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[bookmark: _GoBack]Biomass is composed of pentosans and hexosans that can be converted to γ-valerolactone (GVL) via an acid-catalyzed dehydration and metal-catalyzed hydrogenation reactions.16,17 Through acid catalysis, GVL can undergo ring-opening to produce isomers of pentenoic acids.43 These pentenoic acids can be converted to olefins or diolefins such as butadiene or pentadiene, both of which are petrochemical intermediates used in the industry. This research focuses on converting pentanoic acid, the hydrogenated form of pentenoic acid, to alcohols so they can be dehydrated to produce alkenes and alkynes. 
Direct conversion of carboxylic acids to olefins and diolefins is difficult due to the low electrophilicity of the carbonyl carbon.51,52,72,90-92 This can be intercepted by creating an ester intermediate, which has a lower activation energy than its carboxylic acid counterpart.51 Various molar ratios of alcohols (m-cresol, ethanol, and 1-dodecanol) were cofed with pentanoic acid to increase the pentanol production rate in the liquid phase.  The effect of partial pressures of carboxylic acids on the alcohol production rate was also investigated. Finally, a mechanism and the location of the active site for these reactions was discussed using characterization techniques and literature.  
viii
[bookmark: _Toc310579468][bookmark: _Toc513549654]Chapter 1: Introduction

Light olefins and diolefins have many diverse applications in the petrochemical industry. They are used as starting materials in the syntheses of alcohols, plastics, detergents, and fuels. They are typically produced via processes involving endothermic alkane activation at elevated temperatures to overcome large kinetic barriers and to achieve favorable equilibrium products. The products are also more functionalized and more reactive than their parent alkanes, making the product selectivity difficult to control.  Since the process requires a high energy demand, attaining high product yields is also challenging. Thus, the cost of these petrochemical intermediates is always higher than their parent alkanes and increases with functionality.1 
As mentioned above, industrial methods of preparing olefins or diolefins entails hydrocarbon or steam cracking.2 
[image: ] 
[bookmark: _Toc513549709]Figure 1: Methods of producing olefins and diolefins in the industry2
A hydrocarbon feed enters the reactor and the alkanes are broken apart at elevated temperatures in the presence of a catalyst to produce a mix of aliphatic alkenes and low molecular weight alkanes. See Figure 2 below.3 
[image: Cracking of n-octane to give pentane and propene]
[bookmark: _Toc513549710]Figure 2: Octane cracks into pentane and propylene in the presence of a catalyst3
After separation, the products undergo catalytic dehydrogenation, also known as reforming, to produce olefins and diolefins.3  
[image: Dehydrogenation of butane to give butadiene and isomers of butene]
[bookmark: _Toc513549711]Figure 3: Catalytic dehydrogenation (reforming) of butane to produce butene and 1,3-butadiene3

Light hydrocarbon feeds such as ethane give product streams rich in light alkenes, while heavier hydrocarbon feeds such as naphtha give product streams rich in heavy alkenes.3
1,3-Butadiene is one of the largest commodity chemicals produced in the United States. Most of it is obtained from a mix of butenes stream that is a by-product of ethylene production. Butadiene has a major use in the manufacturing of synthetic rubber and other polymers. It is also used to manufacture a nonpolymeric compound called adiponitrile, an intermediate in nylon production. In addition, it is also used in a small-scale production of an industrial solvent called sulfolane.4 
Prior to 2003, there was a sufficient supply of butadiene and the need was satisfied from the cracking of naphtha and other heavy hydrocarbon feeds in steam cracking operations. From 2003 to 2008, both ethylene and butadiene prices increased at a similar rate (Figure 4). After 2008, as a consequence of the global financial crisis (GFC), butadiene prices doubled to over $2000/ton. By 2011, butadiene prices have skyrocketed to over $4000/ton. This is due to the industry shifting towards lighter feedstocks such as ethane, instead of the traditional feedstock naphtha. The shift in the feedstock is due to the expansion of natural gas production and the recent shale gas boom where the heavier feedstocks can be used as fuels in their own right. This clearly benefited the ethylene production and has kept the ethylene prices low; however, propylene, butene, and butadiene productions suffered tremendously. Figure 4 shows the sored prices of butadiene in comparison with ethylene by 2011.5  
[image: ] 

[bookmark: _Toc513549712]Figure 4: Ethylene and Butadiene prices (thousands of $/tonnes) from 1988-20115
Table 1 shows the yields of various olefins from various feedstocks. As discussed above, heavier feedstocks such as naphtha and gas oil have a butadiene or C4 olefins yield of approximately 8% compared to lighter feedstocks such as ethane and propane, which have a butadiene yield of around 3-4%. This not only justifies the reason for a low supply of butadiene in the recent years but also explains how the shift in feedstocks (from heavy to light) can have a profound impact on butadiene production.5 
As long as ethane is a cheaper feedstock compared to the rest, supply of butadiene and heavier olefins will continue to be limited and expensive. 


	
	ETHANE
	PROPANE
	BUTANE
	NAPHTHA
	GAS OIL

	Ethylene
	76.80%
	44.29%
	44.33%
	30.19%
	20.17%

	Propylene
	2.61%
	13.73%
	14.89%
	15.46%
	14.48%

	BTD/C4 olefins
	2.61%
	3.99%
	6.65%
	7.67%
	7.95%


[bookmark: _Toc513549705]Table 1: Yields of ethylene, propylene, 1,3-butadiene (BTD), and C4 olefins from different feedstocks5

Currently, there is an opportunity to satisfy the need for butadiene and/or heavier diolefins. In order to meet the demand for heavier olefins and diolefins, alternative technologies can be explored and studied. Although we can increase butadiene dehydrogenation using the butane streams, this may be an expensive route to explore since it requires complex steps such as distillation and extraction.6 Some of the other alternative technologies involve using acetylene from coal or natural gas as a feedstock.5 In a process known as the Lebedev process7, ethanol can be used as a feedstock to dehydrate to acetaldehyde followed by aldol condensation and dehydration to butadiene. Ethanol can be derived from bio-based resources, which is cost-effective, renewable and a simple alternative. However, the metal oxide catalyst used in this process undergoes quick deactivation due to coke deposition. Thus, regenerating the catalyst takes time and energy, increasing the cost of the process.7,8 In the Reppe process, aqueous formaldehyde and gaseous acetylene are combined to produce 1,4-butanediol in the presence of a copper (II) oxide supported on silica with 3%-6% bismuth oxide. 1,4-Butanediol can undergo dehydration to make 1,4-butadiene. Although this is a dominant process in the industry, acetylene and formaldehyde have serious environmental, safety, and economic implications.9 
Although these processes already exist, a novel approach can be created using bio-based technologies that can avoid all such consequences. It is because bio-based technologies are cheaper, environmentally friendly, tremendously abundant, and renewable. 
[bookmark: _Toc513549655]1.1 Biomass as an alternative 
As the world population is increasing and the economies of various countries are developing, energy consumption has been escalating despite the limited availability of fossil fuels. Biomass is a promising alternative feedstock that can be explored in further detail. It has low Sulphur content; therefore, it would have low emissions of SO2. It also consists of less nitrogen and ash; thus, the NOx and soot emissions would also be lower compared to the combustion of fossil fuels. Since the carbon dioxide released from plants will be recycled into the biomass via photosynthesis, there should also be a carbon dioxide net emission of zero. Thus, biomass is an extremely promising alternative because it is clean, environmentally friendly, renewable, and greatly abundant.10,11 
Biomass can be used to compensate for the low supply of petrochemical intermediates caused by the shift towards using lighter feedstocks. Since it is difficult to produce olefins selectively at elevated temperatures, it may be likely to accomplish this using biomass at lower temperatures.11 
[bookmark: _Toc513549656]Processing the biomass 
The three main components of the lignocellulosic biomass are: lignin (10-25 wt.%), cellulose (40-60 wt.%), and hemicellulose (20-40 wt.%). Typically, studies involving pyrolysis of biomass is broken down into four parts: lignin decomposition, cellulose decomposition, hemicellulose decomposition, and evolution of moisture.11 In a process known as the fast pyrolysis, the biomass is rapidly heated at elevated temperatures in anaerobic conditions, producing a lot of vapor products and charcoal. In addition, short vapor residence times and reactor temperatures below 400 ⁰C can produce liquid products. Cooling and condensing the products result in a dark-brown bio-oil and can be attained in the yields of up to 75 wt.% of the dry-feed. The liquid product yields depend on the type of biomass feedstock used, reaction temperature, vapor residence times, catalysts used, and ash content.11-14 While this process can be more economical since everything can be done in one step, it would be very expensive to separate the products from the complex bio-oil mixture with high yields and selectivities.15,18 
While there are alternative ways, one of the effective ways to prevent this problem and to isolate the organic compounds is to process the biomass in two steps. The first step is to breakdown the biomass into its three main components.16-17 This can be done by pretreating biomass using steam, hot water, ammonia fiber explosion, or ionic liquid pretreatments. Acidic treatments are usually efficient and cost-effective.17,19-24
The second step is to fractionate each component separately to obtain products of interest.16-17 Cellulose is made up of glucose monomers linked by β-(1,4)-glycosidic bonds. Hemicellulose is made up of xylose monomers, C5 sugars, and C6 sugars. Dilute acids such as oxalic, sulfuric, and phosphoric acid, can separate hemicellulose from the other components while slightly separating lignin from cellulose, making it easier to hydrolyze cellulose for the next step. Cellulose can be hydrolyzed using a mineral acid catalyst to release the glucose monomers.17,23,25-27 
Biomass processing (pyrolysis, torrefaction, pre-treatment steps, etc.) is currently an active area of research. However, the details of such topic are outside the scope of this project. Nevertheless, it is still important to mention and requires attention because it is the initial step in obtaining the valuable platform molecules and intermediates that are used to accomplish the goals of this project. 
[bookmark: _Toc513549657]Production of γ-valerolactone (GVL), an important platform molecule 
As mentioned in the previous section, upon decomposing lignin, cellulose, and hemicellulose, a variety of chemical compounds are obtained. Hemicellulose is composed of xylose, C5, and C6 sugar monomers while cellulose is composed of glucose (C6 sugar) monomers. These sugars can be converted to intermediate organic compounds shown in Figure 5 under mild conditions. While these intermediate molecules are less reactive than their parent sugars, they are functional enough to be converted into chemicals that have a practical purpose in the industry shown in yellow in Figure 6.16-17 
While there are many chemicals that can be produced, the compound of interest for the purposes of this project is γ-valerolactone (GVL). GVL is an important platform molecule that can be produced from a metal-catalyzed reaction of levulinic acid or ethyl levulinate in the presence of hydrogen. These intermediate molecules can be obtained from hemicellulose and cellulose as shown in Figure 5. GVL is an excellent precursor to many fuels and chemicals that have a high demand in the industry (Figure 6). Upgrading cellulose and hemicellulose to levulinic acid or ethyl levulinate and further upgrading these compounds to GVL is an active area of research that can have an enormous impact on the economics and feasibility of biomass conversion.16,17,28-31 
[image: ]
[bookmark: _Toc513549713]Figure 5: Reaction pathway to produce γ-valerolactone (GVL) from lignocellulosic biomass (hemicellulose and cellulose)16

[image: ]
[bookmark: _Toc513549714]Figure 6: Conversion of biomass (green) to chemicals (orange) and fuels (yellow) from sugars (blue)17 

GVL is a five-carbon cyclic ester that is very stable. There are many ways in which levulinic acid (LA) can be converted into GVL as shown in Figure 7. Hydrogenation of LA produces γ-hydroxyvaleric acid which undergoes dehydration and ring-closure to form GVL.32 In another pathway, LA can be dehydrated to form α-angelica or β-angelica lactone, which can be hydrogenated to produce GVL. However, this pathway produces GVL in lower yields due to coking of the acid catalysts by the lactones.33 In the third pathway, LA can be dehydrated and reacted with an alcohol to form levulinic esters which can be hydrogenated to form hydroxy levulinic esters. This compound undergoes ring-closure via intramolecular transesterification to release GVL and alcohol.34,35 In the last pathway, olefinic acids can undergo ring-closure to also form GVL. These olefinic acids are usually 5-carbon unsaturated acids such as 4-petenoic acids.16,36,37 
Studies have explored the use of both heterogeneous and homogeneous catalysts for this reaction. Ruthenium38 based catalysts showed the most promise in producing GVL at high yields while platinum39 and palladium39 catalysts hydrogenated both LA and GVL, forming side products. Some studies have shown that adding acidity or phosphine ligands to the Ru-based catalysts showed improvement in GVL yields.40,41 However, noble metal catalysts are extremely expensive and may or may not be available in the future. Therefore, it is not feasible to scale-up the process for industrial purposes.16 
Some researchers studied copper-based catalysts, hoping to replace noble metal catalysts; however, they observed a prominent level of sintering, coking, and low selectivity towards GVL.42 While it may be difficult to replace the use of noble metal catalysts, perhaps it will be an important research topic in the future to find alternative catalysts that are cost-effective and will allow the scale-up in the production of GVL.16  
[image: ]
[bookmark: _Toc513549715]Figure 7: Pathways to produce GVL from LA16

[bookmark: _Toc513549658]Ring opening of γ-valerolactone (GVL) to produce pentenoic acids
In one pathway, GVL can undergo ring-opening to produce pentenoic acids in the presence of a heterogeneous acid catalyst. In another pathway, GVL can decarboxylate to produce butene and CO2. The ring-opening could occur on bifunctional catalysts such as Pt/SiO2 on H-ZSM-5, which have both acidic and hydrogenation characteristics. The reaction depends on the acidity and hydrogenation function of the catalyst, thus various ratios of H-ZSM-5 would lead to different yields of pentenoic acids. Having too much metal on the support would excessively hydrogenate GVL to methyl-tetrahydrofuran (mTHF), alkanes, and other alcohols. The catalyst also tends to hydrogenate the pentenoic acids to valeric acid. On a platinum catalyst supported on H-ZSM-5, selectivity of pentenoic acids was as high as 90% under the following reaction conditions: weight hourly space velocity of 2 h-1, 10 bar H2, and 523 K. Despite the use of zeolites, the reaction itself is not structure-selective.30
Bond et al.43 performed microkinetic analysis on the ring opening of GVL to produce pentenoic acids. The study considered the kinetics of the reaction, the interconversion between GVL and pentenoic acids, and the thermochemistry of the compounds on a silica alumina catalyst in the gas phase. The ring opening of GVL and olefinic acids (pentenoic acids) ring closure occurs at the surface of the Bronsted sites via proton-mediated elementary steps.43-45 Figure 8 shows the sequence of proton-mediated elementary steps: 1) ring opening, 2) hydride shift, 3) deprotonation, and 4) decarboxylation. The ring-opening and decarboxylation occur in parallel and are responsible for the observed products.43 
Looking at the mechanism in Figure 8, GVL ring-opening should form a carbenium ion intermediate in the C4 position. Then, through the process of hydride shifts, the intermediates can convert into isomers of pentenoic acids. These isomers can deprotonate to form stable pentenoic acid isomers.43 
Furthermore, in the decarboxylation pathway, 1-butene is the primary product while isobutene is a secondary product. Bond et al.43 suggest that the precursors to the decarboxylation pathways are also the carbenium ion species. When heterolytic cleavage occurs between C1-C2, electron density shifts into C2-C3 while stabilizing the carbenium at C3, producing 1-butene and CO2. These products are responsible in regenerating the Bronsted sites. If the decarboxylation is occurring via a different mechanism on the surface, then 1-butene and 2-butene are probably re-adsorbed and re-protonated due to longer contact times, causing hydride and alkyl shifts, producing various butene isomers.43,44  
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[bookmark: _Toc513549716]Figure 8: Conversion of GVL to pentenoic acids and 1-butene via proton-mediated elementary steps43

The pentenoic acid and valeric acid formed from the GVL ring-opening are important platform molecules for this project. They are not only the building blocks of various chemicals and fuels, but also the future of the biomass. 
[bookmark: _Toc513549659]Motivation and scope of work  
Since heavy hydrocarbon feeds can be used as fuels in their own right, there is a shift to lighter feedstocks in the industry. While this may seem positive, the shift in feedstocks is impacting the production of heavier olefins and diolefins. The industry is not able to keep up with the needs of the growing populations and economy, resulting in soaring prices.5 To satisfy this demand for olefins and diolefins, biomass can be used as an effective alternative source. It is clean, environmentally friendly, abundant, and still an active area of research. However, it can be extremely beneficial in the long run.10,11 
Biomass is composed of cellulose, hemicellulose, and lignin. Hemicellulose is made up of xylose, C5 (pentosan) sugars, and C6 (hexosan) sugars, while cellulose is composed of C6 (hexosan) sugars. After pre-treating and fractionating the biomass, these sugars can be isolated.11-18 Conversion of pentosans and hexosans to γ-valerolactone (GVL) can occur through an acid-catalyzed dehydration and metal-catalyzed hydrogenation reactions.16,17 Through acid catalysis, GVL can undergo ring-opening to produce isomers of pentenoic acids.43 These pentenoic acids can be converted to olefins or diolefins such as butadiene or pentadiene, both of which are petrochemical intermediates used in the industry. 
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[bookmark: _Toc513549717]Figure 9: Motivation of the project

Dr. Jesse Q. Bond and his research team at the Syracuse University, College of Engineering and Computer Science, are working on the GVL ring-opening to produce pentenoic acids. The motivation of the project to convert these pentenoic acids to butadiene (BD) or pentadiene (PD). 
Pentadiene, also known as piperylene, is a five-carbon diolefin. It is typically obtained from ethylene production from crude oil after several extractions, making it an expensive chemical to produce. Similar to BD, this heavier diolefin also has a high demand in the industry because it can be used as a monomer to manufacture adhesives, plastics, and resins. The conjugated system created by alternating double bonds make the molecules such as BD and PD extremely reactive, thus making them valuable commodities in the industry. They can undergo polymerization reactions to form various polymers.4,5,46 
The scope of this project involves efficiently converting the pentanoic acids (PEA) to pentanol using a heterogeneous catalyst in the liquid and gas phase so that they can be dehydrated to form olefins or diolefins. Pentanoic acid (PEA), without the double bond, will be used for cost-saving measures. 
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[bookmark: _Toc513549718]Figure 10: Scope of the project


[bookmark: _Toc513549660]Chapter 2: Enhancing pentanol production rate by cofeeding alcohols in the presence of pentanoic acid in the liquid phase  

[bookmark: _Toc513549661]Abstract 
[image: ]
Tong Mou created this illustration of the concepts covered in this manuscript. 
Due to an increasing energy demand in our society, heavier hydrocarbon feedstocks are being used as fuels in their own right. This shift has caused the petrochemical industry to suffer from a low supply of petrochemical intermediates.5 Biomass can be used to compensate for the low supply of petrochemical intermediates.11 It is composed of cellulose, hemicellulose, and lignin. Hemicellulose is made up of xylose, C5 (pentosan) sugars, and C6 (hexosan) sugars, while cellulose is composed of C6 (hexosan) sugars. After pre-treating and fractionating the biomass, these sugars can be isolated.11-18 Conversion of pentosans and hexosans to γ-valerolactone (GVL) can occur through an acid-catalyzed dehydration and metal-catalyzed hydrogenation reactions.16,17 Through acid catalysis, GVL can undergo ring-opening to produce isomers of pentenoic acids.43 These pentenoic acids can be converted to olefins or diolefins such as butadiene or pentadiene, both of which are petrochemical intermediates used in the industry. This study focuses on converting pentanoic acid, the hydrogenated form of pentenoic acid, to alcohols so they can be dehydrated to produce alkenes and alkynes. 
Direct conversion of carboxylic acids to olefins and diolefins is difficult due to the low electrophilicity of the carbonyl carbon.51,52,72,90-92 This can be intercepted by creating an ester intermediate, which has a lower activation energy than its carboxylic acid counterpart.51 In this study, various molar ratios of alcohols (m-cresol, ethanol, and 1-dodecanol) were cofed with pentanoic acid to increase the pentanol production rate. The basis for this study came from Santiago et al.51 and experiments that compared the yields of pentanol when pentanoic acid was directly injected versus when esters were directly fed. The results of this study indicate that at small molar ratios of alcohol to pentanoic acid, there is a slight enhancement in pentanol production rates due to an efficient production and adsorption of the ester. However, at high molar ratios of alcohol to pentanoic acid, all the species begin to compete for active sites and inhibit the reaction. These results can further be explained by Langmuir-Hinshelwood kinetics at zeroth order saturation conditions. Optimum pentanol production is important in producing alkenes and alkynes efficiently in the future as these can be selectively removed in a biphasic system. 
[bookmark: _Toc513549662]2.1 Introduction 
As the world population is increasing and economies are developing, energy consumption has been escalating despite the limited availability of fossil fuels. In addition, combustion of fossil fuels requires a lot of energy, releases a lot of heat, and increases the emissions of greenhouse gases. Biomass is receiving increasing attention in the energy sector because it is a promising sustainable feedstock.28 Biomass derived energy is clean, environmentally friendly, abundant, and renewable. Biofuels have maximum benefits in that they do not compete with food, do not cause “land grabbing,” and lower greenhouse gas emissions if used correctly.47 They also have less Sulphur content; therefore, SO2 emissions would be lower. They also consist of less nitrogen and ash; thus, the NOx and soot emissions would be lower compared to the combustion of fossil fuels. Since the carbon dioxide released from plants will be recycled into the biomass via photosynthesis, there should also be a carbon dioxide net emission of zero.10,11,28 Despite needing some policy changes to protect the environment, biofuels can be extremely beneficial in the sustainable development of our future.47,48 
Currently in the industry, hydrocarbons feedstocks are used to produce petrochemical intermediates. Biorefining can produce the same petrochemical intermediates except in that biomass is used as an energy source rather than petroleum.28,49,50 Biomass can also be used to compensate for the low supply of petrochemical intermediates caused by the shift towards using lighter hydrocarbon feedstocks as the heavier hydrocarbon feedstocks can be used as fuels in their own right.11 
Lignocellulosic biomass, the most abundant feedstock28, is composed of cellulose, hemicellulose, and lignin. Hemicellulose consists of xylose, C5 (pentosan) sugars, and C6 (hexosan) sugars, while cellulose is composed of C6 (hexosan) sugars. After pre-treating and fractionating the biomass, these sugars can be isolated.11-18 Conversion of pentosans and hexosans to γ-valerolactone (GVL) can occur through an acid-catalyzed dehydration and metal-catalyzed hydrogenation reactions.16,17 Through acid catalysis, GVL can undergo ring-opening to produce isomers of pentenoic acids.43 These pentenoic acids can be converted to olefins or diolefins such as butadiene (BD) or pentadiene (PD), both of which are valued petrochemical intermediates in the industry. For the purposes of cost-saving measures, the experiments in this study utilized pentanoic acid (PEA).  
Direct conversion of carboxylic acids to olefins and diolefins is difficult due to the low electrophilicity of the carbonyl carbon. Their low reactivity is associated with low polarizability of the carbonyl group. The order of polarizability of the carbonyl group in various functional groups is shown in the figure below. 51,52,72,90-92
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[bookmark: _Toc513549719]Figure 11: Order of the polarizability of the carbonyl group from most reactive to least reactive52

An ester can be more reactive than a carboxylic acid based on the -R group attached.52 In addition, Santiago et al.51 performed DFT calculations to obtain activation energies for dissociative adsorption of various carbonyl species on copper supported on silica. Copper is a great metal because it is low in oxophilicity.51,81 It avoids decarbonylation and supports hydrogenation. Acetic acid had a high activation energy of 90-100 kJ/mol while the esters presented a much lower barrier. The barrier for methyl acetate was 70-80 kJ/mol and the barrier for ethyl acetate was 50-60 kJ/mol. Since carboxylic acids require a high activation energy for dissociative adsorption, they are more difficult to adsorb and react on the surface of copper.51 
To reduce carboxylic acids and esters to alcohols, the C-O bond adjacent to the carbonyl group must be cleaved according to the following equation where the R-groups represent different alkyl groups.51
51
Many studies have shown that impregnating hydrogenation metals such as Zn, Co, Ni, Fe, and Cu on oxides such as Cr2O3, ZrO2, V2O5, and WO3, was effective in reducing esters and carboxylic acids to alcohols.51,54-61 Turek et al53 has shown that copper-based catalysts reduce carboxylic acids and esters to alcohols a lot more efficiently than some of the other hydrogenation catalysts.53 
Individual studies regarding hydrogenolysis of monoesters have been performed in the mid to late 1900s. Lazier was the first to propose a copper oxide/zinc oxide catalyst to convert butyl butyrate to butanol. Schmidt proposed the use Ni, Co, and Cu for the reaction conditions: temperature range of 200 ⁰C to 400 ⁰C at atmospheric pressure. Barium-promoted copper chromite was used in several hydrogenolysis studies, and most showed that these catalysts can produce transesterification products. The hydrogenolysis of esters rate increased with increasing size of the -R groups. In addition, a lower rate was observed when the alkoxyl carbon had a methyl group, but a high rate was observed when the second alkoxyl carbon was branched. Overall, copper-based catalysts were shown in literature to be effective in cleaving the C-O bond adjacent to the carbonyl group of esters and carboxylic acids. 
Copper chromite catalyst is one of the most widely used copper-based catalysts.51,62 Adkins-type catalysts such as CuO and copper chromite (CuCr2O4) were discovered in the 1930s.54 These catalysts are still used in the industry to manufacture alcohols even though they exhibit low activity and require harsh operating conditions. This is because their catalytic structure is resistant to the free fatty acids.55 Thus, the composition of these catalysts has remained unchanged since they were discovered.72 In addition, copper supported on silica and Raney copper showed just as much promise as copper chromite in reducing esters.51,63-71 
In this paper, we present results from experiments applying similar concepts from Clayden et al52 and Santiago et al51, that pentanoic acid’s carbonyl carbon has low electrophilicity and polarizability52. The low reactivity of pentanoic acid can be overcome by first converting the carboxylic acid into an ester, which can then be reduced to its corresponding alcohols.51 These alcohols can then be dehydrated to form olefins or diolefins. However, the main goal of this study is to understand the reduction of pentanoic acid to pentanol via an ester intermediate. Reactions were performed in a liquid phase batch reactor and the reaction species were quantified using a gas chromatography equipped with a flame ionization detector (GC-FID). Using the copper chromite catalyst, temperature programmed reduction (TPR), X-ray diffraction (XRD), and transmission electron microscopy (TEM) characterizations were performed. This study will show that forming an ester intermediate with the help of an alcohol, increases the reactivity of the pentanoic acid and enhances the rate of pentanol production. The importance of reducing carboxylic acids to alcohols lies in converting the biomass-derived pentanoic acids to alkenes or alkynes by dehydrating the alcohols. This will be conducted in a biphasic reactor in the future. 
[bookmark: _Toc513549663]2.2 Experimental 
[bookmark: _Toc513549664]2.2.1 Catalyst preparation 
The copper chromite (2CuO ∙ Cr2O3) catalyst was purchased from Sigma Aldrich. It was prepared via the industrial combustion method. 
[bookmark: _Toc513549665]2.2.2 Catalyst characterization 
a. Temperature programmed-reduction (TPR) 
TPR of the catalyst was performed in a custom-made system. A ¼” quartz tube packed with quartz wool and 50.0 mg of copper chromite catalyst was mounted vertically in a furnace. The tube and the sample were purged with nitrogen flow rate of 30 stcm for 30 minutes. After the signal stabilized, a flow rate of 35 sccm (5% hydrogen in argon) was passed through the sample. The thermal conductivity detector (TCD, SRI 110), measured the effluent gas that passed through the sample before entering the TCD. This was analyzed using 35 sccm of 5% hydrogen in argon mixture. The temperature was then ramped to 900 ⁰C at 10 ⁰C/minute.  
b. Transmission electron microscopy (TEM) 
Lawrence Barret performed TEM analysis at the Microbiology Department at OU. 
The catalyst was pre-reduced at 280 ⁰C for 2 hours under 100 stcm of hydrogen. After cooling it down to room temperature, a small sample was dispersed in heptane and sonicated to achieve a uniform suspension. A few drops of the suspension were then placed on TEM grids (polymer-coated copper). The TEM (ZEISS 10 model) was used to take images of the samples.  
c. X-ray diffraction (XRD) 
The XRD analysis was performed by the Geology Department at OU. 
A small amount of fresh copper chromite catalyst was placed flat on a plastic slide. A curved crystal monochromator Rigaku automatic diffractor (model D-Max A) was used to analyze the sample. The equipment utilized 40 kV, 35 mA, and Cu Kα radiation source. 
After reaction, the reaction mixture was filtered via vacuum filtration. The catalyst in the Buchner funnel on the filtered paper was washed with pure acetone multiple times. This catalyst was then removed from the funnel and placed on a plate in an oven. The catalyst was dried over night at 80 ⁰C and then cooled to room temperature before performing the XRD. The above parameters were used to analyze the sample.  
d. Energy-dispersive X-ray spectroscopy (EDX) 
Lawrence Barret performed EDX analysis at the Microbiology Department at OU. 
A small sample of the copper chromite catalyst was pressed against the carbon tape on the stud. NEON ZEISS 40ESB was used to scan the sample for all elements of the periodic table. High, moderate, and low-resolution images were taken at various frames.  
e. Thermogravimetric analysis (TGA)  
Lawrence Barret performed TGA at the Chemical Engineering department at OU. 
This technique was performed using STA 449 F1 Jupiter®, Netzsch and Quadrupole Mass Spectrometer (QMS) 403 C Aeolos®. Approximately 15 mg of copper chromite catalyst was reduced in hydrogen at 400 ⁰C at a heating rate of 3 ⁰C/min. The sample was then cooled down and passivated with nitrous oxide (N2O) at 60 ⁰C under constant flow of 60 mL/min for 4 hours. Afterwards, the sample was heated in hydrogen from 80 ⁰C to 400 ⁰C using the ramp rate of 3 ⁰C/min.  
[bookmark: _Toc513549666]2.2.3 Catalytic activity measurement  
Approximately 100 mg of the copper chromite (2CuO ∙ Cr2O3, Sigma Aldrich) was placed into a 160 mL stainless-steel autoclave vessel (Parr Corporation) along with 60 mL of solvent. The experiments with m-cresol and benzyl-alcohol used n-dodecane (Alfa Aesar, 99.9%) as a solvent. The remainder of the studies used decahydronaphthalene, mixture of cis + trans, (Sigma Aldrich anhydrous, ≥ 99%) as a solvent. The reactor consisted of a pressure gauge, temperature controller, stirring impeller, sampling port, and a feeding cylinder. The catalyst was initially reduced at 280 ⁰C for 2 hours under 300 psig of H2 at a stirring speed of 500 rpm. After reduction, a known concentration of pentanoic acid (Sigma Aldrich, 99%) and a particular molar ratio of alcohol [m-cresol (Sigma Aldrich, 99%), ethyl-alcohol (Sigma Aldrich, 200 proof, anhydrous, ≥ 99.5%), benzyl-alcohol (Sigma Aldrich anhydrous, 99.8%), or 1-dodecanol (Sigma Aldrich, 99%)] were diluted in the solvent and fed into the reactor with an additional 150 psi of H2 at 250 ⁰C. The reaction was run at 250 ⁰C for 1 hour under 500 rpm stirring speed. After the reaction, the reactor was cooled to 15 ⁰C using an ice bath. A 10 mL liquid sample from each experiment was filtered and mixed with 50.0 mg of Phenol (Sigma ACS reagent, ≥ 99.0%), an internal standard. The reactants and products were quantified in a gas chromatography with flame ionization detector (Agilent GC-FID) equipped with a ZB-5 column (Agilent, 60 m x 250 μm x 0.25 μm). Mass spectrometry (Shimadzu) was used for liquid products identification. Another mass spectrometry that was custom-built was used to identify gaseous products, which were negligible for these experiments.  
[bookmark: _Toc513549667]2.3 Results and discussion 
[bookmark: _Toc513549668]2.3.1 Catalyst characterization results 
In order to find the reduction temperature of copper chromite, temperature programmed reduction (TPR) was performed. Results are shown in Figure 12. The bulk CuO is expected to reduce between 200-300 ⁰C73. For the reaction conditions used in this study, at 280 ⁰C, 300 psig H2, 2 hours, a complete reduction of copper must have occurred. 

[bookmark: _Toc513549720]Figure 12: Temperature programmed reduction (TPR) of the copper chromite

Transmission electron microscopy (TEM) was performed to calculate the copper particle diameters after reduction. However, the results showed extreme sintering of the copper particles and were not viable to calculate particle diameters. 
To further confirm that under reaction conditions, there will be a complete reduction of copper, X-ray diffraction (XRD) analysis was performed. It was also done to understand the crystalline nature of the catalyst and the size of the copper particles in copper chromite. The resulting peaks in Figure 13 were identified according to XRD data obtained from literature.74,78,79 The metallic copper peaks significantly increase in height after reduction and reaction, suggesting that there is a low dispersion and that the catalytic particles are not stable under reaction conditions. Therefore, the metallic copper particle size is higher due to sintering. Cu2+ from CuO peak disappeared after reaction, suggesting that CuO was no longer present in the active phase of the reaction and does not play a role. Because there is a large amount of metallic copper (due to sintering, etc.) at high particle diameters, this is likely the active site. More calculations are necessary to determine the exact plane where the reaction is taking place. However, planes (111) and (400) can be identified in Figure 13 according to literature74,78,79.  
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[bookmark: _Toc513549721]Figure 13: The X-ray diffraction data for the copper chromite samples: 1 - fresh copper chromite, 2 - spent catalyst after reaction

Applying the Scherrer equation (1)75: 
					    (1)
Where,  (dimensionless shape factor) = 0.89,  (X-ray wavelength) = 0.1542 nm,  (line broadening at half the maximum intensity) = 0.680⁰, 2θ (Bragg angle) = 43.356⁰, the metallic copper particle diameter was calculated to be 12.44 nm. This value is comparable to the value accepted in literature (13.3 nm).76    
Many commercial copper chromite catalysts were known to have promoters such as barium.77,79 Thus, an energy-dispersive X-ray spectroscopy (EDX) was performed to scan for various elements, impurities, or promoters in the sample for further confirmation. The results are shown below. 
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[bookmark: _Toc513549722]Figure 14: Energy-dispersive X-ray spectroscopy (EDX) of copper chromite

The copper chromite consists of 41 wt.% Cu, 29 wt.% Cr, and 28 wt.% O. Thus, the EDX further proved that the activity of the catalyst is only related to the copper and chromium mixed oxides present in the sample.  
[bookmark: _Hlk513547456]The TGA results for copper chromite were not viable in calculating particle diameters. Our current experimental conditions must be altered because the weight loss of the sample showed a very high dispersion of copper particles with extremely low particle diameters. It is likely that the nitrous oxide may have penetrated deeper than simply the surface layer of the sample. Perhaps if the nitrous oxide was diluted and the passivation time was decreased, it would lead to more realistic results. 
[bookmark: _Toc513549669]2.3.2 Catalytic results and discussion 
According to Clayden et al52 and Santiago et al51, esters are more reactive than carboxylic acids.72,90-92 To confirm this theory, same concentrations of esters and carboxylic acids were fed into a batch reactor in the presence of copper chromite catalyst. Reaction pathways are shown in Figures 15 & 16. 
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[bookmark: _Toc513549723]Figure 15: Reaction pathway showing the reduction of pentanoic acid, 3-methylphenyl valerate, and pentyl pentanoate to pentanol
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[bookmark: _Toc513549724]Figure 16: Reaction pathway showing the reduction of pentanoic acid, ethyl-valerate, and pentyl-pentanoate to pentanol
Ester and water are formed when a carboxylic acid reacts with an alcohol. Although m-cresol is considered a phenolic compound, it still consists of an alcoholic -OH group, which is the functional group of interest for the purposes of these studies. Pentanoic acid can be reduced directly to form pentanol or can go through an ester intermediate, pentyl-pentanoate, which then reduces to form two moles of pentanol (Figures 15 & 16). Pentyl-pentanoate can be formed when pentanoic acid ester reacts with pentanol that is produced from the reduction of the acid or the ester. In the presence of excess ethanol, pentanoic acid reacts with it to form ethyl-valerate ester (Figure 16). This ester can be reduced to form one mole ethanol and one mole of pentanol. Pentyl-pentanoate ester is also formed as a side product which can further be reduced to form two moles of pentanol. 

[bookmark: _Toc513549725]Figure 17: Yield of pentanol product on copper chromite catalyst using various feeds. Reduction: 100 mg 2CuOּּ∙Cr2O3 at 280 ⁰C under 300 psi H2 for 2 hrs. Reaction: 250 ⁰C for 2 hrs under 450 psi H2. Feeds include: 0.421 M Ethyl-Valerate, 0.453 M Pentanoic Acid + excess ethanol (1:5 molar ratio), 0.424 M Pentanoic Acid, and 0.465 M Pentyl-Pentanoate

After reducing the copper chromite catalyst, initial experiments were performed using various feeds of 0.4 M of pentanoic acid (PEA), ethyl-valerate (EV), pentyl-pentanoate (PP), and pentanoic acid with excess ethanol (1:5 molar ratio). The yields and rate of formation of pentanol are shown in Figures 17 & 18 respectively. Selectivity and a complete distribution of products are shown in Figures 46 & 47. The carbon balances for the following reactions with respect to the pentanoic acid are above 90%. Conversion of reactants are the following: ethyl valerate (14%), pentanoic acid (9%), pentanoic acid with excess ethanol (100%), and pentyl pentanoate (4%).

[bookmark: _Toc513549726]Figure 18: Rate of formation of pentanol on copper chromite catalyst using various feeds. Reduction: 100 mg 2CuOּּ∙Cr2O3 at 280 ⁰C under 300 psi H2 for 2 hrs. Reaction: 250 ⁰C for 2 hrs under 450 psi H2. Feeds include: 0.421 M Ethyl-Valerate, 0.453 M Pentanoic Acid + excess ethanol (1:5 molar ratio), 0.424 M Pentanoic Acid, and 0.465 M Pentyl-Pentanoate

Reduction of ethyl-valerate ester and pentyl-pentanoate ester produced a higher yield of pentanol (7% and 4% respectively) compared to the reduction of PEA alone or PEA with excess ethanol. This further proves the theory that carboxylic acids have a high activation energy and a low degree of reduction to produce alcohols compared to the esters51,52. 
Although we observe a 100% conversion of PEA in the presence of excess ethanol, a high yield of ethyl-valerate is produced (not shown in the figure), while a very small amount of the ethyl-valerate reduces to ethanol and pentanol. This may be because ethanol adsorbs more strongly onto copper than the ethyl-valerate ester. Ethanol has a high heat of adsorption on copper, 140 kJ/mol.51 Perhaps the copper surface is saturated with alcohol, while slowly reacting with pentanoic acid or ethyl-valerate. When only PEA is fed, there is a high yield of pentyl-pentanoate. Pentyl-pentanoate accumulates because its rate of formation is higher than its rate of reduction to pentanol. However, its rate of reduction to pentanol occurs at a much faster rate than pentanoic acid converting to pentanol. When only ethyl-valerate is fed, there is a high yield of pentanol. Cleaving the C-O bond adjacent to the carbonyl group should release one mole of ethanol and one mole of pentanol for every ethyl-valerate converted. The carbon yields are not equivalent in Figure 46 due to the volatile nature of ethanol going from the reaction mixture to analysis.  Pentanol is produced in the yields of 4% when PP is fed alone. The difference in yields of pentanol when EV or PP were fed is due to the type of -R group attached to the ester. Having a bulky hydrocarbon chain, such as C5 in the case of PP, reacts at a much slower rate than having a light hydrocarbon chain, C2, in the case of EV. Therefore, the size of the molecule and the type of -R group attached to the ester are extremely important in converting to alcohols. From Figure 18, we can conclude that the rate of formation of pentanol from pentanoic acid is much smaller than the rate of pentanol produced from the esters. Therefore, if a small amount of alcohol is added to pentanoic acid, this can create a slight enhancement in pentanol production rates. To test this hypothesis, various conditions were tested as shown in Figure 19. 


[bookmark: _Toc513549727]Figure 19: Rate appearance of products when 0.1 M PEA is cofed with various molar ratios of water (H2O), glycerol, m-cresol, and ethanol (EtOH) in decalin solvent. Reduction: 100 mg 2CuOּּ∙Cr2O3 at 280 ⁰C under 300 psi H2 for 2 hrs. Reaction: 250 ⁰C for 1 hr under 450 psi H2. Carbon balances wrt PEA: >90%.

According to the data presented in Figure 19, water inhibits the reaction rate. While m-cresol slightly enhanced the reaction rate, glycerol had no effect. It was difficult to quantify the amount of glycerol converted due to its incompatibility in the GC-FID column. Adding water in the presence of excess ethanol inhibited the reaction rate even more. Thus, to further investigate the role of esters in the pentanol production rates, various molar ratios of alcohol was added to PEA feed. The results are shown in Figure 20. For a clear understanding of the pentanol appearance rates presented in Figure 20, yields of products as well as conversion of the reactants are presented in the Figures 48-50. 

[bookmark: _Toc513549728]Figure 20: Rate appearance of pentanol when 0.103 M Pentanoic Acid (PEA) is co-fed with various molar ratios of ethanol and 1-dodecanol in decalin solvent, and m-cresol in n-dodecane solvent. Reduction: 100 mg 2CuOּּ∙Cr2O3 at 280 ⁰C under 300 psi H2 for 2 hrs. Reaction: 250 ⁰C for 1 hr under 450 psi H2. Carbon balances with respect to PEA: >90%.

Reaction pathways are shown in Figures 15, 16, & 21. As seen in Figure 20, there is an enhancement in pentanol production rates when different molar ratios of alcohols were added compared to when there was no alcohol. Each achieve an optimum pentanol yield at various molar ratios, depending on the type of alcohol. After attaining the optimum, the rate of pentanol formation decreases as the molar ratios of alcohol to PEA are further increased. 
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[bookmark: _Toc513549729]Figure 21: Reaction pathway showing the reduction of pentanoic acid, dodecyl-valerate, and pentyl-pentanoate to pentanol

Under the reaction conditions shown in Figure 20, the PEA is in a zeroth order regime where the reaction rate does not vary with changing reactant concentrations.82 When only pentanoic acid is fed into the reactor, without the presence of alcohol, pentanol and pentyl-pentanoate are produced. Therefore, the reaction rate in Figure 22 only accounts for the conversion of PEA producing these products. In the case of zeroth order, the surface of the catalyst is always saturated with pentanoic acid regardless of the concentration of pentanoic acid fed into the reactor. 

[bookmark: _Toc513549730]Figure 22: Zeroth order regime with respect to pentanoic acid

                              82                                      (2)
In Equation (2), rate (reaction rate) is equivalent to k (reaction rate coefficient) usually in the units of mol/L*min. 82 The slope in Figure 22 represents the reaction order, which is zero. Since we know the reaction rate at various PEA concentrations, we can estimate the reaction rate coefficient of PEA using the graph presented in Appendix Figure 51. The average rate of disappearance of PEA is equivalent to the reaction rate constant, k, 0.0032 mol/L*gcat*min. The same analysis procedure was followed as Figure 22 but at a higher reaction temperature of 280 ⁰C by feeding different concentrations of PEA. These experiments were useful in calculating the activation energy for PEA converting to pentanol and PP. Reaction rates r1 and r2 are equivalent to the reaction rate constants k1 and k2. Applying the Arrhenius equation for zeroth order conditions82: 
				    (3)
Where,  (reaction temperature) = 250 ⁰C = 523 K,  (reaction temperature) = 280 ⁰C = 553 K,  (reaction rate at ) = 0.0032 mol/L*gcat*min,  (reaction rate at ) = 0.0081 mol/L*gcat*min, and R (ideal gas constant) = 8.314 J/mol*K. 
The pre-exponential factor, , can be estimated by applying the following equation82: 
				    (4)
Where, the pre-exponential factor  has the same units as the reaction rate constant  (mol/L*gcat*min). The following table summarizes an approximation of the rate constants and activation energy. 
	Parameters
	T1 = 250 ⁰C
	T2 = 280 ⁰C

	k (mol/L*gcat*min)
	0.0032
	0.0081

	A (mol/L*gcat*min)
	87,912
	87,852

	Ea (kJ/mol) 
	74.48



[bookmark: _Toc513549706]Table 2: Summary of PEA parameters, reaction rate constant (k) and activation energy (Ea) for PEA  pentanol + pentyl-pentanoate

To understand the general trend that is seen in Figure 20, we can model the zeroth order saturation kinetics using a Langmuir-Hinshelwood model. This model has the following assumptions: 1) all surface sites are identical 2) one adsorbate per site 3) no adsorbate-adsorbate interactions 4) equilibrium between surface and gas phase species.82 Using the procedure outlined in Chapter 10, the subsequent rate equations can be obtained.82 At low molar ratios of alcohol to PEA (low coverage), the rate of pentanol formed from PEA is given by: 
				    (5)
At saturated zeroth order conditions, this reduces to  calculated in Table 2. The rate of ester formed from PEA and alcohol is given by: 
			    (6)

The rate of pentanol formed from reducing the above ester is given by: 
				    (7)
Very small amounts of added alcohol create an ester (6) that decomposes to produce pentanol (7). Since the rate production of ester will not be dominating at low feeds of alcohol, the rate of pentanol produced will increase until it plateaus. The plateau or the optimum will occur when the coverage is the highest of all the species and has enough molecules to convert. This optimum is seen in Figure 20 for all added alcohols. 
After the optimum number of ester molecules are cleaved, at higher molar ratios of alcohols/PEA, more molecules will begin to compete for sites as shown in Equations (8), (9), and (10). At intermediate to high molar ratios of alcohol to PEA (high coverage), assuming the rate-liming step is the decomposition of PEA, the rate of pentanol formed from PEA is given by: 
                (8)

Rate of formation of the ester is given by:
                   (9)

Assuming the rate-liming step is the decomposition of the ester, the rate of pentanol formed from the ester is given by:
           (10)

Considerable amounts of added alcohol create an ester (9) that decomposes to produce pentanol (10); however, the high concentration of alcohol in the denominator begins to inhibit the reaction rate by competing with the ester for active sites. Producing more ester may not necessarily be advantageous because it leads to creation of more water, which will also compete for sites and lower the reaction rate. Any addition of the species in the denominator will further lower the rate of pentanol produced due to a competition for active sites. Looking at Equations 8 and 10, <  because pentanoic acid reacts slower (yields less pentanol) than esters (high yield of pentanol) as seen in Figures 17 and 18. The rate constant of ester formation (9) is expected to be faster than the decomposition of PEA to pentanol: < . The rate of formation of the ester may or may not be faster than its decomposition as it depends on the -R group that is attached to the alcohol. 
Both m-cresol/PEA and 1-dodecanol/PEA reach an optimum in pentanol production at a molar ratio of 0.1 compared to EtOH/PEA molar ratio of 0.2 (Figure 20). The shifts in these optimums are possibly due to the following: 1) the equilibrium adsorption constants of one ester is larger than the other, and/or 2) one ester competes more strongly for active sites compared to the other. 
Expanding on the first reason, the equilibrium adsorption constants can play a vital role in understanding these shifts in optimum pentanol production rates. The 3-methylphenylvalerate has a bulky aromatic -R group and dodecyl-valerate has a long 12C -R group compared to the ethyl-valerate’s short 2C chain. In the case of m-cresol, the 3-methylphenylvalerate ester adsorbs on the metallic copper surface at the carbonyl oxygen, the oxygen adjacent to the carbonyl, and the aromatic ring.80 If the m-cresol was hydrogenating, the aromatic ring will adsorb flat on the surface and will adsorb more strongly than alkanols.80 However, hydrogenation products are never seen for these reactions, suggesting that m-cresol does not adsorb flat on the surface. It may still have a high equilibrium adsorption constant compared to ethanol. This leads to the weakening of the C-O bond adjacent to the carbonyl group. The cleavage of this group yields pentanol and m-cresol. Dodecyl-valerate adsorbs at the carbonyl oxygen and the oxygen adjacent to the carbonyl group. However, it has an extremely long -R group that donates electrons at a much larger extent compared to 3-methylphenylvalerate. Thus, shifting its optima to the left. In the case of ethanol, the ethyl-valerate ester adsorbs on the metallic copper surface at the carbonyl oxygen and the oxygen adjacent to the carbonyl. However, the 2C -R group does not weaken the C-O bond to the same extent as 3-methylphenylvalerate or dodecyl-valerate. Thus, the C-O bond adjacent to the carbonyl group is not as weakened and it is cleaved at a slower rate. Therefore, the equilibrium adsorption constants are expected to have the following trends: . Since dodecyl-valerate adsorbs more strongly and has a higher , the optimum pentanol production rate occurs at a much lower dodecanol concentration compared to other alcohols. Because ethyl-valerate adsorbs less strongly, the optimum pentanol rate shifted to the right. 
It was suggested that the strength of the bond formed between the alkoxy group (RO-) and the surface of the catalyst depends on the type of -R group attached. This is because the -R group can affect the electron density of the oxygen atom and/or contribute to the steric hindrance of the molecule, which can influence reaction rates. The O-Cu chemisorption bond length increases as the electron-withdrawing properties of the -R group increases. Thus, their adsorption energy decreases. The aromatic ring in the 3-methylphenylvalerate donates electron density to the alkoxy oxygen and makes the Cu-O bond strong, increasing the adsorption. Ethyl-valerate donates electrons at a smaller extent, so the Cu-O bond is weaker with lower adsorption constant. The data further suggests that dodecyl-valerate donates electrons at a larger extent compared to 3-methylphenylvalerate or ethyl-valerate, so the Cu-O bond is the strongest with the highest adsorption constant.89 
Expanding on the second reason, some of the esters may compete more strongly with the species compared to other esters depending on how quickly they are made (9). The 3-methylphenylvalerate ester is difficult to make compared to the ethyl-valerate ester due to steric hindrance. Also, the dodecyl-valerate ester is the most difficult to make due to its long hydrocarbon chain. The faster the reaction rate to produce the ester, the more it will build up in the system. This is further supported by the figure below.

[bookmark: _Toc513549731]Figure 23: Rate appearance of esters when 0.103 M Pentanoic Acid (PEA) is co-fed with various molar ratios of ethanol and 1-dodecanol in decalin solvent, and m-cresol in n-dodecane solvent. Reduction: 100 mg 2CuOּּ∙Cr2O3 at 280 ⁰C under 300 psi H2 for 2 hrs. Reaction: 250 ⁰C for 1 hr under 450 psi H2. Carbon balances with respect to PEA: >90%.

Figure 23 suggests that . Results from Figure 23 and the reaction rate constants correlate with the results seen in Figure 20. Dodecyl-valerate reduction to pentanol is slow because the ester itself is produced at a slower rate. 
Similar experiments were also performed using benzyl alcohol (BA) and it produced a high yield of pentanol with increasing molar ratios of BA. However, the carbon balances for these reactions were not reasonable and therefore the results were omitted from Figures 20 and 23. 
[bookmark: _Toc513549670]2.3.3 Equilibrium test 
To test if the data collected in Figures 20 and 23 are true enhancements in pentanol production rates, equilibrium tests were performed. The reaction was run for 2 hours when no alcohol was present using the conditions: 0.103 M Pentanoic Acid (PEA) in decalin solvent, reduction: 100 mg 2CuOּּ∙Cr2O3 at 280 ⁰C under 300 psi H2 for 2 hrs, reaction: 250 ⁰C under 450 psi H2. Carbon balances with respect to PEA: >90%. The results are below:  
	Rxn time (min)
	Conversion/Yield (%)
	Rates (mol/L*gcat*min)

	
	PEA Converted
	Pentanol 
	Pentyl-Pentanoate 
	PEA disappeared
	Pentanol 
	Pentyl-Pentanoate

	60
	18.52%
	10.44%
	1.89%
	-0.00317
	0.001787
	0.00016

	120
	34.52%
	34.52%
	5.92%
	-0.00297
	0.002022
	0.00026


[bookmark: _Toc513549707]Table 3: Results at longer reaction times when no alcohol was present
Since the conversion of PEA and yields of products nearly doubled at twice the reaction times, it is very likely that the data collected is a true representation of increase in pentanol production rates. In other words, the enhancements are not caused by equilibrium. In addition, the rate of pentanol produced at twice the reaction time is still less than when a small amount of alcohol is added. Thus, the addition of alcohols increased the pentanol rate by almost two-folds. 
[bookmark: _Toc513549671]2.3.4 Effect of water on the hydrogenation of PEA and esters to alcohols   
Figures 54 & 55 show the effect of water on pentanol production rates when only PEA is fed into the reactor. At molar ratios of water to PEA below 0.8, water slightly enhanced the reaction rate. At higher molar ratios of water to PEA, water inhibited the reaction rate as modeled by equations 8-10. 
To investigate the effect of water when alcohols are cofed with PEA, 200 mg of copper chromite was initially reduced at 280 ⁰C for 2 hours under 300 psi of H2. The reduction process is expected to produce approximately 0.0232 mL of water. In one case after reduction, the reactor was cooled down to 100 ⁰C and purged with N2 to remove the water. At this temperature, all the water is expected to be in the gas phase according to the bubble point calculations using Clausius-Clapeyron equation83. In another case, water was not removed after reduction. The reactions in both cases were carried out normally at 250 ⁰C, 1 hour, under 450 psi of H2. The resulting product distributions are shown below. 

[bookmark: _Toc513549732]Figure 24: Effect of water on product distributions at 0.33 molar ratio of EtOH to PEA

Keeping the water in the system slightly lowered the pentanol yield. This is because water tends to occupy the active sites and prevent the reactants from reacting. It has an inhibitory effect as discussed above. Ethyl-valerate yield is lower after removing the water. This is possibly due to that fact that water is no longer present in the system, so more of it is reacting on the catalyst surface to produce pentanol. As a result, we see an increase in pentanol yield when water is removed from the system. 
[bookmark: _Toc513549672]2.3.5 Mechanism and location of the active site  
There have been several studies regarding carboxylic acid and ester hydrogenolysis to alcohols. Previous literature indicates that the esters adsorb dissociatively on to the metallic copper surface.11,51,53,84 

Here, * is the catalytic site on the surface of the catalyst. The alkoxy fragment reacts quickly to form R’OH while the acyl group, RCO*, is adsorbed longer.69 Therefore, the rate-limiting step is the hydrogenation of the adsorbed acyl group during ester hydrogenolysis.53 Furthermore, this acyl group can either be hydrogenated directly to form an alcohol or it could form an aldehyde intermediate that can be hydrogenated to form the alcohol.84,85 However, the aldehyde intermediate may not be observed after the reaction because it reacts three times more faster than any of the acids or esters, especially at higher pressures.70 This supports my results as none of my products were identified as aldehydes by the mass-spectrometry. Isotopic labeling and in-situ infrared spectroscopy studies further concluded that esters are adsorbed dissociatively onto the catalyst surface.68,69 Using this theory as a basis70,71,84,85, many other researchers afterwards were able to successfully explain their results regarding the ester hydrogenolysis.51,86 Thus, it became established that the mechanism for ester hydrogenolysis requires dissociative adsorption of the species. 
Some groups also hypothesized that the mechanism for reduction of ester to alcohols may go through a hemiacetal intermediate.84,87 However, Mutzall and van den Berg88 were unable to confirm this intermediate under a wide range of reaction conditions, concluding that it is not possible for this intermediate to occur. 
Turek et al.53 and Santiago et al.51 suggest that the reduction of carboxylic acids and esters happen mostly on the metallic copper particles. The amount of Cu2+ or Cu+ does not affect the reaction rates. According to my results and literature, it is likely that the active site for this reaction is most likely on the metallic copper of the copper chromite; however, more studies are needed to verify this claim. See Figure 13 for XRD results. In addition, this was further tested by impregnating various weight loadings of copper on different oxide supports. The activity of all the catalysts were low and not many achieved the high yields of pentanol on copper chromite. However, they all showed some form of activity including in the case of Cu/SiO2, which further supports the evidence indicated by Turek et al.53 and Santiago et al.51 that metallic copper is the active site. 
Zhang et al.89 also proposed a mechanism of hydrogenolysis of amino acid esters on copper-based catalysts via an aldehyde intermediate. This mechanism is redrawn to propose the reaction mechanism for this research using pentanoic acid acyl group and an alcohol alkoxy group in Figure 25. The first step requires the adsorption of the ester, formed from feeding PEA and various alcohols, onto the catalyst surface. The carbonyl oxygen and alkoxy oxygen are adsorbed onto Cu using their lone pair of electrons.89  


[bookmark: _Toc513549733]Figure 25: Proposed mechanism for the reduction of esters to alcohols89

The second step requires the dissociation of hydrogen to activated H. Then, this H attacks the carbonyl group (3) and weakens its bond, further weakening the C-O bond adjacent to the carbonyl group. The C-O bond is cleaved by reacting with activated H (4) and this forms an intermediate aldehyde. The alkoxy alcohol is desorbed and then the aldehyde is further hydrogenated (5). The aldehyde converts to an alcohol and desorbs, regenerating the active sites on the catalyst surface (6).89 
The role of Cr2O3 is interesting to postulate because when various loadings of copper were prepared on different oxide supports, none of them had the same high activity as the copper chromite. While it is common to think that there may be promoters present in this sample, the EDX in Figure 14 proved that this was not the case. Therefore, it is possible that the Cr2O3 may play a role in increasing the adsorption strength of the esters and PEA, but this needs to be confirmed with more studies. Perhaps, Cr may even be playing a role in increasing the dispersion of Cu, so it can adsorb or dissociate hydrogen more effectively. It is also possible that Cr is simply decorating the sintered copper particles and allows the ester formation to occur more efficiently before passing the ester to the copper. Regardless, more studies need to be performed to find the role of chromia in copper chromite. 
[bookmark: _Toc513549673]2.4 Conclusion 
Cofeeding small amounts of alcohols with pentanoic acid (PEA) accelerated the rate of pentanol produced. This is because the esters formed from these cofeeds have a much lower activation energy compared to carboxylic acids (PEA) alone.51,52,72,90-92 While smaller molar ratios of alcohols to PEA accelerated the rate, high molar ratios had the opposite effect due to inhibition and species competing for sites. The results can be explained by using Langmuir-Hinshelwood kinetics and the competition for sites at zeroth order saturation conditions. Excessive amounts of water, alcohol, and heavy esters have an inhibitory effect. The reaction rate constants in Equations (8), (9), and (10) are expected to have the following trends: <   , where  is for PEA  pentanol,  is for the formation of ester, and  is for ester  pentanol. The equilibrium adsorption constants are expected to have the following trends: . The rate constants for ester formations are expected to have the following trends: . From equilibrium tests, it was proved that the enhancements observed in pentanol production rates are kinetic in nature and are not measured at equilibrium. Overall, it was possible to accelerate pentanol production rates with small addition of alcohol to the pentanoic acid feed on a copper chromite catalyst. 
[bookmark: _Toc513549674]2.5 Future Directions
More experiments are required to understand what is happening between the data points collected in Figure 25. Furthermore, the role of the Cr2O3 in the mixed oxide copper chromite catalyst should be investigated in detail to understand the mechanism of this reaction. More studies need to be performed to verify that the metallic copper is the active site and that it is formed through an aldehyde intermediate. For strong support to explain the trends seen in Figure 25, DFT studies may be necessary to find the reaction rate constants and equilibrium adsorption constants to generate a working kinetic model.   
Enhancing the pentanol production rates is just the beginning of this project. Future outlooks include modifying the liquid phase batch reactor to accommodate biphasic reactions. A biphasic reactor can be utilized to selectively remove pentanol from the oil phase as it is produced to increase the yield of pentanol even more. In the future, this pentanol will be dehydrated to form pentadiene to satisfy the goal of this project. 

[bookmark: _Toc513549675]Chapter 3: Enhancing propanol production rate by cofeeding alcohols in the presence of propionic acid in the gas phase  

[bookmark: _Toc513549676]Abstract 
Due to an increasing energy demand in our society, heavier hydrocarbon feedstocks are being used as fuels in their own right. This shift has caused the petrochemical industry to suffer from a low supply of petrochemical intermediates.5 Biomass can be used to compensate for this low supply of petrochemical intermediates.11 It is composed of cellulose, hemicellulose, and lignin. Hemicellulose is made up of xylose, C5 (pentosan) sugars, and C6 (hexosan) sugars, while cellulose is composed of C6 (hexosan) sugars. After pre-treating and fractionating the biomass, these sugars can be isolated.11-18 Conversion of pentosans and hexosans to γ-valerolactone (GVL) can occur through an acid-catalyzed dehydration and metal-catalyzed hydrogenation reactions.16,17 Through acid catalysis, GVL can undergo ring-opening to produce isomers of pentenoic acids.43 These pentenoic acids can be converted to olefins or diolefins such as butadiene or pentadiene, both of which are petrochemical intermediates used in the industry. This study focuses on converting propanoic acid, a model molecule to mimic the behavior of pentanoic acid, to propanol so it can be dehydrated to produce propene and/or propyne. This is a continuation of the previous study, but this study mainly focuses on studying the effect of partial pressures of propionic acid on the propanol production rate while cofeeding alcohol in the gas phase.
Direct conversion of carboxylic acids to olefins and diolefins is difficult due to the low electrophilicity of the carbonyl carbon.51,52,72,90-92 This can be intercepted by creating an ester intermediate, which has a lower activation energy than its carboxylic acid counterpart.51 In this study, 1-butanol was cofed with propionic acid to increase the propanol production rate. The results of this study indicate that there is a slight enhancement in propanol production rate due to an efficient production and adsorption of the ester when 1-butanol was injected. 
[bookmark: _Toc513549677]3.1 Introduction 
As the world population is increasing and economies are developing, energy consumption has been escalating despite the limited availability of fossil fuels. In addition, combustion of fossil fuels requires a lot of energy, releases a lot of heat, and increases the emissions of greenhouse gases. Biomass is receiving increasing attention in the energy sector because it is a promising sustainable feedstock.28 Biomass derived energy is clean, environmentally friendly, abundant, and renewable. Biofuels have maximum benefits in that they do not compete with food, do not cause “land grabbing,” and lower greenhouse gas emissions if used correctly.47 They also have less Sulphur content; therefore, SO2 emissions would be lower. They also consist of less nitrogen and ash; thus, the NOx and soot emissions would be lower compared to the combustion of fossil fuels. Since the carbon dioxide released from plants will be recycled into the biomass via photosynthesis, there should also be a carbon dioxide net emission of zero.10,11,28 Despite needing some policy changes to protect the environment, biofuels can be extremely beneficial in the sustainable development of our future.47,48 
Currently in the industry, hydrocarbons feedstocks are used to produce petrochemical intermediates. Biorefining can produce the same petrochemical intermediates except in that biomass is used as an energy source rather than petroleum.28,49,50 Biomass can also be used to compensate for the low supply of petrochemical intermediates caused by the shift towards using lighter hydrocarbon feedstocks as the heavier hydrocarbon feedstocks can be used as fuels in their own right.11 
Lignocellulosic biomass, the most abundant feedstock28, is composed of cellulose, hemicellulose, and lignin. Hemicellulose consists of xylose, C5 (pentosan) sugars, and C6 (hexosan) sugars, while cellulose is composed of C6 (hexosan) sugars. After pre-treating and fractionating the biomass, these sugars can be isolated.11-18 Conversion of pentosans and hexosans to γ-valerolactone (GVL) can occur through an acid-catalyzed dehydration and metal-catalyzed hydrogenation reactions.16,17 Through acid catalysis, GVL can undergo ring-opening to produce isomers of pentenoic acids.43 These pentenoic acids can be converted to olefins or diolefins such as butadiene (BD) or pentadiene (PD), both of which are valued petrochemical intermediates in the industry. For the purposes of reaction conditions in the gas phase, the experiments in this study utilized propanoic acid, a light model molecule to mimic the behavior of pentanoic acid, so that it does not plug the reactor lines.  
Direct conversion of carboxylic acids to olefins and diolefins is difficult due to the low electrophilicity of the carbonyl carbon. Their low reactivity is associated with low polarizability of the carbonyl group. The order of polarizability of the carbonyl group in various functional groups is shown in the figure below. 51,52,72,90-92
[image: ]
[bookmark: _Toc513549734]Figure 26: Order of the polarizability of the carbonyl group from most reactive to least reactive52

An ester can be more reactive than a carboxylic acid based on the -R group attached.52 In addition, Santiago et al.51 performed DFT calculations to obtain activation energies for dissociative adsorption of various carbonyl species on copper supported on silica. Copper is a great metal because it is low in oxophilicity.51,81 It avoids decarbonylation and supports hydrogenation. Acetic acid had a high activation energy of 90-100 kJ/mol while the esters presented a much lower barrier. The barrier for methyl acetate was 70-80 kJ/mol and the barrier for ethyl acetate was 50-60 kJ/mol. Since carboxylic acids require a high activation energy for dissociative adsorption, they are more difficult to adsorb and react on the surface of copper.51 
To reduce carboxylic acids and esters to alcohols, the C-O bond adjacent to the carbonyl group must be cleaved according to the following equation where the R-groups represent different alkyl groups.51
51
Many studies have shown that impregnating hydrogenation metals such as Zn, Co, Ni, Fe, and Cu on oxides such as Cr2O3, ZrO2, V2O5, and WO3, was effective in reducing esters and carboxylic acids to alcohols.51,54-61 Turek et al53 has shown that copper-based catalysts reduce carboxylic acids and esters to alcohols a lot more efficiently than some of the other hydrogenation catalysts.53 
Individual studies regarding hydrogenolysis of monoesters have been performed in the mid to late 1900s. Lazier was the first to propose a copper oxide/zinc oxide catalyst to convert butyl butyrate to butanol. Schmidt proposed the use Ni, Co, and Cu for the reaction conditions: temperature range of 200 ⁰C to 400 ⁰C at atmospheric pressure. Barium-promoted copper chromite was used in several hydrogenolysis studies, and most showed that these catalysts can produce transesterification products. The hydrogenolysis of esters rate increased with increasing size of the -R groups. In addition, a lower rate was observed when the alkoxyl carbon had a methyl group, but a high rate was observed when the second alkoxyl carbon was branched. Overall, copper-based catalysts were shown in literature to be effective in cleaving the C-O bond adjacent to the carbonyl group of esters and carboxylic acids. 
Copper chromite catalyst is one of the most widely used copper-based catalysts.51,62 Adkins-type catalysts such as CuO and copper chromite (CuCr2O4) were discovered in the 1930s.54 These catalysts are still used in the industry to manufacture alcohols even though they exhibit low activity and require harsh operating conditions. This is because their catalytic structure is resistant to the free fatty acids.55 Thus, the composition of these catalysts has remained unchanged since they were discovered.72 In addition, copper supported on silica and Raney copper showed just as much promise as copper chromite in reducing esters.51,63-71 
In this paper, we present results from experiments applying similar concepts from Clayden et al52 and Santiago et al51, that propionic acid’s carbonyl carbon has low electrophilicity and polarizability52. The low reactivity of propionic acid can be overcome by first converting the carboxylic acid into an ester, which can then be reduced to its corresponding alcohols.51 These alcohols can then be dehydrated to form olefins or diolefins. However, the main goal of this study is to enhance the rate of propanol production via an ester intermediate. Reactions were performed in a gas phase flow reactor and the reaction species were quantified using an online gas chromatography equipped with a flame ionization detector (GC-FID). Using the copper chromite catalyst, temperature programmed reduction (TPR), X-ray diffraction (XRD), and transmission electron microscopy (TEM) characterizations were performed. This study will show that forming an ester intermediate with the help of an alcohol, increases the reactivity of the propionic acid and enhances the rate of propanol production.  
[bookmark: _Toc513549678]3.2 Experimental 
[bookmark: _Toc513549679]3.2.1 Catalyst preparation 
The copper chromite (2CuO ∙ Cr2O3) catalyst was purchased from Sigma Aldrich. It was prepared via the industrial combustion method. The composition was defined as 30% CuO and 70% Cr2O3. 
[bookmark: _Toc513549680]3.2.2 Catalyst characterization 
a. Temperature programmed-reduction (TPR) 
TPR of the catalyst was performed in a custom-made system. A ¼” quartz tube packed with quartz wool and 50.0 mg of copper chromite catalyst was mounted vertically in a furnace. The tube and the sample were purged with nitrogen flow rate of 30 stcm for 30 minutes. After the signal stabilized, a flow rate of 35 sccm (5% hydrogen in argon) was passed through the sample. The thermal conductivity detector (TCD, SRI 110), measured the effluent gas that passed through the sample before entering the TCD. This was analyzed using 35 sccm of 5% hydrogen in argon mixture. The temperature was then ramped to 900 ⁰C at 10 ⁰C/minute.  
b. Transmission electron microscopy (TEM) 
Lawrence Barret performed TEM analysis at the Microbiology Department at OU. 
The catalyst was pre-reduced at 280 ⁰C for 2 hours under 100 stcm of hydrogen. After cooling it down to room temperature, a small sample was dispersed in heptane and sonicated to achieve a uniform suspension. A few drops of the suspension were then placed on TEM grids (polymer-coated copper). The TEM (ZEISS 10 model) was used to take images of the samples.  
c. X-ray diffraction (XRD) 
The XRD analysis was performed by the Geology Department at OU. 
A small amount of fresh copper chromite catalyst was placed flat on a plastic slide. A curved crystal monochromator Rigaku automatic diffractor (model D-Max A) was used to analyze the sample. The equipment utilized 40 kV, 35 mA, and Cu Kα radiation source. 
After reaction from the liquid phase batch reactor, the reaction mixture was filtered via vacuum filtration. The catalyst in the Buchner funnel on the filtered paper was washed with pure acetone multiple times. This catalyst was then removed from the funnel and placed on a plate in an oven. The catalyst was dried over night at 80 ⁰C and then cooled to room temperature before performing the XRD. The above parameters were used to analyze the sample.  
d. Energy-dispersive X-ray spectroscopy (EDX) 
Lawrence Barret performed EDX analysis at the Microbiology Department at OU. 
A small sample of the copper chromite catalyst was pressed against the carbon tape on the stud. NEON ZEISS 40ESB was used to scan the sample for all elements of the periodic table. High, moderate, and low-resolution images were taken at various frames.  
e. Thermogravimetric analysis (TGA)  
Lawrence Barret performed TGA at the Chemical Engineering department at OU. 
This technique was performed using STA 449 F1 Jupiter®, Netzsch and Quadrupole Mass Spectrometer (QMS) 403 C Aeolos®. Approximately 15 mg of copper chromite catalyst was reduced in hydrogen at 400 ⁰C at a heating rate of 3 ⁰C/min. The sample was then cooled down and passivated with nitrous oxide (N2O) at 60 ⁰C under constant flow of 60 mL/min for 4 hours. Afterwards, the sample was heated in hydrogen from 80 ⁰C to 400 ⁰C using the ramp rate of 3 ⁰C/min.  
[bookmark: _Toc513549681]3.2.3 Catalytic activity measurement  
Catalytic activity was measured using a 0.25 in OD quartz tube reactor. Approximately 5 mg of the copper chromite (2CuO ∙ Cr2O3, Sigma Aldrich) particles were mixed with 195 mg acid washed glass beads (212 – 300 μm, 50 – 70 U.S. sieve, Sigma Aldrich). The copper chromite was pelletized to 90 – 250 μm size particles. The catalyst mixture and the bed remained the same height (~1 inch) for all experiments. The mixture was placed between the quartz wool inside the quartz tube reactor, and the reactor was mounted at the inlet and outlet and placed in an oven. It was well-insulated at both ends and was checked for leaks using a hydrogen gas detector. A 2.5 mL Hamilton syringe was filled with a well-mixed mixture of 1:10 molar ratio of propionic acid (Sigma Aldrich ACS reagent, ≥99.5%) to n-heptane (Sigma Aldrich anhydrous, 99%). The syringe was placed in a kdScientific syringe pump and the reactant flow rate was set to 0.15 mL/hr. It took approximately 1 hour for the flow to stabilize. For some experiments, 1-butanol (Sigma Aldrich anhydrous, ≥99.5%) was cofed at the same flowrate. The system consisted of the reactor oven, pressure gauge, pressure relief valve, temperature controller, and an online gas chromatography with flame ionization detector (Agilent GC-FID). The catalyst was initially reduced at 400 ⁰C for 1 hour under atmospheric pressure using 100 stcm of H2. After reduction, the oven cooled to the reaction temperature of 250 ⁰C and the feed was injected into the reactor at an inlet temperature of 100 ⁰C. The reaction was run at 250 ⁰C for a couple of hours under the same flowrate of hydrogen and the gas samples were taken every 25 minutes at ambient pressure using the online GC-FID. After the reaction, the reactor was cooled to room temperature and purged with 100 stcm of nitrogen. A small sample from the liquid trap was analyzed for various experiments in a mass spectrometry (Shimadzu) for identification. 
The reactants and products were quantified using a gas chromatography with flame ionization detector (Agilent GC-FID, 7890B) equipped with an INNOWAX column (Agilent, 30 m x 320 μm x 0.32 μm). The GC-FID is connected to the reactor outlet line via a 6-port valve. The areas of the peaks were used to correlate with the number of moles of carbon to quantify the data. A liquid trap with ethanol or acetone were used to trap gas products to identify the compounds using a mass spectrometry (Agilent GC-MS).  
[bookmark: _Toc513549682]3.3 Results and Discussion
[bookmark: _Toc513549683]3.3.1 Catalyst characterization results 
In order to find the reduction temperature of copper chromite, temperature programmed reduction (TPR) was performed. Results are shown in Figure 27. The bulk CuO is expected to reduce between 200-300 ⁰C73. For the reaction conditions used in this study, at 400 ⁰C, 100 stcm of atmospheric H2 for 1 hour, a complete reduction of copper must have occurred. 

[bookmark: _Toc513549735]Figure 27: Temperature programmed reduction (TPR) of the copper chromite

Transmission electron microscopy (TEM) was performed to calculate the copper particle diameters after reduction. However, the results showed extreme sintering of the copper and were not viable to calculate particle diameters. 
To further confirm that under reaction conditions, there will be a complete reduction of copper, X-ray diffraction (XRD) analysis was performed after a liquid phase reaction. It was also done to understand the crystalline nature of the catalyst and the size of the copper particles in copper chromite. The resulting peaks in Figure 28 were identified according to XRD data obtained from literature.74,78,79 The metallic copper peaks significantly increase in height after reduction and reaction, suggesting that there is a low dispersion and that the catalytic particles are not stable under reaction conditions. Therefore, the metallic copper particle size is higher due to sintering. Cu2+ from CuO peak disappeared after reaction, suggesting that CuO was no longer present in the active phase of the reaction and does not play a role. Because there is a large amount of metallic copper (due to sintering, etc.) at high particle diameters, this is likely the active site. More calculations are necessary to determine the exact plane where the reaction is taking place. However, planes (111) and (400) can be identified in Figure 28 according to literature74,78,79.  
[image: ]
[bookmark: _Toc513549736]Figure 28: The X-ray diffraction data for the copper chromite samples: 1 - fresh copper chromite, 2 - spent catalyst after reaction

Applying the Scherrer equation (1)75: 
					    (1)
Where,  (dimensionless shape factor) = 0.89,  (X-ray wavelength) = 0.1542 nm,  (line broadening at half the maximum intensity) = 0.680⁰, 2θ (Bragg angle) = 43.356⁰, the metallic copper particle diameter was calculated to be 12.44 nm. This value is comparable to the value accepted in literature (13.3 nm).76    
Many commercial copper chromite catalysts were known to have promoters such as barium.77,79 Thus, an energy-dispersive X-ray spectroscopy (EDX) was performed to scan for various elements, impurities, or promoters in the sample for further confirmation. The results are shown below. 
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[bookmark: _Toc513549737]Figure 29: Energy-dispersive X-ray spectroscopy (EDX) of copper chromite

The copper chromite consists of 41 wt.% Cu, 29 wt.% Cr, and 28 wt.% O. Thus, the EDX further proved that the activity of the catalyst is only related to the copper and chromium mixed oxides present in the sample.
The TGA results for copper chromite were not viable in calculating particle diameters. Our current experimental conditions must be altered because the weight loss of the sample showed a very high dispersion of copper particles with extremely low particle diameters. It is likely that the nitrous oxide may have penetrated deeper than simply the surface layer of the sample. Perhaps if the nitrous oxide was diluted and the passivation time was decreased, it would lead to more realistic results. 
[bookmark: _Toc513549684]3.3.2 Catalytic results and discussion 
According to Clayden et al52 and Santiago et al51, esters are more reactive than carboxylic acids.72,90-92 To confirm this theory, same concentrations of esters and carboxylic acids were fed into a batch reactor in the presence of copper chromite catalyst. The results are shown in Figure 17 and the reaction pathways are shown in Figures 15 & 16. On the basis of these experiments, 1-butanol will be cofed with propionic acid in the gas phase flow reactor to enhance propanol production rate. The reaction pathway is shown below. 
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[bookmark: _Toc513549738]Figure 30: Reaction pathway showing the reduction of propionic acid, butyl propanoate, and propyl propanoate to propanol

Ester and water are formed when a carboxylic acid reacts with an alcohol. Propionic acid can be reduced directly to form propanol. In the presence of 1-butanol, propionic acid reacts with it to form butyl propanoate ester. This ester can be reduced to form one mole butanol and one mole of propanol. Propyl propanoate can be formed when butyl propionate reacts with propanol that is produced from the reduction of the acid or the ester. Propyl propanoate can further be reduced to form two moles of propanol. 
After reducing the copper chromite catalyst, initial experiments were performed using a pure feed of propionic acid. The yield of products over time on stream are shown in Figure 31. The carbon balances for the following reaction with respect to propionic acid range from 88% to 97%. 

[bookmark: _Toc513549739]Figure 31: Yield of products (%) when flowing 0.0013 mol/hr of propionic acid. Reduction: 50 mg of copper chromite, 400 ⁰C, 1 hour, 100 stcm H2. 
Reaction: 300 ⁰C, 100 stcm H2

When 1:0.5 molar ratio of propionic acid to 1-butanol is mixed and fed at 0.0013 mol/hr propionic acid and 0.00067 mol/hr 1-butanol, the following is observed. See the figure below. Carbon balances with respect to propionic acid are within the range of 90% to 100%.

[bookmark: _Toc513549740]Figure 32: Yield of propanol (%) when flowing 0.0013 mol/hr of propionic acid alone and when flowing 0.0013 mol/hr of propionic acid and 0.00067 mol/hr 1-butanol (1:0.5 molar ratio). Reduction: 50 mg of copper chromite, 400 ⁰C, 1 hour, 100 stcm H2. Reaction: 300 ⁰C, 100 stcm H2

With the addition of 1-butanol (BuOH), there is a slight increase in propanol product yield compared to when no alcohol was co-fed. When BuOH was cofed, propyl propionate was no longer observed (Appendix 3); however, butyl propionate is produced at a much higher yield. Although it is easier to form a propyl propionate ester due to its stability, there is not much propanol available to form this ester immediately. The propanol must come from the reduction of propionic acid and that occurs at a much slower rate. Therefore, a high yield of butyl propionate is observed when butanol is cofed because there was more alcohol available (Appendix 3). The enhancement seen in Figure 32 can be explained by the fact that more butyl propionate ester is being formed with the butanol cofeed that is cleaved at a much faster rate to yield propanol compared to when propionic acid was fed by itself. From this it can be concluded that the conversion of propionic acid to propanol is slower compared to the conversion of butyl propionate ester to propanol. Also, butyl propionate formation from propionic acid and butanol is faster than propionic acid conversion to propanol. The reaction rate constants are expected to have the following trends: < , where  is for PrA  propanol,  is for the formation of ester (butyl propionate), and  is for ester  propanol. The rate of formation of the ester may or may not be faster than its decomposition as it depends on the -R group that is attached to the alcohol. 
Under the reaction conditions shown in Figure 32, the propionic acid is in a zeroth order regime where the reaction rate does not vary with changing reactant concentrations.82 When only propionic acid is fed into the reactor, without the presence of alcohol, propanol and propyl propanoate are produced. The reaction rates presented in Figure 33 only account for the conversion of propionic acid producing these products. The rates plotted are the disappearance rates of propionic acid or rate appearance of products at 32 minutes. In the case of zeroth order, the surface of the catalyst is always saturated with propionic acid regardless of the concentration of propionic acid fed into the reactor82. 

[bookmark: _Toc513549741]Figure 33: Zeroth order regime with respect to Propionic Acid (PrA) at 32 min.
                       
82                            (2)
In Equation (2), rate (reaction rate) is equivalent to k (reaction rate coefficient) usually in the units of mol/L*min. 82 The slope in Figure 33 represents the reaction order, which is zero. Therefore, if the reaction rates at various PrA concentrations are known, the reaction rate coefficient can be estimated. 
Applying the Arrhenius equation for zeroth order conditions82: 
				   	    (3)
This equation can be expressed in the straight-line form: 
			    (4)
Where,  is the reaction temperature (K),  is the kinetic rate constant (mol/hr*gcat),   is the pre-exponential factor,  is the activation energy (J/mol), and R is the ideal gas constant 8.314 J/mol*K. Plotting  versus  will produce a slope equivalent to  and intercept equivalent to . In order to find the activation energy of PrA converting to propanol and propyl propanoate, the same procedure was followed as Figure 33 but PrA was diluted in heptane (1:10 molar ratio) and the reaction was run at different temperatures ranging from 250 ⁰C to 300 ⁰C. The PrA molar flow rate, 0.000102 mol/hr, remained the same for all experiments. The initial rates and reaction rate constants were obtained at 32 minutes of reaction. See the figure below for the Arrhenius plot.

[bookmark: _Toc513549742]Figure 34: Arrhenius Plot, PrA = 0.000102 mol/hr, Reduction: 5 mg of copper chromite, 400 ⁰C, 1 hour, 100 stcm H2. Reaction: 250, 280, and 300 ⁰C, 100 stcm H2

Since slope is equivalent to , the activation energy for this reaction is calculated to be 53 kJ/mol. The conversions of propionic acid are 35%, 67%, and 100% at 250 ⁰C, 280 ⁰C, and 300 ⁰C, respectively. Therefore, this may not be an accurate estimation of the activation energy. But, it is lower than the activation energy calculated for pentanoic acid in Chapter 2 due to physical differences in compounds, 3-carbon versus 5-carbon carboxylic acids. While their thermodynamics are different, both molecules have the same chemistry, which is sufficient for this study. 
The pre-exponential factor, , has the same units as the reaction rate constant  (mol/hr*gcat) and can be estimated by taking the exponent of the intercept. 
The following table summarizes an approximation of the rate constants and activation energy. 
	Parameters
	T1 = 250 ⁰C
	T2 = 280 ⁰C
	T3 = 300 ⁰C

	k (mol/hr*gcat)
	0.00698
	0.0142
	0.0201

	A (mol/hr*gcat)
	1414

	Ea (kJ/mol) 
	53


[bookmark: _Toc513549708]Table 4: Summary of PrA parameters, reaction rate constant (k) and activation energy (Ea) for PrA  propanol + propyl-propanoate

[bookmark: _Toc513549685]3.4 Conclusion & Future Direction
Cofeeding small amount of butanol with propionic acid (PrA) accelerated the rate of propanol produced. This is because the ester formed from this cofeeds have a much lower activation energy compared to carboxylic acids (PEA) alone.51,52,72,90-92 While the activation energy for PrA to propanol was calculated to be 53 kJ/mol, the activation energy for butyl propionate ester to propanol still needs to be calculated to verify this claim. Although a formal kinetic model was not introduced in this study, the reaction rate constants are expected to have the following trends: < , where  is for PrA  propanol,  is for the formation of ester (butyl propionate), and  is for ester  propanol. The rate of formation of the ester may or may not be faster than its decomposition as it depends on the -R group that is attached to the alcohol. Overall, it was possible to accelerate propanol production by adding a small amount of butanol to the propionic acid feed on a copper chromite catalyst in the gas phase. 
The role of the Cr2O3 in the mixed oxide copper chromite catalyst should be investigated in detail to understand the mechanism of this reaction. More studies need to be performed to verify that the metallic copper is the active site and that it is formed through an aldehyde intermediate. DFT studies may be necessary to find the reaction rate constants and equilibrium adsorption constants to generate a working kinetic model in the future. 
All of the results presented above are preliminary results. The main goal of this study was to understand the effect of changing partial pressures of propionic acid on propanol production with alcohol cofeeds. However, the data presented above has been under zeroth order conditions where the catalyst surface is always saturated with the acid. To truly understand the effect of changing concentrations of acid, the reactant needs to be in a first order regime. After finding the first order regime with respect to the propionic acid, butanol can be added to enhance the rate while changing the concentration of the acid feed. Enhancing the propanol production rates is just the beginning of this project. Future outlooks include dehydrating the propanol to form propene or propyne to satisfy the goal of this project. 



[bookmark: _Toc513549686]Chapter 4: Identification of the active site on copper chromite

[bookmark: _Toc513549687]Abstract 


Copper chromite is considered an Adkins-type catalyst that has been in-use in the industry since the 1930s.54,79 Several studies were performed on the crystalline nature for the location of the active site on this catalyst.93-95 This study investigates the unique ability of copper chromite to reduce carboxylic acids and esters to alcohols. Specifically, pentanoic acid, a biomass derived compound, is converted to pentanol on copper chromite in the liquid phase batch reactor. The results for copper chromite are compared with 10% Cu/SiO2 prepared via the incipient-wetness impregnation method. Drastic disparities in results suggest that there is an interaction of the support and/or mixed oxide with metallic copper in copper chromite. When copper chromite is initially reduced at 280 ⁰C under 350 psi of H2 for 2 hours, the metallic copper migrates to the surface of the oxide support.93-95,102-104 In addition to this, we propose that some of the chromia also reduces and migrates to the surface, decorating the largely sintered metallic of copper. 
[bookmark: _Toc513549688]4.1 Introduction 
Adkins-type catalysts such as CuO and CuCr2O4 were discovered in the 1930s. They were known for hydrogenating esters and fatty acids to alcohols. These catalysts are still used in the industry to manufacture alcohols even though they exhibit low activity and require harsh operating conditions.54,79 Previous studies indicated that this catalyst consists of a “tetragonally distorted normal spinel with c/a < 1”.93,95 The distortion is caused by the Cu2+ ions that occupy the tetrahedral sites trying to form four square coplanar bonds.62,93-95 When the catalyst is reduced at high temperatures under hydrogen, the copper undergoes reduction reaction: Cu2+  Cu0. The reduced metallic copper atoms are released onto the spinel surface while H+ enters the tetrahedral interstices that were previously occupied by Cu2+ ions. Some of the Cu+ ions move into the octahedral interstices.98-100 Therefore, the bulk oxygen structure in the spinel is not altered.101,104 The metallic copper atoms that were released on the spinel surface form a flat layer that is epitaxially bound to the surface of the oxide (particle sizes of ~100 angstroms).101,104 In other words, the resulting copper metal particles sinter and come to the surface of the oxide.96 The oxide support is composed of copper (II) chromite.102 The Cr3+ ions always occupy octahedral sites.104 Some studies indicate that prior to reduction of the catalyst, it is a tetragonal spinel unit cell. After reduction at elevated temperatures, it transforms into a cubic unit cell.103,104 Also, higher the degree of reduction, more the presence of epitaxially bound copper metal on the oxide surface.100,101 Once a metallic copper layer is formed on the surface, it is stabilized by protons.104 
As indicated previously, copper chromite catalysts are commonly used in the industry to hydrogenate fatty acids and esters to produce alcohols.54,79 In upgrading biomass derived compounds, such as pentanoic acids, to petrochemical intermediates, copper chromite catalysts are used as shown in Chapters 1 and 2. This catalyst was successful in converting pentanoic acid directly to pentanol. Also, it was successful in accelerating the pentanol production rate when an alcohol was cofed with pentanoic acid to form an ester intermediate. In this paper, we present results that propose the location of the active site for these reactions. 
Reactions were performed in a liquid phase batch reactor and the reaction species were quantified using a gas chromatography equipped with a flame ionization detector (GC-FID). Using the copper chromite catalyst, temperature programmed reduction (TPR), X-ray diffraction (XRD), thermogravimetric analysis (TGA), scanning electron microscopy (SEM), transmission electron microscopy (TEM), and Brunauer-Emmett-Teller (BET) characterizations were performed. Barium promoters are commonly used in this catalyst to increase activity and selectivity of hydrogenation products. It was able to increase acidity of the catalyst by forming a BaCrO4 phase which was able to stabilize large particles of metallic copper.97 In order to see if any promoters are present in this catalyst, Energy-dispersive X-ray spectroscopy (EDX) was also performed. 
[bookmark: _Toc513549689]4.2 Experimental 
[bookmark: _Toc513549690]4.2.1 Catalyst preparation 
The 3%, 5%, 10% Cu/SiO2 catalysts were prepared using the incipient wetness impregnation method. The precursor, copper(II) nitrate hemi-(pentahydrate) (Alfa Aesar, 98%), was impregnated on the silica support (Davisil silicon dioxide, 99.8%). 
The 3%, 5%, 10% Cu/ZrO2 catalysts were prepared using the incipient wetness impregnation method. The precursor, copper(II) nitrate hemi-(pentahydrate) (Alfa Aesar, 98%), was impregnated on the ZrO2 support (Aldrich, 99% trace metal basis). Zirconium dioxide was pre-treated in air at 100 ⁰C for 24 hours before impregnation. 
3%, 5%, 10% Cu/Cr2O3 catalysts were prepared using the incipient wetness impregnation method. The precursor, copper(II) nitrate hemi-(pentahydrate) (Alfa Aesar, 98%), was impregnated on the chromia support (Sigma-Aldrich, 99.9% trace metal basis). 
The 10% Cu/TiO2 catalyst was prepared using the incipient wetness impregnation method. The precursor, copper(II) nitrate hemi-(pentahydrate) (Alfa Aesar, 98%), was impregnated on the TiO2 support (Aldrich, Aeroxide® P25, 21 nm, ≥99.5%). 
All of the catalysts were dried overnight at 80 ⁰C after impregnation. All of the catalysts were then calcined with an air flow of 150 mL/min. The system was ramped to 100 ⁰C with a ramp rate of 2 ⁰C /min and was held at 100 ⁰C for 4 hours. Then, the system was again ramped to 400 ⁰C with a ramp rate of 2 ⁰C/min and was held at 400 ⁰C for four hours. 
[bookmark: _Toc513549691]4.2.2 Catalyst characterization 
a. Temperature programmed-reduction (TPR) 
TPR of the catalyst was performed in a custom-made system. A ¼” quartz tube packed with quartz wool and 50.0 mg of copper chromite catalyst was mounted vertically in a furnace. The tube and the sample were purged with nitrogen flow rate of 30 stcm for 30 minutes. After the signal stabilized, a flow rate of 35 sccm (5% hydrogen in argon) was passed through the sample. The thermal conductivity detector (TCD, SRI 110), measured the effluent gas that passed through the sample before entering the TCD. This was analyzed using 35 sccm of 5% hydrogen in argon mixture. The temperature was then ramped to 900 ⁰C at 10 ⁰C/minute. The same procedure was followed for copper (II) oxide and 10% Cu/SiO2 samples. 
b. Brunauer-Emmett-Teller (BET)
BET surface area measurements were performed using Micromeritics ASAP 2010. A small sample was initially degassed at 200 ⁰C for 6 hours before analysis. 
c. Transmission electron microscopy (TEM) 
Lawrence Barret performed TEM analysis at the Microbiology Department at OU. 
The catalyst was pre-reduced at 280 ⁰C for 2 hours under 100 stcm of hydrogen. After cooling it down to room temperature, a small sample was dispersed in heptane and sonicated to achieve a uniform suspension. A few drops of the suspension were then placed on TEM grids (polymer-coated copper). The TEM (ZEISS 10 model) was used to take images of the samples.  
d. X-ray diffraction (XRD) 
The XRD analysis was performed by the Geology Department at OU. 
A small amount of fresh copper chromite catalyst was placed flat on a plastic slide. A curved crystal monochromator Rigaku automatic diffractor (model D-Max A) was used to analyze the sample. The equipment utilized 40 kV, 35 mA, and Cu Kα radiation source. 
After reaction from the liquid phase batch reactor, the reaction mixture was filtered via vacuum filtration. The catalyst in the Buchner funnel on the filtered paper was washed with pure acetone multiple times. This catalyst was then removed from the funnel and placed on a plate in an oven. The catalyst was dried over night at 80 ⁰C and then cooled to room temperature before performing the XRD. The above parameters were used to analyze the sample.  
e. Energy-dispersive X-ray spectroscopy (EDX) 
Lawrence Barret performed EDX analysis at the Microbiology Department at OU. 
A small sample of the copper chromite catalyst was pressed against the carbon tape on the stud. NEON ZEISS 40ESB was used to scan the sample for all elements of the periodic table. High, moderate, and low-resolution images were taken at various frames.  
f. Thermogravimetric analysis (TGA)  
Lawrence Barret performed TGA at the Chemical Engineering department at OU. 
This technique was performed using STA 449 F1 Jupiter®, Netzsch and Quadrupole Mass Spectrometer (QMS) 403 C Aeolos®. Approximately 15 mg of copper chromite catalyst was reduced in hydrogen at 400 ⁰C at a heating rate of 3 ⁰C/min. The sample was then cooled down and passivated with nitrous oxide (N2O) at 60 ⁰C under constant flow of 60 mL/min for 4 hours. Afterwards, the sample was heated in hydrogen from 80 ⁰C to 400 ⁰C using the ramp rate of 3 ⁰C/min.  
[bookmark: _Toc513549692]4.3 Results and Discussion 
[bookmark: _Toc513549693]4.3.1 Catalyst characterization results 
In order to find the reduction temperature of copper chromite, temperature programmed reduction (TPR) was performed. This is compared with 10% Cu/SiO2. Results are shown in Figure 35. The bulk CuO is expected to reduce between 200-300 ⁰C73. For the reaction conditions used in this study, at 280 ⁰C, 350 psig of H2 for 2 hours, a complete reduction of copper must have occurred. The 10% Cu/SiO2 sample shows a shift in reduction temperature to the left compared to pure copper (II) oxide. 

[bookmark: _Toc513549743]Figure 35: Temperature programmed reduction (TPR) of the copper chromite and 10% Cu/SiO2

Transmission electron microscopy (TEM) was performed to calculate the copper particle diameters after reduction. However, the results showed extreme sintering of the copper and were not viable to calculate particle diameters. 
To further confirm that under reaction conditions, there will be a complete reduction of copper, X-ray diffraction (XRD) analysis was performed after a liquid phase reaction. It was also done to understand the crystalline nature of the catalyst and the size of the copper particles in copper chromite. The resulting peaks in Figure 36 were identified according to XRD data obtained from literature.74,78,79 The metallic copper peaks significantly increase in height after reduction and reaction, suggesting that there is a low dispersion and that the catalytic particles are not stable under reaction conditions. Therefore, the metallic copper particle size is higher due to sintering. Cu2+ from CuO peak disappeared after reaction, suggesting that CuO was no longer present in the active phase of the reaction and does not play a role. Because there is a large amount of metallic copper (due to sintering, etc.) at high particle diameters, this is likely the active site. More calculations are necessary to determine the exact plane where the reaction is taking place. However, planes (111) and (400) can be identified in Figure 36 according to literature74,78,79.  
[image: ]
[bookmark: _Toc513549744]Figure 36: The X-ray diffraction data for the copper chromite samples: 1 - fresh copper chromite, 2 - spent catalyst after reaction

Applying the Scherrer equation (1)75: 
					    (1)
Where,  (dimensionless shape factor) = 0.89,  (X-ray wavelength) = 0.1542 nm,  (line broadening at half the maximum intensity) = 0.680⁰, 2θ (Bragg angle) = 43.356⁰, the metallic copper particle diameter was calculated to be 12.44 nm. This value is comparable to the value accepted in literature (13.3 nm).76    
Many commercial copper chromite catalysts were known to have promoters such as barium.77,79 Thus, an energy-dispersive X-ray spectroscopy (EDX) was performed to scan for various elements, impurities, or promoters in the sample for further confirmation. The results are shown below. 
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[bookmark: _Toc513549745]Figure 37: Energy-dispersive X-ray spectroscopy (EDX) of copper chromite

The copper chromite consists of 41 wt.% Cu, 29 wt.% Cr, and 28 wt.% O. Thus, the EDX further proved that the activity of the catalyst is only related to the copper and chromium mixed oxides present in the sample.
BET Surface Area of copper chromite was found to be 36.5 m2/g. However, this may not be an accurate way to calculate the surface area of copper as it is not under reaction conditions. So, thermogravimetric analysis (TGA) was performed. However, the TGA results for copper chromite were not viable in calculating particle diameters. Our current experimental conditions must be altered because the weight loss of the sample showed a very high dispersion of copper particles with extremely low particle diameters. It is likely that the nitrous oxide may have penetrated deeper than simply the surface layer of the sample. Perhaps if the nitrous oxide was diluted and the passivation time was decreased, it would lead to more realistic results. 
[bookmark: _Toc513549694]4.3.2 Catalyst activity results 
The following graph shows results on various loadings of copper supported on silica. It can be concluded from this graph that particle size of metallic copper has an impact on the pentanol production rate. It requires more than 3% of metallic copper to begin seeing pentanol. Although it is likely that the GC-FID has reached detection limits for pentanol at such low concentrations, the pentanoic acid carbon balance is 100% without any conversion or formation of products for 3% Cu/SiO2. Sintering of copper chromite from TEM results under reaction conditions also suggests that big particle sizes of copper are needed for the reaction to occur.

[bookmark: _Toc513549746]Figure 38: Particle size effect of copper on pentanol production rate. Reduction: 300 mg x wt.% Cu/SiO2 at 280 ⁰C under 300 psi H2 for 2 hrs. Reaction: 250 ⁰C for 1 hr under 450 psi H2. Feed: 0.101 M PEA. Carbon balances with respect to PEA: >90%. 

These results are compared with the activity of copper chromite in Figure 39. There is approximately 41.2 mg of copper in 100 mg of copper chromite according to the EDX in Figure 37. There is roughly 30 mg of copper in 300 mg of 10% Cu/SiO2 that was used in these reactions. The weight loading of metallic copper in both samples are close so the reactivity of both should be similar; however, there is a very radical change in pentanol production rates for both types of catalysts. Thus, Figure 39 suggests that support effects are present in reactions occurring on copper chromite.   

[bookmark: _Toc513549747]Figure 39: Comparing activity of 10% Cu/SiO2 vs. copper chromite. Reduction: 300 mg 10% Cu/SiO2 or 100 mg copper chromite at 280 ⁰C under 300 psi H2 for 2 hrs. Reaction: 250 ⁰C for 1 hr under 450 psi H2. Feed: 0.101 M PEA. Carbon balances with respect to PEA: >90%.

Silica is a neutral support that does not have strong interactions with the metal.105 Because of this, typically all the copper oxide is reduced to metallic copper in 10% Cu/SiO2 under reduction conditions as calculated from the TPR in Figure 35. Some of the chromium oxide is also reduced in copper chromite as shown in the TPR. The reduction of chromia is known to generate Lewis acidic sites with high positive charge densities.106 Therefore, the mixed oxide of copper and chromium oxides influence the reaction rate of converting pentanoic acid to pentanol. The metallic copper atoms that are released on the spinel surface form a flat layer that is epitaxially bound to the surface of the oxide (particle sizes of ~100 angstroms).101,104 In other words, the resulting copper metal particles sinter and come to the surface of the oxide.96 In addition to this, it is likely that a small number of generated chromium Lewis acidic sites may also migrate to the surface and decorate the sintered metallic copper. Not only will this stabilize the copper particles, but it will also help form an ester when alcohols are cofed with pentanoic acids (Chapters 1 & 2). While it is still true that the ester cleavage will be occurring on metallic copper active sites, it is difficult to understand the location of the active site for PEA directly converting to alcohol. 
[bookmark: _Toc513549695]4.4 Conclusion & Future Direction 
A significantly different pentanol production rates were observed on 10% Cu/SiO2 that is prepared via the incipient-wetness impregnation method versus copper chromite. These catalytic activity and characterization results suggest that there is an interaction of the support and/or mixed oxide with metallic copper in copper chromite. When copper chromite is initially reduced at 280 ⁰C under 350 psi of H2 for 2 hours, the metallic copper migrates to the surface of the oxide support.93-95,102-104 The metallic copper atoms that are released on the spinel surface form a flat layer that is epitaxially bound to the surface of the oxide (particle sizes of ~100 angstroms).101,104 In addition to this, we propose that some of the chromium atoms also reduces and migrates to the surface, decorating the largely sintered metallic of copper. 
The results indicated in this study are only preliminary. More experiments are necessary to further confirm this claim. Perhaps TEM can be performed on copper chromite catalysts under various reduction conditions to observe the amount of sintering that occurs. More careful characterization techniques must be employed to see if the sintered copper particles are decorated with chromium. Considering Chapters 1 and 2, the Lewis acidity contributes to the ester formation when alcohols are cofed with pentanoic acids. Also, it is still true that the ester cleavage occurs on metallic copper active sites. However, it is difficult to understand the location of the active site for PEA directly converting to alcohol. Thus, more experiments and characterization techniques are needed to locate the active site and the mechanism for the reduction of carboxylic acids (PEA) to alcohols (pentanol).  

[bookmark: _Toc513549696]Chapter 5: Concluding Remarks   

Cofeeding small amounts of alcohols with pentanoic acid (PEA) accelerated the rate of pentanol produced in the liquid phase batch reactor. This is because the esters formed from these cofeeds have a much lower activation energy compared to carboxylic acids (PEA) alone.51,52,72,90-92 While smaller molar ratios of alcohols to PEA accelerated the rate, high molar ratios had the opposite effect due to inhibition and species competing for sites. The results can be explained by using Langmuir-Hinshelwood kinetics and the competition for sites at zeroth order saturation conditions. Excessive amounts of water, alcohol, and heavy esters have an inhibitory effect. The reaction rate constants in Equations (8), (9), and (10) are expected to have the following trends: <   , where  is for PEA  pentanol,  is for the formation of ester, and  is for ester  pentanol. The equilibrium adsorption constants are expected to have the following trends: . The rate constants for ester formations are expected to have the following trends: . From equilibrium tests, it was proved that the enhancements observed in pentanol production rates are kinetic in nature and are not measured at equilibrium. Overall, it was possible to accelerate pentanol production rates with small addition of alcohol to the pentanoic acid feed on a copper chromite catalyst. 
Cofeeding small amount of butanol with propionic acid (PrA) accelerated the rate of propanol produced in the gas phase flow reactor. This is because the ester formed from this cofeeds have a much lower activation energy compared to carboxylic acids (PEA) alone.51,52,72,90-92 
In order to understand the effect of the mixed oxide copper chromite on the pentanol production rates, several characterization techniques were utilized. The catalytic activities were compared with 10% Cu/SiO2. A significantly different pentanol production rates were observed on 10% Cu/SiO2 that is prepared via the incipient-wetness impregnation method versus copper chromite. These catalytic activity and characterization results suggest that there is an interaction of the support and/or mixed oxide with metallic copper in copper chromite. When copper chromite is initially reduced at 280 ⁰C under 350 psi of H2 for 2 hours, the metallic copper migrates to the surface of the oxide support.93-95,102-104 The metallic copper atoms that are released on the spinel surface form a flat layer that is epitaxially bound to the surface of the oxide (particle sizes of ~100 angstroms).101,104 In addition to this, we propose that some of the chromium atoms also reduces and migrates to the surface, decorating the largely sintered metallic of copper. This decoration is responsible in producing the esters effectively when alcohols are cofed with pentanoic acids. The ester cleavage is still expected to occur on the active sites of metallic copper. 


[bookmark: _Toc513549697]Chapter 6: Future Direction 

In the liquid phase, more experiments are required to understand what is happening between the data points collected in Figure 25. Furthermore, the role of the Cr2O3 in the mixed oxide copper chromite catalyst should be investigated in detail to understand the mechanism of this reaction. More studies need to be performed to verify that the metallic copper is the active site and that it is formed through an aldehyde intermediate. For strong support to explain the trends seen in Figure 25, DFT studies may be necessary to find the reaction rate constants and equilibrium adsorption constants to generate a working kinetic model.   
In the gas phase, we still need to understand the effect of changing partial pressures of propionic acid on propanol production with alcohol cofeeds. The data presented above has been under zeroth order conditions where the catalyst surface is always saturated with the acid. To truly understand the effect of changing concentrations of acid, the reactant needs to be in a first order regime. After finding the first order regime with respect to the propionic acid, butanol can be added to enhance the rate while changing the concentration of the acid feed. This procedure will be followed for multiple alcohol cofeeds. DFT and experimental studies will need to be performed to generate a working kinetic model for these results also. 
More careful characterization techniques must be employed to verify that the sintered copper particles are decorated with chromium. Finding the reason for copper chromite’s catalytic behavior will allow us to understand the properties of the catalyst. This will help us fine tune other catalysts and manipulate certain characteristics to accomplish our goals. 
Enhancing the pentanol, a product of the reduction of carboxylic acids and esters, production rates is just the beginning of this project. Future outlooks include modifying the liquid phase batch reactor to accommodate biphasic reactions. A biphasic reactor can be utilized to selectively remove pentanol from the oil phase as it is produced to increase the yield of pentanol even more. In the future, this pentanol will be dehydrated to form pentadiene to satisfy the goal of this project.  
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Appendix A1: Preliminary Studies

[bookmark: _Toc513549700]A1.1 Literature Review 
Esterification reactions are well studied in literature using Lewis and Bronsted acid catalysts. Lewis acid catalysts, milder than Bronsted acid catalysts, are electron-deficient and can activate electron-rich substrates. Duong et al.1 studied acylation and esterification products of m-cresol and acetic acid reactions. The reactions were performed in the liquid phase using Bronsted acid catalysts: zeolites. It was found that the esterification between m-cresol and acetic acid was self-catalyzed but occurs at a much slower rate. As the amount of zeolite H-beta increased, larger amounts of acylation products were observed, indicating that the esterification was further catalyzed by the zeolite. The aromatic ester was then used as an intermediate to acylate. Thus, the esterification product was formed first which then converted to the acylation product over time.1
The hydrogenation of esters is also well-studied in literature and has been receiving more attention in upgrading biofuels. As indicated by Clayden et al.2, esters are slightly more reactive than carboxylic acids based on the -R group attached. Deshpande et al.3 showed that methyl oleate can be reduced to oleyl alcohol in the presence of Ru-Sn-B/Al2O3 (Ru/Sn = 1:2) catalysts. They believe that boron enhanced the electron density of ruthenium while tin helped increase the dispersion of ruthenium on the support. Dos Santos et al.6 examined Ru-Sn catalysts on various supports in the hydrogenation of dimethyl adipate to diols. The diols selectivity decreased in the following order of the supports: TiO2 > CeO2 > SiO2 > Nb2O5 > Al2O3.4 
Studies were also performed in directly converting aliphatic carboxylic acids to alcohols. Tahara et al.5 found that the type of tin precursor affected the yield of rosin alcohol from rosin on Ru-Sn/Al2O3 and that the alkali metals promoted the C=O hydrogenation. The group also found that calcining Ru-Sn/Al2O3 at 650 oC and reducing at 450 oC provided an active catalyst that could selectively hydrogenate C=O without hydrogenating C=C.6 This is done by polarizing the carbonyl group by interacting with the Lewis acidic Sn sites. Mendes et al.7 studied the hydrogenation of oleic acid on various ruthenium catalysts. The Ru/TiO2 catalyst prepared by the impregnation method showed a high selectivity towards saturated alcohols than unsaturated alcohols. However, the bimetallic Ru-Sn catalyst on TiO2 showed a high activity and selectivity towards unsaturated alcohols than alumina supported Ru-Sn catalyst.7 
Adkins-type catalysts such as CuO and CuCr2O4 were discovered in the 1930s are used to hydrogenate esters.8 These catalysts are still used in the industry to manufacture alcohols even though they exhibit low activity and require harsh operating conditions. This is because their catalytic structure is resistant to the free fatty acids. Thus, the composition of these catalysts has remained unchanged since they were discovered.7 
Norman11 has a patent for dehydrating alcohols and ethers on ternary mixed oxides. A V-Ti-P mixed oxide was effectively able to dehydrate 2-methyl-tetrahydrofuran (2-MTHF) to pentadiene with a 63% yield. N-pentanol was dehydrated at a 100% conversion and 81% selectivity to pentenes. 1,5-pentanediol was dehydrated at a 100% conversion and 38% selectivity to pentadiene.11 Abdelrahman et al.10 studied the ring-opening and dehydration of tetrahydrofuran (THF) to form 1,3-butadiene using a phosphorus zeolite catalyst called P-SPP (phosphorus self-pillared pentasil). Using this catalyst, they obtained a high selectivity to diolefins such as hexadiene and pentadiene.10 A clear reaction mechanism and catalyst characterization studies have not been published but would have been useful. Regardless, P-SPP seems to be a promising catalyst for this project in the dehydration of ester’s corresponding alcohols.
[bookmark: _Toc513549701]A1.2 Preliminary Results and Discussion
In the liquid phase batch reactor, zeolite H-beta catalyzed the esterification between pentanoic acid and m-cresol to produce 3-methylphenyl valerate (ester product) and 1-(2-hydroxy-4-methylphenyl)pentan-1-one (acyl product). Figure below shows the yield of products over different amounts of zeolite H-Beta with pentanoic acid conversions. 
[image: ]
[bookmark: _Toc513549748]Figure 40: Yield of products and conversion of pentanoic acid (indicated in the bars) over different amounts of zeolite H-Beta. Reaction conditions: 0.5 M pentanoic acid, 6 M m-cresol, 250 ⁰C, 3 hours, under 500 psi N2 

Figure 36 shows the selectivity of products over different amounts of zeolite H-Beta. The reaction conditions are: 0.5 M pentanoic acid, 6 M m-cresol, 250 oC, 3 hours, under 500 psi N2. The ester product results directly from the addition of heat without any catalyst. However, the yield of ester and the conversion of acid is lower. In the presence of a catalyst, the conversion of acid and yield of ester is higher; however, an acyl product is made in the side reactions. As the amount of catalyst increases, the ester yield decreases while the acyl yield increases. This result supports the study published by Duong et al.1, that the esterification is a primary product which later converts into the acylation product. Although the ester can be formed, a 100% conversion of pentanoic acid to the ester will take a lot of time. Achieving a 100% conversion with a 100% selectivity to the ester would be difficult because it also catalyzes the acylation reaction. In addition, the ester is not commercially available. Thus, alternative alcohol that is highly abundant and forms an ester that is commercially available is used in the subsequent experiments.  
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[bookmark: _Toc513549749]Figure 41: Selectivity of products over different amounts of zeolite H-Beta. Reaction conditions: 0.5 M pentanoic acid, 6 M m-cresol, 250 ⁰C, 3 hours, under 500 psi N2

[bookmark: _Hlk493415192][bookmark: _Hlk493415304][bookmark: _Hlk493415280]Ethanol is a highly abundant alcohol. Figure 37 shows the yield of ethyl-valerate and conversion of pentanoic acid from the esterification of pentanoic acid and ethanol on various Lewis acidic catalysts. The reactions were run using 50 mg of catalyst, 0.381 M ethanol, 0.569 M pentanoic acid (1:1.5 acid to alcohol molar ratio) in decalin. The reaction took place at 250 oC for 1 hour. This suggest that the Lewis acidic catalysts accelerated the ethyl-valerate yield from 43% (no catalyst) to as high as 49.5%, but heat was sufficient in generating this ester. 
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[bookmark: _Toc513549750]Figure 42: Yield of ethyl-valerate and conversion of pentanoic acid (indicated in the bars) from the esterification of pentanoic acid and ethanol on various Lewis acidic catalysts. 50 mg of catalyst, 0.569 M pentanoic acid, 0.381 M ethanol (1:1.5 acid to alcohol molar ratio) in decalin. Reaction conditions: 250 ⁰C for 1 hour

Further experiments were done to reduce the ester to its corresponding alcohols. Figure 38 shows the selectivity to products on 5% Ru on carbon and titania supports. 
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[bookmark: _Toc513549751]Figure 43: Selectivity to products on 5% Ru on various supports. 100 mg of catalyst, reduced at 280 ⁰C under 300 psi H2 for 3 hours, and 0.4 M ethyl-valerate reacted at 250 ⁰C for 4 hours.

These reactions were performed using 100 mg of catalyst, reduced at 280 oC under 300 psi H2 for 3 hours, and 0.381 M ethyl-valerate reacted at 250 oC for 4 hours. On 5% Ru/C, the conversion of ethyl-valerate was only 7%; however, the selectivity towards pentyl-pentanoate, a transesterification product, was very high. On 5% Ru/TiO2, the conversion of ethyl-valerate was 24% with higher selectivity to alcohols, but the side products also had high selectivity. 
Experiments at different reaction times were also performed using 5% Ru/TiO2 catalyst. The percent yields for ethanol and pentanol achieve constant values over time while the yields for pentyl-pentanoate and pentanes increase. This is due to pentanol dehydrating to form pentanes and reacting with ethyl-valerate to form pentyl-pentanoate. While the selectivity to ethanol and pentanol decreases over time, the selectivity to pentyl-pentanoate and pentanes increase. It is possible that the reduction of pentyl-pentanoate to pentanols is much slower than the reduction of ethyl-valerate. 
[bookmark: _Hlk493416693]In order to study solvent effects on 5% Ru/TiO2, 1 mL of water was added to the feed. Results are shown below. 
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[bookmark: _Toc513549752]Figure 44: Solvent effects on the reduction of ethyl-valerate on 100 mg 5% Ru/TiO2. Reduced at 280 ⁰C under 300 psi H2 for 2 hours, and 0.4 M ethyl-valerate reacted at 250 ⁰C for 1 hour.

Water lowered the conversion of ethyl-valerate from 19% to 4%, and significantly decreased the yield of pentyl-pentanoate and pentanes. In order to test if it is better to convert pentanoic acid directly to alcohols or to intercept the process by using an ester, two different reactions were performed on 5% Ru/TiO2. When pentanoic acid was injected into the reactor, 17% of the reactant converted where a major product was pentyl-pentanoate. When ethyl-valerate was injected, 19% of the reactant converted where there was an even distribution between the alcohol yields. The pentanol product yields were comparatively the same in both reactions. 
[bookmark: _Hlk493417735]Another set of experiments were performed to compare the selectivity of products on 5% Ru/TiO2 to a copper chromite catalyst (Adkins catalyst)8. Ethanol selectivity was not shown in this chart. 
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[bookmark: _Toc513549753]Figure 45: Comparing selectivity of products on 5% Ru/TiO2 to a copper chromite catalyst. 100 mg 5% Ru/TiO2 reduced at 280 oC under 300 psi H2 for 2 hours, reacted at 250 oC for 30 min. 100 mg 2CuOּּ∙Cr2O3 reduced at 280 oC under 300 psi H2 for 2 hours, reacted at 250 oC for 30 min.

Copper chromite showed a very high selectivity to alcohols and seemed to be a promising catalyst because there was a low selectivity towards pentyl-pentanoate and pentanes. Therefore, copper is more selective in the process and we can optimize this reaction by finding a good support. From these results, this research direction took a turn in that the remainder of the studies focused on copper-based catalysts. 
Figures 41 & 42 present the yields and selectivity based on the reactants fed onto copper chromite catalyst. Although the yield of alcohols is low when PEA with excess alcohol is fed, the selectivity towards alcohols is very high. This may be because ethanol adsorbs more strongly onto copper than ethyl-valerate. This saturates the surface with alcohol, selectively reacting pentanoic acid. When only PEA is fed, there is a high selectivity towards pentyl-pentanoate. This could be because pentyl-pentanoate reduction to pentanols occurs at a much slower rate than pentanoic acid to pentanols. When only ethyl-valerate is fed, there is a high selectivity towards alcohols but not as high when PEA with ethanol is fed. These results further served as the basis for the studies and experiments conducted in Chapters 1 and 2. 




[bookmark: _Toc513549702]Appendix A2: Supporting information for Chapter 1: Enhancing pentanol production rate by cofeeding alcohols in the presence of pentanoic acid in the liquid phase  

[bookmark: _Toc513549754]Figure 46: Product distribution on copper chromite catalyst using various feeds. Reduction: 100 mg 2CuOּּ∙Cr2O3 at 280 ⁰C under 300 psi H2 for 2 hrs. Reaction: 250 ⁰C for 2 hrs under 450 psi H2. Feeds include: 0.421 M Ethyl-Valerate, 0.453 M Pentanoic Acid + excess ethanol (1:5 molar ratio), 0.424 M Pentanoic Acid, and 0.465 M Pentyl-Pentanoate


[bookmark: _Toc513549755]Figure 47: Selectivity of products on copper chromite catalyst using various feeds. Conversion of reactants are shown in Section 2.3. 100 mg 2CuOּּ∙Cr2O3 reduced at 280 ⁰C under 300 psi H2 for 2 hours, reacted at 250 ⁰C for 2 hours. Feeds include: 0.421 M Ethyl-Valerate, 0.453 M Pentanoic Acid + excess ethanol (1:5 molar ratio), 0.424 M Pentanoic Acid, 0.465 M Pentyl-Pentanoate


[bookmark: _Toc513549756]Figure 48: Yield of products and conversion of PEA (%) at various molar ratios of m-cresol to PEA


[bookmark: _Toc513549757]Figure 49: Yield of products and conversion of PEA (%) at various molar ratios of ethanol to PEA

[bookmark: _Toc513549758]Figure 50: Yield of products and conversion of PEA (%) at various molar ratios of 1-dodecanol to PEA

[bookmark: _Toc513549759]Figure 51: Rate disappearance of PEA vs. concentration of PEA, zeroth order regime, reaction rate = k

[bookmark: _Toc513549760]Figure 52: Rate appearance of products vs. concentration of PEA at various concentrations of PEA, zeroth order regime with respect to PEA


[bookmark: _Toc513549761]Figure 53: Yield of products and conversion of PEA (%) at various concentrations of PEA, zeroth order regime with respect to PEA


[bookmark: _Toc513549762]Figure 54: Effect of various ratios of water to PEA on pentanol production rates



[bookmark: _Toc513549763]Figure 55: Effect of various ratios of water to PEA on product yields and PEA conversion


[bookmark: _Toc513549703]Appendix A3: Supporting information for Chapter 2: Enhancing propanol production rate by cofeeding alcohols in the presence of propionic acid in the gas phase

[bookmark: _Toc513549764]Figure 56: Yield of products (%) when flowing 0.0013 mol/hr of propionic acid and 0.00067 mol/hr 1-butanol (1:0.5 molar ratio). Reduction: 50 mg of copper chromite, 400 ⁰C, 1 hour, 100 stcm H2. Reaction: 300 ⁰C, 100 stcm H2


[bookmark: _Toc513549765]Figure 57: Yield of propyl-propionate (%) when flowing 0.0013 mol/hr of propionic acid alone and yield of butyl-propionate (%) when flowing 0.0013 mol/hr of propionic acid and 0.00067 mol/hr 1-butanol (1:0.5 molar ratio). Reduction: 50 mg of copper chromite, 400 ⁰C, 1 hour, 100 stcm H2. Reaction: 300 ⁰C, 100 stcm H2
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TCD Signal 



Ethyl valerate	Pentanol 	6.9656372791198004E-2	Pentanoic acid with excess ethanol 	Pentyl-Pentanoate	3.9395989491015854E-3	Pentanoic acid 	Pentyl-Pentanoate	1.3477368278212063E-2	Pentyl pentanoate 	3.5057991342368096E-2	
Carbon Yields (%)




Ethyl valerate	
Pentanol 	Pentanes 	3.40556121968205E-3	Pentanoic acid with excess ethanol 	
Pentanol 	Pentanes 	2.4885856753498553E-5	Pentanoic acid 	
Pentanol 	Pentanes 	4.7323756323314534E-4	Pentyl pentanoate 	
Pentanol 	Pentanes 	2.7192458780562058E-3	
Rate appearance of products (mol/L*gcat*min)




Pentanol 	1 PEA : 5 H2O 	0.5 Glycerol: 1 PEA	0.5 m-Cresol: 1 PEA	PEA	0.5 EtOH: 1 PEA : 5 H2O 	7.6173446662226711E-4	1.7158580057362695E-3	1.9905333084081502E-3	1.786906209787841E-3	6.5831069941155325E-4	Pentyl-Pentanoate 	1 PEA : 5 H2O 	0.5 Glycerol: 1 PEA	0.5 m-Cresol: 1 PEA	PEA	0.5 EtOH: 1 PEA : 5 H2O 	1.0295312889511401E-4	1.5417407794323371E-4	1.5997157990480727E-4	1.620668029304377E-4	8.7132007814502401E-5	Ethyl-Valerate 	1 PEA : 5 H2O 	0.5 Glycerol: 1 PEA	0.5 m-Cresol: 1 PEA	PEA	0.5 EtOH: 1 PEA : 5 H2O 	3.4198071363264163E-3	Pentanoic Acid 	1 PEA : 5 H2O 	0.5 Glycerol: 1 PEA	0.5 m-Cresol: 1 PEA	PEA	0.5 EtOH: 1 PEA : 5 H2O 	-6.4294811506864175E-4	-2.7194230118910002E-3	-2.944606923520689E-3	-3.169505401423074E-3	-5.2968217678077325E-3	
Rate Appearance of Products (mol/L*gcat*min)




m-Cresol	0	7.1258338513836603E-2	0.11664908345738699	0.13369991481966503	0.21495796896247277	0.53391162844515561	1.786906209787841	2.0469516752338976	2.4673625080993578	2.4960807838677521	2.3096201760843287	2.0543638713984218	Ethanol	0	6.2449019025152049E-2	0.13650786159908901	0.13791720905922811	0.22332683163853376	0.3366377453719761	0.5561351285239069	1.786906209787841	1.8195420526309145	2.2728626780453376	2.2742319745456832	2.5496022066336659	2.3456949205912618	1.7437347516805397	Dodecanol	0	5.9287479812480517E-2	0.11312352897190937	0.21535341715258335	0.50446881722806192	1.786906209787841	2.3167730497946697	2.2796376752643854	2.163477326864939	1.8469874089987375	Benzyl Alcohol	0	0.11184853738064036	0.22898846300324852	0.53756768701745028	1.786906209787841	3.2877086355597731E-3	3.076736282820485E-3	2.8395011400227585E-3	2 hrs 	0	2.021539669667054	200 mg cat no purge	0.32997657709755002	2.1896725316642383	200 mg purged	0.33055715783385858	2.380840340203247	2 hours 	0.13102483306104598	1.6146222610635456E-3	Alcohol to Pentanoic Acid Molar Ratio


Rate Appearance of Pentanol (mmol/L*gcat*min)




m = 0

-0.83687148147019907	-1.4818248726467544	-1.7810464723405639	-1.9129600436925511	-2.2709503796832933	-2.9952917556936574	-3.657837825453746	-5.8756027638879065	-5.7897965255668122	-5.6611984156394399	-5.6037629186268889	-5.7541797280537548	-5.7560467416894285	-5.805411421485938	ln(PEA concentration)


ln(rate disapperance of PEA (mol/L*gcat*min))



Pentyl-dodecanoate	0	0.11312352897190937	0.21535341715258335	0.50446881722806192	0	0	0	0	Ethyl-Valerate 	0	0.13650786159908901	0.13791720905922811	0.22332683163853376	0.3366377453719761	0.5561351285239069	0	1.7118631811788212E-4	2.1914909550143854E-4	4.6929078899406634E-4	6.7390037726460059E-4	3-Methylphenyl valerate	0	0.11664908345738699	0.13369991481966503	0.21495796896247277	0.53391162844515561	0	2.3960285823705806E-5	0	4.0794442643644147E-5	7.0174772341625424E-5	Alcohol to Pentanoic Acid molar ratio


Rate Appearance of Esters (mol/L*gcat*min)




Without water removal	PEA Converted	Pentanol 	Ethyl-Valerate	Pentyl-Pentanoate	0.37421177382132992	0.25353322525404887	3.3099782132714181E-2	3.1401071817036705E-2	Water removed 	PEA Converted	Pentanol 	Ethyl-Valerate	Pentyl-Pentanoate	0.33811252975825978	0.27750302480990968	2.1143495497365789E-2	3.450695473369849E-2	Normal rxn conditions	PEA Converted	Pentanol 	Ethyl-Valerate	Pentyl-Pentanoate	0.2157623464255716	0.13632254227641263	2.7273330756264317E-2	2.2225700541343606E-2	
Conversion/Yield (%)
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TCD Signal 



Propanol 	10	54	76	120	142	0.20016317738703351	0.18014857014966659	0.17401079375423592	0.1683914858638835	0.16873560763274503	Propyl-Propanoate 	10	54	76	120	142	0.14480803592664895	0.13185931671632786	0.12371025745725547	0.11954613294773528	0.11709851335296821	Propionic Acid 	10	54	76	120	142	0.45998944445099577	0.41253878698955476	0.32562205902179991	0.33291827035795046	0.36288443799639081	TOS (min)


Yield of products (%)




Propionic Acid Feed 	10	54	76	120	142	0.20016317738703351	0.18014857014966659	0.17401079375423592	0.1683914858638835	0.16873560763274503	1:0.5 Propionic Acid:1-Butanol feed	30	52	74	96	118	140	0.25804871961287557	0.24967230126839904	0.22704411018904497	0.22417102774431222	0.19974873846323335	0.22588893088650602	Time (min)


Propanol Yield (%)




Propionic Acid	-5.9246141300079858	-6.2122962024597674	-6.6177613105679312	-4.3959187834680504	-4.2150714058108223	-4.1492553303833857	Pentanol 	-5.9246141300079858	-6.2122962024597674	-6.6177613105679312	-5.0535736999005545	-5.0985472185908343	-5.3204074520877933	Propyl-Propanoate	-5.9246141300079858	-6.2122962024597674	-6.6177613105679312	-4.4961001086306798	-4.6195547551693261	-4.722712020200321	ln(mol/hr) Propionic Acid


ln(rate disapperance of PrA mol/hr*gcat) 




1.7452006980802793E-3	1.8083182640144665E-3	1.9120458891013384E-3	-3.9082556840580396	-4.2566371919323247	-4.9652172697368115	1/T (K-1)


ln(k)
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TCD Signal 




SiO2	0.03	0.05	0.1	0	3.5552920344345665E-2	7.011843672226041E-2	Cr2O3	0.03	0.05	0.1	1.4009123523214952E-2	2.4885856753498553E-2	2.8992586579058077E-2	ZrO2	0.03	0.05	0.1	1.11668731980872E-2	1.7536753456121958E-2	4.5654964845601373E-2	wt.% Cu/SiO2


Rate Appearance of Pentanol (mmol/L*gcat*min)



10% Cu/SiO2	SiO2	7.011843672226041E-2	Copper Chromite	Copper Chromite	1.786906209787841	Rate Appearance of Pentanol (mmol/L*gcat*min)




Ethyl valerate	Ethanol 	Pentanol 	Pentyl-Pentanoate	2.7181259697692074E-2	6.9656372791198004E-2	5.1306859038500524E-3	Pentanoic acid with excess ethanol 	Pentanol 	Pentyl-Pentanoate	Pentanes 	3.9395989491015854E-3	1.1483524923366194E-3	Pentanoic acid 	Pentanol 	Pentyl-Pentanoate	Pentanes 	1.3477368278212063E-2	8.2926387702945498E-2	Pentyl pentanoate 	Pentanol 	3.5057991342368096E-2	Products


Carbon Yields (%)




Ethyl valerate	Ethanol 	Pentanol 	Pentyl-Pentanoate	0.48477413729173929	0.49692484310566309	1.8301019602597623E-2	Pentanoic acid with excess ethanol 	Ethanol 	Pentanol 	Pentyl-Pentanoate	0.87279467378658904	0.12720532621341094	Pentanoic acid 	Ethanol 	Pentanol 	Pentyl-Pentanoate	0.24530816132531227	0.75469183867468781	Pentyl pentanoate 	Ethanol 	Pentanol 	Pentyl-Pentanoate	1	Products


Selectivity (%)




Pentanol 	0	0.11664908345738699	0.13369991481966503	0.21495796896247277	0.53391162844515561	0.10439514186362737	0.14298817372461806	0.14561591254194375	0.13450121658360226	0.11932277065642717	3-Methylphenyl valerate	0	0.11664908345738699	0.13369991481966503	0.21495796896247277	0.53391162844515561	0	3.3325018117332152E-3	0	5.7016150678653758E-3	9.7822377613604183E-3	Pentyl-Pentanoate	0	0.11664908345738699	0.13369991481966503	0.21495796896247277	0.53391162844515561	1.893662553818801E-2	0	0	0	0	PEA Converted	0	0.11664908345738699	0.13369991481966503	0.21495796896247277	0.53391162844515561	0.18516974433615099	0.19422874451375155	0.2042080079457762	0.17822972373622736	0.23238217906565212	m-Cresol to PEA ratio


Yield Products (%)


PEA Converted (%)




Pentanol 	0	0.13650786159908901	0.22332683163853376	0.3366377453719761	0.5561351285239069	0.10439514186362737	0.13180552062150563	0.14936748031571048	0.13632254227641263	0.10196406319092227	Ethyl-Valerate	0	0.13650786159908901	0.22332683163853376	0.3366377453719761	0.5561351285239069	0	9.9272613346841447E-3	1.283876681756424E-2	2.7273330756264317E-2	3.9406005176860034E-2	Pentyl-Pentanoate	0	0.13650786159908901	0.22332683163853376	0.3366377453719761	0.5561351285239069	1.893662553818801E-2	1.6982906721624703E-2	2.4254403299441955E-2	2.2225700541343606E-2	1.5825519058167307E-2	PEA Converted	0	0.13650786159908901	0.22332683163853376	0.3366377453719761	0.5561351285239069	0.18516974433615099	0.20386202797624253	0.20338445561609639	0.2157623464255716	0.17968321188436942	EtOH to PEA ratio


Yield Products (%)


PEA Converted (%)




Pentanol 	0	0.11312352897190937	0.21535341715258335	0.50446881722806192	0.10439514186362737	0.13267395330784901	0.12539347328651418	0.10759587650618775	Pentyl-Dodecanoate	0	0.11312352897190937	0.21535341715258335	0.50446881722806192	0	0	0	0	Pentyl-Pentanoate	0	0.11312352897190937	0.21535341715258335	0.50446881722806192	1.893662553818801E-2	1.5827580090148355E-2	2.0592186227168536E-2	1.6498037809356044E-2	PEA Converted	0	0.11312352897190937	0.21535341715258335	0.50446881722806192	0.18516974433615099	0.19330687496198615	0.21558355516961317	0.21291787895317657	1-Dodecanol to PEA ratio


Yield Products (%)


PEA Converted (%)




Pentanoic Acid 	0.43306325271712526	0.22722265739743464	0.16846176441789876	0.14764271027122294	0.10321404092822872	5.0022030745128759E-2	2.5788211103495544E-2	2.8071016649655841E-3	3.0586044609207E-3	3.4783458952929989E-3	3.6839751034728253E-3	3.169505401423074E-3	3.1635934122198101E-3	3.0112156193977148E-3	[Pentanoic Acid] M


Rate Disapperance of PEA (mol/L*gcat*min)



Pentanol 	0.43306325271712526	0.22722265739743464	0.16846176441789876	0.14764271027122294	0.10321404092822872	5.0022030745128759E-2	2.5788211103495544E-2	7.097893988703217E-4	1.5408894289056984E-3	1.8119637427448892E-3	1.8069058410009975E-3	1.786906209787841E-3	2.0218930207696047E-3	2.0929840460664735E-3	Pentyl-Pentanoate 	0.43306325271712526	0.22722265739743464	0.16846176441789876	0.14764271027122294	0.10321404092822872	5.0022030745128759E-2	2.5788211103495544E-2	1.2078774650299182E-3	7.0552421746420996E-4	4.6995914701214794E-4	3.3241792803812936E-4	1.620668029304377E-4	4.1385172070069359E-5	1.575339365785455E-5	Pentanoic Acid 	0.43306325271712526	0.22722265739743464	0.16846176441789876	0.14764271027122294	0.10321404092822872	5.0022030745128759E-2	2.5788211103495544E-2	2.8071016649655841E-3	3.0586044609207E-3	3.4783458952929989E-3	3.6839751034728253E-3	3.169505401423074E-3	3.1635934122198101E-3	3.0112156193977148E-3	[Pentanoic Acid] M


Rate Apperance of Products (mol/L*gcat*min)




Pentanol 	0.43306325271712526	0.22722265739743464	0.16846176441789876	0.14764271027122294	0.10321404092822872	5.0022030745128759E-2	2.5788211103495544E-2	9.8929862663266373E-3	4.0891887115154679E-2	6.4922822036203906E-2	7.3870790073187934E-2	0.10439514186362737	0.244217946563067	0.49037172666154871	Pentyl-Pentanoate 	0.43306325271712526	0.22722265739743464	0.16846176441789876	0.14764271027122294	0.10321404092822872	5.0022030745128759E-2	2.5788211103495544E-2	3.3670593536519092E-2	3.7446186749484058E-2	3.3677356059603675E-2	2.7180137914729549E-2	1.893662553818801E-2	9.9975633105103129E-3	7.3818229654445053E-3	Pentanoic Acid 	0.43306325271712526	0.22722265739743464	0.16846176441789876	0.14764271027122294	0.10321404092822872	5.0022030745128759E-2	2.5788211103495544E-2	3.912515214215094E-2	8.1168775643234103E-2	0.12462944274943052	0.15061003475019585	0.18516974433615099	0.3821202600514873	0.70550705124074542	[Pentanoic Acid] M


Carbon Yield of Products (%)


Conversion of PEA (%)




Pentanol 	0	0.59672035148736591	0.79754271217346484	2.1579775472241871	5.379123934158331	13.177653847163175	66.626219925891135	1.786906209787841E-3	1.0281789911819736E-2	1.1430023163654449E-2	1.0955668530114638E-2	4.593258833732271E-3	1.1439986647261333E-3	2.1652617923994283E-4	Pentyl-Pentanoate 	0	0.59672035148736591	0.79754271217346484	2.1579775472241871	5.379123934158331	13.177653847163175	66.626219925891135	1.620668029304377E-4	9.7414091074466216E-4	1.1167481648775505E-3	1.0169375973716973E-3	6.2080736723753749E-4	6.3621471432256406E-4	6.8745834372421896E-4	Pentanoic Acid 	0	0.59672035148736591	0.79754271217346484	3.169505401423074E-3	2.7735579660627062E-3	3.0311879789902936E-3	Water:PEA Ratio


Rate Pentanol (mol/L*gcat*min)



Pentanol 	0	0.59672035148736591	0.79754271217346484	2.1579775472241871	5.379123934158331	13.177653847163175	66.626219925891135	0.10439514186362737	9.960438261267722E-2	0.11105703562411975	0.1055319431247921	4.4512824072027217E-2	1.1037938935142183E-2	2.0773902006364833E-3	Pentyl-Pentanoate 	0	0.59672035148736591	0.79754271217346484	2.1579775472241871	5.379123934158331	13.177653847163175	66.626219925891135	1.893662553818801E-2	1.8873893519440806E-2	2.1701222990404421E-2	1.9591574971859742E-2	1.2032367484942654E-2	1.2277110774447516E-2	1.3191192230071298E-2	Pentanoic Acid 	0	0.59672035148736591	0.79754271217346484	2.1579775472241871	5.379123934158331	13.177653847163175	66.626219925891135	0.18516974433615099	0.16217959075613639	0.17777106224133818	0.17705729310122076	3.7571407869199054E-2	Water:PEA Ratio


Carbon Yield (%)


Conversion (%)




Propanol 	30	52	74	96	118	140	0.25804871961287557	0.24967230126839904	0.22704411018904497	0.22417102774431222	0.19974873846323335	0.22588893088650602	Butyl-Propanoate 	30	52	74	96	118	140	0.68491379588496515	0.54576432705754285	0.60979594521684954	0.64031696379636494	0.58424820779003772	0.60744979161177937	Propionic Acid 	30	52	74	96	118	140	0.65306553073589158	0.71527810454838148	0.55795298166432394	0.42631888993706385	0.43629162337423433	0.46567303668054422	TOS (min)


Yield Products (%)




Butyl-Propanoate 	30	52	74	96	118	140	0.68491379588496515	0.54576432705754285	0.60979594521684954	0.64031696379636494	0.58424820779003772	0.60744979161177937	Propyl-Propanoate 	10	54	76	120	142	0.14480803592664895	0.13185931671632786	0.12371025745725547	0.11954613294773528	0.11709851335296821	TOS (min)


Yield Esters (%)




6
image2.png
NN L . SN AN et
(catalyst)




image3.png
A
/\/7/\/+/\/+/ﬁ+N
catalys




image4.png
ETHYLENE

BUTADIENE





image5.png
onlinelibrary.v: %

& Characterizatio X

Characterizing X Theoretical st X

[ PI:0304-5102 X

[ PIl: S0926-860: X

£ gamma valero! x

" Discover - Gai

x / € 3gc37065h 5

C | @ pubs.rscorg.ezproxy.lib.ou.edu/en/content/articlepdf/2013/ac/c3gc37065h

i1 Apps @ Organometallics (AC

Published on 17 January 201

O Type here to search

Scifinder - Research Journal of Catalysis - B (99+) OU Biofuels - ¢ 0OU Canvas

Professor James A. Dumesic
earned his B.S. degree from
UW-Madison and his M.S. and
Ph.D. degrees from Stanford
University, under the supervision
of Professor Michel Boudart.
Dumesic joined the Department
of Chemical Engineering in
1976, and he is currently the
Steenbock Chair in the College
of Engineering and the Michel
Boudart Professor of Chemical
and  Biological — Engineering.
Throughout his career, Dumesic

James A. Dumesic

has used spectroscopic, microcalorimetric, and reaction kinetics
techniques to study the surface and dynamic properties of hetero-
geneous catalysts. Dumesic pioneered the field of microkinetic
analysis, in which diverse information from experimental and
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form chemicals for the production of fuels and chemicals.

This iournal is © The Roval Society of Ch 0

[ Employee-facing rec Decarbonylation of ¢

Lignocelluloﬂc'biomaés‘

Microsoft Office Hon

4//1\-\>

Hemicellulose Cellulose Lignin
- il chemicals
on
(N 5 (e.g., solvents)
4
xylose glucose
H’l(.H,o H'lﬁ.H,o
o OH o
o | o |
\ 7/ \_/
furfural HMF
metal (\HZ H (\HIO/
o
MLH—ZO N H
@) Hood ! &
furfuryl levulinic acid ¥/ o _o
alcohol R-O H'lﬁ'OH \g
o H
H &> GVL
o/\ﬁ\'
J ethyl levulinate

Fig. 1 Fractionation of lignocellulosic biomass
produce GVL from hemicellulose and cellulose.

and reaction pathways to

(@ eMolecules @ Master's Degree For





image6.png
[ Chemisor X ( < Characte:

3 Theoretic: x (| Studiesoi x ( [ Total

x ([ Character. x

ovid x (|

Character: X

() Discover - x / [) Aroadma x \ € c3gestoo. x £:4 Robinson

C | @& Secure

Apps < Organometallics (AC

< Scifinder - Research | Joural of Catalysis - B (99+) OU Biofuels -

A roadmap for conversion of lignocellulosic biomass to chemicals and fuels

O Type here to search

Figure 1

0OU Canvas

Decarbonylation of ¢ [J Microsoft Office Hor

[ Employee-facing reg

Furfuryl alcoh

3

Furfural
3H,0 . f
Xylose
Hemi-cellulose

Cellulose
Lignin

Biomass

y; Levulinic esters \
HZ

ROH[ MO
" Levulinic acid l
H,0 | —~HCOOH

HMF

o) 1,0

Glucose

o)

Lignin

Sugars

Gasoline

ROH co, |

GVL — Butene

Jet Fuel
"Hy+CO,

[ —+H0

Heat/Power
Aromatics

Lignin

Chemicals Fuels

Current Opinion in Chemical Engineering

Roadmap for conversion of lignocellulosic biomass (green) to fuels (yellow) and chemicals (orange), passing through the intermediate formation of

furfural and levulinic acid from Cs and Cg sugars (blue).

properties. For example, hemicellulose is typically hydro-

lyzed at a faster rate than cellulose in :

idic aqueous

processed further into levulinic acid using a cellulose
deconstruction step.

x

https://ac-els-cdn-com.ezproxy.lib.ou.edu/S2211339812000342/1-52.0-52211339812000342-main.pdf?_tid=6da4f124-9953-43a1-8fae-98ea1d928270&acdnat=1521661381_8f2a89bface03..
(@ eMolecules @ Master's Degree For

=) —
Q% O

>

349 PM
3/21/2018

X





image7.png
[ Chemisor; X ( < Character x | [BJ Character x Theoretic: X (| Studiesof X ( | Totaloxid: X ( | Characteri x ( (O Discover- X ( [ Aroadma X / € c3gc3706° x \ ff J.Q.Bond X e - X
Lo o N

C' | ® pubs.rscorg.ezproxy.lib.ou.edu/en/content/articlepdf/2013/gc/c3gc37065h Q % O ®

i Apps & Organometallics (AC' <& SciFinder - Research | Journal of Catalysis - EY (99+) OU Biofuels - ¢ OU Canvas [} Employee-facing reg Decarbonylation of ¢ [J Microsoft Office Hon (5] eMolecules @ Master's Degree For »

©3gc37065h 584..595 ++
View Article Online

excellent properties as solvent’* and is a precursor for high-

value chemicals and fuels.>*** Being able to upgrade both N

the cellulose and hemicellulose to LA and then to GVL

improves the economics of converting biomass, leading levulinic acid H,0

researchers to find more uses for these chemicals and more +H1l \

efficient processing methods. Recently, Wright and Palkovits®* [ oo
published an excellent review studying the methods and reac- MQH \g
tion conditions to produce GVL from LA. Although we briefly 4 a-angelica
describe the production of GVL in this review, we refer the y-hydroxyvaleric acid ) | 5 lactone
reader to that review and the original references for details - o“ ‘“
concerning this reaction. After discussing recent literature on

conversion methods and reaction pathway to produce GVL, we \g +Hz \<°jo
then focus on the use of GVL as a solvent to process biomass —
and as intermediate to produce chemicals and fuels. hydroxy B-angelica
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GVL is a 5 carbon (valero-) cyclic ester with 5 atoms (4 carbons (4-pentenoic acid)

and 1 oxygen) in the ring (y-lactone). GVL is a colorless liquid
stable at normal conditions and has a sweet, herbaceous odor,  Fig. 2 Reaction pathways to produce GVL
which makes it suitable for the pr()ductlon of perfumes and
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