measured by potentiometric

titration of n-butyl amine

4.1 Prelude

Solid acid catalysts have assumed a great importance due to their huge

application potential in chemical industry specifically in the oil refining

industry [1-4]. Solid acids and basis are widely used to catalysis various

reactions at the solid-gas or solid liquid interface. The increase in activity

is believed to arise from increase in the surface acidity of the modified

oxide [5]. In order to understand the mechanism of their catalytic action

and to predict their activity and selectivity we need quantitative

information about the number and strength of the acid or basic centers on

their surface [6-8] and qualitative information on the nature of the acid

sites, i. e. protonic (Bronsted) or a protonic (Lewis) sites. A suitable choice

of probe molecule is extremely important in the development of the

accurate methods of studying the acid and base properties of catalyst

surfaces.

Different techniques have been used to study the surface acidity of solids

particularly, the adsorption of water and basic probe molecules followed
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gravimetrically [9], volumetrically, micro calorimetrically [10,11] and

with IR [12-22], Raman and NMR [23], spectroscopes have been applied

to investigate surface acidity. Contrarily, the desorption of such probe

molecules followed by temperature-programmed techniques have also

been applied [24]. Titration methods [25-28] and activity measurements

in catalytic test reactions [29-31] have also been among the thoroughly

applied methods. The application of these techniques has added greatly to

our knowledge about the surface acidity of solid surfaces. However it has

also revealed the complexity of predicting the acid strength and number

of acid centers on solid surfaces.

The acidity measurements of the catalysts by means of a potentiometric

titration with n-butyl amine to estimate the total number of acid sites and

their relative strength. As a criterion to interpret the obtained results, it

was suggested that the initial electrode potentional (Ei) indicates the

maximum acid strength of the sites. The value of meq amine/g solid,

where the plateau is reached, indicates the total number of acid sites [32-

34]. On the other hand, the acid strength of these sites may be classified

according to the following scale [32,34]: Ei >100 mV (very strong sites),
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0 < Ei< 100 mV (strong sites), -100 <Ei< 0(weak sites) and Ei< -100 mV

(very weak sites).

Therefore, the aim of the present study is to characterize the nature of

surface acidity (the amount of surface acidity and the strength of the

surface acid sites) of alumina and silica supported molybdena catalysts

and modified sulfated samples using n-butyl amine as a probe.

4.2 Experimental

The total acidity of the solid samples was measured by means of

potentiometric titration [35,36]. About 50 mg of solid catalyst  was

suspended in 20ml acetonitrile (purity 99.9 %, Merck), and stirred for 2

h. The initial electrode potential (Ei, mV) was measured after stirring for

2h. then, the suspension as titrated with 0.1N n-butylamine in acetonitrile

at 0.05 ml/min. The electrode potential variation was measured with an

Orion 420 digital A model using a double junction electrode.

4.3 Results and Discussion

The surface acidity measurements of the prepared catalysts by means of

potentiometric titration with n-butyl amine in acetonitrile  [37] were used

to estimate the amount of acid sites and their relative acid strength

according to the value of the initial electrode potential (Ei). N-butyl
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amine is a strong base and can be adsorbed on acid sites of different

strength and types, thus it titrates both Lewis and Brønsted sites [38] .

4. 3. 1 Silica supported molybdena and sulfated catalysts

The titration curves obtained for silica supported molybdena (xMoSi)

catalysts at different loading levels presented in (Fig.1). The computed

amount of the acid sites (meq./g) and the number of the acid sites per

gram (N/g) as well as the values of Ei are listed in Table 1. For

comparison, the surface acidity of pure silica catalysts represented in

Table 1. The results obtained for surface acidity measurements reveal

that the surface of pure silica show medium acid sites. The results of

surface acidity measurements reveal that all the samples of supported

catalysts (xMoSi) have very strong acidity, with Ei values in the range of

-10 to 240 mV. The loading of molybdena  enhances the acid strength of

the catalyst. Then, the surface acid strength of silica supported

molybdena catalysts increases with increasing the loading level of the

MoO3. The maximum acid strength is exhibited by the catalyst 20MoSi at

higher loading level of molybdna catalyst.

The loading of xMoSi catalyst with sulfate ions causes a remarkable

increase of surface acidity presented in (Fig.2). Since the amount of
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acidity and the number of acid sites (N/g) for xMoSiS catalysts are listed

in Table 1, which's reveals that increases in the acidity with addition of

sulfate ions. Also, the amount of acidity and number of acid sites of

sulfated catalysts are higher than free sulfate catalysts  (Table 1).

Table 1.

The surface acidity of  silica supported molybdena and sulfated catalysts.

Samples Ei (mV) Acidity amount

(meq. /g)

The number of acid

sites / g x 1019

Si

5MoSi

10MoSi

20MoSi

5MoSiS

10MoSiS

20MoSiS

-10

150

220

240

250

320

360

0.2

0.60

0.81

0.93

0.75

1.05

1.2

1.2

3.6

4.8

5.6

4.5

6.3

7.2
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Fig. 1: Potentiometric titration curves of n-butyl amine in acetonitrile for

the silica and silica supported molybdena catalysts (xMoSi).
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Fig. 2: Potentiometric titration curves of n-butyl amine in acetonitrile for

the silica  supported molybdena and sulfated catalysts (xMoSiS).
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4. 3. 2 Alumina supported molybdena and sulfated catalysts

The titration curves of alumina supported molybdena catalysts at

different loading levels (xMoAl) presented in (Fig. 3), where the amount

of acidity and the total number of acid sites/g catalyst was evaluated,

table 2. It seems that the free alumina display strong acid sites,

Ei=12mV Supported molybdena catalysts show increases of amount of

acidity, number and strength of acid sites to reach maximum at 20 wt %

of molybdena supported on alumina (20MoAl). This means that the

surface acidity of supported catalysts (xMoAl) increases with increasing

the amount of MoO3 loaded on alumina up to 20 wt % MoO3.

Modification with sulfate was accompanied by a gradual increase of both

number and strength of acid sites to reach maximum at 20MoAlS

presented in (Fig. 4). The sulfated samples show the highest acidity;

which is attributed to the strong interactions between sulfates and xMoAl

surfaces. Moreover, these samples clearly shows very strong acid sites up

to Ei= 450 mV for 20MoAlS.

This finding threw the light on the dependence of the number of acidity

as well as the acid strength on amount of molybedna and sulfate content.
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Table 2.

The surface acidity of  alumina supported molybdena and sulfated

catalysts.

Samples Ei (mV) Acidity amount

(meq./g)

The number of acid

sites / g x 1019

Al

5MoAl

10MoAl

20MoAl

5MoAlS

10MoAlS

20MoAlS

12

180

260

295

320

390

440

0.60

0.75

0.91

1.1

0.9

1.35

1.45

3.6

4.5

5.4

6.6

5.4

8.1

8.7
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Fig. 3: Potentiometric titration curves of n-butyl amine in acetonitrile for

the alumina and alumina supported molybdena catalysts (xMoAl).
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Fig. 4: Potentiometric titration curves of n-butyl amine in acetonitrile for

the  alumina supported molybdena and sulfated catalysts (xMoAlS).
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4.4 Conclusions

Pure alumina surfaces exhibited strong acidic sites compared with pure

silica surfaces which display medium acid sites. The supported catalysts

possess very strong acid sites and contain both Brønsted and Lewis acid

sites. The acid strength of acid sites is the strongest for higher loading

level of molybdena on silica and alumina catalysts. The total surface

acidity increased with an increase of loading levels. The surface acidity

of alumina supported molybdena catalysts are higher than surface acidity

of silica supported molybdena catalysts. Sulfation enhances the surface

acidity and increases the strength of acidity due to the inductive effect of

S=O. Potentiometric titration of n-butyl amine probe molecule provide an

extremely useful determination of surface acid characteristics of

supported molybdena and sulfated catalysts.
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