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ABSTRACT


	With the increasing demand for biodiesel, the accumulation of byproduct, crude glycerol has become a problem which needs to solve. Lactic acid is one of the value-added chemical which can be produced from glycerol that has wide uses in food and chemical industry. Although glycerol can be converted to lactic acid with an alkali as the catalyst and the reaction had high conversion (100 mol%) and yield (around 90 mol%), the high alkalinity would cause severe corrosiveness to a stainless steel reactor. In this study two tasks were performed to convert glycerol to lactic acid with satisfactory conversion and selectivity, and to reduce the corrosiveness of reaction medium. 
	First, CaO was used as solid base catalyst. The highest yield of lactic acid achieved was 40.8 mol% with a 97.8 mol% glycerol conversion, when operating at 290°C after 150 min reaction with molar ratio of CaO: glycerol=0.3. Also CaO has advantages such as high lactic acid productivity (3.35 g/(min·L)), reusability. Also, CaO can be used as the catalyst for both biodiesel production and the following crude glycerol conversion to lactic acid. Second, for glycerol conversion with NaOH as catalyst, a fed-batch reactor was applied to continuously supply the NaOH during the reaction process, compensating the OH- neutralized by newly formed lactic acid. The optimal lactic acid yield of 80.5 mol%, with 92.8% glycerol conversion were obtained at 300 °C for 220min, with 1.1M glycerol initial concentration. A first-order kinetic model for glycerol concentration versus time was developed and verified experimentally under conditions with different initial glycerol concentration and reaction temperature. Both methods, solid base and fed-batch, were applied successfully to three samples of crude glycerol samples provided by biodiesel manufacturers.
	In the end, the corrosion issue of different methods was compared based on the Fe3+ concentration (analyzed with atomic-absorption spectroscopy) in the products. Both methods of glycerol conversions, with solid base catalyst and fed-batch reactor, can reduce the corrosiveness of glycerol conversion with an alkali as the catalyst. 
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[bookmark: _Toc298112597][bookmark: _Toc299546946]Chapter 1
[bookmark: _Toc298112598][bookmark: _Toc299546947]Introduction and Objectives
[bookmark: _Toc298112599][bookmark: _Toc299546948]1.1 Biodiesel industry and its excessive co-product - crude glycerol
The current energy production is almost totally dependent on crude oil (Arzamendi, Arguinarena et al. 2008). With the shrinking of petroleum reserves, renewable energy is becoming increasingly significant. Biodiesel is an alternative fuel for diesel, which is derived from vegetable oil, algae, or animal fat. It can be produced using different materials as feedstocks, like mustard seed, rapeseed, canola, crambe, soybean, algae, and waste cooking oils (Ma and Hanna 1999; Thompson and He 2006; Demirbas and Demirbas 2011).The biodiesel industry has developed rapidly over the past few decades, and has attracted considerable attention as a renewable, biodegradable and non-toxic fuel (Xu, Du et al. 2003; Mu, Teng et al. 2006), and is supposed to be one of the best choices of alternative fuels to petroleum (Johnson and Taconi 2007).
[bookmark: OLE_LINK19][bookmark: OLE_LINK20] 	Crude glycerol is a main co-product of biodiesel, which is formed during the transesterification process of the triacylglycerols. Yazdani and Gonzalez (2007) have made a summary on overall processing of fats or oils to prepare biodiesel (Figure 1-1). During the biodiesel production, for every one pound of oil converted, there will be approximately 0.1 pounds of crude glycerol are produced as well (Dasari, Kiatsimkul et al. 2005). The U.S. production of biodiesel is 30-40 million gallons, with a target of 400 million gallons of production by the year 2012 (Johnson and Taconi 2007). At the same time, in U.S. alone, about 340,000 tons of crude glycerol goes to market every year, which has created a glut in the glycerol market and therefore a following significant price decrease for glycerol (Johnson and Taconi 2007).
[image: ]

[bookmark: _Toc298096899][bookmark: _Toc298423406]Figure 1- 1 Biodiesel production from vegetable oils and animal fats and the relation with the co-product- glycerol  
(Yazdani and Gonzalez 2007)



Crude glycerol has a very low economic value, due to its impurities and its excessive amount. The general treatment of crude glycerol is through a set of refining processes, such as filtration, chemical additions, and fractional vacuum distillation in order to obtain different grades of pure glycerol (Thompson and He, 2006). However, the refining costs are beyond the affordability of most small and moderate scale biodiesel producers. 

[bookmark: _Toc298112600][bookmark: _Toc299546949]1.2 The exploitation of crude glycerol
In the long term, as supplies continue to increase, glycerol from the production of biodiesel will become an affordable and versatile building block chemical (Johnson and Taconi 2007). The innovation of new disposal and utilizing processes are needed for the crude glycerol. 
[bookmark: OLE_LINK21][bookmark: OLE_LINK22]It is reported that crude glycerol could be used as a carbon source for some kinds of microorganisms. Cameron and Koutsky (1994) developed a fermentation process for the production of 1, 3-propanediol from the crude glycerol stream of a biodiesel facility. By using a strain of K. pneumoniae, they have achieved a 63% yield of 1, 3-propanediol from the crude glycerol. Also, Taconi et al. (2009) found that C. pasteurianum could utilize crude glycerol as a carbon source to produce butanol, with a yield of 0.30 g/g. In addition to producing 1,3-propanediol and 1-butanol, other publications have shown that erythritol (Rymowicz, Rywinska et al. 2009), citric acid (Rywinska, Rymowicz et al. 2009) and ethanol (Yazdani and Gonzalez 2008) can be produced as well during the anaerobic fermentation of glycerol.
The conversion of glycerol through fermentation procedure is an efficient route of crude glycerol utilization, and the conditions are mild. However, in fermentation process, only a few kinds of microorganism can use crude glycerol without pretreatment (Mu, Teng et al. 2006), unless pretreatment is applied, such as adjusting pH, dilution, etc. Pretreatment usually requires a relatively long time and calls for costly purification processes, which become the main impediment for the promotion of biological conversion.
[bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK3][bookmark: OLE_LINK4]In addition, other approaches based on chemical conversion are used in the crude glycerol utilization. The conversions of glycerol to other useful chemicals are summarized in Table 1-1. Generally, there are two routes of chemical conversion of glycerol (Johnson and Taconi 2007). One is oxidation or reduction of the glycerol into other compounds, such as lactic acid (Kishida, Jin et al. 2005), hydroxyacetone (Goncalves, Pinto et al. 2008), propylene glycol (Dasari, Kiatsimkul et al. 2005), acrolein (Yan and Suppes 2009), ketomalonic acid, etc. The other is reaction of glycerol with other molecules to form new chemicals, for example, glycerol carbonate, which is a kind of new solvent and polymer precursor (Aresta, Dibenedetto et al. 2006; Johnson and Taconi 2007), and other polymers formed by the condensation of glycerol and other chemicals. Chemical conversion usually has a high reaction rate and is a relatively simple solution to the glycerol surplus. However, some of the conversions meet the bottle-neck of low selectivity and low yield and demanding new and efficient catalysts (Johnson and Taconi 2007).


[bookmark: _Toc298100333][bookmark: _Toc298423315]Table 1- 1 Chemical conversion of glycerol into useful chemicals
	Reaction type
	Product
	Catalyst
	References

	Oxidation /
Reduction
	Oxidation
	Lactic acid
	 KOH
	(Shen, Jin et al. 2009)

	
	
	Dihydroxyacetone
	Pt−Bi/C
	(Hu, Knight et al. 2010)

	
	
	Glyceraldehydes
	Pd/C
	(Carrettin, McMorn et al. 2003)

	
	
	Glyceric acid 
	 Au/C
	(Carrettin, McMorn et al. 2002)

	
	
	Hydroxypyruvic acid
	AlPO-n
	(McMorn, Roberts et al. 1999)

	
	
	Mesoxalic acid
	Pt/C
	(Ciriminna and Pagliaro 2003)

	
	
	Oxalic acid
	Pd/C
	(Garcia, Besson et al. 1995)

	
	Hydrogenolysis
	1,2-propanediol
	Cu-ZnO
	(Balaraju, Rekha et al. 2008)

	
	
	1,3-propanediol
	Pt/WO3/ZrO2
	(Kurosaka, Maruyama et al. 2008)

	
	
	Ethylene glycol
	CuO/ZnO
	(Chaminand, Djakovitch et al. 2004)

	
	Dehydration
	Acetol
	copper-chromite
	(Chin, Dasari et al. 2006)

	
	
	Acrolein
	H4SiW on alumina
	(Cheng and Ye 2009)

	
	Pyrolysis, gasification
	Alkane
	Pt–Re/C
	(Kunkes, Simonetti et al. 2008)

	
	
	Olefin
	Cu on ZSM-5
	(Zakaria, Mohamad et al. 2010)

	
	
	Syngas Carbon+ hydrogen
	Ru/Y2O3
	(Hirai, Ikenaga et al. 2005)

	Reaction of glycerol with other molecules
	Transterification, esterification
	monoglycides
	Amberlyst
	(Pouilloux, Abro et al. 1999)

	
	
	α-monobenzoyl glycerol
	benzoic 
	(Xu, Kato et al. 2001)

	
	Etherification
	monoethers
	Pd/C
	(Shi, Dayoub et al. 2009)

	
	
	diethers
	Pd/C
	(Shi, Dayoub et al. 2009)

	
	
	triether
	Pt
	(Morgan and Hofmann 1970)

	
	Oligomerization, polymerization
	glycerol 
1-monoethers
	KOH
	(Queste, Bauduin et al. 2006)

	
	carboxylation
	glycerol carbonate
	Sn-catalysts
	(Aresta, Dibenedetto et al. 2006)




Among those methods, production of lactic acid from glycerol at 300°C appears very attractive, which has an high yield, 90% (mol%) with 90% selectivity (Kishida, Jin et al. 2005; Shen, Jin et al. 2009). Moreover, new applications of lactic acid have recently made it a more and more attractive chemical recently.

[bookmark: _Toc298112601][bookmark: _Toc299546950]1.3 Lactic acid production processes and their drawbacks
Pure lactic acid is a syrupy liquid with a slight acrid odor. The boiling point of lactic acid is 122°C at 2 KPa. However, it is not stable when heated at atmospheric pressure and readily decomposes into carbon dioxide and carbon monoxide.
Since ancient times, lactic acid has been widely used in everyday life, from food and medicine, to industry and agriculture. Right now the major use of lactic acid is still in food and food related applications which accounts for around 85% of its demand (Datta and Tsai 1997). On the other hand, new derivatives of lactic acid are found in producing other useful chemicals, such as pyruvic acid and acrylic acid (as summarized by Paster and Pellegrino et al. (2003), which is shown in Figure 1-2). Also, the polymer of lactic acid--polylactic acid (PLA) is known to be one of the best materials for biodegradable plastic (Drumright, Gruber et al. 2000), which increase the potential need of lactic acid in the future.
[image: ]
[bookmark: _Toc298096900][bookmark: _Toc298423407]Figure 1- 2 Potential derivatives of lactic acid
(Paster, Pellegrino et al. 2003)


[bookmark: OLE_LINK11][bookmark: OLE_LINK12]Current commercial production of lactic acid is mainly by anaerobic fermentation of carbohydrates, such as glucose, sucrose, or lactose (John, Nampoothiri et al. 2007), and also chemical synthesis (Datta and Tsai 1997). 
In the fermentation process, many types of microorganisms can be used as the lactic acid production strains, such as Lactobacillus delbrueckii, L. bulgaricus, and L. leichmanii. Accordingly, a wide variety of carbon sources was utilized in the fermentation process, from starch to whey or even agro wastes. The fermentation technology can provide a desired stereoisomer of lactic acid (Datta and Tsai 1997), and only L-lactic acid can be used in food. Although through the fermentation process, a high yield (90%) of lactic acid can be achieved, several problems are associated with the process, such as the high cost of culture media due to the specific requirements of the lactic acid-producing bacteria (Oh, Wee et al. 2003), product inhibition (Singh, Ahmed et al. 2006), and the uneconomical and non-environmentally friendly purification process (Datta and Tsai 1997). 
Current chemical synthesis routes are based on the conversion of lactonitrile, a byproduct from acrylonitrile synthesis, and can only produce the racemic lactic acid. Nevertheless, due to the restriction of raw materials and the processing costs, chemical conversion is only on a small scale (Datta and Henry 2006). In recent years, Kishida et al. (2005) provided a new method of lactic acid production from glycerol. Glycerol can be converted to lactic acid with high concentration of alkali such as NaOH or KOH as homogeneous catalyst in water at around 300°C. During a 90 min reaction, the yield of lactic acid can reach as high as 90 % (mol %) with 100% glycerol conversion, when the reaction takes place at 300°C with 1.25 M NaOH or KOH and 0.33 M glycerol present initially. Theoretically, the only mass lost during the reaction is the release of one molecule of H2 from each molecule of glycerol. 
Though it’s an efficient reaction, the application is restricted by the corrosiveness of the catalysts. At 300°C, high concentration of OH- from NaOH or KOH will cause severe corrosion to the stainless steel reactors. The application of lactic acid synthesis method from glycerol requires techniques that can reduce the harshness of the reaction condition. There might be two possible ways to overcome the problems caused by the alkali in the conversion of glycerol. The first solution is to change the reaction procedure- adding alkali in small batch increments. The other method is to replace the catalyst with a less corrosive one, such as the solid base (heterogeneous) catalyst, which will largely reduce the concentration of OH-, and consequently will diminish the corrosion issue.

[bookmark: _Toc298112602][bookmark: _Toc299546951]Objectives
	Therefore, the overall objective of this thesis is to convert crude glycerol to lactic acid with good conversion and selectivity, and to improve the reaction conditions by reducing the corrosiveness.
In order to achieve the goal, two approaches were investigated, 

1. Reducing the corrosiveness by introducing solid base catalysts;
2. Utilizing fed-batch system with NaOH as homogeneous catalyst.

	For both tasks, pure glycerol was used for process development, and the developed process was applied to crude glycerol.


[bookmark: _Toc298112603][bookmark: _Toc299546952]Chapter 2
[bookmark: _Toc298112604][bookmark: _Toc299546953]Literature review
[bookmark: _Toc298112605][bookmark: _Toc299546954]2.1 Properties of crude glycerol
[bookmark: OLE_LINK7][bookmark: OLE_LINK8]The term “crude glycerol” refers to an aqueous mixture separated from the biodiesel production, enriched in glycerol. Thompson and He (2006) have tested some characteristics of crude glycerol from different oleochemical raw materials, and the results are shown in Table 2-1. Commercial crude glycerol contains 80-85% glycerol, and less than 10% of water, salts, as well as residual substances from the production process. The metals Ca, K, Mg, Na, P, and S are present in small quantities. However, due to the sodium or potassium methylate catalyst used in the biodiesel production sodium or potassium hydroxide has a concentration over 1% by weight.

[bookmark: _Toc298100461][bookmark: _Toc298423328]Table 2- 1 Analysis results of macro elements, carbon and nitrogen in crude glycerol
(Thompson and He 2006)
	Feed stock
	IdaGold Mustard
	PacGold Mustard
	Rapeseed
	Canola
	Soybean
	Crambe

	Measurements on crude glycerol
	
	
	
	

	Calcium×104(wt.%)
	11.7±2.9
	23.0±1.0
	24.0±1.7
	19.7±1.5
	11.0±0.0
	163.3±11.6

	Potassium×104(wt.%)
	BDL1
	BDL
	BDL
	BDL
	BDL
	216.3±15.3

	Magnesium×104(wt.%)
	3.9±1.0
	6.6±0.4
	4.0±0.3
	5.4±0.4
	[bookmark: OLE_LINK5][bookmark: OLE_LINK6]6.8±0.2
	126.7±5.8

	Phosphorus×104(wt.%)
	25.3±1.2
	48.0±2.0
	65.0±2.0
	58.7±6.8
	53.0±4.6
	136.7±57.7

	Sulfur×104(%wt)
	21.0±2.9
	16.0±1.4
	21.0±1.0
	14.0±1.5
	BDL
	128.0±7.6

	Sodium(%wt)
	1.17±0.15
	1.23±0.12
	1.06±0.07
	1.07±0.12
	1.20±0.10
	1.10±0.10

	Carbon(%wt)
	24.0±0.00
	24.3±0.58
	25.3±0.58
	26.3±0.58
	26.0±1.00
	24.0±0.00

	Nitrogen(%wt)
	0.04±0.02
	0.04±0.01
	0.05±0.01
	0.05±0.01
	0.04±0.03
	0.06±0.02


Note  1. BDL=Below detection limit for corresponding analytical method

	


	As there contains alkali in crude glycerol, it is more suitable to be converted with an alkali as catalyst than an acidic catalyst. Otherwise, the OH- in crude glycerol will cause the deactivation or neutralization of the acidic catalyst.	Recent research on the glycerol conversion to lactic acid was done with alkali metal hydroxides or alkaline earth metal hydroxides as homogeneous catalysts (Kishida, Jin et al. 2005; Shen, Jin et al. 2009; Ramirez-Lopez, Ochoa-Gomez et al. 2010; Shen, Zhang et al. 2010).

[bookmark: _Toc298112606][bookmark: _Toc299546955]2.2 Conversion of glycerol to lactic acid with homogeneous catalyst
It is reported that glycerol can be converted to lactic acid with high yield and selectivity using alkali metal hydroxide as the catalysts (Kishida, Jin et al. 2005). At 300°C and with 1.25M NaOH or KOH, the yield of lactic acid can reach around 90% after a 90 min reaction.

[bookmark: _Toc298112607][bookmark: _Toc299546956]2.2.1 Predicted pathway
Based on the product analysis, Kishida, Jin et al. (2005) inferred that during the glycerol conversion, glycerol was first converted into 2-hydroxypropenal and a molecule of hydrogen was eliminated, which was catalyzed by OH-. Then through keto-enol tautomerization, 2-hydroxypropenal formed pyruvaldehyde. In the end, lactic acid was formed from pyruvaldehyde by benzilic acid rearrangement, as shown in Figure 2-1.
[image: ]

[bookmark: _Toc298100141][bookmark: _Toc298423415]Figure 2- 1 Proposed reaction pathway for conversion glycerol to lactic acid
(Kishida, Jin et al. 2005)


Lux et al. (2009) hypothesized that the conversion of glycerol has two steps. First glycerol is converted into dihydroxyacetone, and then dihydroxyacetone to lactic acid. The second step can be carried out under either alkaline or acidic conditions. However, this theory does not contain an analysis of the chemical intermediates.
[bookmark: _Toc298112608][bookmark: _Toc299546957]2.2.2 The function of metal ions and OH- group
	After the formation of lactic acid, the product will react instantly with the base in the solution, forming lactate. This process protects lactic acid from decomposition or polymerization under the harsh conditions. The overall reaction was summarized by Kishida, Jin et al. (2005) as follows (Equation 2-1),

C3H8O3 +NaOHCH3CHOHCOO.Na +H2+H2O                                          Equation 2-1
Glycerol                     Sodium lactate

In this way, OH- group works not only as a catalyst, but also a reactant. The concentration of the OH- is crucial for the reaction. This result can be found in another study (Shen, Jin et al. 2009), where different metal hydroxides with the same initial concentration were used in the conversion as the catalysts and neutralizer. It was shown that the conversion with KOH as the catalyst would result in the highest yield of lactic acid and highest conversion of glycerol. The catalytic activity of  the reaction followed the sequence NaOH> LiOH>Ba (OH) 2 > Sr (OH) 2 > Ca (OH) 2 >Mg (OH) 2, which is consistent with their relative solubility of the alkali in water.
Moreover, for alkaline earth metal hydroxides of Mg, Ca, Ba, Sr, there was less lactic acid but more formic and acetic acids produced than using alkaline-metal (Li, Na, K), which indicated a decomposition of lactic acid. Ba (OH) 2 and Sr (OH) 2 resulted in more amounts of the decomposition products than Ca (OH) 2 and Mg (OH) 2. It is supposed that the process is due to the increase of the ionic radius (Shen, Jin et al. 2009), which makes it easier for the alkaline earth-based hydroxides to form a five-membered ring salt with lactic acid. This ring structure promotes the decomposition of lactic acid.

[bookmark: _Toc298112609][bookmark: _Toc299546958]2.2.3 Disadvantages of the glycerol conversion on homogeneous catalyst
The consumption of base requires a high concentration of OH- in order catalyze conversion of a high concentration of glycerol, which raises another issue to the reaction-- corrosiveness. Based on preliminary research and the study of Ramirez-Lopez, Ochoa-Gomez et al. (2010), the high concentration of OH- (over 1M) will cause severe corrosion to the stainless steel container. High temperature as well as high pressure will largely increase corrosion, which makes it difficult to be used in industrial production. Also, the demands of high alkali concentration limit the initial concentration of glycerol, restraining the productivity of the lactic acid (amount of lactic acid produced in unit time and unit volume).

[bookmark: _Toc298112610][bookmark: _Toc299546959]2.2.4 Modifications of the glycerol conversion with homogeneous catalyst
Because of the drawbacks of the reaction, recent work in this field concentrates mainly on reducing the reaction temperature to reduce the corrosiveness. Shen et al. (2010) applied Au–Pt/TiO2 catalysts and oxygen in glycerol conversion to lactic acid reaction. They proposed that the first step of the reaction, glycerol oxidation to glyceraldehyde (or dihydroxyacetone), is the rate limiting step. In order to reduce the reaction temperature, Au-Pt/TiO2 catalyst and O2 is needed. The rest of the steps from glyceraldehyde or dihydroxyacetone to lactic acid require alkaline conditions; otherwise the products from glycerol oxidation would be further oxidized into glyceric acid as shown in Figure 2-2.
[image: ]

[bookmark: _Toc298100142][bookmark: _Toc298423416]Figure 2- 2 Proposed pathway of glycerol conversion on Au-Pt/TiO2 
(Shen, Zhang et al. 2010)

The reaction of glycerol with Au-Pt/TiO2 and O2 was carried out at 363K (90°C) with NaOH/glycerol=4:1 (molar ratio). Although the reaction can achieve high conversion of glycerol (up to 100%) and lactic acid selectivity (85%) at lower temperature, the initial glycerol concentration was only 0.22M (2%), which caused a low productivity of lactic acid. Also the cost of the Au–Pt/TiO2 catalysts would be an obstacle for the industrialization of the process. 
Ramirez-Lopez et al. (2010) found that the molar ratio of NaOH: glycerol can be reduced to 1.1~1.75 at higher initial concentration of glycerol (2.5-3.5M). The highest yield of lactic acid was 89.9%, which was obtained at 280°C and 90 min, with 1.33 of initial NaOH/glycerol molar ratio, and 1 M substrate concentration. They found that with high concentration of NaOH, the decomposition of the product, lactate, would be largely increased when the temperature is above 280°C, resulting in a decrease of lactic acid yield. They mentioned two pathways for the decomposition process, oxidative cleavage of lactate and lactate dehydration in alkaline medium as shown in Figure 2-3.

[image: ]
(a)
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(b)


[bookmark: _Toc298100143][bookmark: _Toc298423417]Figure 2- 3 Reaction pathways for oxidative cleavage of lactate (a) and lactate dehydration (b) process 

(Ramirez-Lopez, Ochoa-Gomez et al. 2010)


Nevertheless, the corrosion effect on stainless steel at high NaOH concentration is noticeable during the experiment and is not suitable for the industrial production without protection. 
Yuksel et al. (2009) discussed the feasibility of using electrolysis to allow for a  lower NaOH concentration (50 mM). Although the conversion of glycerol can reach 60% and the yield of lactic acid, around 35%, was closely related to the concentration of the alkaline. The initial glycerol concentration was also reduced to 0.1M, which is particularly low for the chemical production process. Also electrolysis can also cause corrosion of stainless steel reactors (Van Berkel 1998).
Roy et al. (2011) observed that the Cu based catalysts decrease the reaction temperature of glycerol conversion to lactic acid with NaOH as the catalyst. They utilized Cu2O as cocatalyst with NaOH in the glycerol conversion reaction, and the reaction temperature was deceased to 240°C. However, the reaction time was as long as 6h, which resulted in a very low productivity of lactic acid in this research.
Long et al.(2011) have tried to conduct both conversions of oil to biodiesel and glycerol to lactic acid using sodium silicate as the catalyst. For the biodiesel production process, the yield of biodiesel reached as high as 99.6%, with 3% (w/w) sodium silicate and a 9/1 molar ratio of methanol/oil. The pure glycerol conversion was then carried out at 300°C, with 0.3 M glycerol and 0.625 M sodium silicate. The maximum yield of lactic acid was 90.7%, and the conversion of glycerol was nearly 100%. In the end, the researchers tried to utilize sodium silicate (1.5M) as the catalyst to convert 3M crude glycerol. After 90 min reaction at 300°C, the lactic acid yield reached around 89%. They also tried the reuse of sodium silicate in the biodiesel production, and there was no significant decrease in the biodiesel yield after six successive reuses. Although the catalyst used in the study can be applied to both biodiesel production and lactic acid production, the catalyst cannot be collected and regenerated after the reaction of glycerol to lactic acid, because the sodium silicate would react irreversibly with lactic acid forming sodium lactate and silicic acid. Moreover, sodium silicate has a higher basicity than sodium carbonate. It is reported that even the solution of sodium carbonate and sodium bicarbonate would cause corrosion to the steel, when the concentration was high enough (Pilkey, Lambert et al. 1995; Wang and Stack 1998). Table 2-2 shows a summary of the lactic acid synthesis pathways, including biological and chemical methods.
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[bookmark: _Toc298100462][bookmark: _Toc298423329]Table 2- 2 Summary of lactic acid synthesis pathways
	Biological  (Fermentation)

	Raw materials
	Microorganism
	time
(days)
	Ta
(°C)
	YLacb
(wt.%)
	X(raw material) c
(wt.%)
	PLac d

	References
	Advantages
	Disadvantages

	Agro wastes
	Lactobacillus delbrueckii
	5
	37
	99
	99
	--
	(John, Nampoothiri et al. 2006)
	Mild conditions;

Large scale production;

	Long time;
pH control;
Compete food;
High cost of product purification


	Whey
	S. lactis
	4-6
	48
	83
	80-90
	--
	(Whittier and Rogers 1931)
	
	

	Lignocellulosic hydrolyzates
	Lactobacillus sp. RKY2
	contin-
uous
	36
	90
	95
	--
	(Wee and Ryu 2009)
	
	

	Corn
	Lactobacillus amylophilus
	4
	30
	67.5
	100
	--
	(Mercier, Yerushalmi et al. 1992)
	
	

	Chemical

	Raw material
	Catalysts
	time
(min)
	T
(°C)
	YLac
(mol%)
	Xglye
(mol%)
	PLac

	Reference
	Advantages
	Disadvantages

	Lactonitrile
	H2SO4
	
	100
	Industrial production
	(Narayanan, Roychoudhury et al. 2004)
	Industrial production
	Limited raw material

	0.33M glycerol
	1.25M KOH
	90
	300
	90
	100
	0.297
	(Shen, Jin et al. 2009)
	High yield
and  conversion
	High corrosive Low productivity

	2.5M  glycerol
	3.75M NaOH
	90
	280
	84.5
	100
	2.112
	(Ramirez-Lopez, Ochoa-Gomez et al. 2010)
	High productivity
	High corrosive

	0.22M glycerol
	0.88M NaOH with Au/Pt-TiO2
	90
	90
	85
	100
	0.187
	(Shen, Zhang et al. 2010)
	Low corrosive
Low temperature
	Low productivity

	1.09M glycerol
	1.63M NaOH with Cu2O
	360
	200
	80.3
	95.1
	0.2188
	(Roy, Subramaniam et al. 2011)
	Low corrosive
Low temperature
	Low productivity

	3M crude glycerol
	1.5M Na2SiO3
	90
	300
	80.5
	100
	2.415
	(Long, Guo et al. 2011)
	High productivity
	High corrosive


a- temperature,    b-lactic acid yield,  c-conversion of raw material,  d-productivity of lactic acid, e-conversion of glycerol
[bookmark: _Toc298112611][bookmark: _Toc299546960]2.3 Feasibility of fed-batch process with homogeneous catalyst
The concept of a fed-batch reactor comes from the fermentation industry, in which the growth-limiting nutrient is fed continuously during fermentation (Wlaschin and Hu 2006). In this way, cells or the products can accumulate to a higher concentration. The first time a fed-batch reactor was applied in an industrial process was in the 1910s, when it was used for baker’s yeast production (Grady 1985). There are many advantages when utilizing fed-batch system instead of batch reactor in fermentation process. In a fed-batch reactor, the limiting substrate can be supplied during the process. In this way, the microorganism can grows for a longer time at a relatively high growth rate, and overcome the inhibition effects (Liden 2002). Major advantage of fed-batch reactor comparing with batch reactor is the lower production cost due to high productivity. The best condition for a fed-batch reactor is maintaining an optimum environment in which microorganism can have a maximum growth rate (Riesenberg and Guthke 1999). There are two types of strategies for the optimization of fed-batch reactor condition. One is using empirical or semi-empirical models based on the growth rate or production formation rate curve, like Monod kinetic equation (Immer and Lamb 2010). The other strategy is based on physiological properties (Knobe, Weiss et al. 1993), which requires the concentration of substrates below certain values. 
Similarly, fed-batch reactor has also been utilized in chemical reactions, such as deoxygenation of free fatty acids (Immer and Lamb 2010). However, in chemical processing, fed-batch reactors are not so widely used. The main reason is that unlike fermentation, chemical reaction usually can be conducted in harsher conditions. So the fed-batch reactor is more often utilized in lab stage for the research of specific substrate concentration.
Obviously, by imitating the fed-batch reactor in fermentation, a similar system could be used in the conversion of glycerol. As the alkali catalyst is consumed during the reaction process, the reaction could be continued if alkali was replenished into the reactor. In this way, the approach could also be applied for high-concentration glycerol conversion, under a low alkali concentration condition that reduces the corrosion effect.

[bookmark: _Toc298112612][bookmark: _Toc299546961]2.4 Solid base catalysts and the advantages 
A solid base is a solid on which the color of an acidic indicator changes or on which an acid is chemically adsorbed (Tanabe, Misono et al. 1989). More precisely, from the Brønsted and Lewis definitions, a solid base is a substance that has the tendency to accept protons (Brønsted base) or donate electron pairs (Lewis base). That’s why solid base catalyst can work as a base without being ionized in the solution. For the conversion of glycerol to lactic acid, recent research has been conducted using an alkaline solution as the catalyst, such as NaOH in water. Though it can be mixed well with the reactant, the catalyst was consumed during the reaction and moreover, the reaction solution becomes very corrosive due to the high concentration (up to 1.25M) of alkali. From our preliminary experiments, this high concentration of alkaline solution at 300°C is extremely corrosive to the stainless steel reactor, and similar results can also be found from the research of Ramirez-Lopez et al. (2010), who did a detailed work on reactor corrosion in converting glycerol to lactic acid under the condition of 2.75M sodium hydroxide (initial concentration). The reaction at 250°C for 90 min will dissolve 1.1 ppm of iron into the product, which will lead to the corrosion of 0.49 mm/year if the reaction runs for 8000 hours per year. The problem will be more severe if the reaction is carried out at a higher temperature. If a solid base catalyst can be used in this conversion of glycerol, the corrosion would be reduced significantly.

[bookmark: _Toc298112613][bookmark: _Toc299546962]2.4.1 Advantages comparing with homogeneous catalysts
Along with the development of the chemical industry, pollution control and waste treatment have become issues that call for increased attention. Unlike the homogeneous catalysts, which required a considerable amount of energy for the purification of products and catalyst separation, solid catalysts, or heterogeneous ones, serve in a reusable, environmentally friendly way that will save energy by lowing reaction temperature, provide possibility of continuous operation of the reactor, and reduce the chemical waste production (Mallat and Baiker 2000; Hara 2009).

[bookmark: _Toc298112614][bookmark: _Toc299546963]2.4.2 Types of solid base catalysts
In contrast to the detailed research on solid acid catalysts, fewer efforts have been given to the study of solid base catalysts (Yamaguchi, Zhu et al. 1997; Hattori 2001). However, solid bases, (especially strong solid bases) are expected to have an increasing importance in the fine chemical industries.
According to their composition solid base catalysts can be classified into the following groups: single component metal oxides, zeolites, supported alkali metal ions, clay minerals, and non-oxide (Hattori 2001), as shown in Table 2-3. Taking the temperature and base properties into consideration, in all the groups of solid base catalysts there are several types of solid base which might be suitable for the reaction of converting glycerol to lactic acid, including single component metal oxides, and hydrotalcite.


[bookmark: _Toc298100463][bookmark: _Toc298423330]Table 2- 3 Types of heterogeneous basic catalysts 
(Hattori 2001)

	Category
	Examples

	Single component metal oxides
	Alkaline earth oxides

	
	Alkali metal oxides

	
	Rare earth oxides

	
	ThO2, ZrO2, ZnO, TiO2

	Supported alkali metal ions
	Alkali metal ions on alumina

	
	Alkali metal ions on silica

	
	Alkali metal on alkaline earth oxide

	
	Alkali metals and alkali metal hydroxides on alumina

	Clay minerals
	Hydrotalcite

	
	Chrysotile

	
	Sepiolite

	Non-oxide
	KF supported on alumina

	
	Lanthanide imide and nitride on zeolite













The strength of solid base catalysts in the strong base group is shown in Figure 2-4. Some of the super solid bases such as Al2O3/NaOH/Na are not suitable for the reaction of glycerol conversion to lactic acid when water exists, because the coated ion or alkali is dissolved into water and cannot be reused as a catalyst.

 (
Basic strength of the solid bases (H_)
*
)[image: ]

[bookmark: _Toc298100144][bookmark: _Toc298423418]Figure 2- 4 Strength of Solid Base Catalysts 
(Kelly and King 2002)


*Basic strength were determined by Hammett indicator




	


	Single component metal oxides, the earliest studied solid base catalysts, include Na2O, K2O, CaO, MgO, and BaO. The compounds in this group usually act as a Brønsted base for reactions, such as the methanolysis of plant oil (Yan, DiMaggio et al. 2010). The Brønsted site of the compounds is generated by the strong attraction of the oxygen ion. 
However, this group of solid bases is vulnerable to CO2 or H2O contamination, and this feature largely restricts their application in aqueous media. For conversion of glycerol to lactic acid, one must isolate the catalyst from CO2 or H2O by employing anhydrous glycerol.

[bookmark: _Toc299546964]2.5 Conclusion
Glycerol can be converted to lactic acid with an alkali as the catalyst. However, the use of alkali will cause severe corrosion to reactor and lactic acid productivity is low. Many methods were developed to reduced corrosiveness or increase lactic acid productivity, but no efficient method could improve the reaction from both aspects. Research that can work in both reducing corrosiveness and increasing lactic acid productivity might be a necessity for the future application of glycerol conversion to lactic acid in industrial scale.
[bookmark: _Toc298112615]
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[bookmark: _Toc298112616][bookmark: _Toc299546966]Conversion of glycerol to lactic acid using calcium oxide as solid base catalyst

[bookmark: _Toc298112617][bookmark: _Toc299546967]Abstract
	Conversion of glycerol to lactic acid was performed at 280~300°C with calcium oxide as the solid base catalyst. Different factors, including reaction time and temperature, molar ratio of CaO: glycerol and water content were studied. The best conditions were obtained at 290°C, with a reaction time of 150 min and a CaO: glycerol molar ratio of 0.3:1. The highest yield of lactic acid obtained was 40.8 mol%, with a glycerol conversion of 97.8 mol%. High water content in reactant would affect the yield of lactic acid. CaO maintained its original activity in three cycles of regeneration and reuse processes, and the lactic acid yield was not affected much in the repeated runs. The utilization of CaO in conversion of crude glycerol was also investigated. In crude glycerol conversion, there is no significant influence to CaO catalytical ability when water content in crude glycerol sample was low. Also, a preliminary study on the feasibility of CaO used as catalyst for both biodiesel production and following crude glycerol conversion was conducted. Two reported biodiesel production methods with CaO as catalyst were tried, and lactic acid was successfully produced from crude glycerol, byproduct of biodiesel production.

[bookmark: _Toc298112618]

[bookmark: _Toc299546968]3.1 Introduction

	Biodiesel which is derived from vegetable oil or animal fat is an alternative fuel for diesel. It can be produced using different materials as feedstocks, such as oil from mustard seed, rapeseed, canola, crambe, and soybean; algae, and waste cooking oils (Ma and Hanna 1999; Thompson and He 2006; Demirbas and Demirbas 2011). Commercial crude glycerol contains 80-85% glycerol, and water, salts, as well as residual substances from the production process, such as sodium or potassium hydroxide (2006). During the biodiesel production, there will be approximately10% by weight of crude glycerol byproduct (Dasari, Kiatsimkul et al. 2005). The large amount of crude glycerol has created a glut in the glycerol market, resulting in a price decrease for glycerol (Johnson and Taconi 2007).
	Lactic acid is a wildly used chemical that can be derived from glycerol (Kishida, Jin et al. 2005; Shen, Jin et al. 2009; Ramirez-Lopez, Ochoa-Gomez et al. 2010). It can be used in food and food related industry (Datta and Tsai 1997), as well as chemical industry to form other useful chemicals, such as pyruvic acid (Werpy 2002; Mark Paster 2003), acrylic acid (Werpy 2002; Mark Paster 2003), and the polymer of lactic acid--polylactic acid (PLA), which is known to be one of the best materials for biodegradable plastic (Drumright, Gruber et al. 2000).
	Current commercial production of lactic acid is mainly by fermentation of carbohydrates, such as glucose, sucrose, or lactose (John, Nampoothiri et al. 2007), and the rest is by chemical synthesis as well. Although through fermentation processes, high yield (90%, molar percent) of lactic acid can be achieved, several problems are associated with fermentation, such as high cost of culture media due to the specific requirement of the lactic acid producing bacteria (Oh, Wee et al. 2003), product inhibition (Singh, Ahmed et al. 2006), and the uneconomical and environmentally-unfriendly purification of the products and waste gypsum (Datta and Tsai 1997). Recently, Kishida et al. (2005) provided a new method of lactic acid production from glycerol (0.33 M) using a high concentration of alkali (1.25 M) such as NaOH or KOH as a homogeneous catalyst at approximately 300°C. During 90 min of reaction, the yield of lactic acid reached as high as 90 mol% and the glycerol conversion was100 mol%. Though it’s an efficient reaction, the application is restricted by the corrosiveness of the catalysts. In the preliminary study, it was noticed that at 300°C, high concentration of OH- from NaOH or KOH caused severe corrosiveness to the stainless steel reactor. Lactic acid synthesis from glycerol requires more robust techniques that can reduce the harshness of the reaction condition. To make the glycerol derived lactic acid more practical for industrial applications, it is necessary to develop some techniques to reduce the corrosiveness and increase the productivity of the reaction.
	Solid base catalyst can provide base site without dissociated in the water. So the concentration of OH- group would be largely decreased, if a solid base catalyst can be used in the reaction. Among solid base catalysts, CaO has a strong basicity. Also, the separation of CaO from the mixture of CaO and lactic acid is fully developed in fermentation process. So in this chapter, CaO was chosen as the solid base catalyst for glycerol conversion to lactic acid.

[bookmark: _Toc298112619][bookmark: _Toc299546969]Objectives
	The objective of this chapter is to improve the reaction condition of glycerol conversion to lactic acid using solid base catalyst. The specific tasks of this part are (1) to investigate the effects of molar ratio of CaO:glycerol, reaction temperature, reaction time ,and water content on glycerol conversion; (2) to study the structure-function of different forms of CaO; (3) to convert crude glycerol samples with CaO as catalyst; (4) to utilize CaO as the catalyst for both conversions of soybean oil to biodiesel and the following crude glycerol to lactic acid.
[bookmark: _Toc298112620][bookmark: _Toc299546970]3.2 Materials and methods

[bookmark: _Toc298112621][bookmark: _Toc299546971]3.2.1 Materials and catalyst preparation
			Pure glycerol (99.5%) was used as the starting material. Alkaline catalysts or other solid materials used in this study were: calcium oxide (100%), calcium carbonate (>97%), and calcium hydroxide (98%). Other standard chemicals used are lactic acid (90% solution in water), sulfuric acid (94%-98%). All the reagents were purchased from Thermo Fisher Scientific Inc. Waltham, MA, USA. 
	Three samples of crude glycerol (named CG1 to CG3) were obtained from different biodiesel manufacturers, with different glycerol concentrations ranging from 20% to 90%, and different water content ranging from 4.3 wt.% to 12.0 wt.%. 
[bookmark: _Toc298112622]
[bookmark: _Toc299546972]3.2.2 Reactors
			Conversions of glycerol with solid base catalysts were carried out in a salt bath reactor, shown in Figure 3-1 (a), the biodiesel synthesis reaction was conducted in a high pressure Parr® reactor (Parr Instrument Company, IL, USA), shown in Figure 3-1 (b).
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(a) Salt bath reactor (Cheng, Ye et al. 2009)
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(b) Parr reactor 
[bookmark: _Toc298100161][bookmark: _Toc298423425]Figure 3- 1 Schematic diagrams of salt bath reactor (a) and high pressure Parr® reactor (Parr Instrument Company, IL, USA) (b)

			The salt bath reactor, which was made of stainless steel SS316 (OD 16.0 mm, ID 11.4 mm, length 105 mm, Swagelok Caps), had a volume of  10mL. The salt bath reactor had a small volume, so the temperature rising inside the reactor was fast, taking about 90 seconds for the temperature rising from room temperature to 300°C. 
			Compared to the salt bath reactor, the Parr reactor had a larger volume (around 400 ml) and a slower response to an increased set point temperature (around 2h for temperature in the reactor to rise from room temperature to 300°C) than salt bath reactor, but the pressure gauge and the thermocouple could give a better monitor on the reaction process.

[bookmark: _Toc298112623][bookmark: _Toc299546973]3.2.3 Reaction procedures
	The reactant was firstly well mixed in a beaker and then filled into the salt bath reactor. Each time, 5 g of well-mixed glycerol and CaO (with a certain molar ratio based on experimental design) was added into the salt bath reactor. Before sealing the cap, the reactant was degassed by purging with nitrogen. Then the reactor was put into the preheated salt bath (with the mixed salt of 50% KNO3 and 50% NaNO3 (w/w)) at the objective temperature. After the reaction, the reactor was quenched immediately, and the product sample was collected for analyses or regeneration.
	As the HPLC column used in this research is vulnerable to the OH- or metal ions, in order to protect the column, the pH of products should be adjusted to around 3, and metal ions should be removed in a pretreatment process.  Sulfuric acid was used first to adjust product pH to 3~ 4 (tested by pH paper). Then the sample was centrifuged at 105 rpm for 15 min and filtered to remove the sediment. Then the sample was diluted and treated through a cation exchange column to remove the metal ions. At first, we used commercial ion exchange columns, HyperSep (Thermo Scientific). Later, the ion exchange columns were fabricated with resin (DOWEX 50WX8-400, Sigma Aldrich). In the end, the sample was analyzed by high-performance liquid chromatography (HPLC, Waters 410®, Waters Corporation). The column used in the experiment was Shodex SH1011 and the guard column was Shodex SH-G, with a refractive index detector. The column temperature was 60.0°C. Samples (25μl) were injected manually. The mobile phase was 5mM H2SO4 in deionized water with a flow rate of 0.6mL/min.
	In catalyst regeneration process, NaOH was added into the products, in order to convert the calcium lactate to calcium hydroxide and let most of the calcium ion precipitate out in the form of Ca(OH)2 from the products.  Then the products went through filtration and wash process to remove the soluble molecules. After that, the depositions were washed off from the filter paper into a crucible. The water in the crucible was evaporated at around 50°C for 6h, and then the slurry was dried in a convective oven at 110°C overnight. In the end, the collected solids was calcinated at 910°C in a muffle furnace for 3h, in order to convert the Ca(OH)2 back to CaO and burn off any deposited organic molecules.
	The quantitative analysis of each component after reaction is based on the relation between the weight percentage of the component in the product and the peak area in the HPLC chromatograms. External calibration was used for calibration. The calibration curves of lactic acid and glycerol are obtained by testing pure samples of lactic acid and glycerol of different concentrations.
	The scheme of experimental procedures of the reaction is shown in Figure 3-2.

[image: ]
[bookmark: _Toc298100162][bookmark: _Toc298423426]Figure 3- 2 Scheme of experimental procedures for the conversion of glycerol to lactic acid with CaO as the catalyst

	Glycerol conversion, lactic acid yield, lactic acid selectivity, lactic acid productivity, and yield of biodiesel, which were calculated by the following equations (Equation 3-1~5), were used to evaluate the reactions:
Conversion of glycerol in mol%  Xgly=(Equation 3-1)
Yield of lactic acid in mol%     YLac /gly=        (Equation 3-2)

Lactic acid selectivity in mol%
                                       SLac /gly=(Equation 3-3)
Productivity of lactic acid in   PLac=        (Equation 3-4)
Yield of Biodiesel in wt.% YFAME =  % (Equation 3-5)

[bookmark: _Toc298112624][bookmark: _Toc299546974]3.2.4 Experimental design
	In this section, the effect of temperature, reaction time, molar ratio of CaO: glycerol, water content, catalyst reuse, and catalyst surface and structure were studied. 
	The reaction of glycerol conversion to lactic acid with alkali as catalysts required a high temperature (Ramirez-Lopez, Ochoa-Gomez et al. 2010). The experiments were firstly carried out with the condition that molar ratio of CaO: glycerol equaled to 0.2,  and reaction time ranged from 45 min to 205 min, with temperature in 280°C, 290°C and 300°C. After the reaction the products were collected and analyzed, and the reaction time and temperature effects on the lactic acid yield were studied.
	Based on the results on the temperature effect, the molar ratio (CaO: glycerol) was increased, in order to find out a better reaction condition. The experiments with a higher molar ratio in 0.3, 0.4 and 0.5 were conducted. 
	The examining of water content effect was carried out under the best conditions found from the previous experiments. The water content levels chosen in the experiments were 0, 2, 5, 10, 20 and 30 wt.%.
	After the reactions, the catalysts were collected and regenerated in the muffle furnace. The regeneration and reuse of the catalyst were also studied under the best condition, with molar ratio (CaO: glycerol) of 0.3 at 290°C, and 150 min reaction time. 
	During the research, different types of catalysts were used in the experiment, including the CaO purchased from Fisher Sci, regenerated CaO, CaO calcinated from CaCO3, and CaO nano powder (Strem Chemicals, Inc.). The surface and structure of the catalysts were studied using X-ray diffraction (XRD) and scanning electron microscope (SEM).
	The production of lactic acid from crude glycerol over calcium oxide can be combined with the upstream production of biodiesel, as it was reported that CaO can also be used as the solid base catalyst for the transesterification of triglycerides to biodiesel (Liu, He et al. 2008; Granados, Alonso et al. 2009; Vujicic, Comic et al. 2010). Two possible methods of biodiesel production were utilized and the reactions were carried out in high pressure Parr® reactor (Parr Instrument Company, IL, USA). The first method was reported by Liu et al. (2008), in which the reaction was carried out at 65°C for 3h, with a 12:1 molar ratio of methanol to oil, 8 wt.% CaO as catalyst based on oil weight, and 2.03 wt.% (based on oil weight) water. In the other method, CaO was first modified in trimethylchlorosilane (TMCS) (Tang, Chen et al. 2011). The mixture of methanol/oil (with 15:1 molar ratios) and 5 wt.% modified CaO, was heated to 65°C and kept for 3h.
			 After biodiesel production reaction, the excess methanol was distilled off under vacuum, and the rest products formed three layers after centrifugation: from top to bottom are biodiesel, glycerol, and mixture of solid CaO and a small amount of glycerol respectively (Liu, He et al. 2008). The byproduct of crude glycerol together with CaO was separated by separatory funnel, and the mixture was used as the materials for the following lactic acid production which was directly heated up to 290°C for 150 min.
	Calcium oxide was also used in the conversion of crude glycerol to lactic acid. Three types of crude glycerol from different manufacturers with different glycerol and water contents were utilized as the starting materials. The reactions were carried out at 290°C for 150 min with a 0.3:1 molar ratio of CaO:glycerol.
[bookmark: _Toc298112625][bookmark: _Toc299546975]3.3 Results and discussion
[bookmark: _Toc298112626][bookmark: _Toc299546976]3.3.1 Conversion of glycerol solution with different solid base catalysts 
	Different solid base catalysts that have Brønsted sites were tried in the glycerol (0.33M water solution) conversion. The results were shown in Table 3-1.

[bookmark: _Toc298164204][bookmark: _Toc298423340]Table 3- 1 Results of glycerol conversion using different solid base*
	Description of the Solid base 
	Lactic acid yield 
	Glycerol conversion 

	CaO (Fisher Scientific, 100%) 
	7.5% 
	78.54% 

	Ca(OH)2 (Fisher Scientific, 98%) 
	4.6% 
	27.55% 

	Hydrotalcite (Sigma- Aldrich)
(Mg6Al2(CO3)(OH)16·4(H2O) 
	-- 
	19.32% 

	Hydrotalcite (home fabricated) 
(dehydrated at 450℃ with N2 flow for 4h) 
	-- 
	25.12% 

	Alumina loaded with KNO3 
(home fabricated) 
	3.83% 
	83.06% 



*All the reactions were conducted at 300°C for 90 min, with 0.33M glycerol

	


	The low yield of lactic acid is mainly due to the fact that water would react with most of the solid base catalyst. In the following experiments, calcium oxide, the catalyst showing relatively better performance, was used in the conversion of glycerol in the condition without water.

[bookmark: _Toc298112627][bookmark: _Toc299546977]3.3.2 Glycerol (without water) conversion with CaO
	When using CaO to convert glycerol (without water) the results were better than in water solution. That might be because when water exists, CaO would first react with water forming Ca(OH)2, which has a low catalytical ability than CaO.
	A typical HPLC chromatogram of the product is shown in Figure 3-3. In the previous study, the peaks of lactic acid and glycerol were not well separated. In order to obtain a better separation of the chemicals in the products, deionized water with different concentrations of H2SO4 were used as the mobile phase. If in the HPLC analysis with high H2SO4 (5mM) there was no peak before lactic acid, then we would use a lower concentration H2SO4 (0.5mM) as the mobile phase and a new set of calibration curves. In this way, the retention time of lactic acid would be shortened and the peak of lactic acid would be separated from glycerol. The calibration curves of lactic acid and glycerol are shown in Appendix 3. 

 (
Retention time (min)
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[bookmark: _Toc298100163][bookmark: _Toc298423427]Figure 3- 3 HPLC chromatogram of glycerol conversion product with CaO as catalyst
[bookmark: _Toc298112628][bookmark: _Toc299546978]3.3.3 Effect of reaction temperature on lactic acid yield
	Temperature effects were studied and the result was shown in Figure 3-4.
	The result in Figure 3-4 showed that with time goes on, the lactic acid yield increases to a summit and then decreases. The peak of the curve moves to the left when the reaction temperature increases, which indicates that the reaction rate was increased when temperature increased. When temperature was above 290°C and reaction time was longer, there formed coke in the products. That’s why lactic acid yield drops quickly after a certain reaction time. 
	 


[bookmark: _Toc298100164][bookmark: _Toc298423428]Figure 3- 4 Yield of lactic acid of the reaction at different temperature with the molar ratio of 0.2 (CaO: Glycerol) 
(Error bar shows the standard deviation of four samples in two runs. Detailed data is shown in Appendix II, Table II-1)


[bookmark: _Toc298112629][bookmark: _Toc299546979]3.3.4 Effect of molar ratio of CaO to glycerol on lactic acid yield
	The effects of CaO molar ratio in the reactant is shown in Figure 3-4. With the increase in the molar ratio of CaO:glycerol from 0.2 to 0.3, the maximum yield of lactic acid increased from 28 mol% to 42 mol%. Also, CaO might has a function to prevent the pyrolysis of the organic molecule, because even the reaction time is as long as 205 min, no coke was observed when CaO:glycerol is higher than 0.3. However, when the content of CaO was increased further, there is not obvious change in lactic acid yield. Meanwhile, when sulfuric acid was added to the products of the reactions with CaO: glycerol molar ratio above 0.3, there were bubbles came out from the product, which we believe was the indication of carbon dioxide formation.
	When the molar ratio of CaO:glycerol in the reactant is higher than 0.3, the reactant is rather sticky at low temperature. So we selected reaction with CaO:glycerol = 0.3 (molar ratio), at 290°C for 150 min as the best condition

[bookmark: _Toc298100165][bookmark: _Toc298423429]Figure 3- 5 Highest glycerol conversion and lactic acid yield with different molar ratio of CaO: Glycerol
(Error bar shows the standard deviation of four samples in two runs. Detailed data is shown in Appendix II, Table II-2)



[bookmark: _Toc298112630][bookmark: _Toc299546980]3.3.5 Evaluation of mass balance
	In the reaction with CaO:glycerol molar ratio of 0.3, for each gram of reactant mixture, there was 0.154g CaO and 0.846g glycerol.  After the reaction the gas samples was analyzed by Gas Chromatography (GC), 82% of which was H2. Based on the ideal gas law, there was 4.8×10 -5mol H2, which had a very small amount of weight. The rest of the product was washed out by deionized water. For each gram of reactant mixture, the product washed out had a weight of 0.961g in average.  The mass balance on average was 96.1%. 
	For one gram of reactant mixture, after reaction the total amount of lactic acid and unconverted glycerol was about 0.38g.  Besides the small amount of soluble organic molecules in the HPLC result, large amount of insoluble carbon was found in the calcination of catalyst regeneration process. The insoluble mixture was first filtered and washed with deionized water.  The weight loss during the calcination at 910°C was 0.411g. When subtract the loss of one molecule of H2O for the conversion of Ca(OH)2 back to CaO, the rest should be insoluble organic molecules, which had a weight of 0.365g.
	The results of very limited amount of hydrogen and large amount of insoluble carbon indicated that there might be other pathways of the reaction. We believed maybe glycerol was first polymerized with CaO as the catalyst (Garti, Aserin et al. 1981), and then the poly glycerol was converted to lactic acid.


[bookmark: _Toc298112631][bookmark: _Toc299546981]3.3.6 Activation energy of glycerol conversion with CaO as catalyst
	Three sets of reactions at 280 °C, 290 °C, and 300 °C were conducted and glycerol conversions were detected, in order to obtain the reaction rate constants. The detailed results were shown in Appendix 1. The pre-exponential factor and activation energy obtained (based on Arrhenius equation) in the study are as follows.
            A=4.022×108 ± 30.4 min-1
            Ea=103.0 ±16.0kJ/mol 
	The reported activation energy for the glycerol to lactic acid with NaOH as catalyst was 174kJ/mol (Kishida, Jin et al. 2006). The lower activation energy for glycerol conversion with CaO as catalyst indicates that it requires a lower temperature, which will help to reduce the energy cost of the glycerol conversion.
[bookmark: _Toc298112632][bookmark: _Toc299546982]3.3.7 Effect of regeneration and reuse
	The regenerated CaO was used in the glycerol conversion. The results of lactic acid yield and glycerol conversion of 3 successive runs were compared in Figure 3-6. The results showed that the catalysts sustained activity after regeneration process. However, in the conversion of glycerol with regenerated CaO, more peaks were detected in HPLC (shown in Figure 3-7), which indicated an increase of side reactions. On average, 92.7 wt.% catalysts can be recovered after the reaction and catalyst regeneration process. The rest was lost during the washing and transferring process.


[bookmark: _Toc298100166][bookmark: _Toc298423430]Figure 3- 6 Glycerol conversion and lactic acid yield with regenerated catalysts
(Error bar shows the standard deviation of four samples in two runs. Detailed data is shown in Appendix II, Table II-3)

[bookmark: _Toc298100167][bookmark: _Toc298423431] (
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)[image: ]




Figure 3- 7 HPLC chromatogram of glycerol conversion product with regenerated CaO as catalyst
[bookmark: _Toc298112633][bookmark: _Toc299546983]3.3.8 Effect of water content on the lactic acid yield
	In crude glycerol, water is the major impurity that will react with calcium oxide. Figure 3-9 shows the effect of water content on the lactic acid yield. From the results, the increase of water content will cause the decrease of lactic acid yield and glycerol conversion. When water content was lower or equal to 5%, lactic acid yield was not affected by water (p>0.05 for 0, 2%, and 5% water contents, Tukey test). But when water concentration was10% or larger, lactic acid yield decreased much compared with the reactions with low water content (p<0.05, Tukey test). When water exists in the system, each molecule of CaO will react with one molecule of H2O forming Ca(OH)2. When the reactants content more than 5% of water, CaO will be totally converted into Ca(OH)2, which might increase the decomposition of organic molecules, and decrease the lactic acid yield. In this situation, the organic molecule finally be converted into carbon dioxide, which would subsequently react with Ca(OH)2, forming CaCO3.




[bookmark: _Toc298100168][bookmark: _Toc298423432]Figure 3- 8 Lactic acid yield and glycerol conversion under conditions with different water content at 290°C for 150 min, with CaO:glycerol=0.3 (molar ratio)
(Error bar shows the standard deviation of four samples in two runs. Detailed data is shown in Appendix II, Table II-4)
[bookmark: _Toc298112634][bookmark: _Toc299546984]3.3.9 Application of CaO in crude glycerol (different sources) conversion to lactic acid
	The results of three different types of crude glycerol conversion with CaO as catalyst were shown in Table 3-2. From the results, it can be seen that CaO has a high catalytical ability when water content is low. The high yield of lactic acid in the conversion of CG2 might due to some organic impurity such as ester which might be converted to glycerol and finally to lactic acid when CaO was used as catalyst.  However, although CG3 also has high impurity content, the high water content in CG3 caused the deactivation of CaO. OH- concentrations in the samples were very low, which had limited effect on the glycerol conversion.

[bookmark: _Toc298164205][bookmark: _Toc298423341]Table 3- 2 Application of CaO as catalyst in conversion of different sources of crude glycerol+
	
	Glycerol concentration
(wt.%)
	Water concentration
(wt.%)
	Soap content
(wt. %)
	OH-
concentration
(M)
	Lactic acid yield
(mol %)
	Glycerol conversion
(mol %)

	CG1a
	90.5±1.18
	7.37
	2.2
	10-7 b
	40.3*±2.36**
	93.7±2.21

	CG2
	32.1±2.00
	4.36
	62.9
	0.010
	52.3±3.17
	87.9±1.21

	CG3
	20.4±0.93
	12.04
	55.4
	0.017
	18.4±1.15
	79.5±1.08


+-Glycerol and lactic acid concentrations were measured by HPLC, water content was measured by Karl Fischer titration (Yperman, Smets et al. 2011); Soap content was measured by phase separation in acidic condition using separation funnel
a-CG1 was from Alabama state biodiesel plant, CG2 and CG3 were from Tennessee Biodiesel plant 
b- alkali in the sample might be consumed by the impurities in crude glycerol
*- average of four samples in two separate runs, 
**- standard deviation of four samples in two separate runs

[bookmark: _Toc298112635][bookmark: _Toc299546985]3.3.10 Structure-function of the CaO on the lactic acid yield
	Different preparation methods, such as calcination, might result in different catalytical ability of the catalysts. During the study, four sources of CaO were used as the solid base catalyst in the conversion of glycerol to lactic acid, including CaO (Fisher Scientific, Inc.), CaO calcinated from CaCO3, regenerated CaO, and CaO nano powder (Strem Chemicals, Inc.). The results were listed in Table 3-3.  From the table, the reaction with CaO nano powder resulted in the lowest lactic acid yield. However, glycerol conversion and lactic acid selectivity showed no difference among the reactions with different types of CaO as catalysts.
[bookmark: _Toc298164206][bookmark: _Toc298423342]Table 3- 3 Results comparison of four types of CaO in glycerol conversion (at 290°C for 150 min)
	
	Lactic acid selectivity
(mol%)
	Lactic acid yield
(mol%)
	Glycerol conversion
(mol%)

	CaO (Fisher Scientific, Inc.)
	41.7*±3.26**
	40.8±2.36a
	97.8±2.22

	Calcinated from CaCO3 
	38.5±1.40
	37.2±0.28ab
	96.7±2.83

	Regenerated CaO
	40.6±2.01
	38.7±1.95a
	95.2±2.85

	CaO nano powder 
(Strem Chemicals, Inc.)
	38.0±1.17
	35.8±1.56b
	94.1±6.92


*-average of four samples in two separate runs, 
**-standard deviation of four samples in two separate runs
           a&b- indicates different groups in Tukey test

	The crystalline phases and structure difference were studied by X-ray diffraction (XRD) and scanning electron micrographs (SEM). In the XRD spectrum (Figure 3-9), the peaks at 2θ=33°, 37°, 54°, 65°, and 67° were the characteristic peaks for CaO. At these positions above, the intensity of the characteristic peaks for CaO calcinated from CaCO3, regenerated CaO, and CaO nano powder (Strem Chemicals, Inc.) were lower than commercial one, which indicated that commercial CaO had a highest crystalline proportion among the four types. The peak at around 20° (2θ) indicated the amorphous content of the material. The CaO calcinated from CaCO3 and regenerated CaO had a wider peak at this position, which showed that the CaO calcinated from CaCO3had higher amorphous proportion. The signature peak of CaO calcinated from CaCO3at low angles (<5°) was likely due to the mesoporous structure. In summary, the CaO (Fisher Scientific, Inc.) had the highest crystalline proportion, which followed by CaO calcinated from CaCO3 and regenerated CaO. The CaO nano powder had the lowest crystalline proportion.
[image: ]
[bookmark: _Toc298100169][bookmark: _Toc298423433]Figure 3- 9 X-ray diffraction patterns of four types of CaO 
 (commercial, calcinated from CaCO3, regenerated, and nano powder) 

	From the Scanning electron micrographs (Figure 3-10), the structures of the four types of CaO were clearly different. The commercial CaO showed aggregates of small crystals with a size around 1μm. The CaO particles calcinated from CaCO3 (b) and regenerated CaO (c) had an interparticle-pore structure. The regenerated ones had larger pores than the particles calcinated from CaCO3.  The nano powder CaO (d) had the largest aggregated particle size. However, on the particles, small layer and pore structures can be observed.
 
[image: ]

[bookmark: _Toc298100170][bookmark: _Toc298423434]Figure 3- 10 Scanning electron micrographs (SEM) of four types of CaO
(commercial (Fisher Scientific, Inc.) (a), calcinated from CaCO3 (b), regenerated (c), and nano powder (d)) 

[bookmark: _Toc298112636][bookmark: _Toc299546986]3.3.11 Production of biodiesel and lactic acid from soybean oil over CaO
			The biodiesel products were verified by FTIR, and the result was shown in (Figure 3-11). The FTIR spectrum of the biodiesel matched the standard FTIR result well, which means that the biodiesel produced had a high purity. The concentration of biodiesel was calculated based on glycerol concentration in the product, as from chemical equation the molar ratio of biodiesel:glycerol= 3:1. The yield of biodiesel and lactic acid were shown in Table 3-4. The modified CaO had a better catalytic ability in biodiesel production than the CaO (Fisher Scientific, Inc.) without modification, but would cause a decrease in the following yield of lactic acid in glycerol conversion.[image: ]
[bookmark: _Toc298100171][bookmark: _Toc298423435]Figure 3- 11 FTIR result of biodiesel product and original soybean




[bookmark: _Toc298164207][bookmark: _Toc298423343]Table 3- 4 Biodiesel production and lactic acid production using CaO as the catalyst

	Biodiesel production
	Lactic acid production

	MeOH: oil
	Catalyst
	Temperature
	Time (min)
	Biodiesel yield
	Temperature
	Time
(min)
	Lactic acid yield
	Glycerol conversion

	12:1
	CaO (unmodified)
	62°C
	180
	78.30%
	290°C
	150
	49.70%
	100%

	15:1
	Modified CaO using(TMCS)
	62°C
	180
	86.50%
	290°C
	150
	15.00%
	90.50%


			



[bookmark: _Toc298112637][bookmark: _Toc299546987]3.4 Conclusions
			The conversion of glycerol to lactic acid can be carried out with CaO as the solid base catalyst. Lactic acid yield and glycerol conversion would be affected by the molar ratio of CaO:glycerol, water content in the reactant, reaction temperature and time. The best yield was obtained at 290°C, 150 min with CaO:glycerol =0.3 (molar ratio), and the lactic acid yield is 40.8%.When water content was above 5 wt.%, CaO catalytic ability would decrease, because water would react with CaO forming Ca(OH)2.  
			Different samples of crude glycerol were used as the starting material for the lactic acid production. When water content in the crude glycerol was low, CaO performed well in both glycerol conversion and lactic acid production. But high water content would cause CaO loss activity.
			Structure-function of different types of CaO was studied using SEM and XRD. The results indicated that crystalline structure of CaO is more preferred in the lactic acid production process.
			In the end, the feasibility of combination of biodiesel production from soybean oil and the following crude glycerol conversion to lactic acid was studied. CaO was used as the catalyst for both processes. Soybean oil was first converted to biodiesel, and its byproduct, crude glycerol mixed with CaO was used directly as the starting material of the glycerol conversion step. Lactic acid was produced after the reaction. However, this combination requires more research in the future.


[bookmark: _Toc298112638][bookmark: _Toc299546988]Chapter 4
[bookmark: _Toc298112639][bookmark: _Toc299546989]Glycerol conversion in fed-batch system with NaOH as homogenous catalyst
[bookmark: _Toc298112640][bookmark: _Toc299546990]Abstract
	Although NaOH can be used as a catalyst for glycerol conversion, leading to high yield of lactic acid (around 90 mol%) and glycerol conversion (around 100 mol%), a high initial concentration of NaOH will cause severe corrosion to the stainless steel reactor. In order to reduce the corrosiveness of the reaction, a fed-batch reactor was used in this study which can continuously feed NaOH to the reaction midium. The yield of lactic acid reached 80 mol%, with a 92 mol% of glycerol conversion achieved. Based on the experiment data, a first-order kinetic model for the time course of glycerol consumption was developed and evaluated. During the reactions with fed-batch reactor, the OH- concentration was kept in the range of 0.15M to 0.25M, which reduced the corrosiveness of the conversion of the reaction medium during glycerol to lactic acid with an alkali as the catalyst to 1/5 of that using batch reactor. Finally, the fed-batch reactor and model was applied in three sources of crude glycerol conversion, and a maximum 72.9 mol% lactic acid yield was obtained with 92.4 mol% glycerol conversion.

[bookmark: _Toc298112641][bookmark: _Toc299546991]4.1 Introduction

			Biodiesel is known to be a good renewable energy that will partially replace fossil fuels and reduce the energy crisis in the future. However, the accumulation of biodiesel byproduct, crude glycerol, has become a barrier for the development of biodiesel industry, due to the high cost of purification or conversion process of crude glycerol. Many studies have been conducted on crude glycerol conversion, among which the conversion of glycerol to lactic acid with alkali as the catalyst is one of the attractive pathways. Still the conversion of glycerol with an alkali as the catalyst has some disadvantages, for example the high NaOH concentration in the reaction will cause severe corrosion to the stainless steel reactor. 
			With catalysis of alkali, glycerol will be first converted to lactic acid. Then the lactic acid will neutralize the alkali catalyst, producing lactate. Taking NaOH as an example, when NaOH is utilized as the catalyst, one molecule of the newly formed lactic acid will react with one molecule of NaOH, generating sodium lactate. Although, this mechanism of neutralization and formation of lactate will help to prevent the decomposition of lactic acid at such high temperature (around 300°C), the consumption of catalyst requires high initial concentration of the NaOH in batch reaction, which will increase the corrosion to the stainless steel reactor during the high temperature reaction process. Stoichiometrically, the initial molar ratio of NaOH:glycerol should be at least above 1:1. According to the research of Ramirez-Lopez et al. (2010), the minimum molar ratio of NaOH: glycerol should be greater or equal to 1.1 was required for the total conversion of glycerol. 
 	In batch reaction, high initial concentration of alkali is required for the total conversion of glycerol, which will cause a severe corrosion to the reactor. If the alkali can be supplied during the reaction process, the corrosiveness of the conversion could be reduced. Fed-batch reactor is such kind of reactor that can supplement substrates during the reaction process. The conception of fed-batch reactor comes from the fermentation industry, in which the growth-limiting nutrient is fed continuously during the fermentation (Wlaschin and Hu 2006). In this way cells or the products can be accumulated to a higher concentration, so the productivity will be higher. The major advantage of the fed-batch reactor comparing with batch reactor is the lower production cost due to the high productivity. The best condition for the fed-batch reactor is maintaining a optimum environment in which the growth rate of microorganism can have a maximum growth rate (Riesenberg and Guthke 1999). In the conversion of glycerol to lactic acid, alkali can be considered as the limiting substrate, which can be added during the reaction process by fed-batch reactor. 
			The conversion of glycerol in alkaline condition was reported following the first order kinetic (Shen, Jin et al. 2009). A kinetic model for the concentration of glycerol during the reaction can be derived from. Combining with Arrhenius equation, the model can be developed with the following parameters: reaction temperature, and reaction time.

[bookmark: _Toc298112642][bookmark: _Toc299546992]Objectives

			This study was designed to convert glycerol to lactic acid with NaOH as homogeneous catalyst in fed-batch reactor. Based on the experimental data, kinetic model for glycerol conversion was developed. The specific tasks of this part were (1) to apply the fed-batch reactor in the conversion of glycerol to lactic acid with NaOH as homogenous catalyst with the goal to reduce reaction harshness; (2) to develop kinetic model for glycerol concentration incorporating key reaction; (3) to comparatively analyze reaction corrosiveness; and (4) to apply the fed-batch system in the conversion of crude glycerol to lactic acid and to test whether the impurity of crude glycerol would affect the glycerol conversion to lactic acid.

[bookmark: _Toc298112643][bookmark: _Toc299546993]4.2 Materials and methods
[bookmark: _Toc298112644][bookmark: _Toc299546994]4.2.1 Materials
			Pure glycerol (99.5%) was used as the starting material. Sodium hydroxide (97%) was used as the catalyst. Other standard chemicals used are lactic acid (90% solution in water), Acetic acid (98%), and sulfuric acid (94%-98%). All the reagents were purchased from Thermo Fisher Scientific Inc. MA, USA. 
	Three types of crude glycerol (named CG1 to CG3) were obtained from different biodiesel manufactories, with different glycerol concentration ranging from 20 wt.% to 90 wt.%.
[bookmark: _Toc298112645][bookmark: _Toc299546995]4.2.2 Reactor and operation
			The high pressure Parr® reactor (Parr Instrument Company, IL, USA) had a volume of approximately 400ml) and a slow temperature rising rate (around 2h for temperature in the reactor to rise from room temperature to 300°C).  The pressure gauge equipped on the Parr reactor could give a better monitor on the reaction process. In this study, the Parr reactor was rebuilt into a fed-batch reactor (in Figure 4-1).[image: ]
[bookmark: _Toc298164173][bookmark: _Toc298423436]Figure 4- 1 Schematic diagram of fed-batch reactor
	The conversion of glycerol with NaOH as the homogenous catalyst was carried out in the fed-batch reactor. First, 100ml certain concentration of glycerol solution (1.1M or 2.2M) was heated up to the objective temperature (290°C or 300°C). The coil filled with high concentration of NaOH solution (10M) was then connected to the reactor. With pumping water into the coil, pressure was accumulated between the reactor and the pump. When the pump pressure was equal to the reactor pressure reading from the pressure gauge, the control valve was opened.  NaOH (10M) (2mL) was quickly injected into the reactor in 24 seconds (with a injection rate of 5mL/min), in order to quickly raise the alkali concentration in the reactor to 0.2M. At this point the counting of reaction time was started and the NaOH injection rate was reduced to a proper level in order to keep the alkali concentration around 0.2M during the entire reaction process, at which level the reactor corrosion would be reduced. 
	After the reaction, the reactor was taken out from the heating mantle and cooled in air with forced convection. The product was collected for the following analysis. 

[bookmark: _Toc298112646][bookmark: _Toc299546996]4.2.4 Product pretreatment and analysis
	Three samples were obtained after each run. The samples were first diluted with deionized water, and went through pretreatment and analysis similar to those described in Section 3.2.4. Besides the determination of lactic acid and glycerol, OH- concentration was calculated based on the measurement of pH after reaction. Samples were diluted with deionized water, and pH was measured by pH meter (Extech 407228, Extech Instruments Corporation).

[bookmark: _Toc298112647][bookmark: _Toc299546997]4.2.5 Kinetic modeling
 Model description

	According to the previous studies, the conversion of glycerol with alkali as the catalyst follows first order kinetics (Kishida, Jin et al. 2006). Kinetic model for glycerol concentration was developed based on the first order kinetics, incorporating glycerol concentration, reaction time, initial glycerol concentration, and reaction temperature. The kinetic parameters were estimated based on the activation energy and Arrhenius equation.


Determination of kinetic parameters

	From the curve of glycerol conversion with different reaction time and the kinetic research (Kishida, Jin et al. 2006), the overall reaction from glycerol to lactic acid follows the pattern of first order reaction. The following is the reaction rate equation of the first order reaction (Equation 4-1) and its integral form (Equation 4-2). 
                                                                              Equation 4-1
                                                                                           Equation 4-2
Where, k is the first order reaction rate constant (1/min);
      t is the reaction time (min);
     c0 is the initial concentration of glycerol (mol/L);
     c is the concentration of glycerol at time t (mol/L).

	Based on the first order kinetic equation, the reaction rates at different temperatures were obtained through a set of experiments with reaction temperature at 280°C, 290°C, and 300°C, respectively. At each temperature the reaction time was varied from 30 min, 45 min, and 60 min. Absolute values of the slops of log(c/c0) vs. time in the plots at each temperature indicated the glycerol conversion rate constant at that temperature.

	Based on Arrhenius equation as follows (Equation 4-3), the activation energy of the glycerol conversion with NaOH as homogenous catalyst can be determined by the plot of reaction rate constants vs. 1/T in logarithmic scale.

                                                                                                  Equation 4-3
where,
k is the reaction rate constant (1/min);
Ea is the activation energy of the reaction (kJ/mol);
A is the pre-exponential factor (1/min);
R is the gas constant (kJ/ (mol·K)).

	The reaction rate constant can be substituted using the Arrhenius equation (Equation 4-2), resulting in Equation 4-4.
                                                                  Equation 4-4
where,
      Cgly is the glycerol concentration at time t (mol/L);
      C0 gly is the initial glycerol concentration (mol/L);
      t is reaction time (min).

Model verification
	The model for glycerol concentration was plotted in the same chart with the experimental data of the concentration of glycerol. The fitness of the model was tested root mean square error (RMSE), and coefficient of determination (R2). 





Model validation
	The model was validated by two set of conditions, including the change of reaction temperature to 290°C from 300°C, and the initial glycerol concentration to 2.2M. 
	The first set of validation was carried out with 1.1M initial glycerol concentration and 290°C. Under this condition (lower temperature), the reaction rate was decreased, compared to that at 300°C. Experiments with reaction time of 90 min, 180 min, and etc. were conducted until 95 mol% glycerol conversion was obtained.
	The second set of validation experiments was carried out with 2.2M glycerol initial concentration at 300°C. With a higher glycerol initial concentration (2.2M), the conversion rate of glycerol at the beginning was faster than that with 1.1M initial glycerol concentration. Experiments with reaction time of 60 min, 120 min, and etc. were conducted until 95 mol% glycerol conversion was obtained.

[bookmark: _Toc298112648][bookmark: _Toc299546998]4.2.6 Experimental design

	The overall procedures in this research included (1) determining the kinetic parameters for the model; (2) obtaining experimental data of the glycerol and lactic acid concentrations under typical conditions; and (3) validating the model for glycerol concentration at different temperatures and initial glycerol concentration conditions. Table 4-1 shows the detailed experimental conditions.  
	

[bookmark: _Toc298100386][bookmark: _Toc298423348]Table 4- 1 Experimental conditions of the development and validation of kinetic model for glycerol concentration (The concentration of NaOH in the coil=10M)*

	Model development

	Model validation

	(glycerol initial concentration=1.1M,
reaction temperature=300°C)
	glycerol initial concentration=1.1M,
reaction temperature=290°C

	Injection rate of NaOH
(ml/min)
	Reaction time
(min)
	
	Injection rate of NaOH
(ml/min)
	Reaction time
(min)
	

	
0.117
 (for 0-60 min)

0.021
(for 60-220 min)
	20 min
	
	0.078 (for 0-90 min)
0.022 (for 90-180 min)
0.005(for180-360 min) 
	90 min
	

	
	40 min
	
	
	180 min
	

	
	60 min
	
	
	270 min
	

	
	80 min
	
	
	360 min
	

	
	100 min
	
	 glycerol initial concentration=2.2M,
reaction temperature=300°C

	
	120 min
	
	

	
	140 min
	
	Injection rate of NaOH
(ml/min)
	Reaction time
(min)
	

	
	160 min
	
	0.167 (for 0-60 min)
0.083 (for 60-120 min)
0.033(for120-180 min)
0.017(for180-240 min) 
	60 min
	

	
	180 min
	
	
	120 min
	

	
	200 min
	
	
	180 min
	

	
	220 min
	
	
	240 min
	


*- 3 samples were used for each experiment
	The concentration of OH- in the fed-batch reactor was influenced by the injection rate and the consumption rate in the neutralization process. In order to keep OH- concentration at a level of 0.2M, the feeding rate of NaOH was set based on the reaction rate of glycerol conversion to lactic acid stoichiometrically. With the injection rate set as those shown in Table 4-1, OH- concentration would be kept in a range from 0.15M to 0.25M. In our study, OH- concentration in that range would not significantly affect the reaction rate of glycerol to lactic acid. 


Evaluation of reactor corrosion
	Different from the batch reactor (Chapter 3), NaOH can be continuously supplied in a fed-batch reactor so the consumption of alkali can be replenished. In this way, the concentration of OH- can be kept at a certain level, which will help to reduce the corrosiveness of the reaction. In order to determine the corrosiveness, Fe3+ ion concentration after the reaction was chosen as an indicator (Ramirez-Lopez, Ochoa-Gomez et al. 2010) and the concentration was measured by atomic-absorption spectroscopy (AAnalyst™ 700, PerkinElmer, Inc.). FeCl3 standard solution with the concentration of 1 ppm, 2 ppm, 4 ppm, and 5 ppm was used as external standards for calibration. 

Application of fed-batch reactor in the conversion of crude glycerol to lactic acid
	The fed-batch system was applied to the crude glycerol conversion reaction. The crude glycerol samples used in this section were the same as those described in Section 3.4.7. Each time, crude glycerol was diluted to 1.1M with deionized water. The reactions were conducted at 300°C for 220 min.

[bookmark: _Toc298112649][bookmark: _Toc299546999]4.3 Results and discussion
[bookmark: _Toc298112650][bookmark: _Toc299547000]4.3.1 Activation energy of glycerol conversion with NaOH as catalyst
	It is reported that below 280 °C, very small amount of glycerol would be converted during a 90 min reaction (Ramirez-Lopez, Ochoa-Gomez et al. 2010). When determining the reaction rate constants, three sets of reactions at 280 °C, 290 °C, and 300 °C were conducted and glycerol conversions were determined. The detailed results are shown in Appendix 1. 
	The pre-exponential factor and activation energy obtained in the study are the following.
            A=6.154×108 ±1.4 min-1
            Ea=114.0 ±1.6 kJ/mol 
	The reported activation energy for the glycerol conversion to lactic acid with NaOH as catalyst was 174 kJ/mol (Kishida, Jin et al. 2006). The difference between the reported data and ours might be caused by the different reactors, which had a different temperature rising time.  However, in the following study on the glycerol conversion using fed-batch reactor, the activation energy obtained from this research was verified by the experimental data. 

[bookmark: _Toc298112651][bookmark: _Toc299547001]4.3.3 Glycerol conversion with NaOH as catalyst in fed-batch reactor
	The conversion of 1.1 M glycerol to lactic acid with NaOH as catalyst was conducted with fed-batch reactor. The initial OH- concentration was 0.2 M, and during the reaction, NaOH was fed into the reactor to compensate the alkali neutralized by lactic acid produced. After 220 min of reaction, 0.89 M lactic acid was obtained, with a lactic acid yield of 81.4 mol%. Glycerol conversion was 92.8 mol% after 220 min reaction. The results are shown in Figure 4-2. Data were obtained at the end of separate runs experiments with different reaction time to avoid potential errors caused by in situ sampling in the middle of a reaction. Only the last time point was repeated due to the large experiment number.
	Results about lactic acid and NaOH concentrations will be discussed later.




[bookmark: _Toc298164174][bookmark: _Toc298423437]Figure 4- 2 Concentration of glycerol, lactic acid, and OH- during glycerol conversion in fed-batch reactor 
Reaction condition: 300 °C, 1.1 M glycerol initial concentration 
Injection rate of NaOH: 0.117 ml/min for 0-60 min, 0.021 ml/min for 60-220 min
(Detailed data is shown in Appendix II, Table II-5)

[bookmark: _Toc298112652][bookmark: _Toc299547002]4.3.4 Model verification
	With the parameters obtained from the previous section, the model for glycerol concentration can be written as follows (Equation 4-5).
                     Equation 4-5                       
	The model was plotted in Figure 4-2 (dash line). Then the following statistics were used to evaluate the model, including root mean square error (RMSE), sum of squares of residuals (SSE), total sum of squares (SST), and coefficient of determination (R2). The formulas for the statistics are as follows (Equation 4-6~9) (Draper and Smith 1998).
                                                                      Equation 4-6
                                                                 Equation 4-7
                                                         Equation 4-8
                                                                                         Equation 4-9
	RMSE is a sum of the residuals which will show how precise the model prediction is. SSE indicates how tight the model fits the data. SST is defined as the sum of the differences of each observation from the overall mean.  R2 can be considered as an indication about how well future prediction about the model (Everitt 2002).

	Table 4-2 shows the results of the evaluation.

[bookmark: _Toc298100387][bookmark: _Toc298423349]Table 4- 2 Evaluation of the model for glycerol concentrations
	
	Model for glycerol concentration

	RMSE
	0.06070

	SSE
	0.04421

	SST
	1.232

	R2
	0.9641




	From the results, it can be inferred that 96.4% of the variance of the glycerol concentration can be explained with the model.
[bookmark: _Toc298112653][bookmark: _Toc299547003]4.3.5 Model validation
	The model prediction is first tested with a higher initial glycerol concentration (2.2 M). The results are shown in Figure 4-3. The fitting of glycerol concentration was good (with R2=0.9985, and RMSE=0.043), because the model for glycerol concentration is based on first order kinetics which has been proven in the previous studies. 
	Results about lactic acid and NaOH concentrations will be discussed below.


[bookmark: _Toc298164175][bookmark: _Toc298423438]Figure 4- 3 Concentration of glycerol, lactic acid, and OH- during glycerol conversion in fed-batch reactor at 300 °C with 2.2M glycerol initial concentration
Injection rate of NaOH: 0.078 ml/min for 0-90 min, 0.022 ml/min for 90-180 min, and 0.005 for 180-360 min
(Detailed data is shown in Appendix II, Table II-5)
	The results of another validation set conducted at 290 ºC with 1.1 M glycerol initial concentration are shown in Figure 4-4. Also, the fitting of glycerol concentration was good (with R2=0.9828, and RMSE=0.067). 
	The results under different reaction conditions indicate that glycerol conversion with NaOH as catalyst in fed-batch reactor follows first order kinetics, and that the equation can be used to provide information such as the consumption rate of NaOH (based on 1:1 molar ratio of glycerol:NaOH).
	Results about lactic acid and NaOH concentrations will be discussed below.


[bookmark: _Toc298164176][bookmark: _Toc298423439]Figure 4- 4 Concentration of glycerol, lactic acid, and OH- during glycerol conversion in fed-batch reactor at 290 °C, with 1.1M glycerol initial concentration
Injection rate of NaOH: 0.167ml/min for 0-60min, 0.083ml/min for 60-120min, 
0.033 ml/min for 120-180 min, and 0.017ml/min for 180-240min
(Detailed data is shown in Appendix II, Table II-5)
	The predicted values for glycerol concentration were plotted against actual values in Figure 4-5. The results indicate that the model predictions of glycerol concentrations were close to actual data obtained from experiments, with R2 ranging from 0.96 to 0.99. Root mean square errors for each condition (1.1 M glycerol initial concentration at 300°C, 2.2 M glycerol initial concentration at 300°C, and 1.1M glycerol initial concentration at 290°C) are 0.06 0.04, and 0.07 respectively. 



[bookmark: _Toc298164177][bookmark: _Toc298423440]Figure 4- 5 Plot of predicted vs. actual concentrations of glycerol during the reaction with NaOH as catalyst in fed-batch reactor
 (Dash line is 1:1 line of predicted vs. actual)


4.3.6 Lactic acid production in fed-batch reactor
	Based on kinetic model for glycerol concentration (Equation 4-5), the concentration of lactic acid can be described using the following equation (4-6),
                                                    Equation 4-6
where,
        C0gly is the initial concentration of glycerol in M
        CLac is the Lactic acid concentration in M at time t   
        s is the average selectivity of lactic acid in the glycerol conversion in mol%
	Although, right now we cannot use this equation (4-6) to predict lactic acid, unless lactic acid selectivity can be modeled and predicted based on some parameters, the equation can provide some information about lactic acid production in fed-batch reactor. The calculated lactic acid concentrations based on glycerol conversion and average lactic acid selectivity of each condition (from top to bottom in Figure 4-6: 56.9mol%, 80.8mol% and 58.2mol%) were plotted in Figure 4-6, together with experimental data.



[bookmark: _Toc298164178][bookmark: _Toc298423441]Figure 4- 6 Lactic acid concentration in fed-batch conversion of glycerol, together with calculated values (in dash lines) using average selectivity at each condition 


	The results shown in Figure 4-6 indicate that if the selectivity of lactic acid can be predicted at a given NaOH catalyst concentration, then lactic acid concentration may be obtained based on the kinetic model for glycerol conversion.  
	Many factors may affect lactic acid selectivity, such as temperature, time, and catalyst concentration. Based on our experiments, we could only provide some preliminary information about the effect of catalyst concentration. The concentrations of OH- and lactic acid selectivity during the reactions are plotted in Figure 4-7. There might be a relation between the OH- concentration and lactic acid selectivity, as on average, both the lactic acid selectivity and OH- concentration in the reaction with 1.1M glycerol initial concentration at 300°C are the highest among the reactions. 

[bookmark: _Toc298164179][bookmark: _Toc298423442]Figure 4- 7 Plot of lactic acid selectivity and OH- concentration during reactions

4.3.7 Evaluation of reactor corrosion
	The corrosion effect was studied by the measurement of Fe3+ content in the products with atomic-absorption spectroscopy (AAnalyst™ 700, PerkinElmer, Inc.).  First, a blank was conducted at 300°C for 220 min, with 1.1M glycerol and no NaOH. Then the reaction with fed-batch system was carried out at 300°C for 220 min, with 1.1M glycerol initial concentration and 0.2M NaOH initial concentration. In the end a batch conversion of 1.1M glycerol with 1.25M NaOH at 300°C for 220 min was conducted for comparison.  The products were analyzed and results are shown in Table 4-3.
	From the results, batch reaction caused the highest corrosion to the reactor. After the batch reaction there was as high as 9.545 ppm Fe3+ in the product. Fed-batch reaction can significantly reduce the corrosion of reactor.


[bookmark: _Toc298100388][bookmark: _Toc298423350]Table 4- 3 Comparison of corrosion effects of batch and fed-batch reaction at 300°C for 220 min
	
	Initial OH- concentration
(M)
	Lactic acid yield
(mol %)
	Glycerol conversion
(mol %)
	OH- after reaction 
(M)
	Fe3+ concentration
(ppm)

	Blank (no NaOH)
	0
	0
	1.0
	10-7
	0.072

	Batch reaction
	1.25
	90.3
	93.7
	0.026
	9.545

	Fed-batch reaction
	0.2
	81.4a±1.6b
	92.8±0.76
	0.225±0.009
	1.540±0.085



a- average of four samples in two separate runs;  
b- standard deviation of four samples in two separate runs  
	


4.3.8 Application in the crude glycerol conversion
	Fed-batch system was applied in the conversion of three types of crude glycerol. The reactions were conducted at 300°C for 220 min, with 1.1M glycerol and 0.2M NaOH initial concentration.  The inject rate of NaOH was 0.117mL/min for first 60 min and 0.021 mL/min for 60-220 min. Results were shown in Table 4-4.
	According to the results, the yield of lactic acid and glycerol conversion were affected by soap content in the crude glycerol sample. In CG2 and CG3, high soap content resulted in flocky products during the fed batch reaction, which might cause a bad mix of the feeding NaOH and reactant. OH- concentrations in the samples were very low, which had limited effect on the glycerol conversion.

[bookmark: _Toc298100389][bookmark: _Toc298423351]Table 4- 4 Application of fed-batch system in conversion of different types of crude glycerol
	
	Glycerol 
concentration
(wt. %)
	Water content
(wt. %)
	Soap content
(wt. %)
	OH-
concentration
(M)
	Lactic acid yield
(mol %)
	Glycerol conversion
(mol %)

	CG1
	90.5a±1.18b
	7.37
	2.2
	10-7
	72.7c±2.25d
	91.6±1.07

	CG2
	32.1±2.00
	4.36
	62.9
	0.010
	68.3±2.46
	84.2±1.23

	CG3
	20.4±0.93
	12.04
	55.4
	0.017
	66.5±1.48
	83.0±1.44


 a-average of four tests, b-standard deviation of four tests
c- average of four samples in two separate runs;  
d- standard deviation of four samples in two separate runs  

[bookmark: _Toc298112654][bookmark: _Toc299547004]4.4 Conclusions
			Glycerol can be efficiently converted to lactic acid in a fed-batch reactor with an alkali as homogenous catalyst, while reaction corrosiveness can be significantly reduced. In this study, a fed-batch reactor was built and utilized in the conversion of glycerol to lactic acid with the continuous feeding of NaOH as the catalyst. The best result of glycerol conversion was achieved with 1.1 M initial glycerol concentration and 220 min at 300 °C. The yield of lactic acid reached 82 mol%, with 93% of glycerol conversion achieved. During the reactions, the OH- concentration was maintained around 0.2M, which was much lower than that in the batch reaction (1.25 M).
	A kinetic model about glycerol concentration in the fed-batch conversion was developed. The parameters were obtained from the kinetic study of the glycerol conversion. The model showed high fidelity in predicting glycerol concentration, and it was validated under different initial glycerol concentration (2.2M) and different reaction temperature (290°C). During the reactions with fed-batch reactor, OH- concentration was kept in a range from 0.15 M to 0.25 M, which reduced the corrosiveness of the reaction. Fed-batch reactor and model for glycerol concentration can serve as a good tool for the conversion of glycerol to lactic acid with NaOH as the homogenous catalyst. In addition, fed-batch reactor was applied in the crude glycerol conversion to lactic acid. The maximum yield was 72.9 mol% lactic acid with 92.4 mol% glycerol conversion. 



[bookmark: _Toc298112655][bookmark: _Toc299547005]Chapter 5
[bookmark: _Toc298112656][bookmark: _Toc299547006]Summary and prospective
[bookmark: _Toc298112657][bookmark: _Toc299547007]5.1 Summary
	The conversion of glycerol to lactic acid under alkaline condition is a robust way of glycerol utilization. However, the high corrosion of the current catalyst and method has become a problem for the further application of the reaction. In this study, two methods were conducted to improve the conversion of glycerol to lactic acid in alkaline condition. The first method is to use a solid base catalyst (CaO) instead of the homogeneous one (NaOH). The second method is the application of fed-batch system in the conversion of glycerol, with continuous feeding of the homogeneous catalyst (NaOH).
	Compared to the homogeneous catalyst, a solid base catalyst has the advantages such as easy separation and reuse. The conversion of pure glycerol to lactic acid with CaO as the catalyst was carried out in a salt bath reactor. Reaction temperature, reaction time, and CaO:glycerol molar ratio were first studied to determine the best reaction condition. The best results were obtained at 290°C for 150 min, with molar ratio of CaO: glycerol equaling to 0.3. The yield of lactic acid reached around 40% (mol %), and the conversion of glycerol was about 98% (mol %). Then to study catalyst reuse, the results indicated that CaO had a good reusability up to three times. There was no significant decrease in the yield of lactic acid in the third time reuse (from 40.8% to 38.1%). The effect of water content was also studied, as water in the reactant can react with CaO and cause its deactivation. When the water content was above 10%, lactic acid yield would be decreased to around 20% or less. Also, structure issues of different types of CaO were studied using SEM and XRD. A CaO enriched in crystalline structure of the CaO led to the highest yield of lactic acid. CaO worked well in conversion of three sources of crude glycerol provided by commericial biodiesel manufacturers with less water content, and the yield of lactic acid reached about 40% (mol%). But when water content of the crude glycerol was increased, the catalytical ability of CaO was reduced, and lactic acid yield decreased. Another advantage of application of CaO as the catalyst in the glycerol conversion is that CaO can be utilized as the catalyst for both biodiesel production and the following crude glycerol conversion. The combination of the biodiesel production and lactic acid production were conducted. Soybean oil was first converted into biodiesel with CaO as the catalyst. Then the deposit after biodiesel production (mixture of crude glycerol and CaO) was collected and used as the reactant for the lactic acid production.
	The second improvement of glycerol conversion to lactic acid with NaOH as the catalyst was the application of fed-batch reactor instead of the batch reactor. NaOH was supplied continuously during the reaction, so that alkali concentration was controlled under a lower level than the batch reaction, especially for the high concentration glycerol conversion. Based on the batch reaction, the fed-batch reaction was conducted at 300°C, with 1.1 M glycerol and 0.2 M NaOH initial concentration. After 220 min reaction, lactic acid yield reached about 80 mol %, with 92 mol % glycerol conversion achieved. From the activation energy study, first-order kinetics, and the results of fed-batch reaction, a kinetic model for glycerol concentration was developed, and verified based on the experimental data. The model was then validated in different reaction conditions by changing the initial glycerol concentration and the reaction temperature. The model for glycerol concentration fitted well in both validation conditions.
	Three methods, including batch reaction, conversion with solid base, and fed-batch reaction, are compared in Table 5-1. The batch reaction had the highest yield. However, the high OH- concentration caused high corrosion to the reactor. Solid base conversion led to a higher productivity; but, the yield of lactic acid was lower. Also from the activation energy result, CaO reduced the activation energy of the conversion by 10 kJ/mol. The fed-batch reaction controlled the corrosion of the reactor well without interfering much of the lactic acid yield.
	The parameters used to evaluate the reaction were glycerol conversion, lactic acid yield and lactic acid productivity, which were calculated by the following equations (Equation 5-1 to 5-3):
Conversion of glycerol in mol%   Xgly= 
(Equation 5-1)
Yield of lactic acid in mol%     YLac /gly=                    
(Equation 5-2)
Productivity of lactic acid in    PLac=       (Equation 5-3)


[bookmark: _Toc298100400][bookmark: _Toc298423360]Table 5- 1 Comparison of different methods of glycerol alkaline conversion
	
	Methods

	
	Conversion with batch reactor
	Conversion with solid base catalyst
	Conversion in fed-batch reactor

	Catalyst
	NaOH
	CaO
	NaOH

	Catalyst concentration
	1.25 M
	0.3 (M/M) 
(CaO: Glycerol)
	0.2 M

	Glycerol concentration
	1.1 M
	Pure without water
	1.1 M

	Temperature
	300
	290
	300

	Reaction time (min)
	220
	150
	220

	Lactic acid yield (mol %)
	90.3
	40.8
	81.4

	Glycerol conversion (mol %)
	93.7
	97.8
	92.8

	Lactic acid productivity (g/(min·L))
	0.405
	3.35
	0.366

	Fe3+ concentration after reaction (ppm)
	9.55
	3.06
	1.54

	Activation energy (kJ/mol)
	114
	103
	114

	Application in crude glycerol conversion
	Yes
	Yes
	Yes

	Comments
	High yield; corrosive
	High productivity;
low yield
	High yield; 
low corrosive



[bookmark: _Toc298112658][bookmark: _Toc299547008]5.2 Future prospective
Conversion of glycerol with solid base catalyst 
	Compared with homogeneous conversion using alkali hydroxide as catalyst such as NaOH, the solid base catalyst of CaO has a higher productivity and a lower corrosiveness. However, there’s one problem that the thickness of the CaO and glycerol mixture will increase the power required for the stirring. This issue can be solved by utilizing the slurry bed reactor, which was designed for the fine solids suspension in a high molecular weight liquid reaction (O'Shea, Alvarez-Galvan et al. 2007). By pumping high pressure gas, the reactant can be well mixed with the solid catalysts (Bukur, Patel et al. 1990).

Conversion of glycerol with fed-batch system 
	In this research, the fed-batch system was built based on Parr reactor with a volume around 450 ml. In the future, the system can be scaled up for the larger amount of glycerol conversion.  Also, pH sensors can be equipped onto the system, which can provide OH- concentration change during the whole process. In this way, NaOH concentration can be further decreased.
	In the future, if a model for lactic acid selectivity can be developed based on some parameters such as OH- concentration, temperature and reaction time, then lactic acid concentration model can be derived based on glycerol concentration model. The model for lactic acid concentration will be very useful for the future production of lactic acid from glycerol. 


[bookmark: _Toc298112659][bookmark: _Toc299547009]Appendix I  Activation energy calculations 

I.1 Activation energy calculations for glycerol conversion to lactic acid with CaO as catalyst
	The reaction rate constants of different temperatures were obtained first by detecting the glycerol conversion at 280 °C, 290 °C, and 300 °C. The results were shown in Figure I-1.



Figure I- 1 First order kinetic plots of glycerol conversion with CaO as catalyst at 280 °C, 290 °C, and 300 °C

	The logarithms of reaction constants obtained from each set of experiments were plotted against 1/T in Figure I-2. Based on Arrhenius equation, the activation energy of glycerol conversion with NaOH as the catalyst can be obtained from the slop of the line in Figure I-2.



Figure I- 2 The plot of log (k) versus 1/T
From Figure I-2, the activation energy and pre-exponential factor can be obtained.
            A=4.022×108min-1
            Ea=103.0kJ/mol 

I.2 Activation energy calculations for glycerol conversion to lactic acid with NaOH as catalyst
	The reaction rate constants of different temperatures were obtained first by detecting the glycerol conversion at 280 °C, 290 °C, and 300 °C. The results were shown in Figure I-3.






Figure I- 3 First order kinetic plots of glycerol conversion with NaOH as catalyst at 280 °C, 290 °C, and 300 °C

	The logarithms of reaction constants obtained from each set of experiments were plotted against 1/T in Figure I-4. Based on Arrhenius equation, the activation energy of glycerol conversion with NaOH as the catalyst can be obtained from the slop of the line in Figure I-4.
From Figure I-4, activation energy and pre-exponential factor can be obtained.
            A=6.154×108min-1
            Ea=114.0kJ/mol

 
Figure I- 4 The plot of log (k) versus 1/T


[bookmark: _Toc298112660][bookmark: _Toc299547010]Appendix II  Experimental data



Table II- 1 Yield of lactic acid of the reaction at different temperature with the molar ratio of 0.2 (CaO: Glycerol)

	
Temperature
(°C)
	Reaction time (min)
	Lactic acid yield 
(mol%)
	Glycerol conversion
(mol%)
	Lactic acid selectivity
(mol%)

	280
	45
	3.6a±1.7b
	28.7±4.9
	12.5±3.6

	
	60
	5.4±0.9
	31.4±8.9
	17.3±4.5

	
	90
	14.1±2.7
	50.8±4.6
	27.7±0.3

	
	135
	19.2±1.8
	54.8±1.7
	35.0±1.5

	
	180
	25.7±0.7
	72.8±4.1
	35. 3±0.9

	
	205
	27.1±1.4
	71.3±1.7
	38.0±1.8

	
	240
	25.9±0.7
	72.9±9.4
	35.6±5.3

	290
	45
	15.9±0.4
	38.2±1.2
	41.6±0.1

	
	60
	25.7±1.0
	48.6±1.9
	52.9±3.2

	
	90
	28.4±2.4
	69.4±8.0
	40.9±3.6

	
	135
	24.3±0.6
	85.6±4.5
	28.4±2.4

	
	180
	21.7±0.5
	93.6±2.2
	23.2±0.3

	
	205
	20.2±0.9
	97.8±2.5
	20.6±0.2

	300
	45
	13.1±1.9
	48.7±10.1
	26.9±6.5

	
	60
	22.2±0.5
	61.2±4.6
	36.3±5.1

	
	90
	27.5±0.6
	79.5±7.9
	34.6±4.5

	
	135
	25.6±0.5
	90.1±8.7
	28.4±1.9

	
	180
	17.4±0.5
	93.2±3.1
	18.7±0.5

	
	205
	2.6±0.8
	98.0±2.0
	2.7±0.8



a- average of four samples in two separate runs, 
b- standard deviation of four samples in two separate runs







Table II- 2 Highest glycerol conversion and lactic acid yield with different molar ratio of CaO: Glycerol

	Molar ratio

	Lactic acid yield
(mol%)
	Glycerol conversion
(mol%)
	Lactic acid selectivity
（mol%）

	0.2
	29.4a±0.9b
	81.0±3.5
	36.3±2.5

	0.3
	40.8±2.4
	97.8±2.2
	41.7 ±3.3

	0.4
	38.3±0.6
	97.4±0.6
	39.4 ±0.8

	0.5
	40.2±0.4
	95.6±2.0
	42.1 ±0.4


c- average of four samples in two separate runs, 
d- standard deviation of four samples in two separate runs



Table II- 3 Glycerol conversion and lactic acid yield with regenerated catalysts

	
	Lactic acid yield
(mol%)
	Glycerol conversion
(mol%)
	Lactic acid selectivity
（mol%）

	First use
	40.8a±2.4b
	97.8±2.2
	41.7 ±3.3

	Second use
	39.1±0.6
	98.4±1.1
	39.7±1.4

	Third use
	38.1±0.9
	93.6±1.3
	40.7±1.2


a- average of four samples in two separate runs, 
b- standard deviation of four samples in two separate runs



Table II- 4 Lactic acid yield and glycerol conversion under conditions with different water content at 290°C for 150 min, with CaO:glycerol=0.3 (molar ratio)

	Water content
(wt. %)
	Lactic acid yield
(mol%)
	Glycerol conversion
(mol%)
	Lactic acid selectivity
（mol%）

	0
	40.8a±2.4b
	97.8±2.2
	41.7 ±3.3

	2
	38.6±1.8
	89.8±2.8
	43.0 ±0.8

	5
	38.3±1.7
	89.1±1.0
	43.0 ±1.8

	10
	29.2±1.6
	84.7±1.2
	34.5 ±1.5

	20
	21.5±6.1
	93.2±4.9
	23.0 ±8.4

	30
	15.9±0.5
	86.2±6.2
	18.4 ±2.1


a- average of four samples in two separate runs, 
b- standard deviation of four samples in two separate runs



Table II- 5 Experimental data of glycerol conversion in Fed-batch reactor with NaOH as catalyst
	Reaction condition
	time

(min)
	Lactic acid yield （mol%）
	Glycerol conversion
（mol%）
	Lactic acid selectivity
（mol%）
	Lactic acid concentration
(mol/L)
	Glycerol concentration
(mol/L)
	OH- concentration
(mol/L)

	1.1M initial glycerol concentration

300°C
	0
	0.0
	0.0
	--
	0.000
	1.100
	0.200

	
	20
	23.3a±0.2b
	27.7±0.1
	84.1±0.8
	0.256±0.002
	0.795±0.001
	0.189

	
	40
	32.6±0.2
	40.2±0.2
	81.1±0.8
	0.359±0.002
	0.658±0.002
	0.156

	
	60
	45.3±0.2
	53.8±0.3
	84.2±0.4
	0.498±0.002
	0.509±0.003
	0.165

	
	80
	52.4±0.2
	59.9±0.1
	87.5±0.1
	0.576±0.002
	0.441±0.001
	0.174

	
	100
	59.6±0.1
	73.1±0.3
	81.5±0.2
	0.656±0.001
	0.296±0.003
	0.182

	
	120
	62.3±0.2
	86.6±0.2
	71.9±0.2
	0.685±0.002
	0.147±0.002
	0.177

	
	140
	66.4±0.1
	88.4±0.3
	75.1±0.4
	0.730±0.001
	0.128±0.003
	0.192

	
	160
	69.0±0.3
	94.4±0.2
	73.1±0.3
	0.759±0.003
	0.062±0.002
	0.173

	
	180
	72.3±0.3
	91.2±0.2
	79.3±0.6
	0.795±0.003
	0.097±0.002
	0.174

	
	200
	78.0±0.2
	93.5±0.1
	83.4±0.4
	0.857±0.002
	0.072±0.001
	0.228

	
	220
	80.5c±1.7d
	92.8±0.7
	86.8±1.4
	0.885±0.019
	0.079±0.008
	0.225

	2.2M initial glycerol concentration

300°C
	0
	0.0
	0.0
	--
	0.000
	2.200
	0.200

	
	60
	31.1±0.1
	63.8±0.2
	48.8±0.1
	0.684±0.002
	0.796±0.004
	0.167

	
	120
	49.3±0.1
	85.8±0.2
	57.5±0.1
	1.085±0.002
	0.312±0.004
	0.166

	
	180
	57.0±0.1
	95.0±0.1
	60.0±0.1
	1.254±0.002
	0.110±0.002
	0.154

	
	240
	61.2±3.0
	99.2±0.4
	61.7±3.2
	1.346±0.067
	0.018±0.008
	0.172

	1.1M initial glycerol concentration

290°C
	0
	0.0
	0.0
	--
	0.000
	1.100
	0.200

	
	90
	37.6±0.1
	73.0±0.2
	51.5±0.2
	0.413±0.001
	0.297±0.002
	0.155

	
	180
	55.2±0.1
	91.3±0.1
	60.5±0.1
	0.607±0.001
	0.096±0.001
	0.178

	
	270
	58.1±0.2
	93.5±0.2
	62.1±0.3
	0.639±0.002
	0.072±0.002
	0.167

	
	360
	56.6±2.1
	96.3±0.6
	58.8±1.6
	0.622±0.024
	0.041±0.006
	0.210


a- average of three samples in one run;
b- standard deviation of three samples in one run;
c- average of six samples in two separate runs;
d- standard deviation of six samples in two separate runs.
(six samples in two runs for the last data point of each condition, and three samples in one run for the rest)
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Figure III- 1 Calibration curves of lactic acid and glycerol





	The equations in each calibration plot (Figure III-1) are used to calculate the unknown concentration of the lactic acid and glycerol in the products. In the beginning,  racemic lactic acid was used as the standard chemicals and later changed to L-(+)-lactic acid for a higher purity. There is no difference in the calibrations and the results, as our column is non-chiral.
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Predicted glycerol concentration (M)

2.2M glycerol initial concentration, 300°C	0	60	120	180	240	0	0.68420000000000003	1.0846	1.254	1.3464	1.1M glycerol initial concentration, 300°C	0	20	40	60	80	100	120	140	160	180	200	220	0	0.25575000000000003	0.35896666666666893	0.49793333333333345	0.57603333333333362	0.65560000000000396	0.68530000000000002	0.73040000000000005	0.75900000000000289	0.79530000000000001	0.8574500000000006	0.88495000000000001	1.1M glycerol initial concentration, 290°C	0	90	180	270	360	0	0.41349000000000002	0.60731000000000013	0.63866000000000289	0.62248999999999999	Predicted	0	60	120	180	240	0	0.77646678333729757	1.0721515366696761	1.18475065260024	1.2276292953623447	Predicted	0	90	180	270	360	0	0.39082238400657404	0.54305973858393364	0.60236087658713622	0.62546049611374555	Predicted	0	20	40	60	80	100	120	140	160	180	200	220	0	0.24215078998441988	0.41766861963920737	0.54488897076301623	0.6371019258337296	0.70394051736220364	0.75238704327696526	0.7875024731437047	0.81295514268899993	0.83140396673701056	0.84477620292421762	0.85446878279711658	Reaction time (min)
Lactic acid concentration (M)
Lactic acid selectivity in reaction with 1.1M glycerol initial concentration, 300°C	0	20	40	60	80	100	120	140	160	180	200	220	0.8393501805054151	0.81177446102819428	0.84190948543087618	0.87472160356347894	0.81532147742818373	0.71939953810623569	0.75113122171945701	0.73093220338983189	0.7927631578947365	0.83413590155163186	0.87753636200395058	Lactic acid selectivity in reaction with 2.2M glycerol initial concentration, 300°C	0	60	120	180	240	0.48746081504702304	0.57459207459207462	0.60000000000000064	0.61693548387096753	Lactic acid selectivity in reaction with 1.1M glycerol initial concentration, 290°C	0	90	180	270	360	0.51514320953816661	0.60477598860773363	0.62096256684491957	0.58776485251350441	OH¯ concentration in the reaction with 1.1M glycerol initial concentration, 300°C	0	20	40	60	80	100	120	140	160	180	200	220	0.2	0.18900000000000033	0.15600000000000033	0.16500000000000001	0.17400000000000004	0.18200000000000024	0.17700000000000021	0.192	0.17300000000000001	0.17400000000000004	0.22800000000000001	0.22500000000000001	OH¯ concentration in the reaction with 2.2M glycerol initial concentration, 300°C	0	60	120	180	240	0.2	0.16700000000000001	0.16600000000000001	0.1540000000000003	0.17200000000000001	OH¯ concentration in the reaction with 1.1M glycerol initial concentration, 290°C	0	90	180	270	360	0.2	0.15500000000000033	0.17800000000000021	0.16700000000000001	0.21000000000000021	Reaction time (min)
Lactic acid selectivity (mol%)
OH- concentration (M)

log(C/C0) vs. time at 280 °C
y = -0.0072383x
R² = 0.9873
0	45	60	90	0	-0.32711614169719028	-0.38860799104174565	-0.68121860969467163	Time (min)

log(C/C0)


log(C/C0) vs. time at 290 °C
y = -0.011962x
R² = 0.9855
0	45	60	90	0	-0.49265831981054514	-0.65778003672265395	-1.1394342831883557	Time (min)

log(C/C0)


log(C/C0) vs. time at 300°C
y = -0.015802x
R² = 0.9937
0	45	60	90	0	-0.64435701639052334	-0.99695863494160986	-1.4229583454914818	Time (min)

log(C/C0)


x103  1/T  (1/K)
1.8083182640144664	1.7761989342806401	1.745200698080269	-4.9283617228042935	-4.4259773100825868	-4.1476167016537273	
log(k)


ln(C/C0) vs. time at 280 °C
y = -6.701E-03x
R² = 0.9961
0	30	45	60	0	-0.20739324122298108	-0.2861290567829104	-0.41043493727607394	time (min)
log(C/C0)
ln(C/C0) vs. time at 290 °C
y = -1.081E-02x
R² = 0.9812
0	30	45	60	0	-0.36527515328292331	-0.51346243042049455	-0.60842865236252475	time (min)
log(C/C0)
ln(C/C0) vs. time at 300 °C
y = -1.583E-02x
R² = 0.9947
0	30	45	60	0	-0.51846528737918463	-0.68716510888239757	-0.94761887347383977	time (min)
log(C/C0)
  
Ea	y = -13.71x + 19.789
R² = 0.9994
1.8083182640144664	1.7761989342806401	1.7452006980802575	-5.0105852953461945	-4.5518190104910969	-4.145406304472548	x103  1/T  (1/K)
log(k)
Calibration of Lactic acid
y = 0.0000002496x
R² = 0.9971
799	1209.5999999999999	2175.6999999999998	3529	5593.7	2.1570611922005223E-4	3.3908768674089496E-4	5.6662425775320404E-4	8.7933574407472878E-4	1.3772134923187335E-3	HPLC Peak area
Concentration (g/g)

Calibration of Glycerol
y = 0.0000002084x
R² = 0.9959
1312.2	2045.9	3549.1	5923.7	9394.9	3.0167550543417872E-4	4.7423063218578134E-4	7.9245160020048524E-4	1.2297938324571478E-3	1.92610009344329E-3	HPLC Peak area 
Concentration (g/g)

image2.emf

image3.emf

image4.emf

image5.emf

image6.emf

image7.emf

image8.png
Temperature logger

-
looof

1116 inch tbing

Reactor

Thermocouple

Salt bath

Stirrer

Elcctric power heater





image9.png
/ NAVAVAVAVA

o1 |y

N |
VAVAVAVAVAN





image10.png
> CaO + Glycerol

l

Reaction
in salt bath reactor Reaction

l

Washing out products

l

v v
Adding NaOH Adding H,S0,
v v
Filtration & Centrifugation
Washing
Catalysts l v
regeneration Cation exchange Product analysis
Drying
at 110°C overnight v
l Filtration
Calcination v
at 910°C 3h HPLC analysis

Catalysts
reuse




image11.png
1050

1000

Lacticacid

Glycerol

/7 Acrylicacid

10

14

16




image12.png
2000

1600

1400

1000

/ Lacticacid

Glycerol

/ Acrylic acid

10

14

16

20




image13.png
Relative intensity

M‘MWWMWMWWM

Commercial Ca0

Calcinated from CaCO;

Regenerated Ca0
Nano Ca0

20 40 60 20

Position(26)




image14.png
Signal A = SE2




image15.png
Documentl o | D -
S 9] | nagbeene| assbeene AaBbC: Aab
& Normal |TNoSpaci.. Headingl Heading2  Thie

Soybean il

- Biodiesel
XS
06!

8 o4l

N 02!
“0 - - — A .

4000 3000 2000 1000

Calibr (Body) u A 2

B Z U -ex x A|[¥-A

]
[

Absorbance

‘Wave numbers





image16.png
High pressure pump
Checkvalve

PID controller

Coil filled with 10M NaOH
Control valve

Pressure gauge

Thermocouple
Heating mantle
Reactor
Reactant,
1.1M glycerol (10.1 wt.%)

Magnetic stir bar

AVAVAVAVAV/




image1.emf

