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Abstract

Calcium hydroxyapatite with Ca/P ratio 1.64, 1.67 and 1.72 were synthesized and characterized by XRD, IR, SEM, surface area and pore size distribution and CO2 TPD. Two samples, HAP-1 with Ca/P ratio of 1.45 and HAP-2 with a ratio 1.56 were evaluated for the reaction, namely self condensation of ethanol. HAP-1 with low ratio of 1.45 exhibited very low activity, with ethylene and diethyl ether being the major products. As indicated by the Ca/P ratio, HAP-1 has predominantly acidic sites, which explains the product profile. Hence HAP-1 was not employed for further studies. Sample HAP-2 with a higher Ca/P ratio of 1.56 displayed good activity and significant conversion to n-butanol, the desired product. In order to vary the contact time, alcohol flow rates were varied from 1.8 ml/hr to 3.00 ml per hour maintaining 40 ml of nitrogen flow in each case. At each flow rate, the reaction was studied at three temperatures, 350,365 & 380º C. Even with HAP-2, the product stream contains components formed due to acidic sites present in the catalyst. Hence further experiments with higher Ca/P ratio are needed to suppress such products and increase the selectivity to the desired product, n-butanol. The products formed are in accordance with the established reaction pathways for alcohol conversion on HAP catalysts under the experimental conditions employed. However, under the process conditions employed in this study maximum selectivity of 45 % could be achieved with 1.8 ml/min alcohol flow rate and at 350ºC. At the same contact time, but at higher temperature of 380ºC, both conversion as well as selectivity increase, which could be due the suppression of acid catalysed reactions at a higher temperature.
While the effect of temperature on the activity/product slate is on expected lines, the effect of contact time on conversion and selectivity is skewed, probably due to very narrow range of flow rates studied. In the custom made reactor system employed for the study, separate pre-heater for the reactants is not available. Pre-heating of alcohol+ nitrogen mixture to ~300 ºC could lead to higher conversion. Employing HAP catalyst with Ca/P ratio of 1.7 and preheating of the reactant mix to 300 ºC could lead to higher n-butanol yields. Experimental data generated with these modifications and a wider range of contact time could bring out a more realistic kinetic model for the reaction.
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CHAPTER 1
INTRODUCTION

1.1 n-Butanol as an efficient fuel
Ethanol is currently the largest liquid biofuel contributor worldwide. The first generation fuel bio-ethanol production often employs edible food crops as raw materials and thus could contribute to increased food prices by competing with human food and animal feed production. In order to overcome this problem, the second generation biofuels are increasingly prepared from non-edible raw materials, e.g., wood, agricultural waste and other lingo-cellulosic materials. In Nordic countries, the biofuel research focuses heavily on the use of woody biomass as a raw material for bio-ethanol and other biofuels. Finland and Sweden have the largest wood resources in Europe per capita, which makes wood a natural choice of raw material. 
On other hand, bio-ethanol is regarded as carbon-neutral fuel in the Kyoto Protocol adopted at the Third Conference of the Parties to the United Nations Framework Convention on Climate Change (COP3). Production of bio-ethanol is increasing in Canada, China, India, Australia, and European countries, and in 2002 amounted to 33.86 ×106KL worldwide, with the quantity produced following the order, Brazil > USA > China > India. Processes for production of bio-ethanol from a variety of waste cellulose materials such as bagasse, rice, and wheat straw, stems and leaves of corn, wastepaper, waste wood, and garbage have been developed, and the quality of the bio-ethanol is completely the same as the commercial ethanol. Brazil is the most advanced country, with a full bio-ethanol business infrastructure, from the cultivation of sugar cane to the logistics and commercial use of ethanol, already in place, and production cost is estimated to be the world’s cheapest at $14-15/barrel in 2004.However, there are still many problems associated with the use of ethanol fuel in internal combustion engines, e.g., its water solubility, corrosivity and the differences in its fuel properties compared to modern gasoline. These problems have to be overcome before the full potential of bio-ethanol can be utilized.

In order to overcome the disadvantages of ethanol as a fuel, catalytic valorization of ethanol to higher alcohols, e.g., 1-butanol can be carried out. Compared to ethanol, 1-butanol (or n-butanol) has several advantages: it can be burned in the existing gasoline engines without practically any engine or car modifications and it has higher energy content and air-to-fuel ratio than ethanol making 1-butanolan excellent green replacement for a modern gasoline. In summary, the properties of 1-butanol closely resemble the properties of modern gasoline.

Table1.1: Chemical and physical properties of gasoline, diesel, 1-butanol and ethanol. (Gautam M. et.el, 2000)

	Fuel
	Energy Density
MJ L-1
	Air to Fuel Ratio
	Energy Content
BTU/US-gallon
	RON*
	Water Solubility
%

	Gasoline
	32
	14.6
	1,14,000
	81 - 89
	Negligible

	Diesel
	35.5
	14.7
	1,30,000
	-
	Negligible

	n-Butanol
	29.2
	11.12
	1,05,000
	78
	7

	Ethanol
	19.6
	8.94
	84,000
	96
	100




Furthermore, another advantage of 1-butanol is the fact that it can be distributed via the existing pipelines for gasoline. In the end, it is an advantage if the consumer does not notice a difference when using 1-butanol as a fuel instead of modern gasoline in a gasoline driven vehicle.1-Butanol is an important chemical feedstock and around 2.9 million tons was utilized by the industry in 2005. 
1.2 Advantages of n- Butanol
The following are some of the advantages of n-butanol as fuel.
a) It can be easily added to conventional gasoline due to its low vapour pressure.
b) It has energy content closer to that of gasoline versus existing bio-fuels and hence 
Consumers face    less of a compromise on fuel economy – this is particularly important as the amount of biofuel in the fuel blend increases.
c) It can be blended at higher concentrations than existing biofuels for use in standard vehicle engines. Currently bio-butanol can blended up to 10%v/v in European gasoline and 11.5%v/v in US gasoline.
d) It is well suited to current vehicle and engine technologies.
e) It does not require automakers to compromise on performance to meet environmental regulations.
f) It can be used in higher blend concentrations than existing biofuels without requiring specially adapted vehicles. There is the potential in the future to increase the maximum allowable use in gasoline up to a 16% volume.
g) It is less susceptible to separation in the presence of water than existing biofuel gasoline blends and therefore allows it to use the industry’s existing distribution infrastructure without requiring modifications in blending facilities, storage tanks or retail station pumps.
h) It is expected to be potentially suitable for transport in pipelines. As a result, butanol has the potential to be introduced into gasoline quickly and avoid the need for additional large-scale supply infrastructure.

1.3 Processes for the production of n-butanol

1-Butanol can be synthesized by several routes such as the Oxo-process, the acetaldehyde method or by fermentation. But in the petrochemical industry the Oxo process is generally used. This consists of two successive reactions: the hydroformylation of propylene with syngas (carbon monoxide and hydrogen) provided from oil on cobalt or rhodium catalysts at high pressure to produce C4aldehyde, and the hydrogenation of this aldehyde on nickel catalyst to provide n-butanol. A large quantity of energy is required to reform natural gas(methane) at 800 °C with steam to get syngas.

CH3CH=CH2 + CO + H2 → CH3CH2CH2CHO + ((CH3)2CHCHO) ------------------- (1)

CH3CH2CH2CHO + H2 → CH3CH2CH2CH2OH----------------------------   (2)

Given the need for “green technologies” to resolve global warming problems in the 21st century, a new form of energy-saving process for production of n-butanol is desirable. Furthermore, the Oxo method uses harmful carbon monoxide as a raw material at high pressure in addition to propylene and is a complicated process, resulting in high cost and low profitability. Since the international oil price exceeded $70 per barrel in 2005, manufacturing costs of these higher alcohols have risen owing to the sudden rise in the propylene price, and profits have declined. As a result, prices of derivatives of n-butanol have also risen.
Earliest known examples of condensation of alcohols was through Guerbet chemistry represented by the reaction
2CH3 (CH2)9OH CH3 (CH2)7CHCH2OH ------------- (3)
(CH2)9CH3
The reaction is catalyzed in presence of hydrogen transfer catalyst/basic catalyst. An improvement over this process was devised by MN Dvornikoff & MW Farrar (Monsanto Chemicals) in 1957 that used MgO-K2CO3- CuCrO2 catalyst for self- condensation of ethanol with 13% conversion and 47 % selectivity to n-butanol. In the absence of practical applications, the condensation of alcohols in general and ethanol to n-butanol in particular remained as a reaction of academic interest.
However, the bio-route for n-butanol by anaerobic fermentation (ABE) process, went through several improvements and continues to be one of the current routes for production with more refinements in the offing (US 5753474). Status on various bio-butanol processes under development is given in Fig.1. On the commercial side, the easy availability of propylene and syn-gas has made the Oxo route the most viable as of now.
[image: ]
Fig.1.1 Current, emerging & future process technologies for bio-butanol production (Janssens et al., 2002)
Given the type of uncertainties on price and availability of crude oil, the development of alternative routes to Oxo process is a prudent step and in right direction. Hence the good old condensation chemistry of Guerbet now gets a fresh life. 
1.4 Catalysts for dimerisation of alcohol
In 1994, Amoco filed a patent (US5300695) for conversion of ethanol & methanol using K exchanged L type zeolite. With the possibility of large scale production of bio-ethanol from different renewable resources like, corn, different types of bio-wastes and of late from cellulose, use of bio-ethanol as feedstock for higher alcohol production has gained momentum. Coupled with this is the easy availability of methanol in large quantity via fossil fuel as well as bio routes. An illustration on the current, emerging and potential process technologies for production of bio-butanol, as envisaged by M/s Nexant is given in Fig.1.1 above process based on Guerbet chemistry, dealing with condensation of alcohols, has been identified as one of the emerging technology front for bio-butanol.
Alcohol conversions over solid acid catalysts have received extensive coverage over the decades. An example is the conversion of ethanol into higher value chemicals, a reaction that has received much attention. In comparison to the solid acid catalysts, less attention has been devoted to solid base catalysts, even though high activities and selectivity are often attained for chemical conversions carried out over liquid bases for many kinds of reactions. Many homogeneous catalysed base reactions are known and include reactions such as isomerization, addition, alkylation and cyclisation. Numerous reactions are also known that require a stoichiometric amount of liquid bases. The use of solid base catalysts for condensation of various primary alcohols to form higher alcohols is however, known.
1.4.1 Advantages of solid base catalyst
Solid base catalysts offer the following advantages
a) Provide environmental advantages to industrial process.
b) Decrease reactor corrosion.
c) Easier product/ catalyst separation and recovery of used catalyst.
An important industrial process that is used to increase the carbon number of alcohols is the Guerbet reaction. In this reaction, a primary or secondary alcohol reacts with itself or another alcohol to produce a higher alcohol. This reaction has been developed and various types of heterogeneous catalysts for this reaction have been reported in patents. Catalytic process for producing higher alcohols using methanol as a building block have also reported. This reaction, carried out over a solid base metal oxide catalyst and methanol is condensed with other primary or secondary alcohols having a methyl or methylene group at the ß-position.
1.4.2 Fermentation process for butanol

Fermentation of carbohydrates (1st of 2nd generation biomass) to bio-butanol, using Clostridium beijerinckii or acetobutylicum strains (improvements by Blaschek / Tetravitae and DuPont-BP commercialization plans or Butyl fuel /EEI’s “Dual Immobilized Reactors with Continuous Recovery” (DIRCM™) process, using two separate Clostridium strains

[image: ]
Fig.1.2 Fermentation (left) and gasification right) (Janssens et al., 2002)

Clostridium acetobutylicum is a chemo-organotroph. It obtains energy via substrate phosphorylation by fermentation. Substrates are organic molecules which act as electron donor and acceptor C. acetobutylicum requires a carbohydrate source capable of undergoing fermentation to survive. In addition, C. acetobutylicum is an obligate anaerobe. It can only survive hours in an aerobic environment before undergoing sporulation as a means to survive C. acetobutylicum is able to use a number of different fermentable carbohydrates as an energy, as well as carbon, source. Considerable research has been invested into metabolic pathways of Clostridium acetobutylicum in order to improve industrial fermentation operations. The metabolic pathways which produce acetone, butanol, ethanol (ABE), acetate and butyrate: are all based upon acetyl-CoA. In addition to these products, CO2 and H2 are produced.

1.4.3 Novel chemical (catalytic) reaction routes

It is an organic reaction for converting a primary aliphatic alcohol into its β- alkylated dimer alcohol with loss of one equivalent of water and this reaction requires a catalyst and elevated temperatures. Hence development of an efficient catalyst for this reaction is needed.

[image: C:\Users\Manish\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.Word\introduction paper for thesis_page001.jpg]
Fig1.3 Dimerisation of Ethanol to Butanol (Janssens et al., 2002)

According to literature survey, several heterogeneous catalysts were screened for direct one step conversion of ethanol to butanol e.g. alumina, silica, activated carbon, hydroxyapatite, micro and mesoporous materials. Combinations of Ni, Mg, Pd, Pt, Au, Ag, Ru, Rh, Os, Ir on different support materials are used. The product distribution varies a lot depending on the choice of the catalyst and results from extensive kinetic and mechanistic studies including detailed catalyst characterization will decide which is more efficient.

1.5 Catalyst systems explored

1.5.1 Alkali earth metal oxides and MgO catalyst

Ethanol is converted into 1-butanol over alkali earth metal oxides and modified MgO catalysts (1–18% yield) this catalyst exhibits a selectivity of about 60% as per literature. Reaction of various intermediates like acetaldehyde, crotonaldehyde, butanol over MgO revealed that the dimerisation reaction does not proceed primarily through aldol condensation reaction. The reaction is proposed to proceed on MgO catalyst through mechanism in which a C-H bond in ethanol is activated by the metal oxide and condenses with another molecule of ethanol by dehydration to form butanol.
MgO showed maximum yield of butanol among the catalyst shown ϒ alumina in table1.2 CaO showed the least activity and produced very little butanol. Barium oxide did not show any butanol formation, although high activity has been observed over ϒ-alumina, no butanol formed over this catalyst, butanal and acetaldehyde is the other product. The coverage of Al2O3 by the metal ions resulted in an increase in the amount of butanol produced relative to Al2O3 suggesting that the basic sites produced by metal ions are required for butanol formation.    
Table 1.2 Activities of basic oxides and alkali loaded Al2O3 in the solid base condensation of ethanol to butanol (Ioan-Cezar Marcu et al., 1996)

	Catalyst
	Conversion (mol %)
	Yield (mol %)

	
	
	Acetal
	Butanal
	Crotonal
	2-Butanol 
	Butanol
	Crotanol

	MgO
	56.14
	0.65
	0.78
	0.5
	0.14
	18.39
	0.31

	CaO
	15.16
	2.83
	2.15
	0.32
	0.07
	1.16
	0.06

	BaO
	21.19
	6.56
	11.37
	-
	-
	-
	-

	γ-Al2O3
	82.29
	5.95
	19.42
	-
	-
	-
	-

	10% Na/Al2O3
	35.52
	0.32
	2.56
	0.06
	0.18
	0.92
	0.05

	10% K/Al2O3
	54.02
	1.09
	0.75
	0.2
	0.26
	3.42
	0.04

	10% Cs/Al2O3
	24.57
	0.31
	0.31
	-
	-
	0.05
	-

	10% Mg/SiO2
	18.64
	5.04
	0.17
	0.17
	 -
	0.38
	0.05



	
1.5.2 Alkali cation exchanged Zeolites

Ethanol has been converted into 1-butanol by a bi-molecular condensation on alkali cation containing zeolites. This is a base catalyzed reaction in which Rb-LiX exhibits the good activity and selectivity about 45% among all zeolites (Chun yang et al., 1996). The reaction does not proceed through aldol condensation, acetaldehyde and by-product does not contribute to the extension of carbon chain. Thus, a reaction mechanism involving a basic zeolite, on which, one molecule of ethanol, whose C-H bond in the β-position is activated, condenses with another molecule of ethanol by dehydration.  The reaction proceeds as follows.

[image: C:\Users\Manish\Desktop\M1 - Copy.png]

Fig1.4 Condensation of ethanol over alkali zeolite cations (Chun yang et al., 1996)

1.5.3 Alumina supported metal catalyst

The gamma alumina-supported nickel catalyst is to be utilized as a catalyst to achieve bimolecular condensation of ethanol to give n-butanol with the selectivity of 64% at relatively low reaction temperature of 200 C.

Table1.3 Catalytic performances of different alumina supported catalysts over ethanol
(Ke Wu yang et al., 2004)
	catalyst
	Ethanol 
	AD 
	BD
	EA
	BO
	others

	
	
	Sel (%)
	Sel (%)
	Sel (%)
	Sel (%)
	

	 
	 
	 
	 
	 
	 
	 

	8%Fe/γAl2O3
	2.7
	95
	0
	0
	0
	5

	8%Co/γAl2O3
	17.2
	14.1
	15.9
	29.2
	22.7
	18.4

	8%Ni/γAl2O3
	19.1
	5.8
	3.8
	3.1
	64.3
	23



The catalytic performances over 8%Fe/ -Al2O3, 8%Co/ -Al2O3 and 8%Ni/ γ-Al2O3catalysts are given in Table 1.3. It can be seen from Table3that among them the8%Ni/ γ-Al2O3catalyst exhibited the highest catalytic activity with 19.1% conversion of ethanol and 64.3% selectivity of n-butanol, respectively. However no n-butanol was obtained over 8%Fe/ -Al2O, mainly producing acetaldehyde. Over 8%Co/ Al2O3catalyst the considerable amounts of n-butanol was obtained with selectivity of 22%.

Table 1.4 catalytic performances over different nickel loading catalysts over ethanol

	catalyst
	Ethanol Conv (%)
	n-Butanol yield (%)

	 
	 
	 

	4%Ni/γAl2O3
	15.6
	8.6

	8%Ni/γAl2O3
	19.1
	12.3

	[bookmark: _GoBack]15%Ni/γAl2O3
	12
	5.6



To optimize nickel loading for alumina supported nickel catalysts, three different loading catalysts,4%Ni/ -Al2O3, 8%Ni/ -Al2O3 and 15%Ni/ -Al2O3 were prepared andtheir catalytic performances at the same reaction conditions are listed in Table 1.4.



1.5.4Cu-Mg-Al mixed oxide catalysts

Ethanol conversion into butanol and acetal is possible over CuMgAlO mixed oxide catalysts. The orientation of the transformation towards one or another main product depends on their action conditions and on the composition of mixed oxides, mainly the copper content. The reaction is oriented towards butanol at higher reaction temperatures or at longer reaction times. At 473 K the ethanol conversion is about 5% and at the same time the selectivity for butanol is about 40%. The ethanol conversion and the selectivity for butanol reached up to 9% and 70%, respectively, when the reaction temperature set at 533 K.

Table1.5 Ethanol conversion and product selectivity over MgAl3O and Cu5MgAl3O catalysts. (I.C. Marcu et. al., 2009)
	catalyst
	Conversion
%
	Selectivity

	
	
	Acetal
	Acetal C8
	Ethanal
	Butanal
	Crotonal
	Butanol
	EA
	DET

	
	
	C6
	
	
	
	
	
	
	

	Blank test
	<0.3
	86.1
	-
	7.3
	-
	-
	-
	-
	6.5

	MgAl3O
	0.3
	87.5
	-
	6.1
	-
	-
	-
	-
	6.3

	Cu5MgAl3O
	4.1
	35.9
	5.1
	9.9
	1.7
	0.2
	40.3
	6.9
	 -




1.5.5 M–Mg–Al Mixed Oxide Catalysts (M = Pd, Ag, Mn, Fe, Cu, Sm, Yb)

The seven M5MgAlO catalysts (M = Pd, Ag, Mn, Fe, Cu, Sm, Yb) prepared are studied in ethanol conversion and the obtained results are presented in Table 1.6. The intrinsic activity expressed as the overall rate of the catalytic reaction within the reactor normalized by the surface area of the catalyst within the reactor at 5 h reaction time as well as the space–time butanol yield defined as the number per unit time of moles of butanol made per unit surface of catalyst were also calculated and presented in Table 1.6. It shows that the ethanol conversion varied between 0.3 % for Fe based catalyst and 4.1 % for Cu based catalyst. 
Obviously, the catalytic activity depends on the acid-basic properties of the catalysts related to the nature of the metal M. In all cases butanol is the main reaction product. Cu and Pd-based catalysts are the most active both in terms of conversion and intrinsic activity, but the former shows both butanol and 1,1-diethoxyethane as main products, quite later it is selective to butanol, because that they have similar concentrations of strong basic sites, but Cu5MgAlO has a higher concentration of strong acid sites as well as a higher total acidity Sm5MgAlO is also highly selective to butanol which is in agreement with its similar total concentration and distribution of basic sites of different strength than Pd5MgAlO.However, Sm5MgAlO is less active than Pd5MgAlO,suggesting that the equilibrium between basic and acid sites is better achieved in the case of Pd5MgAlO. The same conversion was reached with Yb5MgAlO and Sm5MgAlObut the former was less selective to butanol according, as previously suggested for the other samples, to its lower basic character.

Table 1.6 Ethanol conversion and product selectivity over M5MgAlO catalytic systems
(I.-C. Marcu et. al.2009)

	catalyst
	Conversion
%
	Selectivity
	Butanol STY 

	
	
	Acetal
	Acetal C8
	Butanal
	Crotonol
	Butanol
	EA
	DET
	

	
	
	 C6
	
	
	
	
	
	
	

	Pd5MgAlO
	3.8
	2.5
	1
	7
	-
	72.7
	4
	0.6
	14.5

	Ag5MgAlO
	1.6
	7.5
	1.3
	5.6
	3.3
	38.8
	25.9
	-
	3.6

	Mn5MgAlO
	0.7
	6.9
	5
	4.1
	6.8
	53.3
	2.9
	-
	2.1

	Fe5MgAlO
	0.3
	26.7
	2.4
	-
	7.1
	39.2
	2.7
	-
	0.5

	Cu5MgAlO
	4.1
	35.9
	5.1
	1.7
	0.2
	40.3
	6.9
	-
	8.8

	Sm5MgAlO
	1.3
	6.6
	1.2
	4
	3.6
	66.3
	3.1
	-
	4.4

	Yb5MgAlO
	1.2
	15.1
	3.7
	2.7
	2.3
	53
	4.1
	- 
	3.3




Fe5MgAlO and Mn5MgAlO which are amongst the most acidic catalysts were poorly active and highly selective to 1,1-diethoxyethane and acetaldehyde.Ag5MgAlO which has the lowest concentration of strong basic sites gave the lowest selectivity to butanol and a high selectivity to ethyl acetate. These results confirmed that the equilibrium between the acid and basic functions of mixed oxides determine the activity and the selectivity in the reaction of conversion of ethanol. 

The selectivity for n-butanol increased when the number of strong basic sites increased. This suggests that acetaldehyde self-condensation, catalyzed by the basic sites, would be the rate determining step of the transformation of ethanol into butanol. Highest butanol yield is obtained with the Pd-containing mixed oxide (Table 1.6).


Detailed studies on ethanol conversion into butanol on MMgAlO mixed oxide catalysts (M = Pd, Ag, Mn, Fe, Cu, Sm, Yb) showed that the nature of the cations modifies the equilibrium between the acid and basic functions and thus determine the catalytic performances.  Highest butanol yield can be obtained with the Pd-containing mixed oxide (Table 1.6) a good correlation has been found between the amount of basic sites of medium and high strength and the selectivity to butanol.

On the other hand the catalysts exhibited a remarkable stability. The observed reaction and products obtained are presented in a Fig1.5 The continuous line arrows shows two main pathways leading to the two main products: 1-butanol and1,1-diethoxyethane. The dotted line arrows show the secondary pathways of the ethanol reaction. (1) Acetaldehyde (2) 1,1-diethoxyethane (3) crotonaldehyde (4) butyraldehyde (5) 1-butanol (6) 1,1-diethoxybutane (7) methyl ethyl ketone(8) 2-butanol (9) diethyl ether (10) ethyl acetate


[image: C:\Users\Manish\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.Word\Catalytic Conversion of Ethanol into Butanol over M–Mg–Al_page001.jpg]
Fig1.5 Reaction scheme for ethanol transformation on–MgAlO catalysts (Marcuet.al. 2012)

1.5.6 Calcium Hydroxyapatite

The calcium hydroxyapatite (HAP) [Ca10 (PO4)6(OH)2] is the chief component of animal bones and teeth. It also is known to function as a catalyst with both acid and base sites, depending on the manner in which it is synthesized. It has been studied the reaction of ethanol over HAP using catalysts of different Ca/P molar ratios. It prepared by controlling the pH of the solution during precipitation synthesis. It has been found that the distribution of acid sites and basic sites on the catalyst surface varied with the Ca/P ratio of HAP. The yields of ethylene, 1-butanol, and 1,3-butadiene were correlated with the ratio of acid sites and basic sites. It has been found that yields of higher alcohols, such as 1-butanol, that are known as Guerbet alcohols and are characteristic products of ethanol over HAP, are functions of the probability of ethanol activation (α) on the catalyst surface.

HAP catalyst with a Ca/P molar ratio of 1.64 showed the highest n-butanol selectivity of 76.3% at a contact time of 1.78 s, while reaction simulation supported our experimental finding that low temperature (300 °C) was most suitable for selective n-butanol synthesis from ethanol over HAP. Higher alcohols were also synthesized on HAP from ethanol and other n-alcohols, by successive propagation, with combined selectivity to C4, C6, and C8alcohols exceeding 80%.
Some of the catalysts active for dimerization of ethanol to butanol through Guerbet reaction mechanism, are given below

Table 1.7 Yield of n-Butanol Synthesis from Ethanol on Various catalysts (Tsuchida et.al, 2006)


	S.No.
	catalyst
	yield%
	temp oC

	1
	MgO(0.05µm) 
	4.9
	500

	2
	Mg(OH)2(0.07 µm)
	9
	450

	3
	Mg3(PO4)2.8H2O
	tr
	-

	4
	CaO
	1.2
	450

	5
	Ca(OH)2
	2.2
	450

	6
	CaF2
	5.2
	500

	7
	CaSiO3
	2.1
	450

	8
	CaSO4.2H2O
	1.3
	500

	9
	Li3PO4
	tr
	-

	10
	ALPO4
	tr
	-

	11
	Hydroxyapatite (HAP; Ca/P ratio 1.61)
	19.8
	350

	12
	Ca4/(PO4)6F2(FAP)
	1
	400

	13
	Ca4/(PO4)2O(TTCP)
	3
	500

	14
	Hydrotalcite
	12.2
	350

	15
	Sepiolite
	tr
	350

	16
	Talc
	tr
	-

	17
	Kaolin
	tr
	-





The results came from literature studies including detailed catalyst characterization. Calcium hydroxyapatite is the most promising catalyst gives 26% ethanol conversion with 76% selectivity for 1-butanol. (Tsuchida et.al, 2006) Hence it is the efficient catalyst reaction exhibits a novel chain elongation mechanism yielding 1-butanol as a main product and the reaction proceeds further yielding 1-hexanol and 1-octanol.These described technologies suggest a two-phase process where ethanol vapour is passed through a solid catalyst packed in a fixed bed. The reaction temperatures vary from 200 °C up to 450 °C, with a relatively low conversion (10–20%) and selectivity approaching 70%. In the recent literature, a novel catalytic process utilizing a non-stoichiometric hydroxyapatite has been found to be very promising as compared to solid bases, some zeolites, and supported metals (e.g., Ni, Co) have been reported to convert ethanol to 1-butanol.

1.5.7 Structure of Calcium Hydroxyapatite
[image: ]Structure of calcium hydroxyappatite Ca10 (PO4)6(OH)2 consists of calcium surrounded by phosphate and hydroxyl groups has distinguishing features such as: PO4 tetrahedral, O-H groups and calcium.

                           Fig 1.6 Structure of calcium hydroxyapatite (Ivanovaet.al, 2001)
The unit cell consists of two triangular prismatic sub-cells forming a rhombic prism with vertical sides. There are two horizontal mirror planes, one 1/4 of the way down and one 3/4 of the way down from the top. In addition, there is a centre of inversion exactly in the centre of each vertical face of each sub-cell.
[image: ]

Fig1.7 Unit cell of calcium hydroxyapatite (Ivanova et.al.2001)

It can see that a CaO9 substructure centred on Ca1. The three O1 atoms are above the Ca atom; the three O2 atoms, slightly twisted, are below. The three O3 atoms are slightly below the Ca1 atom in this view. The six PO4 units of the unit cell (three in each of the two triangular sub-cells) are organized in sets of three in a "pinwheel" fashion around Ca1. They are attached via O2 and O3 in each case. In this depiction there are two O3 atoms aligned vertically. One is part of the enantiomeric CaO9 unit just above this one along each of the three vertical faces of each triangular sub-cell there are two calcium atoms of another sort (Ca2), each with seven O atoms nearby, making a CaO7substructure. 

1.5.8Characteristics of Calcium Hydroxyapatite

General properties of hydroxyapatite (HAP) has been found in the specialist literature and reviews as the main component of the bones and teeth of vertebrates and fish, its applications in areas such as bone reconstruction, dental materials, It also is used industrially in sensors, fluorescence materials, chromatography, and environmental phosphorus recovery and drug delivery systems has been actively studied along with its catalytic properties of crystal structures, HAP is classified as a distorted apatite based on the relationship in size between its Ca2+ and P5+ ions, which allows it to tolerate a certain degree of loss or substitution of ions during crystal formation and thus fall easily into a non-stoichiometric composition. Stoichiometric HAP (Ca10(PO4)6(OH)2) has a Ca/P molar ratio (Ca/P ratio) of1.67 and H2O content of 1.79 wt %, but in non-stoichiometric forms, its Ca/P ratio can range from 1.50 to1.70 with the loss of calcium ions.

As a catalyst, HAP has the unusual property of containing both acid sites and base sites in a single-crystal lattice. It has been postulated that in non-stoichiometric HAP, the loss of Ca2+ ions results in an electrical imbalance that is corrected by both the introduction of H+ ions and the loss of OH- ions. Nonstoichiometric HAP is represented by the formulaCa10 z(HPO4)z(PO4)6-z(OH)2-z.nH2O; 0 <z < 1, n = 0-2.5,with the stipulation that OH- sites in this formula can be partially substituted with H2O.Consequently, it can be expected that, within the non-stoichiometric HAP crystal, new acid sites can be created by the formation of phosphate groups in areas of lattice defects and new base sites by the attachment at other points on the lattice of structural hydroxyl or adsorbed water groups.

Many studies on the catalytic properties of HAP have been reported, falling roughly into three groups. The first is HAP with a low Ca/P ratio showed a lower capacity to convert ethanol to ethylene or butanol to butene (dehydration processes) than zeolite or aluminum  acid catalysts, whereas HAP with a higher Ca/P ratio converted alcohol to aldehyde or ketone (dehydrogenation).A second group of studies examines that the unique function of ion-exchanged HAP catalysts. For example, a HAP catalyst with Ca2+ ions replaced by strontium showed oxidative dehydrogenation of ethane in the presence of tetra chloromethane. Direct synthesis of phenol from benzene has also has been studied over a HAP catalyst containing both Ca2+ and Cu2+ ions in its cation portion. A third group of studies focuses on metal catalysts supported on HAP, which show high catalytic activity in the oxidation of alcohols.

1.5.9 Catalytic reaction on HAP

A reaction that yields higher alcohols from lower alcohols (including ethanol) is known as a Guerbet reaction. It is proposed that Guerbet alcohols are synthesized via the aldol condensation of two aldehydes generated by the dehydrogenation of alcohol. Synthesis from ethanol over HAP and dissociative adsorption of ethanol in the vapor phase, an ethoxide intermediate is adsorbed on Lewis acid sites, and proton-like hydrogen is adsorbed on Bronsted basic sites. The ethoxide is then dissociated into an aldehyde intermediate and hydride-like hydrogen (a) Next, one of two neighbouring aldehyde intermediates is decomposed to an enolate (carbanion intermediate), which reacts with the other aldehyde intermediate to form aldol (aldol condensation)(b). Unsaturated aldehyde is then generated by dehydration of the aldol (c), and, finally, 1-butanol is synthesized via hydrogenation of the unsaturated aldehyde (hydride reduction) (d), taking up hydrogen generated by dissociative adsorption during steps (a) and (b).

[image: C:\Users\Manish\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.Word\component ratio of HAP_page001.jpg]
Fig 1.8 Butanol formation mechanism in ethanol conversion reaction (a) activation of ethanol (aldehyde formation); (b) aldol condensation; (c) dehydration of aldol;(d) hydrogenation of unsaturated aldehyde. (T. Tsuchidaet.al.2008)
In this reaction it can be seen that  HAP (Ca–O)distance is less so, ethanol was dissociatively adsorbed to ethoxide on Ca (Lewis acid sites) and to proton-like hydrogen on covalently bound O in phosphate groups(soft basic sites) near the acid sites. Dissociative adsorption resulted in the formation of stable hydrogen phosphate groups and ethoxide then dissociated into aldehyde and hydride-like hydrogen. Also in the case of the HAP catalyst, there is sufficient distance between the hydrogen entities released during dissociative adsorption for them to become trapped on the catalyst surface without migrating to form molecular hydrogen in the gas phase. As a result, yields of Guerbet alcohols (which are saturated alcohols) are higher on HAP than any other catalyst.

1.5.10 Relationship of Ca/P molar ratio of HAP on product selectivity:

The relationship between the Ca/P ratio of HAP catalysts and selectivity to ethylene, 1,3-butadiene, and Guerbet alcohols (total C4, C6, C8, and C10 alcohols) at 50% ethanol conversion is shown in fig. 1.9. Ethylene is the main product when the Ca/P ratio of the catalyst was low, but ethylene selectivity fell to about 5% when HAP catalysts with higher Ca/P ratios were used. On the other hand, Guerbet alcohols were not synthesized at all over the HAP catalyst with the lowest Ca/P ratio and were synthesized only to a small degree over HAP with Ca/P ratio of 1.62. But Guerbet alcohols were the main products of ethanol conversion over HAP catalysts with high Ca/P ratios of 1.67.
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Fig 1.9 Selectivity of main products at 50% conversion of ethanol (▲) total Guerbet alcohols, (●) 1, 3-butadiene, (■) ethylene. (T. Tsuchida et al 2008)


CHAPTER 2

Aim and Scope of the investigation

Process technologies for the large scale production of bio-ethanol from cellulosic raw materials are expected to be available in the near future. Availability of bio-ethanol through sustainable process makes it an attractive raw material for the production of fuels and a wide range of chemicals/ petrochemicals from renewable resources. In this respect, the process for self condensation of ethanol to yield bio-butanol assumes tremendous importance since, butanol, as described in the previous Chapter, has several advantages as biofuel vs. ethanol.

Literature survey on catalytic dimerization of ethanol has revealed that many catalyst systems have been explored for this process and the best possible yield of n-butanol ~ 26% is obtained on non-stoichiometric calcium hydroxyapatite.  Many research laboratories are engaged in the development of alternative catalyst systems. Considering the importance of the process, there is good scope for the development of superior catalysts for this process to obtain n-butanol yields higher than 26 %.Hence the major objective of the project is to develop suitable catalyst systems for the effective conversion of ethanol to butanol and other higher carbon number alcohols. For this purpose it is necessary to:

· generate the preliminary data on activity/selectivity on possible catalyst systems, 
· study their physico- chemical characteristics, 
· carry out ethanol condensation reaction under different process conditions
· understand the reaction scheme and kinetics
· optimise the process parameters
· develop highly active and selective catalysts
· extend these studies to the catalytic condensation of ethanol and methanol  to yield higher carbon number alcohols




As a part of this broad objective, it is proposed to carry out the following studies in the current project schedule, namely,

· Preparation and characterisation of Ca based hydroxyapatites with different  Ca/P ratios
· Study their physico-chemical, textural and structural properties and acid-base characteristics
· Carry out ethanol dimerization reaction on the catalysts under different process conditions
· Detailed analysis of product stream with identification and quantification of the products
· Understand the reaction sequence and the reaction kinetics under typical process conditions
· Establish ideal/standard process conditions for the evaluation of a range of new catalyst systems, so as to establish a methodology for selection/comparison of catalysts 

The study of condensation reaction pathway followed in these catalysts would be helpful in arriving at new catalyst formulations with better performance.


CHAPTER 3


EXPERIMENTAL METHODOLOGY

In this chapter, a description of the chemicals and materials, preparation methods and characterisation used during the course ofthis work is presented.

3.1 Chemicals and Materials 

Calcium nitrate Ca (NO3)2·4H2O (Wako Pure Chem.) and ammonium phosphate (NH4)2HPO4 (Merck Ltd.) were used for catalyst preparation. Aqueous ammonia was used for maintaining pH of solution.  Ethanol (C2H5OH 99.9% purity, MW=46 gm/mol, Hong Yang Chemical China) was used as a reactant.
Acetaldehyde 99%, Crotonaldehyde 99%, Ether 99%, propanaldehyde 99%, Acetone 99%, Methanol 99%, Propanol 99%, Isobutanol 99%, Butanol 99%, Hexanol 99%, Octanol 99% and n-Decanol (all Excelar.) were used as standards for GC calibrations. Deionised water (<1.0 μS cm-1) was used throughout the syntheses.
Glass beads were used as a packing material for reactor. Commercial nitrogen and hydrogen (high pure) obtained from Indian Oxygen Limited has been used for reactor and gas chromatography.

3.2 Catalyst preparation
There are three methods for the preparation of calcium hydroxyapatite as follows.
1. Precipitation method
2. Sol gel method
3. Hydrothermal method
Ca/P molar ratio of calcium hydroxyapatite easily maintained by precipitation method so it is identified as the suitable method for the catalyst preparation  

3.2.1 HAP preparation by precipitation method

A mixed solution containing 0.60 mol/L of Ca (NO3)2.4H2O and 0.40mol/L of (NH4)2HPO4 was titrated with aqueous ammonia to a pH of 9-10. The solution was then stirred for 24 h and filtered. The filtrate was washed with deionised water and dried at 140°C. 
The powder obtained was mixed with deionised water so that the resulting slurry contained 10 wt % powder and then further pulverized in a ball mill for 48 h. The gel obtained from this process was aged and dried at 140 °C. The resulting substance was ground in a mortar and then baked for 2 h at600 °C to produce the final HAP powder catalyst. To examine the effect of the Ca/P ratio of HAP catalyst having different Ca/P ratios HAP- 1.64, HAP-1.67 and HAP - 1.72 were prepared by the same precipitation method.

3.3 Characterization of catalysts

3.3.1X-ray powder diffraction (XRD):
X-ray powder diffraction is used as the main characterization tool when solid materials are synthesized. This characterization technique can be used for samples having long range orders. It is used for phase identification, crystallite size measurement and unit cell parameter determination. For analysis, the sample is first powdered and carefully applied to the glass plate (sample holder), after which the plate is placed inside the X-ray powder diffractometer.

XRD patterns of the samples were recorded on Rigaku Miniflex (II) X-ray diffractometer using Cu Kα(λ= 1.5405 Å). Crystallite size can be calculated by X-ray line broadening using Debye-Scherrer equation (Cullity, 1978),




Where, d is the crystallite size in nm, K is a numerical constant, 0.86; λ is the wavelength of radiation used; β is the full width at half maximum in radians and θ is the Bragg diffraction angle in degrees, at the peak maximum. The unit cell parameter ao was found from the equation ao= 2d100/3. The peak height gives the intensity of the corresponding peak. A sum of the peak intensities of selected peaks is often used to characterize the crystallinity of the sample.
The XRD patterns were recorded at a scan rate of 3°/min, sampling width of 0.02° for the 2θrange of 5-90°. 


3.3.2 FT- IR Spectroscopic analysis

FT-IR spectrum of prepared powdered catalyst was recorded using Spectrum one: FT-IR Spectrometer, with the scan range MIR 450-4000cm-1 and resolution 1.0cm-1.

3.3.3 Textural properties

Textural properties of the catalyst such as pore size, pore volume, pore size distribution and surface area were found out by using nitrogen adsorption method. Nitrogen adsorption and desorption isotherms were obtained at 77 K on an ASAP2020 analyser (Micromeritics, USA) All the samples were initially degassed at 373 for 2 h and at 423 K for3 h under vacuum in the degassing port of the analyzer. The specific surface area was calculated following the BET procedure. The pore size distributions of the materials were calculated from the desorption branch of the nitrogen isotherm following the BJH method.

3.3.4 CO2Temperature programmed desorption (TPD)

The basicity behaviour of calcium hydroxyapatite catalyst was studied by Temperature programmed desorption of CO2 (CO2-TPD). CO2-TPD profiles were measured on a Micromeritics Autochem II chemisorptions analyzer under He flow (30 ml/min) with a heating rate of 10 K/min up to 850 °C and 15 min hold time. The desorption curves were monitored with a thermal conductivity detector (TCD). Prior to recording the curves the samples were heated to 450 °C (10 K/min) and held for 1 h under flowing He. Temperature Programmed Desorption is the method of observing desorbed molecule from a surface when the surface temperature is increased.

3.3.5 Scanning Electron Microscopy (SEM) Studies 

The microscopy studies in the course of this project were done on a TESCAN Scanning Electron Microscope. The samples in the powder form were taken on the carbon tape and mounted on the SEM sample holder and images were recorded. Scanning electron microscopy was used to investigate the morphology of the sample and to obtain the crystallite size of particles present in the sample.

3.3.6 Thermogravimetric Analysis (TGA)
Thermo gravimetric analysis (TGA) was performed to investigate the thermal stability of the samples. TGA is performed on Perkin Elmer Diamond TGA-DTA to find out the weight changes accompanied on heating. Measurements were done by heating the samples in air, with heating rate of 10 °C/min from 40 °C to 700 °C with heating rate of 10 °C/min.
3.3.7 Inductively coupled plasma Analysis (ICP)
Inductively coupled plasma anaysis (ICP) is a type of mass spectrometry which is capable of detecting concentrations component present in the sample, as low as one part in 1012 (part per trillion). Approximately 10 mg of calcium hydroxyappatite sample was dissolved in 20 ml of 5 MHNO3 solutions, and then diluted to 100 ml with distilled water.

3.4 Experimental set up for evaluation of catalysts

[image: ]

Fig 3.1 Schematic diagram of Experimental set up

1. Nitrogen Cylinder 2.Burette containing feed  3.HPLC Pump 4.Mixer pot 5.Heating jacket 6.Fixed bed reactor 7.Furnace (Heater) 8.Condenser 9.Gas Liquid Separator  10.Trap for gases  11.Product collection (For GC analysis)
PI – Pressure Indicator, FI – Flow Indicator

Experiments were performed using a fixed-bed, down-flow reactor of dimensions 30cm X 1.1 cm ID (internal diameter) with a catalyst bed equipped with a thermowell (diameter -3mm, length 15cm) for measurement of catalyst bed temperature. The reactor temperature was maintained using ATS split type tubular furnace provided with K-type thermocouples which measured the reactor skin and bed temperature. Catalyst was placed in the reactor so as to have minimum temperature gradient and to have a sufficient layer of inert material towards the input to ensure proper pre-heating & distribution of feed before it first reached the catalyst zone. Catalysts to be evaluated were prepared in the shape of cylindrical extrudates of 1 mm diameter and having a length of ~1.2mm. During the loading process, first of all reactor was packed with glass beads up to its half of length and catalyst having mesh size 14-26 extrudates  were placed on glass wool and remaining reactor completely packed with the glass beads.

Catalyst loading was followed by pressure testing with N2gasat 5bar. The catalyst was activated at 450°C under nitrogen flow at 30ml/min for 2 hrs. Desired temperature was reached at heating rate of 2°C/min. and nitrogen flow rate regulated by mass flow controller. Reaction is operated at atmospheric pressure.  Ethanol was pumped into the reactor using a high performance liquid chromatography pump (HPLC pump) at the desired flow rates and temperature.

The product from the reactor outlet was cooled using a condenser connected to a chiller and it was further separated into gas liquid phase in a separator. The product in the form of vapour was passed through a condenser connected to a chiller and cooled to a temperature of 12°Cby putting ice. It was then directed into a 200ml gas liquid separating vessel kept at room temperature and from which liquid and gaseous product separated out. At the end of gas liquid separator liquid product was collected and gas was collected in gas closing valve before trap. Both liquid and gas samples of the product stream were then analysed by gas chromatography. 

3.5 Product analysis

The liquid and gaseous products were analyzed in Perkin Elmer Model Clarus 560 Gas chromatograph equipped with dual columns, thermal conductivity detector (TCD) and flame ionization detector (FID). The column details for liquid GC are as follows:
Polyethylene glycol: Elite- Wax ETR (extended temperature range)
Phase: WAX ETR; Length 60 Met.
Oven Temperature program: 40 to 240 @ 10oC /min with 20 min hold.
Identification of the products was carried out by comparison of retention times with standard samples and by GC-MS analysis. Product compositions were estimated from GC areas.
The gaseous products were analyzed using Perkin Elmer Gas chromatograph Clarus 500 using Poroplot Q, 30 m and the detector is FID. Injector Temperature: 250°C Column Temperature: 150°C isothermal, Hold – 10 min Detector Temperature: 250°C Carrier Gas   : Nitrogen, 1.5 ml/min.
Methane (10 % in N2), methanol, acetone, acetaldehyde, ethanol were injected and their retention time were noted. All the compounds were detected in gas phase. Therefore all the liquid compound were taken, purged with N2 and then  the gas phase which now contains both the compound and N2 was injected into the GC for calibration.  The amount injected was 0.2 ml. During the reaction, gas samples (0.2 ml) were withdrawn every two hours from the reactor and injected into the GC. For all the identified products in liquid as well as gas phase, molar response factors were calculated based on the FID response for known quantities of pure components. These response factors were used for calculation of the concentrations of components in liquid and gas phase. Based on the measured liquid product yields and the remaining gas phase yields compositions in each phase was calculated and total product compositions were obtained.







CHAPTER 4

RESULTS & DISCUSSIONS

4.1 Characterization of catalysts

The results obtained from the characterization studies carried out over the catalyst are presented in this chapter.

4.1.1 X-ray powder diffraction results:
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Fig 4.1 Wide angle XRD pattern for HAP

All of the XRD patterns of samples HAP 1.64, HAP 1.67, HAP 1.72 show peaks with significant intensity in the 2θ range 25.4o-25.7o, 31.5o–34.4o and a much lower intensity peak at 39.4o–40.9oconsistentwith the CaH2P2O7 phase (JCPDS No. 41-0487). The intensities of these peaks are reduced in the treated sample but noticeable enough to conclude that an impurity phase exists in the predominately HAP material. The XRD patterns of samples HAP 1.64 show much reduced intensities for the 1h range 25.4o–25.7. The XRD patterns of samples HAP 1.64, HAP 1.67, HAP 1.72 show significant and even enhanced intensity peaks in the 2θ range 26.9o–27.4o. The intensity ratios of these peaks compared with those in the 39.4o–40.7o range do not entirely match the CaH2P2O7phase known calcium hydrogen phosphate phases, such as CaH4(PO3)2.H2O (JCPDS 46-0494), as this would alter the intensity ratio of the (002) and (211) indexed HAP peaks considerably. A greatly reduced CaH2P2O7 is a member from the family of crystalline and amorphous calcium phosphate. The ao value calculated from the dhkl (002) spacing for the above HAP 1.64 sample is 5.4 nm, and is similar to earlier work on hydroxyappatite synthesis according to (Yingchao et al.1996)

4.1.2FT-IR spectra results:

[image: ]
Fig 4.2 IR Spectra for HAP1.64                                 Fig 4.3 IR Spectra for HAP 1.67












Fig 4.4 IR Spectra for HAP 1.72
Above all fig. shows typical FT-IR spectra of HAP1.64, HAP-1.67 and HAP 1.72 samples. The small bands before 601 cm-1 are from the m4 vibrations of the O–P–O mode. The 972 cm-1 band resulted from the P–O symmetric stretching vibrations. The two weak peaks at 630 cm-1and 643 cm-1 are associated with the carbonate group which reveals the presence of carbonates in samples. The very strong bands at 1037 cm-1and 1041 cm-1 correspond to the (PO4)6 as a functional group. The carbonate ion is likely to come from the reaction of HAP alkaline samples with atmospheric carbon dioxide as observed elsewhere. The weak peak at 1423 cm1 corresponds to the (CO3)2groups and band at 3438 cm-1corresponds to adsorbed water.

4.1.3 Textural properties results:


Fig 4.5 Nitrogen adsorption/desorption and Particle size analysis of HAP 1.67

According to the result calcined HAP 1.67 sample was predominantly mesoporous, as evidenced by the type IV isotherms and exhibited higher hysteresis loops at P/Po > 0.8 due to its higher surface areas. The calcined HAP 1.67 had a higher pore size 35nm, pore volume     0.2264 cc g-1, surface area 24m2g-1 respectively and it matched with the literature mentioned results.
4.1.4 Temperature Programmed Desorption of CO2 results:
                                                                                       [image: ]

Fig 4.6 Temperature programmed desorption profiles of HAP 1.64 and HAP 1.67 from CO2 

For temperature programmed desorption (TPD), the strength of basic sites is directly related to the desorption temperature. For HAP 1.67 CO2is desorbed from weak basic sites below 300 °C, from moderated basic sites between 400 °C and 550 °C, from strong basic sites between 550 °C to 700 °C and from very strong basic sites above 700 °C for heating rate of 10 °C min-1. The TPD profile of the hydroxyapatite shows a fair distribution of basic sites. The peaks at 650 °C and 700°C are due to the presence of Ca+2 ions. The very strong basic sites can be attributed to the protons from Ca+2 in the sample whereas the shoulder at 850 °C is due to desorption of CO2 from the solid samples and it was obtained 1.14 mmol/g , 1.13mmol/g for HAP 1.67 and HAP 1.64 respectively. 

4.1.5 Scanning electron Microscopy (SEM) and EDAX results:


Scanning electron microscopy techniques were used to investigate the size and morphology of the HAP 1.64 and HAP 1.67 powders produced. SEM images shown agglomeration of irregular plate-like particles in all the powders was observed. The agglomeration is due to the exposure of the materials to a beam with the high energy resulting in the loss of hydroxyl groups. On high magnification, the irregular shaped particles become clearer and the plates were stacked upon each other.
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Fig 4.7 SEM photograph of HAP 1.64
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Fig 4.8 EDAX spectrum of HAP 1.64
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Fig 4.9 SEM photograph of HAP 1.67
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Fig 4.10 EDAX spectrum of HAP 1.67

The elemental composition like Ca, P, and O present in samples of HAP confirmed from Energy Dispersive Analysis of X-rays (EDAX) and elements concentration results compared were with ICP.
4.1.6 Inductively coupled plasma Analysis (ICP)results:
An ICP result shows the elemental concentration present in the sample of HAP- 1 (1.64) and HAP-2 (1.72) is as follows.

	Sr no.
	Sample
	Elements
	Concentration

	1

	
HAP -1
	Ca
	370 mg/l

	
	
	P
	195.2 mg/l

	2
	HAP -2
	Ca
	796.7 mg/l

	
	
	P
	390.1 mg/l



Based on the elemental analysis by ICP, Ca/P molar ratios are calculated as 1.45, 1.56 respectively but as per the preparation procedure the expected values for the ratio are 1.67 & 1.72 respectively. However the actual values are less possibly due to variations in solution pH during precipitation and aging. Preparation methods are to be modified to get samples with higher Ca/P ratios.

4.1.7 Thermogravimetric Analysis (TGA) results:

The DTA and TGA curves for the hydroxyapatite powder are illustrated in Fig 4.10. The first endothermic region range from 90 to 300 ºC with a peak at about 250ºC, which corresponds to the dehydration of the precipitating complex and the loss of physically adsorbed water molecules of the HAP powder. There was no weight loss in this region with increasing temperature from 300to 750 ºC no peak has been observed, except a weight loss of 2% is observed at the TGA curve in the temperature range which is assumed to be the result of gradual dehydroxylation of HAP powder. This can be explained by reaction

Ca10 (PO4)6(OH)2 →Ca10(PO4)6(OH)2-2xOx2x +xH2O
[image: ]
Fig 4.11 DTA and TGA profile of the hydroxyapatite sample

The exothermic process occurring between 720-750°C shows crystallization of hydroxyapatite. (Brasseuret.al.,2008) observed a weight loss curve at 750°Cwhich was attributed to P2O44- converting to PO43-(tricalcium phosphate).

4.2 Studies on self condensation of ethanol

4.2.1Calibration of mass flow meter

Since the reactant ethanol is to be fed with a carrier gas, nitrogen, calibration of Mass flow controller (MFC) was necessary. Calibration of MFC was carried out using soap bubble flow meter and a calibration graph was established 


Fig 4.12 MFC flow rate vs. actual flow rate
4.2.2 Feeding of ethanol

Initially, feeding of ethanol in the form of vapour along with nitrogen gas was attempted. Nitorgen at specific flow rate was bubbled through a column of liquid ethanol loaded in a bubbler (Fig 4.12). The catalyst had to be activated in nitrogen prior to reaction. Filling of the bubbler with ethanol, keeping nitrogen flow on, posed practical difficulties, due to back pressure. Hence Nitrogen gas and ethanol were fed separately. Ethanol at required flow rate was fed through HPLC pump.
 (
Ethanol Vapours
)
 (
N
2
)[image: ]

Fig 4.13 Reaction set up with bubbler
1. Bubbler 2. Reactor

Nitrogen gas and ethanol were mixed in a chamber, followed by heating the (vapour + gas) mixture in a pre-heater prior to introduction in the reactor.  Initially the pre-heater was maintained at 120°C for studies with HAP-1 and subsequently for HAP-2 catalyst it was increased to 200°C to obtain higher alcohol conversion.

4.2.3 Studies on HAP catalysts with different Ca/P ratios

Two HAP catalysts with Ca/P ratios of 1.45 (HAP-1) and 1.56 (HAP-2) were investigated.  Though the expected Ca/P based on raw materials was used 1.67 and 1.75, the actual values as determined by ICP are less. Catalyst preparation methods are to be reviewed and modified to get desired Ca/P ratios.

The product pattern follows the acid-base characteristics dictated by Ca/P ratio. HAP-1 with very low ratio (1.45) yielded mostly ethylene and ether indicating that the catalyst has higher acidity. With 3.0 ml/hr alcohol flow and 160-80 ml per min nitrogen flow, the catalyst displayed very low activity mostly forming ethylene and ether. Hence studies on this catalyst were not pursued further. Use of catalyst with higher  ratio of 1.56 (HAP-2), increasing the contact time (1.8 ml /hr alcohol flow with 40 ml/min nitrogen flow) and increasing the pre-heater temperature from 120 to 200°C helped to improve overall ethanol conversion and selectivity to n-butanol. Under these conditions, the reaction was carried out at three different contact times, corresponding to 1.8, 2.4 & 3.00 ml/hr with 40 ml/min nitrogen. At any set flow rate, catalyst bed temperature was varied, as 350,365 & 380°C.Contact time was varied by maintaining different alcohol feed rate with a constant carrier gas to feed rate of 40 ml/min with respect to 2ml volume of catalyst loaded.
Reproducibility of the conversion data was checked by repeating the run under process conditions of 1.8 ml/hr alcohol flow, 40 ml/min N2 flow and at reaction temperature of 350ºC. 

4.2.4 Condensation of ethanol- Composition of the product stream

Since significant quantities of non-condensable gases are formed during the reaction, gaseous components were collected analysed quantitatively. Some of the products like ethanol, butanol etc., could be observed in the liquid as well as in gas phase. As many as 25-35 different products were observed in each case. While most of the products could be identified, around 5-6 of them could not be identified as of now. However, the total amount of unknown products in any case did not exceed1%

In a typical reaction, after the introduction of alcohol, 1-2 hrs was allowed for attaining steady state, after which, the products in liquid and gas phases were collected every hour for analysis. Products identified and quantified in each experiment are given in three tables.






Table 4.2 Conversion of individual product at different temperatures with respect to flow rate 1.8 ml/hr

	S.No.
	Product
	% conversion

	
	
	T = 350
	T = 365
	T = 380

	1
	Ether
	1.89
	1.65
	2.12

	2
	Acetaldehyde
	1.61
	2.95
	3.77

	3
	Propanaldehyde
	0.01
	0.00
	0.01

	4
	Acetone
	0.07
	0.10
	0.15

	5
	Methanol
	0.00
	0.01
	0.01

	6
	Ethanol
	91.70
	89.18
	83.02

	7
	Propanol
	0.04
	0.03
	0.03

	8
	Crotonaldehyde
	0.05
	0.18
	0.37

	9
	Isobutanol
	0.01
	0.00
	0.01

	10
	n-Butanol
	3.72
	4.48
	7.68

	11
	Pentanol
	0.03
	0.05
	0.04

	12
	Hexanol
	0.00
	0.02
	0.02

	13
	Ethylene
	0.22
	0.22
	0.40

	14
	Ethane
	0.07
	0.07
	0.37

	15
	Propylene
	0.09
	0.08
	0.35

	16
	Propane
	0.15
	0.14
	0.73

	17
	Unknown
	0.35
	0.84
	0.92



Table 4.3 Conversion of individual products at diff. temp. with respect to flow rate 2.4 ml/hr
	S.No.
	Product
	% conversion

	
	
	T = 350
	T = 365
	T = 380

	1
	Ether
	2.28
	2.06
	2.00

	2
	Acetaldehyde
	3.08
	3.37
	4.42

	3
	Propanaldehyde
	0.01
	0.02
	0.01

	4
	Acetone
	0.08
	0.12
	0.02

	5
	Methanol
	0.01
	0.01
	0.01

	6
	Ethanol
	89.62
	86.13
	85.76

	7
	Propanol
	0.02
	0.02
	0.02

	8
	Crotonaldehyde
	0.10
	0.18
	0.41

	9
	Isobutanol
	0.00
	0.00
	0.01

	10
	n-Butanol
	3.52
	5.85
	3.69

	11
	Pentanol
	0.04
	0.04
	0.04

	12
	Hexanol
	0.01
	0.02
	0.03

	13
	Ethylene
	0.26
	0.48
	1.71

	14
	Ethane
	0.10
	0.25
	0.21

	15
	Propylene
	0.06
	0.23
	0.35

	16
	Propane
	0.25
	0.50
	0.35

	17
	Unknown
	0.56
	0.74
	0.96
















Table 4.4 Conversion of individual product at different temperatures with respect to flow rate 3 ml/hr
	S.No.
	Product
	% conversion

	
	
	T = 350
	T = 365
	T = 380

	1
	Ether
	2.65
	3.17
	4.37

	2
	Acetaldehyde
	2.91
	4.28
	8.33

	3
	Propanaldehyde
	0.01
	0.01
	0.02

	4
	Acetone
	0.06
	0.29
	0.35

	5
	Methanol
	0.01
	0.01
	0.02

	6
	Ethanol
	90.48
	87.94
	80.24

	7
	Propanol
	0.02
	0.02
	0.03

	8
	Crotonaldehyde
	0.07
	0.16
	0.46

	9
	Isobutanol
	0.00
	0.00
	0.00

	10
	n-Butanol
	2.75
	2.97
	4.05

	11
	Pentanol
	0.03
	0.04
	0.06

	12
	Hexanol
	0.00
	0.01
	0.03

	13
	Ethylene
	0.21
	0.21
	0.36

	14
	Ethane
	0.08
	0.09
	0.17

	15
	Propylene
	0.05
	0.08
	0.30

	16
	Propane
	0.20
	0.00
	0.26

	17
	Unknown
	0.47
	0.71
	0.94



















4.2.5 Analysis of product stream

It is observed form all above the tables that the desired product, n-butanol, is formed in significant quantities under the process conditions employed. However, non-selective products like, ether and ethylene are also formed, along with the expected intermediates like acetaldehyde and crotonaldehyde. These observations are in accordance with the mechanistic pathways established earlier (Nagrajan et.al,1968 ). Formation of n- butanol is expected to follow the route
Ethanol→ Acetaldehyde→ Crotonaldehyde→ n-Butanol

Butanol could also be formed by direct condensation of ethanol. Formation of significant quantities of ether and ethylene indicates that the HPA -2 catalysts possesses significant amount of acidic sites that lead to the formation of these products. According to literature reports, butanol is a desired product, having maximum conversion in between 325- 400°C. The reaction has been carried out at three different temperatures, like 350°C, 365°C and 380°C to obtain better conversion and selectivity, at a given flow rate of the feed conversions increased with respect to temperature.

4.2.6 Product selectivity

In the case of C4 products, n-butanol, 1,3-butadiene, butene, unsaturated alcohols, butyraldehyde, and diethyl ether  have been observed. Selectivity to n-butanol reached about 45% at 350 °C, contact time 1.8 sec, thereafter it decreased with the increase in reaction temperature. From 350 and 380 °C, formation of C6 alcohols in small amounts was observed, suggesting that over this temperature range n-butanol reacts with ethanol to form C6 alcohol. It can be concluded that a reaction temperature of 350°C is the most suitable one for synthesis of n-butanol, At 350 °C almost no reaction between ethanol and n-butanol towards higher alcohol occurs and dehydration and dehydrogenation of n-butanol on HAP-2 catalyst are also minimal.
	
Table 4.5Condensation of ethanol- Conversion and Selectivity for n-Butanol


	
	
	
	

	
	Conversion /Selectivity (%) at

	Alcohol flow rate, ml/hr
	350ºC
	365ºC
	380ºC

	1.80
	8.3/44.8
	9.43/11.0
	16.98/45.2

	2.40
	10.38/34.0
	13.87/42.0
	14.24/26.0

	3.00
	9.52/28.8
	12.06/24.6
	19.76/20.5




The selectivity data is in line with the proposed reaction scheme, wherein the formation of n-butanol requires higher contact time, since significant part of it is formed via acetaldehyde- crotonaldehyde route.







4.2.7 Effect of contact time on formation of butanol

The effect of contact time on product selectivity is also shown in above table 4.5. Alcohols produced n-butanol; and n-hexanol requires higher contact time on HAP-2 catalyst and increase with an increase in contact time. In the case of n-butanol, at a fixed temperature of 350 °C, selectivity was only 28.2% at a contact time of 1.4 sec but it rose to its maximum level of 44.8% at a contact time of 1.8 sec. As noted earlier in literature ethanol has been converted to n-butanol on MgO catalyst with selectivity of around 40%, but successive propagation to higher alcohol was not reported. Formation of higher alcohol is feasible on HAP-2 catalyst. However, the process conditions like contact time and temperature are to be optimized.




Fig 4.14 Effect of contact time with respect to conversion at different temperature


4.2.8 Effect of Reaction Temperature on the formation of butanol

The effects of reaction temperature on yield of butanol from ethanol on HAP with a Ca/P ratio of 1.56 are shown in table 4.5, at 330°C, 350°C and 380 °C, respectively.  At 1.8 ml/hr flow rate selectivity to butanol was 44.8 and at 380°C it is 45.2 with higher conversion. An increase in temperature has actually brought down the conversion to ether thereby increasing selectivity to butanol. At 350°C conversion to ether was higher. Thus the inter play of temperature and contact time is complex and significantly alters the product selectivity.




Fig 4.15 Effect of contact time with respect to selectivity at different temperature

4.3 Condensation of ethanol –Reaction Kinetics 


4.3.1 Reaction scheme

The following sequence of reactions leading to n-butanol and other by- products could be envisaged.


CH3CH2OH      K1                    CH2=CH2 + H2O                     S1

2CH3CH2OH       K2               CH3CH2OCH2CH3 + H2O       S2

CH3CH2OH         K3                   CH3CHO + H2                                   S3

2CH3CHO           K4                  CH3CH=CHCHO + H2O         S4

CH3CH=CHCHO + 2H2          K5              C4H9OH                    S5              

2C2H5OH          K6                    n-C4H9OH + H2O                      S6


All above reaction steps have been considered as the formation of butanol. On the basis of above reaction steps (S1-S6), the reaction rate for every step was calculated by following graphical method for concentration against residence time plots.
K1-K6 are the reaction rate constants for reaction steps S1-S6, respectively. So, after getting rate values and having concentration values for every reaction, an unknown rate constant K value for every equation has been obtained by solving differential equations. After that the graph between 1/T (temp.) against ln K values were plotted. From the slope and intercept values activation energy and frequency factor (K0) according to Arrhenius equation were evaluated.

Table 4.6 Activation energy (Ea) and frequency factor (K0) for each reaction step

	Sr
No.
	Reaction   Rate Constants
	                    Temperature
	Ea (Jule/mol)
	k0

	
	
	350oC
	365oC
	380oC
	
	

	1
	K1
	0.001506
	0.002092
	0.002202
	1.41*104
	0.2021

	2
	K2
	0.008045
	0.001746
	0.001055
	9.93*103
	0.2394

	3
	K3
	0.008284
	0.024005
	0.036888
	5.53*104
	1.65*106

	4
	K4
	0.54711
	0.782134
	0.761565
	1.24*104
	40.8332

	5
	K6
	0.012038
	0.017036
	0.015702
	1.00*104
	0.4006




4.3.2 Kinetic Modelling of reaction

The kinetic modelling has been given clear significance scope for the experimental evaluation. The conversion and residence time has a key role for every set of butanol production reaction. By taking all experimental concentration values of the reactant and product with respect to temperature some predictions has been solved in MATLAB by curve fitting methods and coding has been correlated for experimental prediction. At every respective temperature some predicted value has been given for concentration and considering every rate constant K values fitted in the program for simulation.
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Fig 4.16 simulation curves for concentration vs. residence time at 350°C.
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Fig 4.17 simulation curves for concentration vs. residence time at 365°C.
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Fig 1.18 simulation curves for concentration vs. residence time at 380°C.
In order to predict the rate constants, concentrations of reactants and products were plotted across the residence times for different temperatures. Then using the mass balance equations, the kinetic parameters for reactions presented earlier were obtained. To validate the obtained kinetic parameters, explicit rate expressions obtained through integration were simulated across different residence times for different temperatures. And from the figures presented above it can be inferred that the rate parameters were able to predict the experimental trend to good degree of accuracy.
Deactivation of catalyst

It is observed that HAP-2 catalyst displays stable activity for 8-10 hrs in any specific run and could be regenerated by activation with nitrogen at 450°C for 2 hrs. This shows that coke deposit is not significant though hydrogen was not used in the process.






CHAPTER 5

SUMMARY& CONCLUSIONS
 
· Calcium hydroxyapatite with Ca/P ratio 1.64,1.67 and 1.72 were synthesized and characterized by XRD,IR,SEM, surface area and pore size distribution and CO2 TPD
· Though the samples exhibited desired properties, Ca/P atomic ratio was not as per expectation. While the expected Ca/P ratios were 1.67 and 1.72, ICP analysis indicated values, 1.45 & 1.56.  Preparation methods need to be modified to get desired Ca/P ratio
· Two samples, HAP-1 with Ca/P ratio of 1.45 and HAP-2 with a ratio 1.56 were evaluated for the reaction, namely, self condensation of ethanol.
· HAP-1 with low ratio of 1.45 exhibited very low activity, with ethylene and diethyl ether being the major products. As indicated by the Ca/P ratio, HAP-1 has predominantly acidic sites, which explains the product profile. Hence HAP-1 was not employed for further studies
· Sample HAP-2 with a higher Ca/P ratio of 1.56 displayed good activity and significant conversion to n-butanol, the desired product.
· In order to vary the contact time, alcohol flow rates were varied from 1.8 ml/hr to 3.00 ml per hour maintaining 40 ml of nitrogen flow in each case.
· At each flow rate, the reaction was studies at three temperatures, 350,365 & 380º C
· Even with HAP-2 the product stream contains components formed due to acidic sites present in the catalyst. Hence further experiments with higher Ca/P ratio are needed to suppress such products and increase the selectivity to the desired product, n-butanol
· The products formed are in accordance with the established reaction pathways for alcohol conversion on HAP catalysts under the experimental conditions employed
· However, under the process conditions employed in this study maximum selectivity of 45 % could be achieved with 1.8 ml/min alcohol flow rate and at 350ºC. At the same contact time but at higher temperature of 380ºC both conversion as well as selectivity increase, which could be due the suppression of acid catalysed reactions at a higher temperature.
· While the effect of temperature on the activity/product slate is on expected lines, the effect of contact time on conversion and selectivity is skewed, probably due to very narrow range of flow rates studied. Studies over wider range of alcohol flow rates/ contact times could bring out better correlations.
· In the custom made reactor system employed for the study, separate pre-heater for the reactants is not available. Pre-heating of alcohol+ nitrogen mixture to ~300 ºC could lead to higher conversion
· Employing HAP catalyst with Ca/P ratio of 1.7 and preheating of the reactant mix to 300ºC could lead to higher n-butanol yields.
· Experimental data generated with these modifications could bring out a more realistic kinetic model for the reaction.
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50	75	100	125	150	175	200	225	250	275	26	58	84	111	138	168	192	222	250	275	MFC ml/min

FLOW RATE ml/min
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