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Abstract.  Catalytic oxidative dehydrogenation of propane to propylene has received great research interest in recent years. This reaction stands as a promising alternative to steam cracking and catalytic dehydrogenation, although most of the catalysts proposed need further improvements. This work presents results of the propane oxidative dehydrogenation reaction on alumina supported chromium-molybdenum oxides catalysts - CrXMo(1-X) (where x = 0 – 1). The reaction was conducted at atmospheric pressure, 300 – 420 oC and total feed flowrate of 75 cm3/min (20 cm3/min propane, 5 cm3/min oxygen and the balance helium). The catalysts are active for the reaction. Increase in Mo-ions in the catalysts decreased the reducibilities and changed the nature of the lattice oxygen as indicated by TPR and XPS results. The catalysts with lower reducibilities exhibited corresponding increase in the propylene selectivities. Alkali metals (Li, K, Cs) doped Cr.8Mo.2 (alkali/CrMo weight ratio of 0 – 0.175), showed maxima in both propane conversion and propylene yields for the ratio ranges used. One of the catalysts (Cs/CrMo = 0.125) exhibited the best performance (propane conversion is 15.1% and selectivity to propylene is 64.5%) at 420 oC. It holds promise as a catalyst for oxidative dehydrogenation of propane. 
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Introduction

The increasing demand of propylene in the international market and the general tendency of the petrochemical industry to transform cheap and abundant alkanes into more valuable products have spurred research interest in oxidative dehydrogenation of propane to propylene. Worldwide propylene demand is expected to grow over the next several years. The strongest demand comes from polypropylene, which has the highest 

growth rate among polymers [1]. Propylene is also used in production of petrochemicals such as acrylonitrile, oxo-alcohols and propylene oxide. Presently, propylene is obtained from steam cracking, refinery Fluid Catalytic Cracking (FCC) units, pyrolysis and catalytic dehydrogenation. The dehydrogenation takes place at high temperatures (i.e. exceeds 600 (C) because of high-energy requirements. The high temperatures often lead to cracking of the alkanes and formation of coke.  In the dehydrogenation reactions, the thermodynamic barriers are imposed because the reactions involving the loss of hydrogen which considered to be endothermic.  

These difficulties are minimized in oxidative dehydrogenation reactions because when oxygen is added to the propane, the conversion of propane becomes thermodynamically feasible at low temperature, but still difficult to design a catalytic system that has high yield since both the alkanes and alkenes have tendencies towards further oxidation. There is a strong motivation for developing catalytic systems that would improve the yield. To this end, catalytic propane oxidative dehydrogenation (POD) has received extensive research efforts that led to the discovery of several promising catalysts. The most studied catalytic systems for  the reaction are based on vanadium [2,3]. Some of the other catalysts reported lately are metal tungstates [4], metal molybdates [5] and metal phosphates [6].  Recently rare earth vanadates have been reported to have better performance than the much-studied V-Mg-O based catalyst [7].

It is generally accepted that oxidative dehydrogenation reaction takes place through the classical Mars-Van Krevelen mechanism [8, pp. 269-271] where the catalyst donates lattice oxygen to take part in the oxidation reaction. The reduced catalyst is reoxidized by the gas phase oxygen. Therefore, the reducibility of the catalyst surface is critical in determining the catalyst’s performance. In addition, it is important to have a catalyst of appropriate basicity to facilitate desorption of the olefins. These properties have been shown to be important [9,3]. The redox character could be modified by addition of transition metals to the base metal. This is because the lattice oxygen migration could be promoted by such addition. Mixing certain metals with the base catalyst might also improve the selectivity to propylene by (i) modifying the electronic structure of the base metal center, (ii) modifying its behavior through structural site isolation or (iii) stabilizing of lower oxidation state of the metal [10,3].

Therefore, the optimized catalyst should consist of a group of elements that are able to change their valance states on appropriate supports to give a desired redox and acid-base character. For POD, different mixed oxides have been proposed [2,3].   In a previous study we have investigated the activities of some supported transition metals oxides catalysts [11]. Among the catalysts, 10 wt% chromium oxide/Al2O3 exhibited the best performance. In the present work, we have studied alumina supported chromium – molybdenum oxides catalysts for the reaction. The catalysts are CrXMo(1-X) oxides/(-Al2O3 (where x = 0 – 1). The molybdenum is added with a view to control the possible adsorbed oxygen species, acid/base character and redox properties of the catalysts [9]. In addition, one of the promising catalysts is doped with alkali metals in attempt to improve its performance. Such doping could decrease the amount and the electronegative character of the oxygen associated with the waste-forming sites [12].

Experimental

The catalysts - CrXMo(1-X) oxides/(-Al2O3 (where x is 0 – 1) – were prepared using impregnation method. Subsequently, the catalysts are referred to as Cr-, Mo- and Cr-Mo for (-Al2O3 supported chromium oxides, molybdenum oxides and their mixtures. One of the catalysts (Cr:Mo, weight ratio = 4:1) was doped with alkali metals (Li, K and Cs) to form alkali/Cr-Mo weight ratios of 0.025 – 0.175. The nitrates of the alkali metals (BDH) were used as precursors.

Temperature-programmed reduction (TPR) experiment of a sample of the catalysts – Cr-, Cr-Mo(4:1) and Cs-doped Cr-Mo(4:1) (of Cs/CrMo = 0.125) - was performed. It was done in a quartz tubular reactor using 10% H2 in nitrogen at a flow rate of about 50 cm3/min and a heating rate of 5 oC/min. Catalyst samples (100 mg) were pretreated in flowing O2 (50 cm3/min) at 500 oC and cooled in O2. The consumption of H2 was measured using a thermal conductivity detector (TCD) and the signal transferred to data acquisition computer. The water was removed with a molecular sieve trap. X-ray Photoelectron Spectroscopy (XPS) spectra of a sample of the catalysts – Cr-Mo(1:4), Cr-Mo(4:1) and alk-doped Cr-Mo(4:1) (alk/CrMo=0.125) - were also recorded. Brunauer, Emmett, and Teller (BET) surface areas, average pore diameters and pore volumes were measured using Micrometrics 2400 instrument. Details on catalysts preparation, the experimental procedure, setup and gas analysis methods are as given elsewhere [11].

Results and Discussion

Catalyst characterization

Temperature-programmed reduction experiments were performed on alumina-supported (i) Cr-, (ii) Cr-Mo and (iii) Cs-doped Cr-Mo catalysts as shown in Fig. 1(i, ii, iii). The temperature maxima for the catalysts are (i) Cr-(281 oC), (ii) Cr-Mo (365, 456 and 665 oC) and (iii) Cs-doped Cr-Mo (374, 417 and 776oC). Sharp peaks are observed below 600 oC. Broad peaks at 600 – 900 oC are also observed. The sharp peaks shows that once transformation starts, it converts one compound into another rapidly. On the other hand, the broad peak indicates gradual transformation to a group of domains of different oxides. Those broad peaks in the figure mean that the catalysts are susceptible to redox readily at temperature higher than 600 oC [10].

The result shows that Cr- catalyst is readily reducible compare to others. The Cr-Mo exhibits two distinct sharp peaks indicating oxygen species of different reducibilities. This could be associated to chromium and molybdenum sites on the catalyst. Probably, the presence of molybdenum has decreased the reducibility of chromium sites thereby showing maximum temperature higher than the Cr- catalyst. Doping cesium on Cr-Mo results in a shoulder and a decrease in intensity of the first peak. The Cs-doping decreases the amount of reducible oxygen and the reducibility of the site associated with the first peak in Cr-Mo. The shoulder indicates possible formation of another oxygen species, though in small quantity. The second peak is shifted to lower temperature. This indicates a strong effect of the cesium that is probably associated with Molybdenum sites. The intensity of the second peak is also reduced. The TPR profile of Cs-doped sample indicates lower consumption of hydrogen, thereby suggesting less amount of reducible oxygen species. It is interesting that Cs-doping results in such a significant modification of the catalyst. Earlier reports have shown such increase in resistance to reduction due to addition of molybdenum and alkali metals [3,13].

Table 1 gives the XPS data of a representative sample of the catalysts tested. The surface atomic ratio of Cr/Mo is influenced by the addition of alkali. The catalysts doped with Li and K exhibit higher ratio (1.7) than the undoped (1.1) and Cs-doped (1.1) samples. The lower Cr/Mo ratio in the case of Cs-doped sample indicates higher dispersion of molybdenum phase due to presence of cesium. For the catalyst; CrMo(4:1) and CrMo(1:4) the Al2p binding energy does not show dependence on the ratios. For the Mo3d5/4, Cr2p3/2 and O1s, the binding energies show some degree of dependence on the Cr/Mo ratio. The binding energies for Mo3d5/4 and Cr2p3/2 increase while that of O1s decrease for that sample with higher amount of Mo-ions. The binding energy values for Al2p, Cr2p3/2 and O1s of the alkali-doped samples (except O1s of Cs/CrMo) are similar or lower than the undoped samples. This suggests increase in surface basicity for the samples. For Mo3d5/4, the binding energy was decreased by Cs-doping only, while others increase the values. This indicates larger modification of Mo-site by cesium as suggested by TPR results. The lower Cr/Mo ratio in the XPS result than the actual in the preparation is similar to a report on V2O5/TiO2, where it was explained based on a model of towers of crystallined vanadia covering the monolayer of VOX [12].  Almost the same surface ratios (XPS data and catalyst preparation) in the case of CrMo(1:4) indicate high degree of dispersion.

Reaction experiments for Cr-Mo catalysts

Table 2 shows the propane conversion and product distributions for the catalysts tested. The main products are propylene, ethene, and COX. At low temperature (300 oC), the Cr- exhibits high conversion of propane (7.4%) compared to Mo-. The conversion is drastically decreased to negligible values by addition of Mo-ions. The Mo- also shows no activity at this condition. At higher temperature (350 oC), the conversion of propane increases, but still there are significant differences in the conversions and product distributions for different ratios of Cr/Mo. For the catalyst of Cr/Mo ratio greater than two, the conversions are similar with average value of 9%. But for the ratios less than two, the conversions decrease to lower values. The higher conversion shown for example by CrMo(4:1) over CrMo(1:4) is reflected by XPS data. The lower binding energy (Mo3d5/2 and Cr2P3/2) of the former than the latter indicates corresponding increase in surface basicity and hence the increase in conversion. However, it may also be observed that addition of Mo-ions improves the selectivity to propylene. At this temperature, there is lower selectivity to propylene on Cr-, due to the tendency towards producing larger amount of COX. This is probably due to higher reducibility of Cr- as indicated in Fig. 1. The selectivity to C2H4 is enhanced by split of C3H6 due to the presence of surface adsorbed electrophilic oxygen or highly reducible lattice oxygen [14].

Table 1.  XPS data for a sample of the catalysts

	Samples


	Percentages of atoms on the surface (%)


	

	
	alkali

metals
	O
	Cr
	Mo
	Al
	Cr/Mo ratios
	

	CrMo (1:4)
	---
	73.2
	3.5
	14.3
	9.0
	0.24
	

	CrMo (4:1)
	---
	69.9
	6.1
	5.4
	18.6
	1.13
	

	Li/CrMo
	9.3
	61.3
	4.7
	2.8
	21.9
	1.68
	

	K/CrMo
	0.5
	67.7
	5.5
	3.3
	23.1
	1.67
	

	Cs/CrMo
	3.3
	68.8
	5.4
	5.0
	17.5
	1.08
	

	
	Binding energies (eV)
	

	
	Al2p
	Mo3d5/2
	Cr2p3/2
	O1s
	Li1s
	K2p
	Cs3d5/2

	Cr-Mo(4:1)
	74.4
	232.5
	577.4
	531.0
	
	
	

	Cr-Mo(1:4)
	74.4
	232.7
	577.5
	530.8
	
	
	

	Li/CrMo
	74.2
	232.6
	576.8
	530.7
	55.3
	
	

	K/CrMo
	74.3
	232.7
	577.1
	530.8
	
	293.0
	

	Cs/CrMo
	74.2
	232.3
	577.4
	530.9
	
	
	725.0

	
	
	
	
	
	
	
	


Addition of low amount of Mo-ions (Cr/Mo = 4), shows increase of selectivity to propylene from 32 to 51%. Further increase of Mo-ions (to Cr/Mo = 2) still shows higher selectivity to propylene than Cr- at comparable conversions. The selectivity to ethene is 3%. At lower ratios, the ethene production is suppressed, perhaps due to low conversions. For instance, at equal conversions of about 7% for Cr- (at 300 oC) and CrMo(3:4) (at 350 oC, higher temperature because of decrease in activity due to addition of Mo-ions), the Cr-Mo exhibits selectivity to propylene more than twice that of Cr-. Furthermore, comparing CrMo(4:3) and CrMo(1:4), improvement in selectivity of about 10% for CrMo(1:4) over CrMo(4:3) at equal propane conversion (about 5%) could be observed. This is perhaps due to isolation of chromium sites, agglomeration of which may increase the lattice oxygen reducibility and/or electrophilic surface adsorbed oxygen [15].The decrease in reducibility by Mo-ions is reflected by the TPR results. The Mo- however, exhibits lower selectivity to propylene at similar conversion. The effect of Cr/Mo ratios on the catalysts performance appear to be reduced at high temperatures. The better performance of Cr-Mo than Cr- is not unexpected. Stern and Grasselli [5] have reported POD on metal molybdates and showed that Ni-Co-Mo was as promising as vanadium-based catalysts for the reaction. 

Table 2. Performance of Cr-Mo catalysts in the POD, Feed flowrate of 75 cm3/min: Propane vol.% 26.67, Oxygen vol.% 6.67; and the balance helium

	
	Catalyst sample
	Conversion (%)
	Selectivity (%)
	
	

	
	(100 mg)
	C3H8
	
	C3H6
	C2H4
	CH4
	CO2
	CO

	
	T = 300 oC
	
	
	
	
	
	
	

	
	Cr
	7.4
	
	26.8
	3.3
	2.4
	52.6
	14.9

	
	CrMo(4:1)
	0.7
	
	64.2
	0.0
	0.0
	0.0
	35.8

	
	CrMo(4:2)
	0.5
	
	53.7
	0.0
	0.0
	0.0
	46.3

	
	CrMo(4:3)
	0.2
	
	0.0
	0.0
	0.0
	0.0
	100.0

	
	Mo
	0.2
	
	0.0
	0.0
	0.0
	0.0
	100.0

	
	
	
	
	
	
	
	
	

	
	T = 350 oC
	
	
	
	
	
	
	

	
	Cr
	8.9
	
	31.7
	3.1
	2.2
	48.0
	14.9

	
	CrMo(4:1)
	10.1
	
	51.2
	2.9
	0.0
	27.4
	18.3

	
	CrMo(4:2)
	8.2
	
	46.7
	2.9
	0.0
	28.2
	22.1

	
	CrMo(4:3)
	5.9
	
	57.8
	0.0
	0.0
	22.6
	19.6

	
	CrMo(3:4)
	7.2
	
	61.4
	0.0
	0.0
	17.8
	19.9

	
	CrMo(2:4)
	3.7
	
	76.8
	0.0
	0.0
	10.3
	12.9

	
	CrMo(1:4)
	5.0
	
	67.6
	0.0
	0.0
	15.0
	17.4

	
	Mo
	6.9
	
	61.0
	0.0
	0.0
	18.5
	20.5

	
	
	
	
	
	
	
	
	

	
	T = 400 oC
	
	
	
	
	
	
	

	
	Cr
	9.0
	
	39.6
	3.3
	2.2
	42.5
	12.4

	
	CrMo(4:1)
	12.5
	
	55.5
	3.2
	1.6
	20.3
	17.0

	
	CrMo(4:2)
	12.9
	
	54.5
	3.9
	1.9
	19.0
	18.1

	
	CrMo(4:3)
	12.9
	
	52.9
	4.1
	1.7
	18.2
	20.5

	
	CrMo(3:4)
	13.0
	
	55.1
	3.2
	1.7
	16.9
	20.6

	
	CrMo(2:4)
	12.1
	
	58.6
	2.8
	0.0
	17.3
	21.3

	
	CrMo(1:4)
	10.8
	
	54.8
	3.0
	0.0
	18.8
	23.2

	
	Mo
	13.0
	
	55.9
	3.1
	1.4
	15.7
	23.5

	
	
	
	
	
	
	
	
	

	
	Quartz
	1.1
	
	38.1
	27.8
	16.0
	0.0
	18.1
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Fig. 1. Temperature programmed reaction profile for (i) Cr-, (ii) Cr-Mo and (iii) Cs-doped Cr-Mo.
Alkali metals doped Cr-Mo catalyst
The catalyst performance could be improved by addition of alkali-metals. In recent report, molybdate was shown to be active and promoted by addition of potassium within certain range of K/CrMo ratios [13]. Therefore, in order to shed more light on the performance of the Cr-Mo catalyst, we study further the effect of addition of alkali metal. Doping with alkali metals (Li, Na, K, Rb, and Cs) has been established to have positive effect on some catalysts. In some cases though, the addition has been shown to produce inferior catalysts [3]. Attempt is made to promote the Cr-Mo (4:1) catalyst by addition of alkali metals (Li, K, Cs) of alkali/Cr-Mo weight ratios of 0.025 – 0.175. 

Figure 2a shows the conversion at 420 oC for Li, K or Cs doped Cr-Mo catalysts. For all the alkali metals added, there appear to be a maxima in propane conversion with the increase in the metal loadings. Only the Li-doped samples show significant change in the activity. At low Li/Cr-Mo ratio of 0.025, the Li causes decrease in conversion. It increases to a value similar to that of the undoped catalysts then decrease with the increase in Li loading. The value is lowest at the highest Li/Cr-Mo ratio (0.175). On the other hand, potassium shows no drastic decrease in the conversion of the catalyst. Cs-doped Cr-Mo also shows similar conversion profile. Fig. 2b shows the variation of propylene yield with the alk/Cr-Mo ratios. This follows a similar trend with the conversions. Respective additions of K and Cs show similar or improved yields in the ratios range compared with undoped catalyst. Li-doped sample shows little increase in yield which then drops drastically at high ratios. At the high ratio, Cs/Cr-Mo exhibits propylene yield of 9.8%.
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Fig. 2a. Propane conversion for different amounts of alkali metals doped on Cr-Mo(4:1) at 420 oC, 100 mg catalyst, Propane vol.% 26.67, Oxygen vol.% 6.67; and the balance helium.
The addition of alkali metals would cause possible changes in the structure of the catalysts. At low alkali/Cr-Mo ratio, all the metals show similar activity (K and Cs) to or lower (Li) than the undoped catalyst. The activities generally show maxima within the ratio range. The observation of initial increase in activity with alkali metal loadings and decrease at higher loadings is consistent with literature report on the interaction of some alkali metals with the supported transition metals catalysts [13,16].  Furthermore, a study of the effect of addition of potassium and cesium on reducibility of Mo/(-Al2O3 has shown that the interaction between the alkali metals and Mo depends strongly on the alkali/Mo ratio. The effect on the surface basicity was insignificant at alkali/Mo ratio less than one, while the basicity was drastically suppressed at alkali/Mo ratio greater than one [17]. Therefore, the trend observed in Fig. 2a and 2b could be explained based on the acid-based character of the catalyst surface. 
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Fig. 2b. Propylene yields for different amounts of alkali metals doped on Cr-Mo(4:1) at 420 oC, 100 mg catalyst, Propane vol.% 26.67, Oxygen vol.% 6.67; and the balance helium.

It is reported that there is direct relation between the acidity and adsorption strength of the alkane in oxidative dehydrogenation [18]. At low alkali metal content, there could be an increase in surface basicity with the alkali content. This would increase propane conversion. At higher content, the suppression in basicity would cause decrease in conversion. This assertion is in agreement with another report on acidity-absorption strength relation [13]. This is tentatively supported by the XPS result where the binding energy of Cr2p3/2 and O1s slightly decreased with addition of alkali metals indicating increase in basicity. This may explain the general observation of maxima in the yield as observed in this work. It indicates that there is a minimum amount of alkali metal dopants required for optimum surface acidity/basicity and bulk structure to increase the yield of propylene in oxidative dehydrogenation of propane [19].

The propane conversion and propylene yield are determined by the reducibility and acid/base characteristics of the catalyst as indicated by the results of TPR and XPS experiments. The higher promoting effects of cesium (in the ratio range used) compared to lithium and potassium could be due to its larger size. It has been reported that addition of potassium decreases the amount of O- on the catalyst surface. It was suggested that the potassium exhibited such effect because it was located on the oxides ions, changed the sign of the surface dipole and decreased the amount of surface oxygen species compared to unpromoted sample. The effect should depend on the size of the alkali employed. This was observed by [13] where they reported decreased in the oxygen with increase in ionic radius of the alkali metal promoters. Taking this together with the XPS results may explain the increase in the propylene yield with the ionic radius we observed for higher alk/CrMo ratios. It is however difficult to give categorical conclusion as other important factors could be involved especially as observed for the ratios lower than 0.125.

Conclusions

It is evident from the proceeding discussion that chromium-molybdenum oxides-based catalyst system is active for propane oxidative dehydrogenation. Study on the effect of Mo-ions loading has shown that it has strong influence on reducibility of the catalyst and hence its performance. The Cr-Mo is less reducible than Cr- as shown by TPR study. The lower reducibility lead to lower selectivity to COX by Cr-Mo. Doping Cr-Mo with alkali metals (Li, K, Cs) exhibits general increase then decrease in conversion with alkali loadings indicating that there are respective minimum amounts of alkali metals promoters for increasing the yield of propylene. Otherwise, the alkali metals deteriorate the performance of the catalyst. 

The propylene selectivity increases with increasing the Mo-ions in the catalysts surface due to lower  reducibility effect. The ratio of (Cs/CrMo = 0.125) exhibited the best performance of the catalyst giving propylene yield of ~ 10% at 420 oC. This work shows that Cs/Cr-Mo system is promising as catalyst for propane oxidative dehydrogenation.  The catalyst can be optimized for the best calcinations and pretreatment conditions.  
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الأكسدة النازعة للهيدروجين من البروبان لإنتاج البروبيلين على حفّاز الموليبدينوم
سعيد بن محمد الزهراني 

قسم الهندسة الكيميائية، كلية الهندسة ، جامعة الملك سعود، ص.ب. 800 ،

الرياض 11421، اللملكة العربية السعودية

البريد الإلكتروني szahrani@ksu.edu.sa
( قدم للنشر في 26/10/2002م ؛ وقبل للنشر في 8/10/2003م ) 

ملخص البحث. يعد البحث في مجال تفاعلات الأكسدة النازعة للهيدروجين من البروبان لإنتاج البروبيلين من الأبحاث التي لاقت اهتماما بحثيا مؤخرا نظرا لكونه يعد بديلا استراتيجيا لتفاعلات التكسير في وجود بخار الماء أو لتفاعلات التكسير الحفزي في غياب الأكسجين للهيدروكربونات.   تناول هذا البحث تفاعل الأكسدة النازعة للهيدروجين من البروبان في وجود مادة الكروم- الموليبدينوم الحفّازة والمدعمة على أكسيد الألومينا عند الضغط الجوي وعند درجات حرارة تتراوح من 300 إلى420 (م.  أظهرت النتائج المعملية كفاءة المادة الحفّازة وأن زيادة أيونات الموليبدينوم تقلل اختزالية المادة الحفازة  وتغير طبيعة الأكسجين المتحد مع المعدن  كما أظهرت نتائج   TPRو  XPSوبالتالي زيادة الانتقائية للبروبيلين. كما إن إضافة بعض المعادن القلوية مثل (الليثيوم، البوتاسيوم والسيزيوم) بنسبة المعدن إلى الحفّاز تتراوح من صفر إلى 0.175 تزيد نسبة تحول البروبان ومن ثم زيادة إنتاجية البروبيلين، كما أن أفضل أداء للمادة الحفّازة وجد عند نسبة السيزيوم إلى الحفاز تساوي 0.125 حيث بلغت نسبة تحول البروبان 15.1% وانتقائية البروبيلين 65% عند درجة 420 (م مما يبرهن على تميزّ هذا النوع من المواد الحفّازة ويعدّها مادة واعدة للتفاعل.  
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