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ABSTRACT
With higher demanding of fossil fuels and the growing problems of the greenhouse effect and global warming, biofuels have drawn much attention in the research study to understand the chemistry and seek the solution to the challenges in the both in processing and economic. In this study, ethanolysis of lignin for the conversion to monomers were investigated. With the rich ether bond linkages in lignin and in order to understand more of a fundamental chemistry, 4-O-5 ether bond model compound was also studied over Ru/SiO2 and PdOTS/HY. 
In the first part, ethanolysis of stillage lignin from bioethanol plant was studied in a high-pressure reactor. Ethanol shows to be an excellent solvent and source of hydrogen donor to depolymerize lignin. Performing the depolymerization at 280C in 1400 psi of H2, lignin disappearance was accounted for 60%. When the reaction was conducted with the addition of Ru/SiO2, up to 95% of solid lignin was solubilized. However, in any conditions, the maximum monomers yield was 8%. A thorough study has shown that at 280C, ethanol converts to acetaldehyde, which condensates to longer chain molecules that could potentially be blocking the active site. The catalysts also contained up to 7% of coke, which could be preferentially from trapping of larger trimers and oligomers during lignin depolymerization. 
The second part of the study employed the methodology from the lignin depolymerization to biomass deconstruction. Ethanol solubilizd up to 58% of the solid Red Oak. However, less than 1% of monomers yield were detected. Upon thermal pyrolysis of the oak residue from the ethanolysis step, it suggests that most of hemicellulose and cellulose remained intact in the biomass after severe ethanolysis, which is shown in a large number of sugars and furan derivatives detected. The ethanolysis has proved to be an excellent method to isolate lignin from biomass. 
The third part of this research looks into understanding the chemistry to break 4-O-5 ether linkage by studying diphenyl ether over Ru/SiO2 and PdOTS/HY. In the hydrogenation of Ru/SiO2, a surprising result suggest a carbon-carbon bond formation from the catalyst that was synthesized from the ruthenium(III) chloride precursor. The acidity that catalyzed this reaction is the Lewis acid sites on the ruthenium ions in the form of RuCl3. This ion salt came from an incomplete calcination of the precursor at 500C. From these results, PdOTS/HY catalyst was developed to maximize the carbon-carbon molecules. Upon the investigation, it shows that the carbon-carbon bond formation is maximized by a well-balanced metal and acidity. The most favorable pathway to the carbon-carbon molecule is through a partial hydrogenation of diphenyl ether followed C-O bond cleavage then alkylation of phenol and cyclohexene. 




iv
[bookmark: _Toc513486557]Introduction and Research Direction
Fossil fuels have been the primary source of energy to produce electricity and transportation fuels. In the past decades, alternative energy has been studied to produce clean and efficient energy to replace fossil fuels. Even though that the conventional fossil fuels have superior advantages over other alternative energy, but burning fossil fuels creates tons of carbon dioxide, one of the major causes of global warming and greenhouse effect. Besides carbon dioxide and other poisonous gases such as SOx and NOx, are causing acid rain that affects forests and lakes environment. Numerous researches highlight the advantages of alternative energy to replace the fossil fuels. One of the alternative energy that has gained tremendous attention is liquid fuels from the conversion of biomass. 
Lignocellulosic biomass is composed of cellulose, hemicellulose, and lignin. Depending on the source of the biomass, the content of each component varies. Different strategies to upgrade the biomass to valuable biofuels and chemicals have been proposed. Pyrolysis of biomass yields viscous bio-oil that contains a mixture of hundreds of compounds. Bio-oil usually contains up to 20-40 wt.% of oxygen and highly functionalized molecules, which are significantly different from petroleum feedstock. Conventional strategy to increase the energy density of pyrolytic bio-oil is first deoxygenating to reduce the reactivity of the feedstock then selectively upgrade the platform molecules to other fuels and chemicals [1][2][3]. Pyrolysis of biomass can result in recalcitrant lignin meaning that aromatics polymer are more connected through carbon-carbon bonds [4]. Transitioning from petroleum to biomass presents significant technological and economic challenges. 
With many challenges to develop biomass-based process, catalysis will play an important role to advance the technology. This dissertation will present the strategies for the conversion of lignocellulosic biomass particularly lignin and biomass-derived molecules utilizing heterogeneous catalysts. Three research topics are covered
	(i)	Ethanolysis of lignin in the high-pressure batch reactor, 
	(ii)	Liquid phase hydrogenation of diphenyl ether over Ru/SiO2,
	(iii)	Liquid phase C-O bond cleavage of diphenyl ether over PdOTS/HY.
In each part, a literature review is followed by detailed experimental information with results and discussion of the topics. 

1

6
[bookmark: _Toc513486558][bookmark: OLE_LINK6][bookmark: OLE_LINK7]Ethanolysis of Lignin in High-Pressure Batch Reactor
[bookmark: _Toc513486559]Introduction
Lignocellulosic biomass, which composes of cellulose, hemicellulose, and lignin, is an abundant and renewable resource. For many decades, researchers have studied this complex structure from the formation to the depolymerization. The transformation of these constituents can offer broad varieties of bio-derived fuels and chemicals [5][6][7]. 
Lignin is a complex polymer deriving from methoxylated hydroxycinnamyl alcohol building blocks. Lignin is linked by different bonding which demand different conditions for cleavage. Owing to its high carbon-to-oxygen content, lignin has a great potential for biofuel feedstocks. Arrays of depolymerization conditions have been reported both “mild” and “harsh” conditions. Characterization of lignin components requires the use of a broad array of techniques. The chemical composition of the volatile liquid products is most often performed in Gas Chromatography-Mass Spectrometry (GC-MS) and Gas Chromatography-Flame Ionization Detector (GC-FID). However, there are always limitations to both identification and quantification as the original samples are not commercially available for many of the products. Lignin oil usually contains non-volatile and higher-molecular-weight molecules which are not detectable by GC-MS and GC-FID. Therefore, the employment of Gel Permeation Chromatography (GPC) will approximate the molecular weight and size distribution. With an advance in the technology of NMR, it has been widely used to reveal the linkages. Heteronuclear Single-Quantum Coherence (HSQC) experiment has been taken over from the simple tradition 1D-NMR. The experiment allows cross-coupling of the signals and provides higher resolution to distinguish the structural details [6]–[8]. An example of 2D HSQC of lignin and the labeling is shown in Figure 2.1
[image: ../../../Desktop/Screen%20Shot%202018-04-25%20at%205.47.58%20PM.][image: ../../../Desktop/Screen%20Shot%202018-04-25%20at%205.44.19%20PM.]
[bookmark: _Toc513455902][bookmark: _Toc512615313]Figure 2.1. HSQC-NMR spectra of lignin and prominent structures for identification from [9].
Native lignin structure may suffer severe transformation from the pulping or pretreatment process depending on the temperature and duration of the process. Therefore, the abundance of each linkage motif is likely to differ from the native lignin. Two specific pulping processes that are widely used are Kraft and Organosolv processing. Kraft process is the main technology in the paper industry. The process involves treating the woods with hot water, sodium hydroxide, and sodium sulfide at 170°C to 176°C for several hours. During the process, the liquor is maintained at pH value > 10 to avoid the re-deposition of lignin residues onto the fibers [10]. During the delignification steps, the contents of -o-4 and other -ether have significantly decreased. Lignin network becomes recalcitrant, meaning that the network comes to be highly condensed and formed C-C crossed link [11]. 
Acidolysis of -ethers in lignin was studied to understand the rate of phenolic/non-phenolic -ethers hydrolysis. Sturgeon et al. observed that hydrolysis of phenolic model compounds was about two orders of magnitude faster than for non-phenolic counterparts with H2SO4 at 150°C. This study suggests the importance of selecting the model compounds regarding the linkages cleavage [12]. 
One of the disadvantages of Kraft lignin is the emission of sulfur compounds such as hydrogen sulfide, methyl mercaptan, and dimethyl sulfide. Organosolv lignin has been highlighted as an alternative to Kraft process. Pulping entails organic solvent treatment such as aqueous ethanol. It was demonstrated to release fraction of lignin and hemicelluloses into the solution. Different alcohols from methanol to isopropanol have been proven to be able to dissolve the biomass [4][13][14]. Moreover, the Organosolv process allows the recovery of the solvent, unlike the Kraft process. 
Isolating sugars from biomass was reported using -valerolactone (GVL) without ionic liquids or concentrated acids. At the same time lignin depolymerized and isolated separately. The lignin structure was maintained after the extraction as confirmed by their NMR study of before and after the treatment. Isolated lignin was upgraded using two-stage hydrolysis. First, the lignin was dissolved in 80% THF, 8.5% H3PO4, and 1.5% H2O over Ru/C at 150°C. Then, THF solvent was replaced with heptane forming a biphasic mixture that then was treated at 250°C. Up to 38% of soluble lignin-derived monomers was observed [15].
Whether or not lignin undergoes recondensation also depends on the choice of solvent. Huang et al. reported a significant benefit of using ethanol as a solvent to serve as a capping agent to stabilize reactive phenol by alkylating with phenol-O and ring-C alkylation. This was reported to obtain 17 wt.% monomer with ethanol though under methanol the yield was only 6 wt.% [16], [17]. 
Rinaldi et al. demonstrated that one can obtain non-pyrolytic lignin bio-oil in 2-propanol/water with the presence of Raney Ni at 160°C. When the temperature increased from 160°C to 220°C, delignification increased from 53% to 87%. The authors claimed that the presence of water in the extracting medium improves the delignification. The water helps the transportation of the liquor into the biomass pellet. In comparison to the experiment, treating Organosolv lignin in the solvent mixture, the products from non-pyrolytic lignin bio-oil had shown a significant increase in bicyclic compounds [4]. 
Choi et al. studied different metals on carbon supports including Pt/C, Pd/C, Ru/C and Ni/C under supercritical alcohols. A combination of ethanol and Pt/C produced 77 wt.% of lignin-oil that mainly consists of 4-ethyl phenol, guaiacol, 4-ethyl guaiacol and syringol [18]. Commercial Pd/C and Ru/C catalysts yielded about 50% of phenolic monomers from birch wood in methanol. Sels et al. demonstrated that by changing from Ru/C to Pd/C, there is an increase in OH-content of the phenolic monomers products [19].  
[bookmark: _Toc513455878]Table 2.1. Summary of recent reports on monomer yields over various solvents and catalyst.

	Entry
	Catalyst
	Reaction Conditions
	Yield of monomers
	Reference

	
	
	Solvent
	T (˚C)
	P (psi)
	time (hr)
	
	

	1
	Ru/C
	H2O
	200
	580
	4
	4.6 wt%
	[20]

	
	Pt/C
	H2O
	200
	580
	4
	33.6 wt%
	

	
	Pt/C
	dioxane/H2O
	200
	580
	4
	41.7 wt%
	

	2
	MoC
	Ethanol
	280
	
	6
	47 wt%
	[21]

	3
	Ru/C
	Methanol
	250
	1750
	3
	48 C mol%
	[22]

	
	Pd/C
	Methanol
	250
	1750
	3
	49 C mol%
	

	4
	H-USY
	H20/Methanol
	250
	100
	0.5
	47%
	[19]

	5
	NiMO/Al2O3
	dimethyl disulfide
	350
	1450
	4
	14.8 wt%
	[23]

	
	CoMo/Al2O3
	
	350
	1450
	4
	10.8 wt%
	

	6
	Pd/C
	Methanol and H3PO4
	200
	300
	3
	40.0 C mol%
	[24]

	
	Pd/C
	Methanol and NaOH
	200
	300
	3
	25.0 C mol%
	

	7
	Ni/C
	Methanol
	200
	500
	3
	24.5 wt%
	[25]

	8
	Ru/C
	Methanol
	200
	500
	4
	16 wt%
	[26]
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[bookmark: _Toc513486560]Experimental 
[bookmark: _Toc513486561] Catalyst Synthesis 
5 wt.% Ru/SiO2 was prepared using ruthenium chloride hydrate, RuCl3nH2O (Sigma-Aldrich, 99.98%) by incipient wetness impregnation. After the impregnation, the catalyst was dried at 80C overnight in the oven. The dry catalyst was calcined at 500C in air at 100 ml/min for 4 hours. 
[bookmark: _Toc513486562] Lignin Characterization
2D-NMR was performed on Varian VNMR 500 MHz instrument equipped with triplet resonance H-PFG probe. Solid sample was dissolved in DMSO-d6 and measured using the inverse detected 1H-13C correlation spectra (HSQC) at 25C.  HSQC experiment programmed with spectral widths of 5000 Hz (from 10 to 0 ppm) and 20,843 Hz (from 165 to 0 ppm) for 1H and 13C dimensions, respectively. The number of complex points collected was 2048 for 1H with a 1.5 second recycle delay. The number of transients was 64 and 256-time increments were recorded in 13C dimension. 
[bookmark: _Toc513486563] Reaction Experiment and Product Characterizations
Lignin used in the depolymerization experiments was obtained from the filtration of stillage from bioethanol production provided by Abengoa Bioenergy. Experiments were carried out in 50-mL Parr reactor. Lignin depolymerization was performed using 500 mg of starting material and 20 mL of solvent at 280C and 1400 psi of H2. In the case of biomass experiment, 1 gram of Red Oak with 20 mL of ethanol was carried out at 280C under approximately 1400 psi of hydrogen. Prior to running reaction, the system was charged with N2 three times to remove air, then 400 psi of H2 was charged at room temperature. The reaction time started once the temperature controller reached 280C. The mixture was stirred at 600 rpm. The reaction was stopped with rapid cooling to room temperature before the gas was discharged. The mixture was filtered. The residue was dried overnight and weighed.  The difference between the initial mass and the final residue weight was taken as lignin disappearance.
The filtrate was filtered again through a 0.2 m syringe filter before analyzing in gas chromatography. GC-MS and GC-FID are equipped with DB-1701 column (60 m x 0.25 mm x 0.25 m). 2 mL of filtrate was dropped on 200 mg of silica and stirred. The solid was dried in the oven at 80C to remove the ethanol solvent. The solid was pyrolyzed in Pyroprobe unit to study the liquid products that could not be detected in GC-MS/FID.
Raw oak, the residue after oak depolymerization and the liquid after oak depolymerization trapped in SiO2 were pyrolyzed using CDS Analytical Pyroprobe 5250T apparatus with autosampler. Between 0.5 mg to 1.0 mg of sample was loaded into a quartz tube with a filler rod and quartz wool packed below to prevent the sample from falling out the bottom (Figure 2.1). The quartz tube with filler rod and quartz wool was weighed before and after the sample loading. After the samples were loaded on the autosampler and GC signal ready, the carousel dropped the sample tube into the pyrolysis chamber. Then, the chamber was purged with helium for 20 seconds to remove any air. Following this purge, the filament was heated to the set point. The evolved vapors passed through a valve oven heated to 300C then swept into the transfer line that was connected to the injection port of the attached gas chromatography. Once the gas chromatography was completed, the filament was deactivated and the valve was opened to allow the sample to drop by gravity out of the chamber. The pyrolysis chamber was cleaned by reactivating the filament to 1200C and held for 20 seconds while purging with helium. The vapors from pyroprobe pyrolysis were analyzed in an online Shimadzu QP2010 GC-MS/FID system fitted with a RTX-1701 column (60 m x 0.25 mm x 0.25 m). 
[image: C:\Users\biofuel\Dropbox\Project\Manuscripts\Biomass\quartz.png]
[bookmark: _Toc512615314][bookmark: _Toc513455903]Figure 2.2. Quartz tube for pyroprobe pyrolysis.

Identification of the product peaks in all the experiments was based on the library search as well as literature resources previously published by Felix et al. [27]. Quantification of the products in all cases was calculated using effective carbon number (ECN) model corresponds to each target molecule and its relative response factor in the gas chromatography. ECN model was introduced by Sternberg et al. to which it takes into account the number of carbons in the molecule that are effective in producing FID signal. 
ECN value depends on the structure and the functional groups of the molecule. The model was developed and validated with 42 compounds based on the typical functionalities in pyrolysis bio-oil, including sugar derivatives, light oxygenates and phenolic. The ECN contributions of each functional category are shown in Table B1.
The structural characterization was examined using X-ray diffraction (XRD) and scanning electron microscope (SEM). SEM characterizing was done on ZEISS NEON High Resolution with Schottky emitter electron source. For XRD characterization, a D8 Series II X-ray diffractometer (Bruker AXS) was determined in reflection geometry using CuK radiation generated at 40 kV and 35 mA in the 2 range from 2 to 70. 
[bookmark: _Toc513486564] Results and Discussion
[bookmark: _Toc513486565] Lignin Depolymerization
In order to depolymerize the lignin successfully, it is necessary to break the linkages. This will generate oligomers that can undergo several reactions and transform into monomeric products. However, oligomers and unsaturated monomers can undergo repolymerization. Alcohols have been demonstrated to be excellent solvents for biomass depolymerization due to their hydrogen transferability. 
[bookmark: _Toc513455879]Table 2.2. Lignin Disappearance in methanol and ethanol solvent at different temperatures.
	
	Methanol
	Ethanol

	Temperature (˚C)
	280
	80
	220
	280

	Lignin Disappearance (%)
	57
	58
	75
	95



Table 2.2 shows a comparison of lignin disappearance between methanol and ethanol solvent. Lignin disappearance was calculated by the difference between the initial weight of lignin dry basis and the unreacted lignin after filtration on the dry basis. After 12 hours of treating the lignin at 280C in hydrogen, 57% of solid lignin disappeared, while in ethanol, it can solubilize the lignin up to 95%. Surprisingly, ethanol was able to solubilize 58% of the lignin when it was stirred at 80C overnight but no monomer was detected. Once the reaction temperature was increased to 220C, almost 75% of stillage lignin disappeared but the only 1-2% of monomers were detected. When the supercritical temperature of ethanol (280C) was applied, up to 7% of monomers were detected. This demonstrated that both methanol and ethanol are good solvents and they are capable to extract the lignin even at low temperature. However, at a lower temperature, most of the solubilized lignin were large dimers or oligomers that could not be detected by GC-MS/FID. Overall, ethanol is better to solubilize lignin than methanol. 
 

[bookmark: _Toc512615315][bookmark: _Toc513455904]Figure 2.3. Percentage of monomers yield from methanol and ethanol at 280C, 1500 psi H2 and 12 hours.
From Figure 2.3, the monomers that were detected from both methanol and ethanol solvents were similar and the yields of the monomers were about the same. The total yields of the monomers were approximately 7% from nine monomers that were able to identify. These monomers are 3-ethylphenol, 2,5-dimethyl phenol, 4-ethylguaiacol, 4-propylguaiacol, 2,6-dimethoxyphenol, 3-tert-butyl-4-methoxyphenol, 1,2,3-trimethoxybenzene, 1,2,3-trimethoxy-5-methylbenzene and 3-(3,4-dimethoxyphenyl)-1-propanol.  In both cases, the major product was 4-ethylguaiacol. As mentioned earlier that the disappearance of the lignin was as high as 90% in the supercritical ethanol but only a total of 7% C yield of monomers, this reinforces that the lignin was depolymerized into dimers and oligomers. When GC-MS and GC-FID results of the same experiments were compared, it is obvious that more than 9 peaks between 30-60 minutes of retention times were detected. However, due to its complexity and the concentration of the products, other peaks could not be identified and were marked as unknown. Although that ECN model could estimate the unknown, it may lead to underestimating/overestimating of the yield. 

[bookmark: _Toc513455905]Figure 2.4. Percentage of monomers yield from methanol with or without Ru/SiO2 at 280C, 1500 psi H2 and 12 hours.
Ethanol was the choice of the solvent in this research project as it can be obtained from bio-ethanol plants and due to its low boiling point, it could easily be removed from the liquid mixtures prior to the second catalytic upgrading step. As a good hydrogen donor, ethanol helps to solubilized and break hemicellulose and lignin in the biomass. 

[bookmark: _Toc513455906]Figure 2.5. Percentage of monomers yield from ethanol with or without Ru/SiO2 at 280C, 1500 psi H2 and 12 hours.
Figure 2.5 shows the monomers yield from ethanolysis of lignin with and without the catalyst at 280°C and 1400 psi H2. The yield of monomers was no difference. In both scenarios, the disappearance of lignin was more than 90%.  When feeding non-pyrolytic lignin soup with fresh Ru/SiO2 catalyst and ran the reaction at 280°C and 1400 psi H2, there was no increase in the yield of monomers. B. Gomez-Monedero et al. observed similar results to ours regarding the monomers yield from lignin reaction with and without catalysts [26]. 
In literature, the terms “lignin oil”, “bio-oil” or “product oil” are all ambiguous without defining the definition or clarification of how the yield was calculated. Not only that literature ignored the fact that without the tools to quantify the lignin oil, it may lead to overestimating of the yield, but only a few literatures from the best of my knowledge that had reported a blank or a controlled reaction of the lignin. Therefore, this has been misleading that when the solid catalysts were fed with the biomass, the catalysts helped to convert the solid biomass to monomers bio-oil. 
[bookmark: _Toc513486566]Ethanol Conversion over Ru/SiO2
To understand the role of the solvent and the catalyst, a series of studies on ethanol and Ru/SiO2 alone was conducted. One observation with the ethanol under supercritical conditions is that not only does ethanol helps to break the bond of the lignin polymer by hydrogen transfer but ethanol also reacts forming other by-products. Products of ethanol conversion are shown in Figure 2.6. The major liquid product is acetaldehyde via the dehydrogenation of ethanol. Aldol condensation of acetaldehyde followed by dehydration and hydrogenation yielded butanal. Diethyl ether is emerging from two molecules of ethanol. Two C6 by-products from ethanol conversion are diethoxy ethane and diethyl acetate. Diethoxy ethane was formed through acetalization of acetaldehyde and ethanol. Ester formation is derived from the carboxylic acid reacts with the alcohol. However, acetic acid was not detected in the product. This means that under the reaction condition, the oxidation of ethanol to acetic acid immediately reacts with ethanol to ethyl acetate. 




 (a)
 
(b)

[bookmark: _Toc513455907]Figure 2.6. Selectivity from the conversion of ethanol over Ru/SiO2 (a) gas products selectivity and (b) liquid products selectivity. 
Not only ethanol produced liquid products but also light gases were detected. The major gas product was carbon monoxide and methane. The little amount of C2 to C5 gases was observed. A trace of carbon dioxide was detected as well. This implies that ethanol is likely gone through dehydrogenation to acetaldehyde then decarbonylation to form methane and carbon monoxide. At this point, we can conclude that Ru/SiO2 is active in the ethanol reaction. 
Ru/SiO2 catalyst from the reaction of lignin in ethanol was filtered and dried then recycled with fresh ethanol. The spent catalyst had lost most of its activity but it was still able to dehydrogenate forming acetaldehyde. However, the acidity that needed for other products were lost. This could be from the coking of lignin that killed the activity of the catalyst. 
The abundance of the ethanol is another reason that there was no enhancement in the monomeric products with the addition of the catalyst. Ethanol would competitively adsorb on the ruthenium sites that prevent the adsorption of the oligomers. Ethanol forming acetaldehyde also condensates to large molecules that could also block the active sites.
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	Liquid Phase Products
	Mole of Products

	
	(a)
Ethanol + Ru/SiO2
	(b)
Ethanol + Ru/SiO2 (250 mg) + Lignin
	(c)
Ethanol +
Spent Catalyst from (b)
	(d)
Ethanol + Lignin
(no catalyst)

	Acetaldehyde
	5.57E-03
	7.82E-03
	3.53E-03
	1.25E-03

	Ethyl ether
	2.36E-04
	3.22E-04
	-
	1.45E-04

	Butanal
	2.01E-04
	2.18E-04
	-
	-

	Ethyl acetate
	3.11E-04
	1.79E-04
	-
	-

	Diethoxy ethane
	7.00E-04
	1.10E-03
	3.09E-04
	2.77E-04

	Butanol
	6.10E-04
	1.09E-03
	-
	-

	
	
	
	
	

	Total
	7.62E-03
	1.07E-02
	3.84E-03
	1.68E-03


[bookmark: _Toc513455880]Table 2.3. Mole of products from the conversion of ethanol over (a) Ru/SiO2, (b) Ru/SiO2 and lignin, (c) spent catalyst from reaction (b) and (d) without catalyst only lignin.

 
	
[bookmark: _Toc513486567]Carbon content in the catalyst after the reaction 
After the reaction, unreacted lignin and the solid support/catalysts were separated by filtration. The residue was dried in the oven at 80°C overnight to remove ethanol. The carbon content of the residue was analyzed by elemental analysis. In the reaction, the known amount of solid support or catalyst was subtracted from the total initial solid weight (lignin + SiO2 or Ru/SiO2) to determine the amount of unreacted lignin. The carbon content in the liquid was taken as the remaining from the carbon content in unreacted lignin and/or the catalyst.
The raw lignin was found to have 61% of carbon composition. After the reaction with only ethanol, the amount of carbon in the unreacted lignin was 44%, which means 56% of carbon content from the original lignin was solubilized in ethanol. With an addition of SiO2 in the system, lignin disappearance increased to 78.8% and the amount of carbon that was trapped in the silica was 17%. This would give a 62% carbon content in the liquid lignin oil.  
[bookmark: _Toc513455881]Table 2.4. Carbon content of lignin residues after ethanolysis.
	Conditions
	% Lignin Disappearance
	% Monomer Yield
	%C

	
	
	
	Unreacted Lignin
	Catalyst
	Filtrate liquid

	Ethanol without Catalyst
	56.8
	7.78
	44
	-
	56

	Ethanol with SiO2
	78.8
	7.16
	21.0
	17.0
	62

	Ethanol with Ru/SiO2
	97.0
	8.15
	2.0
	5.9
	92



In the reaction with Ru/SiO2, lignin disappearance increased to 97% and the carbon content found in the catalyst was 6%. In every reaction with or without the catalyst, the monomer yields were similar (7-8 %) even though that catalyst could be helping with the cleaving of the linkages in the lignin. But they only resulted in large trimers or oligomers that were trapped inside the catalysts, thus deactivated the active species for later depolymerization to monomers.
[bookmark: _Toc513486568]NMR study on lignin
The solids obtained after the experiment were analyzed in 2D NMR. The chemical shifts at 3.3 to 4.2 ppm (1H) and 55 to 57 ppm (13C) was assigned to methoxy group (-OCH3). Guaiacyl unit was identified in the region 6.5 to 7.0 ppm (1H) and 115 to 117 ppm (13C) and in the lower region 5.9 to 6.5 ppm (1H) and 118 to 122 ppm (13C). The peak region 6.4 to 6.8 ppm (1H) and 104 to 107 ppm (13C) was assigned to syringyl unit. P-hydroxyphenyl was centered in the region of 6.6 to 7.1 ppm (1H) and 125 to 130 ppm (13C). Also, p-coumarate was observed in the region 7.1 to 7.3 ppm (1H) and 125 to 130 ppm (13C). The ether bonds, -o-4 and -o-’ were assigned in the region of 4.8 to 5.4 ppm (1H) and 65 to 75 ppm (13C) and 4.5 to 4.7 ppm (1H) and 65 to 70 ppm (13C) [26]. 
β-o-4 missing
pyridine

[bookmark: _Toc513455908]Figure 2.7. 2D-HSQC of acetylated lignin sample.

Normally, lignin samples are acetylated before 2D-NMR using acetic anhydride and pyridine as a solvent. The acetylation is required to avoid fractionation of the material and increase the solubility and the chemical shift dispersion of the side chain units. After the acetylation, the sample requires to remove excess pyridine and acetic anhydride by the freeze-drying method. However, due to the limitation of the instrument, we were only able to dry the sample using rotary evaporator followed by liquid nitrogen trap. As seen in 1D of 1H-NMR on Figure 2.7, protons on the pyridine are assigned at 7.23, 7.61 and 8.59 ppm which are seen in the acetylated samples. This shows that our drying method was not efficient to remove all the pyridine and remained at high concentration. This results when analyzed in 2D-NMR mode causing the characteristics of all the functional groups and linkages described above to be blinded by the pyridine peaks. From this onwards, the samples of the lignin were only studied in NMR without acetylation. 

 From 2D-NMR results, all the ether C-O linkages, -o-4 and -o-’, and other linkages in the lignin were not observed. Therefore, the extent of linkage disappearance could not be calculated. One remarkable observation from the integration of 2D-NMR before and after the reaction is the methoxy group (-OCH3), assigned at 3.3 to 4.2 ppm (1H) and 55 to 57 ppm (13C). The methoxy group was greatly reduced after the reaction. Methoxy group/DMSO-d6 ratio had gone from 23.17 in the untreated lignin to 9.15 in the residual after the reaction with Ru/C. The ratio of S/G and S/H also showed to slightly increase after the reaction. 
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[bookmark: _Toc513455909]Figure 2.8. 2D-HSQC NMR spectrum from (a) untreated lignin, (b) ethanol treatment and (c) ethanol treatment over Ru/C
	
[bookmark: _Toc513486569]Red Oak Ethanolysis
From a better understanding of the alcoholysis in lignin leads to a question of alcoholysis in biomass. As mentioned earlier that biomass composes of cellulose, hemicellulose, and lignin and conventional technology that uses to convert biomass to valuable chemicals is pyrolysis. This technique decomposes the biomass at elevated temperature to produce bio-oil that requires further treatment to capture any large oligomers. The aim of biomass ethanolysis is to simplify the process and use the ethanol as the media to attack the cell wall of the biomass. Not only that the ethanol has shown to be an excellent source of solvent in the previous research but ethanol itself produces from biomass fermentation process. Figure 2.15 proposes the strategy of using ethanol to produce non-pyrolytic bio-oil to the upgrading steps. Biomass is fermented to produce ethanol that is used in the ethanolysis process to dissolve and stabilized the bio-oil. Because of the macromolecules products that could blind the active sites or form coke in the catalyst in the latter catalytic process, bio-oil should be treated with silica trap. The silica trap is then pyrolyzed at a higher temperature to break heavy molecular weight compounds to high-value chemicals. The liquid left after trapping should be extracted to an organic phase so that ethanol can be recycled back and also avoided the conversion of ethanol in upgrading step. 
From XRD results in Figure 2.9, raw oak composes of three distinct peaks at 2 of 15, 22 and 35. The diffraction peak at 15 could be assigned to the amorphous parts of the cellulose while the peak intensity at 2 of 22 represent (002) lattice plane of cellulose which represented both crystalline and amorphous parts of the cellulose. The peaks observed at 2 = 35 could be assigned to (040) lattice planes of cellulose [28], [29]. The cellulose crystallinity was calculated based on the following formula:

The XRD diffraction of the oak sample from ethanol treatment at 80C shows similar diffraction peaks to the raw oak suggesting that the surface morphology of red oak was unchanged and the crystalline cellulose structure was preserved. Cellulose crystallinity was 42% in the raw oak and 40% from the treatment at 80C. This phenomenon is supported by SEM image seen in Figure 2.10 with the biomass surface remained rough and uneven. However, when the treatment temperature increased to 280C under a high pressure of hydrogen, the surface of the biomass became smoother with small granular particles precipitated on the surface. These particles seen on SEM images could be the precipitation of dimers and oligomers during cooling down of the reaction. The XRD diffraction at 280C demonstrates the structure of the residue became amorphous.  This indicates that cellulose crystallinity was destroyed during the ethanol treatment. 

[bookmark: _Toc513455910]Figure 2.9. XRD of (a) raw oak, (b) ethanol treatment at 80C and (c) ethanol treatment at 280C.
From these results, we can explain the phenomena of how the biomass depolymerizes in ethanol. Cellulose has a crystalline structure whereas hemicellulose is less defined and has an amorphous structure. On the other hand, lignin is a network of aromatic polymer. Figure 2.11 illustrates that as the temperature rises, ethanol that acts as a hydrogen donor penetrates into biomass, lignin starts to break down. At 280C, dimers, and oligomers are formed and more cellulose and hemicellulose are broken. During the cooling down, the temperature decreases, some of dimers and oligomers precipitate and deposit on the surface of biomass, which appears like small granules on the SEM image. 
[image: C:\Users\biofuel\Dropbox\Project\Manuscripts\Biomass\SEM.png]
[bookmark: _Toc513455911]Figure 2.10. SEM of raw oak (top left), ethanol treatment at 80C (top right) and ethanol treatment at 280C (bottom left and right).


INCREASING TEMPERATURE
DECREASING TEMP.

[bookmark: _Toc513455912]Figure 2.11. Schematic of the breaking down of cellulose, hemicellulose, and lignin in red oak treating ethanol.

[bookmark: _Toc513486570]Pyrolysis study of oak residue
After ethanolysis reaction, the liquid was filtered. Any unreacted biomass or residue was dried in the oven at 80C for 12 hours to remove excess ethanol. The residues from red oak ethanolysis were pyrolyzed in the pyroprobe unit connecting to online GC-MS/FID at 520C for 60 seconds. 
The results of the oaks residues from the ethanolysis reaction at 250C and 280C are shown in Figure 2.12 The peaks were categorized into different compound groups, namely, acetic acid, acetone, furans, furans derivatives, light oxygenates, methoxy phenols, sugars, light gases and others. The results show that both temperatures have similar product selectivity despite the fact that after the reactions the disappearance at 250C was only 57%, but up to 80% of red oak were lost at 280C. The solid residue after ethanolysis mostly contained sugar derivatives having a selectivity of 60%. This suggests that the difference from the ethanolysis temperature only breaks down more oak, but does not change any the compositions of the residue. 


[bookmark: _Toc513455913]Figure 2.12. Carbon yields from pyroprobe of residue from oak treatment in ethanol at 250C and 280C. Conditions: 520C for 60 seconds.
According to Figure 2.13, the yields from the residues of oak ethanolysis is similar to the stage 3 thermal fraction. Thermal fractionation was developed to produce several products streams from low temperature to high temperature. C. Waters et al. studied the fractionation at three different temperatures; 270C, 350C and 520C. At low temperature (270C) or so-called stage 1 torrefaction, the major liquid products are water and light oxygenated compounds. The residue of stage 1 torrefaction is collected and pyrolyzed at 350C. The products obtained at this temperature is called stage 2 torrefaction. In stage 2, levoglucosan constitutes 16.2% of the total liquid product. Some water and acetic acid were also seen at this stage, suggesting remaining unreacted hemicellulose. Stage 3 was carried out at 520C using the stage 2 solid residue. As seen in Figure 2.13, the majority of the products stream compose of anhydrous sugar and methoxy phenols. Levoglucosan, which derived from cellulose observed in stage 3, suggests that cellulose decomposition was incomplete. Phenolic species is much expected at stage 3 from the decomposition of lignin [30]. 

[bookmark: _Toc513455914]Figure 2.13. Carbon yields from pyroprobe of residue from oak treatment in ethanol at 280C and Stage 3 torrefaction (520C for 60 seconds).
The similarity between the residue of the oak ethanolysis and the stage 3 torrefaction implies that during ethanolysis, some of the hemicellulose and lignin should have been attacked, leaving mostly cellulose in the biomass. As mentioned before that the liquid products from oak ethanolysis, only traces of monomers were observed. Therefore, almost all dissolved molecules were heavy oligomers that cannot be detected by FID. The liquid products were trapped in silica support and pyrolyzed in pyroprobe at 520C. The results show that almost 60% of the selectivity were light oxygenates compound namely acetaldehyde. About 13% of methoxy phenols and only 1% of furan derivatives were seen in the product stream. According to this result, much of the lignin was attacked and solubilized in ethanol in the form of oligomers. 

[bookmark: _Toc513455915]Figure 2.14. Liquid products from oak ethanolysis pyrolyzed at 520C.  
From these results of biomass ethanolysis and lignin ethanolysis in the previous section, we have seen ethanol can effectively solubilize polymers complex by breaking down the chains into the smaller structure. However, the non-pyrolytic bio-oil composed of large oligomers that require separation and treatment before upgrading to high-value chemicals. 
[image: C:\Users\biofuel\Dropbox\Project\Manuscripts\Biomass\process.png]
[bookmark: _Toc513455916]Figure 2.15. Proposed process strategy of the ethanolysis from extracting biomass to non-pyrolytic bio-oil to the high-value chemicals upgrading.  
[bookmark: _Toc513486571] Conclusions
From the study of lignin ethanolysis, the results have shown that methanol and ethanol can successfully solubilize the lignin. Ethanol can be used more effectively in terms of industrial application as it is produced from the fermentation of biomass. However, we have observed that the addition of the catalyst did not increase the yield of monomers which suggests that large fraction of the liquid are oligomers and require severe treatment to trap these oligomers before further upgrading. The same goes for the oak ethanolysis that only traces of monomers were detected in FID.

XRD and SEM results of oak ethanolysis show that at 280C treating, the morphology of the oak have completely changed and mostly oak have lost much of its crystallinity. According to pyroprobe studies of the residue, the products show similar selectivity to stage 3 torrefaction suggesting that the lignin partially decomposes in ethanol and most cellulose and hemicellulose were retained.
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[bookmark: _Toc513486572] Hydrogenation of Diphenyl Ether over Ru/SiO2
This chapter is a (to be published) Puridej Warakunwit and Daniel Resasco’s paper. 
[bookmark: _Toc513486573] Introduction
With an increasing demand for energy and the environmental issues arise, biofuels energy deriving from biomass has gained much attention. Lignocellulosic biomass contains cellulose, hemicellulose, and lignin. Depending on the source of the biomass, the contents of each constitutes vary. There are different ways and strategies to upgrade the biomass to valuable biofuels and chemicals. Pyrolysis of biomass yields a viscous mixture of bio-oil that contains hundreds of compounds. Bio-oil usually contains up to 20-40 wt.% of oxygen. Conventional strategies to increase the energy density of pyrolytic bio-oil is first deoxygenating to reduce the reactivity of the feedstock then selectively upgrade the platform molecules to other fuels and chemicals. Pyrolysis of biomass results in recalcitrant lignin meaning that aromatics polymer are more connected through carbon-carbon bonds [1]–[3]. 
The most abundant linkages in lignin are β-O-4, β-5, 5-5, β-β, β-1 and 4-O-5. The bond dissociation energy (BDE) of C-C bond in the lignin linkage is as high as 384 kJ mol-1 while BDE of C-O bond is much weaker (220-314 kJ mol-1). Among C-O linkage in the lignin, 4-O-5 is the strongest ether bond with BDE of 314 kJ mol-1 [31]–[33]. Breaking this C-O bond linkage is a challenge. Nevertheless, the 4-O-5 units are formed by the coupling of oligomers during the depolymerization. Therefore, lignin after acidic treatment would contain more of 4-O-5 linkages [6].  
Solid catalysts such as Ni-based and Pd-based have shown to cleave the aromatic ethers bond of lignin in the aqueous medium. Other heterogeneous organometallic catalysts such as Ni(COD)2 have been reported to cleave C-O bonds in diaryl ether [34], [35]. J. He et al. calculated the initial TOFs and the apparent activation energies of different 4-O-5 compounds over 57 wt.% Ni/SiO2. The initial TOF of 4,4’-dihydroxydiphenyl ether was almost three times higher than that of diphenyl ether. This could be due to the two hydrophilic hydroxyl groups in 4,4’-dihydroxydiphenyl ether can enhance the solubility in water and the adsorption capability on the metal site. Different substituents on diaryl ethers lead to different reaction pathways for cleaving C-O bonds. Diphenyl ether cleaves C-O bonds via the combination of hydrogenolysis and hydrolysis, surface hydrogenolysis conversion for diphenyl ether and hydrogenolysis for di-p-tolyl ether [36]. 
Rinaldi et al. studied the solvent effect on the hydrogenolysis of diphenyl ether over Raney Ni under 50 bar H2 at 363 K. The conclusion drawn from this study are that conducting the reaction in the solvents with Lewis basicity such as methanol and THF is less active but highly selective towards aromatic products, phenol and benzene. On the other hand, nonpolar solvents such as decalin and n-heptane show a high conversion and high selectivity to cyclohexyl ether, cyclohexanol, and cyclohexane. This implies that the solvent plays an important role to hydrolyze the lignin. Using polar and Lewis basic solvent can dissolve lignin but they can decrease the activity of the catalyst. Instead, using non-polar solvents that maximize the activity of Raney Ni cause difficulty to the solubility of lignin [37][38]. 
In order to depolymerize the lignin, the linkages must be broken. The most abundant linkage in the lignin is the ether bond, therefore, the depolymerization of the lignin should correlate with the oxophilicity of the metal catalysts. According to the DFT calculations performs by Qiaohua T. et al., the metal-O bond strength (oxophilicity) increases in the order Pt<Pd<Rh<Ru<Fe. The oxophilicity of the metal is a direct function of the d-band center and how close the d-band band center to the Fermi level will determine the M-O bond strength. This is because as the d-band center is closer to the Fermi level, the antibonding orbital of the hybridization between the metal and oxygen is further away and thus results in a less electron occupancy. Then, the M-O bond becomes stronger and the metal is more oxophilic [39], [40][41]. With these reasons, the metal Ru was chosen because it has an intermediate oxophilicity that can catalyze the C-O bond cleavage in the lignin linkages. 
[bookmark: _Toc513486574] Experimental 
[bookmark: _Toc513486575] Catalyst Synthesis and Characterization
5 wt.% Ru/SiO2 was prepared using ruthenium chloride hydrate, RuCl3nH2O (Sigma-Aldrich, 99.98%) or ruthenium (III) nitrosyl nitrate in dilute nitric acid solution, Ru(NO)(NO3)3 (Sigma Aldrich, 1.5%) by incipient wetness impregnation. After the impregnation, the catalyst was dried in the oven at 80C overnight. The dry catalyst was calcined at 673 K in air at 100 ml/min for 4 hours. Pt/SiO2 was prepared with the same procedures as Ru/SiO2 catalyst using tetraamineplatinum nitrate, [Pt(NH3)4](NO3)2 (Alfa Aesar, 99.995%) precursor. 
The reduction temperature of the catalyst was carried out in temperature-programmed reduction (TPR). 50 mg of catalyst sample was heated in 5% H2/Ar (35 sccm) from the ambient temperature at a rate of 10 K min-1 to 973 K while the amount of H2 consumption was monitored with a thermal conductivity detector (TCD). Fourier-transform infrared spectroscopy (FTIR) was carried out in a Perkin-Elmer Spectrum 100 equipped with a high-temperature DRIFT (diffuse reflectance infrared Fourier transformation) cell with CaF2 windows. The sample was pretreated in-situ at 523 K for 2 hours under H2 flow (30 mL/min) to reduce the catalyst. The cell was cooled down to 323 K before pyridine was bubbling with He flow for 30 mins. The sample was flushed under the flow of He to remove weakly adsorbed pyridine for 1 hour. Then the DRIFT spectra were collected 64 times with a resolution of 1 cm-1.
[bookmark: _Toc513486576] Reaction Experiment
All experiments were carried out in 50-mL Parr Reactor. In a typical experiment, 25 mg of catalyst and 20 mL of decalin (Sigma Aldrich, 99%) were loaded into the reactor. The reactor was purged with N2 three times, then pressurized with H2 to 200 psi to reduce the catalyst. After the reduction, the system was cooled down to 343 K to inject diphenyl ether (Sigma Aldrich, 99%) diluted in decalin from a pressurized feeding cylinder then pressurized the reactor to 700 psi of H2. The zero reaction time started once the temperature reached the set temperature. After the reaction, the reaction was stopped by a rapid cool down with ice bath. The catalyst was removed via filtration. The analysis was done using a Hewlett Packard 6890 GC-FID equipped with DB-1701 column (60 m x 0.25 mm x 0.25 m) for quantification, while a Shimazu QP2010 GC-MS equipped with ZB-1701 column (60 m x 0.25 mm x 0.25 m) was used for products identification. 
In all the runs the carbon balance was better than 95%. Diphenyl ether conversion and selectivity in carbon basis are defined as followed:


[bookmark: _Toc513486577] Results and Discussion
[bookmark: _Toc513486578] Catalyst Characterization
The reduction temperature of ruthenium was measured by temperature programmed reduction (TPR). Figure 1 shows a single sharp peak of 5% Ru/SiO2 appeared at 470 K. This peak suggests the reduction of Ru oxide particles to metallic Ru. 
[bookmark: _Toc513455917]Figure 3.1. TPR of Ru/SiO2.
FTIR spectra of adsorbed pyridine on Ru/SiO2 prepared by ruthenium(III) chloride precursor is shown in Figure 3.2. Two adsorption bands at 1440 and 1583 cm-1 were observed. These bands were assigned to Lewis acid sites, which is in good agreement with the literature [42]–[44]
[bookmark: _Toc513455918][image: C:\Users\biofuel\Dropbox\Project\Manuscripts\DPE\FTIR.png]Figure 3.2. FTIR of Ru/SiO2
[bookmark: _Toc513486579] Catalytic Performance of Ru/SiO2	
Catalytic performance of diphenyl ether was performed in decalin. This organic solvent was chosen due to two main reasons. First, diphenyl ether has low solubility in the aqueous phase and secondly decalin is stable under the reaction conditions. The temperature of the reaction on Ru/SiO2 was performed at 363 K. 









[bookmark: _Toc513455882]Table 3.1. Conversion of diphenyl ether at different reaction temperatures. Reaction conditions: 0.15 M diphenyl ether, decalin (25 mL), 5 MPa H2, 500 rpm. 
	Catalyst
	Conversion (%)

	
	333 K
	363 K
	423 K

	1% Pt/SiO2
	NA
	0
	22

	1% Rh/SiO2
	94
	100
	NA

	5% Ru/SiO2
	NA
	76
	NA



Catalytic performance on diphenyl ether hydrogenation was examined on three different metals on a silica support. Both 1% Rh/SiO2 and 5% Ru/SiO2 show good activity. After one hour of reaction, the conversion reaches 94% in 1% Rh/SiO2 at 333 K. 5% Ru/SiO2 converts 76% of diphenyl ether at 363 K. 1% Pt/SiO2 observes no activity at 363 K and sees 22% of conversion at 423 K. However, when we fed toluene to Pt/SiO2 at 333 K, toluene converted 23% to methylcyclohexane. This suggests that diphenyl ether may have adsorbed stronger on Pt site thus no activity was observed at a lower temperature. 
Both 1% Rh/SiO2 and 1% Pt/SiO2 observe similar and expected hydrogenation products: cyclohexyl phenyl ether, cyclohexyl ether, cyclohexane, and cyclohexanol. 5% Ru/SiO2 reactions also yield these hydrogenation products and unexpectedly 2-cyclohexyl cyclohexanone, which is a bicyclic C-C molecule, was observed. Typically, the formation of C-C molecules needs acid sites to catalyze while in a metal on silica support do not possess acidic character. From this observation, it implies that the 5% Ru/SiO2 may have a unique characteristic that allows carbon-carbon molecule formation. The characteristic and the pathway of bicyclic molecule formation on 5% Ru/SiO2 will be discussed below.


[bookmark: _Toc513455919]Figure 3.3.Conversion of diphenyl ether over 5% Ru/SiO2 at a different time. 

As seen in Figure 3.3 after 30 minutes, 58% diphenyl ether converted and the reaction reached 100 % conversion within 2.5 hours. The major product at 30 minutes is cyclohexyl phenyl ether (Figure 3.4). After 2 hours of reaction, all cyclohexyl phenyl ether hydrogenated to cyclohexyl ether. Hence, at higher conversion, cyclohexyl ether is dominated. Hydrogenolysis of cyclohexyl ether to cyclohexane and cyclohexanol is slow and remains almost the same. Unexpectedly, 6-9 % yield of 2-cyclohexyl cyclohexanone and a trace amount of 2-cyclohexylidenecyclohexanone were observed. 


[bookmark: _Toc513455920]Figure 3.4. Product yield over different time.  
In order to understand the primary and secondary products of the reaction, the reactions followed product distribution at different amount of catalyst and fixed the reaction time at 30 mins. Figure 3.5 shows conversion and products distributions with increasing the catalysts from 12.5 mg to 50 mg. The conversion increased from 65% to 85%. By increasing the amount of catalysts, the primary product, cyclohexyl phenyl ether gradually decreases while the secondary product, cyclohexyl ether, triples. Even though there is a significant increase in the saturated bicyclic ring but the yields of cyclohexane and cyclohexanol only observe slight increase. This implies that ether C-O bond breaking is limited by the saturation of the ring. 2-cyclohexyl cyclohexanone was observed with a maximum value of 8% yield at 50 mg Ru/SiO2 and only a trace amount of 2-cyclohexylidenecyclohexanone was seen. 
Figure 3.5. Conversion of diphenyl ether and products yield over a different amount of catalyst.
He et al. observed that C-O bond was cleaved from diphenyl ether in Ni/SiO2 forming benzene and phenol but phenol immediately hydrogenated and was not observed in their final products [36]. In our study, benzene and phenol were not observed even at a short reaction time. From Figure 3.5, the result suggests that C-O ether cleave at Cbenzene-Oether forming phenol and cyclohexane. Phenol rapidly hydrogenated resulting cyclohexanol. 
From this results, the proposed reaction pathway is shown in Figure 3.7. Diphenyl ether first hydrogenates to cyclohexyl phenyl ether. If the second ring hydrogenated, cyclohexyl ether forms. When the C-O bond breaks, monomer molecules, cyclohexane, and cyclohexanol are produced. Under the acidic environment, diphenyl ether forms C-C dimer molecules, cyclohexyl cyclohexanone. This C-C dimer molecules forms via carbon-carbon rearrangement or via alkylation.
[bookmark: _Toc513486580] Bicyclic molecules formation
The carbon-carbon bond formation can be catalyzed by the acidity. There are two possibilities to the acid catalyzed reaction. The first one is the acidity is coming from the support. The second reason is coming from the ruthenium. To assure that the bicyclic molecules occurred on ruthenium acid sites, an experiment on 5% Ru/TiO2 prepared by ruthenium (III) chloride was performed. With the same experimental conditions as the silica support, 5% Ru/TiO2 had shown similar products distributions and also showed the C-C molecules. This indicates that these products happened on Ru metal site and that the supports (silica nor titania) should have no effect on the reactions. 

[bookmark: _Toc513455922]Figure 3.6.Yield of products over Ru/TiO2 and Ru/SiO2. 
[bookmark: OLE_LINK1]Carbon-carbon formation products are the results of catalysts with the presence of acidity. When metal is not fully reduced during the in situ reduction and still in the metal oxide form, the catalyst possesses an acidic property and the tendency to catalyze a carbon-carbon coupling reaction. When the catalyst was reduced for 12 hours to ensure that ruthenium is fully reduced to metallic ruthenium, the bicyclic molecules still appeared after the reaction. This suggests that three hours of reduction is sufficient to reduce RuO to metallic ruthenium and it is confirmed from TPR that the top peak of ruthenium starts is at 172C. It is worth to mention that in a high pressure of hydrogen, the reduction peak should also be shifted to a lower temperature. This suggests that it should be other acid characteristic of the metal that catalyzed carbon-carbon formation. 
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[bookmark: _Toc513455923]Figure 3.7.Reaction pathway of diphenyl ether over Ru/SiO2.
The results in Table 3.2 compares two ruthenium catalysts that were prepared by different precursors. One was prepared by ruthenium(III) chloride while the second catalyst was prepared by ruthenium(III) nitrosyl nitrate precursor. The result shows that the catalyst prepared by ruthenium(III) nitrosyl nitrate did not have carbon-carbon molecules. Hence, the catalyst should not contain acidity and ruthenium oxide is fully reduced to metallic ruthenium. As seen from a pyridine-FTIR experiment that Ru/SiO2 prepared by ruthenium(III) chloride contains Lewis acidity and therefore could catalyze C-C formation reaction. Hence, we observed 2-cyclohexyl cyclohexanone and a trace of 2- cyclohexylidenecyclohexanone in this catalyst. Lewis acid sites could probably be due to the chloride ions residue after calcination at 500C. Therefore, when the catalyst was reduced in situ before the reaction, ruthenium ions were not reduced to metallic ruthenium. Hence, ruthenium ion that bond to chloride acts as Lewis acid site. 
[bookmark: _Toc513455883]Table 3.2.Yield of products over two different ruthenium precursor: RuCl3 and  Ru(NO)(NO3)3.
	Products
	Yield (%)

	
	RuCl3
	Ru(NO)(NO3)3

	Cyclohexane
	11
	17

	Cyclohexanol
	10
	7

	Cyclohexyl Ether
	32
	70

	2-Cyclohexyl Cyclohexanone
	6
	0

	2-Cyclohexylidenecyclohexanone
	1
	0

	Cyclohexyl Phenyl Ether
	20
	0



Three possible pathways were postulated for the formation of 2-cyclohexyl cyclohexane. 	
1. The reaction occurs via the partial hydrogenation of aryl ring. As one of the rings is partially hydrogenated, carbon-carbon bond forms and thus break the C-O bond.  
2. Both the aryl rings are hydrogenated forming cyclohexyl ether first then the C-C bond is formed. 
3. The reaction happens via alkylation of phenol and cyclohexene where phenol is the alkylating agent. 


[image: ../../Project/DPE/rearrangement.png]
[bookmark: _Toc513455924]Figure 3.8. Two possible rearrangement pathways to the C-C formation.

To have a better understanding of the reaction pathway of the formation of carbon-carbon products, diphenyl ether was fed in 1% Rh/SiO2 at 423K. This results in 100 % conversion of diphenyl ether with 65% carbon yield of cyclohexyl ether and the rest are cyclohexane and cyclohexanol. The mixtures were filtered to separate catalyst. By feeding cyclohexyl ether that has both saturated rings, we can differentiate the reaction pathway in possibility one and two.  The liquid products mixture was used as the feed in the second reaction with 5% Ru/SiO2 carrying out at 363K. After 1 hour of reaction, the products show no carbon-carbon bond formation products and thus confirmed that the formation of 2-cyclohexyl cyclohexane from saturated rings is not possible. Therefore, there are only two possibilities that the carbon-carbon products are found in the acid environment are through the rearrangement of the partially hydrogenated ring or via the alkylation of phenol and cyclohexene.
Wagholigar S.G. et al., observed Claisen rearrangement at 353 K using zeolites. Under Bronsted-catalyzed reaction, the main product of ally phenyl ether reaction is allylphenol. The reaction is catalyzed by the acid centers of zeolites by protonating the ether followed by intramolecular rearrangement [45]. The plausible mechanism of the diphenyl ether to C-C molecule is via the rearrangement starting with a partial hydrogenation on one of the rings followed by intramolecular rearrangement. Ether carbon on the aromatic bonds to the allyl carbon forming an unstable five-membered ring. C-O ether bond on the aromatic is cleaved and further hydrogenate to form 2-cyclohexyl cyclohexane. 
 
[bookmark: _Toc513455925]Figure 3.9. Yield and selectivity of products over 5%PdOTS/HY.
Figure 3.9 shows yield and selectivity of the products from diphenyl ether reaction with 5% PdOTS/HY. The catalyst possesses both metal site and acid site. The reaction was performed at 523 K. The major product is cyclohexane and other deoxygenated carbon-carbon formation products as minor products. The yield of carbon-carbon molecules is as high as 35%. Among the carbon-carbon molecules products, 85% of the yield is bicyclohexane, 10 % is (1-methyl-cyclopentyl)cyclohexane and the rest is tercyclohexane. No phenol or cyclohexanol was observed in the products. 
[bookmark: _Toc513486581] Conclusions
In diphenyl ether with Ru/SiO2 prepared by ruthenium(III) chloride that possesses Lewis acid characters, hydrogenation, carbon-carbon rearrangement and alkylation proceed together. Cyclohexyl phenyl ether is the primary product while at longer reaction time cyclohexyl ether becomes the dominant product. Cyclohexane and cyclohexanol reached a plateau after 1 hour. This suggests that hydrogenation of the ring is faster than C-O bond cleavage. When the catalyst possesses acidity character, carbon-carbon bond formation via intramolecular rearrangement results in 2-cyclohexyl cyclohexanone. 


[bookmark: _Toc513486582] C-O Bond Cleavage of Diphenyl Ether over PdOTS/HY
The experimental data in this chapter was performed by Cristiane Scaldaferri at the University of Oklahoma. My contribution to this study is the kinetic fittings in section 4.3.4 and BET analysis of the catalysts performed at the University of Oklahoma. I also mentored and played an important role in contributing to the discussions of this work. 
This chapter is a (to be published) Cristiane Scaldaferri, Puridej Warakunwit, Vanya Pasa and Daniel Resasco’s paper. 
[bookmark: _Toc513486583] Introduction
The utilization of lignocellulosic biomass as a renewable energy has gained much attention to reduce the dependence on the fossil fuels consumption and reduce the carbon footprint from the greenhouse effect. Biomass depolymerization has been studied extensively over the past decades, one specifically is the lignin depolymerization. Biomass composes of 13-30 % by weight of lignin. Lignin is a big chain of polymers that are linked by different linkages of C-O and C-C bonds. The most abundant linkage in the lignin is β-O-4 that may contain up to 40% and it has been the targeted ether bond in many studies. 4-0-5, on the other hand, may only have up to 5% in the lignin but it has one of the strongest bond dissociation energy (BDE) of 314 kJ mol-1. [46]–[49]
There are many challenges to fully unlock the lignin’s potential. The most challenge is since lignin contains many C-O-C ether bonds that need to selectively cleave to monomers. Extensive studies on hydrodeoxygenation of lignin-derived molecules have been conducted. Such examples are metal triflate and Ru-based solid catalyst [50], Ru-Ni supported onto nitrogen-doped activated carbon [51],  m-cresol on Pt/SiO2 [52] or the bimetallic catalysts over gamma-alumina [53]–[55].
Homogeneous and heterogeneous catalytic systems have been studied for the ether bond cleavage in the literature. Ni/SiO2 under mild condition was studied by J. He et al. It was observed that the C-O bond of diphenyl ether is cleaved by both hydrogenolysis and hydrolysis in parallel. The rate of direct hydrogenation of the ring was slow. While on di-p-tolyl ether, which has methyl groups, hydrogenolysis is the dominant pathway [36]. Similar to this study, X. Wang et al. have shown that at high pressure of hydrogen (5MP) nickel catalysts such as Raney Ni and Ni/Al2O3 yielded up to 50% of cyclohexyl ether, the result of the hydrogenation of the rings. They demonstrated that Ni/Al-SBA-15 fully converted diphenyl ether into cyclohexane and therefore is an active catalyst for hydrodeoxygenation [37]. 
H. Wu et al. have shown that Ru/C could efficiently cleave diphenyl ether via a transfer hydrogenolytic route using isopropanol as the hydrogen source. They have stated that the cleavage of the 4-O-5 ether bond occurred through both the direct cleave of the aromatic ether bonds or the intermediate cyclohexyl phenyl ether [56]. The cleavage of the ether bond could result in cyclohexene and phenol which would be beneficial to the alkylation for carbon-carbon bond formation. 
From the previous chapter on the study of the hydrogenation of diphenyl ether over Ru/SiO2, we observed that an oxophilic ruthenium metal is good at C-O bond cleavage and the catalyst that was prepared by ruthenium(III) chloride precursor also has residue chloride ions after calcination. These resulting ions cause this metal catalyst to possess Lewis acidity, which catalyzes the carbon-carbon bond formation. From carbon-carbon formation, either by intramolecular rearrangement or the C-O bond cleavage followed by the alkylation, the C-12 oxygenated molecules can be deoxygenated or hydrogenation to a saturated bicyclic molecule that is used for transportation fuels. 
To further investigate the carbon-carbon bond formation, a metal-acid bifunctionality catalyst will be explored in this chapter. The balance between hydrogenation and C-O bond cleavage activities depend on the nature and the availability of metal and acid active sites. As previously stated that the order of the oxophilicity of the metal is Pt<Pd<Rh<Ru<Fe [41], [57]. Therefore, the metal Pd with a weak oxophilicity was chosen for this study to allow the hydrogenation of the ring. For the acid functionality, zeolite Y that is known for a good Bronsted acid-catalyzed reaction is chosen for this study. 
[bookmark: _Toc513486584] Experiments
Zeolite HY (Zeolyst, CBV 760, Si/Al =30) and HiSil SiO2 were used as provided. Palladium (II) nitrate hydrate was used as the precursor for incipient wetness impregnation. In a typical preparation, palladium precursor was dissolved in the deionized water then the metal precursor solution was added dropwise and stirred. After the impregnation, the catalyst was dried overnight at 80C in the oven. The catalyst was calcined in air at 400C. Prior to functionalize the catalyst with octadecyltrichlorosilane (OTS), the metal-loaded zeolite was sonicated in toluene for 1 hour with a ratio of 20 mL of toluene per gram of zeolite. Then, the dispersed zeolite suspension was added to the silylating agent solution. The suspension was stirred for 12 hours at room temperature before the resulting catalyst was filtered and washed with excess ethanol. The catalyst was dried at 100C overnight. 
The BET surface area of the catalyst was measured by N2 physisorption on a Micrometrics ASAP 2020. The catalyst was degassed for 6 hours at 200C prior to the analysis.
All experiments were carried out in 50-mL Parr Reactor. In a typical experiment, the catalyst with 20 mL of decalin (Sigma Aldrich, 99%) was loaded into the reactor. The reactor was purged with N2 three times, then pressurized with H2 to 200 psi to reduce the catalyst. After the reduction, the system was cooled down to 70C to inject diphenyl ether (Sigma Aldrich, 99%) diluted in decalin from a pressurized feeding cylinder then pressurized the reactor to 700 psi of H2. The zero reaction time started once the temperature reached the set temperature. After the reaction, the reaction was stopped by a rapid cool down with ice bath. The catalyst was removed via filtration. Analyzes were done using a Hewlett Packard 6890 GC-FID equipped with DB-1701 column (60 m x 0.25 mm x 0.25 m) for quantification, while a Shimazu QP2010 GC-MS equipped with ZB-1701 column (60 m x 0.25 mm x 0.25 m) was used for products identification. 
[bookmark: _Toc513486585] Results and Discussion
[bookmark: _Toc513486586] Role of Hydrophobicity
It is well known that zeolite is susceptible to hot liquid water. When the zeolite is exposed to liquid water, it can collapse the pore of the zeolites. In order to maximize the stability and activity of the catalyst, the experiments were chosen to perform in the organic phase and used functionalized zeolite that had shown to resist the liquid water [58], [59].  Table 4.1 shows that both Pd/HY and PdOTS/HY reactions in decalin (an organic solvent), the carbon balances are comparable. However, when the reactions were carried out in a biphasic system with water and decalin, the activity of Pd/HY is about 9 times lower than PdOTS/HY while carbon balances are at reasonable level. Therefore, in this study PdOTS/HY were used to study the carbon-carbon bond formation in diphenyl ether reaction.

[bookmark: _Toc513455884]Table 4.1. Conversion and carbon balance of PdOTS/HY and Pd/HY in organic phase and biphasic system.  
	Catalyst
	Conversion in organic phase
(%)
	Conversion in a biphasic system
(%)
	 Carbon balance in organic phase
(%)
	Carbon balance in a biphasic system
(%)

	PdOTS/HY
	98
	47
	74
	88

	Pd/HY
	75
	5
	73
	96



To identify the primary and secondary products, the product distribution as the function of the extent reaction in the batch reactor is studied. Since deactivation was observed as seen in Table 4.1, the reaction time was fixed at 1 hour over different masses of the catalyst. From Figure 4.1, at low conversion, the major products are cyclohexane, cyclohexanone, and phenol. A trace amount of benzene and cyclohexyl phenyl ether was observed. Traces of C-C molecules, namely, 1,1-bicyclohexyl and 1,1-bicyclohexyl-2-one were seen. As the catalyst mass increased both benzene and phenol disappeared. The yield of carbon-carbon molecule increased. Cyclohexanone yield reaches a plateau at 30 mg of catalyst while the yield of cyclohexane keeps increasing. This shows that the yield of cyclohexane was not only coming from diphenyl ether directly but also from hydrogenation of cyclohexanone to cyclohexanol then deoxygenate to cyclohexane. At 98% conversion, the yield of the carbon-carbon molecules was as high as 25.1%. Among 25% yield of the carbon-carbon molecules, 21.3% was 1,1-bicyclohexyl-2-one, 1.9% of 1,1-bicyclohexyl and a trace of 1,1-bicyclohexyl-4-one. 

[bookmark: _Toc513455926]Figure 4.1.Mole of products over different mass of catalyst. 
From the products distribution, it shows that once one of the aromatic is hydrogenate to cyclohexyl phenyl ether, the C-O bond is cleaved to benzene and cyclohexanone or phenol and cyclohexane. The favorable pathway to C-O bond cleavage will be discussed later. Second hydrogenation of the ring obtains cyclohexyl ether but it was not observed in any reactions.
[bookmark: _Toc513486587] Role of metal and acid sites
PdOTS/HY has both metal site and the Bronsted acid sites in the zeolites. To understand the role of each function, experiments on only acid sites, OTS/HY, and metal sites, Pd/SiO2, were carried out. All the reactions were done under the same reaction conditions.
	Catalysts
	OTS/HY
	2%Pd/SiO2
	1%PdOTS/HY

	Products yield (%)
	0
	37
	58

	C balance (%)
	90
	92
	88


[bookmark: _Toc513455885]Table 4.2. Products yield and carbon balance of diphenyl ether reaction over OTS/HY, 2% Pd/SiO2 and 1% PdOTS/HY.  

From Table 4.2, we can see that OTS/HY with only the acid sites, there was no conversion of diphenyl ether. This says that without the metal site, no hydrogenation happens, consequently no C-O bond cleavages. While on Pd/SiO2, the conversion was 37%. Since it only contains metal site, the reaction precludes carbon-carbon formation molecules and suppress C-O cleavage. The products account for a high selectivity of cyclohexyl phenyl ether and cyclohexyl ether was observed with 8.8% of selectivity. Pd/SiO2 was able to cleave C-O bond which resulted in traces of cyclohexane, cyclohexanol, benzene, and phenol. As compared to PdOTS/HY, the selectivity shifted to C-O bond cleavage products and carbon-carbon molecules formation. Herein, we can conclude that PdOTS/HY provides both metal functionality to hydrogenate and acidity to form carbon-carbon molecule.
[bookmark: _Toc513455886]Table 4.3. Products yield and selectivity of diphenyl ether over Pd/SiO2 and PdOTS/HY  
[image: ]



[bookmark: _Toc513486588] C-O Cleavage
As mentioned earlier, no cyclohexyl ether had been detected in any reactions. The hypothesis is when one of the aromatic rings on diphenyl ether is hydrogenated to cyclohexyl phenyl ether, the C-O bond is cleaved to monomers. 
Two reasons that no C-O bond cleavage happens on diphenyl ether.
1. The protonation of oxygen on the ether bond would decrease the bond distance between Caromatic-Oether, therefore, requires a high activation energy. 
2. Even if the C-O bond cleavage happens, phenyl cation is thermodynamically unstable. The phenyl cation carries a positive charge in sp2 orbital that cannot be stabilized by resonance. 
Therefore, a more favorable pathway for C-O bond cleavage of diphenyl ether is via the ring hydrogenation follows by the protonation of the oxygen on the ether bond. Next, alpha-hydrogen on cyclohexyl deprotonates and though cleave C-O bond resulting in phenol and cyclohexene. 
Table 4 summarizes the products distribution from C-O bond cleavage from cyclohexyl phenyl ether. In order to understand C-O bond cleavage, the reactant was studied over OTS/HY, which only has acid sites, to minimize the ring hydrogenation. There are two possibilities to cleave C-O bond on the ether linkage. One is at the carbon of the aromatic ring which results in benzene and cyclohexanone. Another possibility is by cleaving at the carbon of the cyclic saturated hydrocarbon and will result in cyclohexane and phenol. The result shows that it is more favorable to cleave the C-O bond on the carbon of the cyclic hydrocarbon as confirmed by the selectivity of phenol and cyclohexene of 43% and 46%, respectively and less than 5% of selectivity to benzene and cyclohexanone. Other than the mentioned monomers, carbon-carbon molecules were also observed. 
[bookmark: _Toc513455887]Table 4.4. Products yield and selectivity of cyclohexyl phenyl ether over PdOTS/HY.
[image: ]
The formation of carbon-carbon molecules has two reaction pathway. The first pathway is by alkylation as observed by Anaya, F. et al [60].  Alkylation happens after cyclohexyl phenyl ether is cleaved to phenol and cyclohexene. The second pathway is a direct rearrangement of cyclohexyl phenyl ether. However, both pathways result in the same ortho products, 2-cyclohexyl phenyl (A) and 1,1-bicyclohexyl-2-one (B). 
[image: C:\Users\biofuel\Dropbox\Project\Manuscripts\Acid-catalyzed C-C\alkylation.png]
[bookmark: _Toc513455927]Figure 4.2. Reaction pathways of rearrangement, alkylation of phenol and cyclohexene and alkylation of phenol and m-cresol.
To distinguish the two carbon-carbon formation pathways, another substrate is needed. M-cresol, which has a methyl group attached to the aromatic ring, was co-fed with and diphenyl ether. As seen from Figure 4.2, when m-cresol alkylated with cyclohexene, the most favorable position is still at the ortho position, resulted in 2-cyclohexyl-5-methylphenol (C) and 4-methyl-(1,1-bicyclohexyl)-2-one (D) forms. But, the products resulting from rearrangement and alkylation are differentiable. Table 4.5 compares the molar ratio of the products (C+D)/(A+B) as the molar ratio of m-cresol/DPE increases. When the molar ratio of m-cresol-to-DPE increased from 0 to 1, the molar ratio of (C+D)/(A+B) also increased from 0 to 2.12. This trend shows that alkylation pathway is more favorable than the ring rearrangement.  
[bookmark: _Toc513455888]Table 4.5. Molar ratio of C-C products from alkylation of m-cresol/C-C products from rearrangement or alkylation of phenol. 
[image: C:\Users\biofuel\Dropbox\Project\Manuscripts\Acid-catalyzed C-C\cresol ratio.png]
Even though that the major products from hydrogenation of m-cresol and cyclohexanone are cyclohexane and methyl-cyclohexanone but Table 4.6 shows that alkylation of m-cresol and cyclohexanone results in two carbon-carbon coupling products which are 1,1-bicyclohexyl-2-one that dominates over 2-cyclohexyl-5-methylphenol. From reaction pathway in Figure 4.3, phenol hydrogenates to cyclohexanone which could self-condensate to 1,1-bicyclohexyl-2-one (B).
[bookmark: _Toc513455889]Table 4.6. Products selectivity of alkylation m-cresol and cyclohexanone.
[image: ]
[bookmark: _Toc513486589]Kinetic fitting of hydrogenation of phenol and hydrogenation of cyclohexanone.
As mentioned earlier that the maximum yield of alkylating products is 23% while the yield of cyclohexane is tripled. From the reaction pathway scheme, in order to maximize alkylation is to maximize a pool of cyclohexene that serves as the alkylating agent, but the earlier results suggest otherwise. Once cyclohexene formed, it hydrogenated to cyclohexane much faster than alkylated with phenol. 
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	Rate constant (g-1hr-1)
	41
	6


[bookmark: _Toc513455890]Table 4.7. Rate constants of hydrogenation of phenol (k1) and hydrogenation of cyclohexanone (k2).

How fast phenol hydrodeoxygenate to cyclohexene is also another factor. In a batch reactor, the rate of reaction can be derived as followed



where 	k = rate constant 
W = mass of catalyst (gram)
t = time (hour)
Therefore, by feeding phenol or cyclohexanone at different mass of catalyst and fix the time at 1 hour, we can fit the data to the below kinetic modeling in Excel.
For hydrogenation of phenol to cyclohexanone,
dCphe/dW = -k1Cphet
dCcon/dW = k1Cphet
For hydrogenation of cyclohexanone to cyclohexanol,
dCone/dW = -k2Conet
dCcol/dW = k2Conet
Fitting hydrogenation of phenol and hydrogenation of cyclohexanone at different conversion with kinetic modeling, the rate constant, k1, for hydrogenation of phenol was equaled to 41 g-1hr-1, while k2, the rate constant for hydrogenation of cyclohexanone was 6 g-1hr-1. The rate constant of hydrogenation of phenol to cyclohexanone is almost 7 times higher than that of hydrogenation of cyclohexanone to cyclohexanol. This entails that the reaction is limited by cyclohexanone hydrogenation and cyclohexanone has a stronger adsorption on Pd. Therefore, hydrogenation of cyclohexanone to cyclohexanol is a rate-limiting step to form cyclohexene. Nevertheless, this also explains that in diphenyl ether reactions with Pd/OTSHY, no cyclohexene was detected. 
[image: C:\Users\biofuel\Dropbox\Project\Manuscripts\Acid-catalyzed C-C\pathway.png]
[bookmark: _Toc513455928]Figure 4.3. Reaction pathways of diphenyl ether over PdOTS/HY

[bookmark: _Toc513486590] Metals and Acid Sites Balance

[bookmark: _Toc513455929]Figure 4.4. Ratio of a total mole of C-C/Cyclohexane over different conversion. 
To evaluate the role of metal and acid sites, the ratio of carbon-carbon products to cyclohexane were evaluated in the different loading of Pd. Figures 4.4 reviews the effect of palladium loading from 0.1% to 1% on zeolites on the ratio of carbon-carbon products/cyclohexane. The trend of the ratio shows that at a lower loading of palladium, a higher ratio of C-C to cyclohexane was observed. The ratio of C-C to cyclohexane of 1% PdOTS/HY was 0.2 at 20% conversion and reached a maximum at 0.3 at 60% conversion. As the loading of palladium decreased to 0.1%, the ratio increased to 0.55. With smaller loading of palladium, the number of acid sites per gram should be higher and so favor the alkylation of the intermediates. These trends show that by controlling the metal and acid sites, one could optimize the alkylated products. 
[bookmark: _Toc513486591] Conclusions
The reaction of diphenyl ether over PdOTS/HY was studied in the liquid phase. The results show that the carbon-carbon formation happened through alkylation over rearrangement. C-O bond is cleaved once one of the rings in diphenyl ether is hydrogenated (cyclohexyl phenyl ether) resulting in cyclohexene and phenol. These products further alkylate to form C-C coupling molecules. Formation of C-C molecules was limited by hydrogenation of cyclohexanone to cyclohexanol that further hydrogenate to cyclohexene.  



[bookmark: _Toc513486592]Future Directions and Recommendations
From the study of lignin depolymerization, we have observed that methanol and ethanol are excellent solvents to solubilize the lignin. From the ethanolysis of Red Oak biomass, ethanol was able to isolate the lignin from cellulose and hemicellulose during the reaction and allowed the cellulose and hemicellulose to remain intact in the biomass. This result has shown a great potential to develop the strategy to maximize the utilization of biomass. As proposed earlier in Chapter 2, in order to increase the potential of biomass to biofuels, after ethanolysis of biomass, the non-pyrolytic bio-oil should be treated to remove heavy macromolecules. This is evidenced by no increase in the yield of monomers even though that more lignin was solubilized with the addition of catalyst. By trapping the heavy oligomers on a support material, it can be treated by thermal pyrolysis to produce valuable chemicals. Now that the non-pyrolytic bio-oil is clean, it can be upgraded with the potential catalyst. 
One of the example of the changing in the direction of tackling and utilize the biomass is a publication from D. M. Alonso et al. The group has highlighted the importance of biofuels being cost- and performance- competitive with the fossil fuels. They have proposed a strategy that can preserve the value of all three components in the biomass and use 80% of the biomass to high-value products. The process converts cellulose to dissolving pulp for textile fibers. Furfural is derived from hemicellulose while lignin is converted into carbon products such as carbon foam and battery anodes. The process is possible by using -valerolactone (GVL) [61].
From the study in Chapter 3 and Chapter 4, we observed that 4-O-5 ether linkage in lignin has a high potential to produce C12 molecules which can be used for transportation fuels. Even though that the % content of 4-O-5 is not as high as other linkage such as -O-4 but it is as important. Eventually more of 4-O-5 and - linkages are needed to be studied and understood as more of these bonds would be found after the repolymerization during the deconstruction of the polymers chain. From our study, we have seen that ruthenium is a good metal for C-O bond cleavage due to its oxophilicity, therefore, it could potentially be used for the lignin depolymerization to break the ether bonds. Diphenyl Ether over PdOTS/HY has also shown that with a good balance of metal and acidity, it was able to cleave C-O bond as well as forming carbon-carbon bond through alkylation. 
From the model compound study, the depolymerization of lignin using different bifunctional catalyst could also be a good potential to enhance the yield of the monomers. However, it is important that the acid support must be a non-porous to avoid the plugging of the pores from heavy molecules. 
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Appendix A. Effect of External Water on Acetone Aldol Condensation over MgO
[bookmark: _Toc513486594]A1 Introduction
Staged pyrolysis of biomass has been shown to be one of an important route to decompose biomass. A significant amount of carboxylic acids is obtained in the bio-oil. Extensive studies over the past decades have shown that ketonization is an effective method for acids upgrading to ketone and remove oxygen in the form of water and CO2. This ketone is produced to a desirable building block that can undergo C-C coupling through aldol condensation. [3], [62], [63]
Vapor phase acetone aldol condensation have been studied in early 1960 by many researchers. It is well known that the results of the aldol condensation of acetone results in C6-C12 carbon that can undergo further deoxygenation to produce hydrocarbon from transportation fuels. Condensation of acetone is a typical base-catalyzed reaction. J.J. Di Cosimo et al. studied the vapor phase of self-condensation of acetone over MgO and alkaline metal additional to magnesium oxide. They observed that MgO is readily catalyzed the reaction and forms mesityl oxides and isophorone. When MgO was doped with alkaline or alkaline earth metal ions, the number of basic sites increases. Nevertheless, the activity of the catalyst increases proportionally to the surface basic sites concentration. This indicates that the rate-determining step is controlled by the surface basicity. [64]–[70]
[image: ../../../Desktop/acetone.gif]
[bookmark: _Toc513455930]Figure A.1.Reaction pathway of acetone aldol condensation.
Not only that MgO is known for the aldol condensation, MgO has been studied vastly on Guerbet reaction. Guerbet reaction involves the coupling of two alcohol molecules such as ethanol to produce 1-butanol. The common pathway of this reaction consists of dehydrogenation of the alcohol to an aldehyde then a self-condensation to crotonaldehyde, followed by hydrogenation of the condensation product to 1-butanol. [71]
Previously in our group, MgO prepared by a combustion method, has been studied in both in self-condensation of cyclopentanone and cross-condensation of cyclopentanone and acetone in the liquid phase. Cyclopentanone is a representative intermediate cyclic ketone that resulted from the furanic compounds from pyrolysis of biomass that undergo a metal-catalyzed hydrogenation. The studies have shown that both of these aldol condensations suffered deactivation largely due to in situ water formation and over-condensates products accumulate on the surface of the catalyst. Such problem of in situ water accumulation has been overcome by functionalizing MgO with a hydrophobic organosilane. The organosilane is believed to help remove the in situ water from the MgO surface. 
Figure 5.2 indicates different trends in the rate of 2-cyclopentylidene-cyclopentanone formation for each MgO catalyst when increasing amounts of water are added. In MgO-NC, which is a combustion catalyst without functionalization, it shows a negative effect with the addition of water in the system from a sharp decrease in the rate. This implies that the water is presumably blocking the active site and inhibit the adsorption of the reactant. In contrast, the profile of MgO(70)-OTS(30) are divided into two regions with 0.355 mL of additional water being the turning point and the saturation point of water being vapors to start condensing as droplets. The rate of formation enhances to a factor of 2 from no water to saturation point then as the volume increases the rate decreases. Meanwhile, MgO(70)-ETS(30) exhibits a higher activity per gram than MgO(70)-OTS(30). This is largely due to the difference in lengths of the carbon chain on the silylating agents. With a shorter ethyl group in ETS, one should expect a lesser mass transfer limitation of the cyclopentanone molecules. 
[image: ]
[bookmark: _Toc513455931]Figure A.2. Rate of formation of 2-cyclopentylidene-cyclopentanone over different volume of external water on different MgO catalysts in organic phase reaction from Duong Ngo’s research. 
From the ascribing positive effect with the addition of water in the hydrophobic catalyst, the vapor phase aldol condensation over MgO catalysts was investigated. However, the catalytic conversion was studied over acetone to minimize the condensation of large dimer and trimer in the transfer line from the reactor to online GC-FID. 
[bookmark: _Toc513486595]A2 Catalyst and Reaction Experiments
[bookmark: _Toc513486596]A2.1 Combusted MgO Preparation and Characterizations
MgO was prepared by thermal decomposition method using Mg(NO3)2 as a precursor. Firstly, Mg(NO3)2 was dissolved in deionized water until the solution became clear. Next, citric acid in a molar ratio of 1:2 mol acids to mol of Mg atom was slowly added. The mixture was heated at 80C for 1 hour while stirring to concentrate the solution on the hot plate. After that, the mixture was transferred and combusted inside a pre-heated 100C oven. The oven was ramped to 550C and held for 12 hours in air. The resulting material was grinded into a fine powder then sieved to 90 m to 250 m particles size. 
A functionalized MgO catalyst was prepared by mixing toluene and the silylating agent in the ratio of 50 mL of toluene per gram of MgO. Octadecyltrichlorosilane (OTS) and ethyltricholorosilane (ETS) were used to functionalize the surface of MgO. The suspension was stirred for 12 hours at 700 rpm at room temperature. The resulting catalyst was washed with excess methanol and dried for 12 hours at 110C in the oven under static air to yield organosilane-functionalized MgO. MgO that had been modified with OTS was named MgO(x)-OTS(y) while MgO(x)-ETS(y) was abbreviated for the material had been functionalized with ETS. ‘x’ and ‘y’ are the theoretical wt.% of MgO and corresponding silylating agent respectively. 
The BET surface area of all the catalysts was measured using N2 physisorption on a Micromeritrics ASAP 2010 instruments. The measurements were taken at liquid nitrogen temperature. Typically, 100 mg of samples were degassed at 200C for 6 hours prior to the analysis. 
[bookmark: _Toc513486597]A2.2 Reaction Experiments
Vapor phase aldol condensation of acetone was carried out in an isothermal tubular reactor. In each experiment, the catalyst was held at the center of a 6 mm-ID quartz tube between quartz wool. Inert glass beads were packed on top of the catalyst to top of the quartz tube for a well-dispersed flow of the reactants. A 60 mL/min of N2 flow was passed through for 1 hour at 250C prior to the reaction to remove any adsorbed species. Acetone diluting in hexane in the volumetric ratio of 1:1 was fed continuously from a syringe pump and vaporized into the stream of N2. The reactor was connected to the six-port sampling valve, heated to 250C to avoid the condensation. The vapor stream was analyzed using Hewlett Packard 6890 GC-FID equipped with a Phenomenex ZB-Wax polyethylene glycol column (30 m x 0.25 mm x 0.25 m). In case of addition of external water, 0.01 ml/hr of water was fed through a different syringe pump. In all the experiments, the carbon balance was kept above 90%. 
[bookmark: _Toc513486598]A3 Results and Discussions
From the previous studied in our group, aldol condensation of cyclopentanone underwent self-aldol condensation and cross-aldol condensation with acetone to generate a pool of ,-unsaturated ketones. The reaction was favorable in organic solvents in the liquid phase reaction at the temperature range of 150 – 200C. Nevertheless, having a high surface area and a great number of active sites, the activity of MgO dropped tremendously after a few hours due to the formation of in situ water that is the by-product from aldol condensation and oligomers from the continuous condensation of intermediates that accumulate on the catalyst surface. To overcome such disadvantageous of the catalyst, the functionalization of an organosilane on MgO was proven to have a great improvement in the stability of the catalyst. The initial activity of the functionalized MgOs is less than that of the parent MgO but eventually, the functionalized MgOs would outperform. The functionalized catalyst had shown to resist to attack of the external water. 

[bookmark: _Toc513455932]Figure A.3. Total yield of products over MgO, MgO(80)-OTS(20) and MgO(80)-ETS(20) at 250°C.
Figure 5.3 indicates that the trends in the total product yields in MgO and MgO(80)-OTS(20) were similar. In the case of MgO, after the initial period (10 min), there was a sharp decrease and after that, the total yield of the products slowly decreased. The activity of MgO started at two times higher than both the functionalized MgO. The initial period of both MgO(80)-OTS(20) and MgO(80)-ETS(20) started at the same level. MgO(80)-OTS(20) activity slowly dropped from its maximum at the initial over the time. The results of MgO and MgO(80)-OTS(20) confirms both of the catalysts experienced deactivation from in situ water formation and possibly large trimeric and oligomeric accumulated on their catalytic surface. MgO(80)-ETS(20) on the other hand displays a different scenario. As mentioned that the initial yield was similar to the OTS functionalized catalyst but the total yield of the products was a plateau and did not see any decreasing over 310 minutes of reaction. A vast difference between the results of the two functionalized catalyst could be due to the difference in the alkyl chain length of the organosilane. When the organosilane group is introduced to MgO, the coverage of hydrophobic tails on active sites are influenced by the difference in alkyl chain length. The mass transfer limitation is one of the examples. When OTS is replaced with ETS, one would expect ETS to have less mass transfer limitation. Therefore, the catalytic activity with ETS functionalized MgO would expect to be higher than OTS catalyst. 
The three products that were observed in acetone aldol condensation are mesityl oxide and its isomer so-called iso-mesityl oxide and also isophorone, an ,-unsaturated cyclic ketone. The mechanism of the steps is shown in Figure 5.4 The first step of acetone aldol condensation is the abstraction of the proton in -hydrogen, thereby forming an enolate. Then, the enolate attacks nearby ketone at electrophilic carbonyl carbon resulting an intermediate alkoxide. At this point, the alkoxide deprotonates a proton from the base leading to a -hydroxy ketone. The ketone dehydrates rapidly to mesityl oxide. Subsequently, mesityl oxide could be attacked by an enolate on the surface form a 3-hydroxy-3,5,5-trimethylcyclohexan-1-one intermediate which consequently dehydrates to isophorone.  

[image: ../Aldol/mesityl%20oxide%20mechanism%20.gif]
[bookmark: _Toc513455933]Figure A.4. Mechanism for mesityl oxide formation.

[image: ../Aldol/isophorone.gif]
[bookmark: _Toc513455934]Figure A.5. Mechanism for isophorone formation.



	
While in liquid phase study, additional of external water, has shown the positive effect and considerably higher stability on functionalized MgO with respect to the regular MgO. In the vapor phase study, 0.01 ml/hr of external water was co-fed with acetone. The results are vastly different from that observed in the liquid phase. In all cases, the activity of the catalyst with an additional of external water tremulously decreased. The total yields depict that there was almost no activity in all the catalysts. This implies that the external water competitively adsorbed on the active sites and transform MgO into the inactive hydroxide, Mg(OH2). Even though that this undesired adsorption could be inhibited by the hydrophobic catalyst but in this vapor phase study had shown otherwise. 

[bookmark: _Toc513455935]Figure A.6. Influence of addition of water on aldol condensation activity over MgO, MgO(80)-OTS(20) and MgO(80)-ETS(20) at 250°C.

[bookmark: _Toc513486599]A4 Conclusion
Influence of addition of water on aldol condensation of acetone was studied on combustion MgO and hydrophobic MgO. According to the liquid phase studies, both MgO-OTS and MgO-ETS have a positive effect on the activity of aldol condensation. However, in the vapor phase reaction, the addition of water shows otherwise in all cases. This could a strong adsorption of water on the active sites that prohibit the adsorption of acetone. 


[bookmark: _Toc513486600]Appendix B. Supplementary Figures and Tables

[bookmark: _Toc513455891]Table B.1. Effective Carbon Number (ECN) contributing to each compound groups from [72].
	Compound Group
	Effective Carbon no. Contribution

	Aliphatic C
	0.9845

	Aromatic C
	0.9416

	C attached to aromatic ring
	0.8442

	Acid C
	-0.3000

	Carbonyl C
	-0.0658

	C_OH primary
	0.4775

	C_OH secondary
	0.3979

	C_OH tertiary
	0.8796

	C_OH phenolic
	0.1165

	ether C 
	0.2826

	E ther C ring
	-0.5202

	Ester
	-0.4585

	ether to aromatic ring
	-0.0191






[bookmark: _Toc513455892]Table B.2. Effective carbon number and respond factor for each monomers from lignin ethanolysis.
	Compound
	ECN
	RF (area/g/mL)

	2-methoxy,6-methyl phenol
	5.3502
	169888

	phenol,3-ethyl
	6.7933
	243997

	phenol,2,5-dimethyl
	6.7931
	243997

	phenol,4-ethyl-2 methoxy
	6.3346
	182621

	2,5-diethyl phenol
	8.7620
	255969

	phenol,2-methoxy-4-propyl
	7.3191
	193207

	phenol,2,6 dimethoxy
	3.9072
	111179

	phenol,3(1,1-dimethylethyl)-4-methoxy
	8.3035
	202146

	1,2,3-trimeoxybenzene
	4.2738
	111475

	benzene,1,2,3-trimeoxy-5-methyl
	5.2582
	126603

	1-(2,5-dimthoxyphenyl)-propanol
	7.0991
	158716
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[image: ][bookmark: _Toc513455936]Figure B.1. Chromatogram of lignin ethanolysis.




MeOH 	No catalyst	3-Ethylphenol	2,5-dimethylphenol	4-Ethylguaiacol	4-Propylguaiacol	2,6-Dimethoxyphenol	3-tert-Butyl-4-methoxyphenol	1,2,3-trimethoxybenzene	1,2,3-trimethoxy-5-methylbenzene	3-(3,4-Dimethoxyphenyl)-1-propanol 	0.00252489951726807	0.00651892684047057	0.0158867605600632	0.00669176919405915	0.0124098359616482	0.0	0.0103139527593091	0.0115266786128741	0.00640213360777287	EtOH	No catalyst	3-Ethylphenol	2,5-dimethylphenol	4-Ethylguaiacol	4-Propylguaiacol	2,6-Dimethoxyphenol	3-tert-Butyl-4-methoxyphenol	1,2,3-trimethoxybenzene	1,2,3-trimethoxy-5-methylbenzene	3-(3,4-Dimethoxyphenyl)-1-propanol 	0.00304705217693746	0.00794343843301952	0.0216771968161818	0.00665330229433291	0.00650346033653896	0.00409016132359953	0.00991771193377029	0.00923540548350033	0.00874861827668316	Products


% C Yield




MeOH 	No catalyst	3-Ethylphenol	2,5-dimethylphenol	4-Ethylguaiacol	4-Propylguaiacol	2,6-Dimethoxyphenol	3-tert-Butyl-4-methoxyphenol	1,2,3-trimethoxybenzene	1,2,3-trimethoxy-5-methylbenzene	3-(3,4-Dimethoxyphenyl)-1-propanol 	0.00252489951726807	0.00651892684047057	0.0158867605600632	0.00669176919405915	0.0124098359616482	0.0	0.0103139527593091	0.0115266786128741	0.00640213360777287	MeOH 	Ru/SiO2	3-Ethylphenol	2,5-dimethylphenol	4-Ethylguaiacol	4-Propylguaiacol	2,6-Dimethoxyphenol	3-tert-Butyl-4-methoxyphenol	1,2,3-trimethoxybenzene	1,2,3-trimethoxy-5-methylbenzene	3-(3,4-Dimethoxyphenyl)-1-propanol 	0.00351948429698599	0.010175255293913	0.0253866997055139	0.0108629581211987	0.0103710390071984	0.00545330634022868	0.00708381542194245	0.0108149168184379	0.0116683915001464	EtOH	No catalyst	3-Ethylphenol	2,5-dimethylphenol	4-Ethylguaiacol	4-Propylguaiacol	2,6-Dimethoxyphenol	3-tert-Butyl-4-methoxyphenol	1,2,3-trimethoxybenzene	1,2,3-trimethoxy-5-methylbenzene	3-(3,4-Dimethoxyphenyl)-1-propanol 	0.00304705217693746	0.00794343843301952	0.0216771968161818	0.00665330229433291	0.00650346033653896	0.00409016132359953	0.00991771193377029	0.00923540548350033	0.00874861827668316	EtOH	Ru/SiO2	3-Ethylphenol	2,5-dimethylphenol	4-Ethylguaiacol	4-Propylguaiacol	2,6-Dimethoxyphenol	3-tert-Butyl-4-methoxyphenol	1,2,3-trimethoxybenzene	1,2,3-trimethoxy-5-methylbenzene	3-(3,4-Dimethoxyphenyl)-1-propanol 	0.00334324437588452	0.0122303425762555	0.0222034375111896	0.00946147297694143	0.00617590408618672	0.00343548409637785	0.00743606218460049	0.00865404489830589	0.00853834705337273	Products


% C Yield




No Catalyst	phenol 3 ethyl	phenol 2,5 dimethyl	phenol 4-ethyl-2 methoxy	phenol 2 methoxy 4 propyl	phenol 2,6 dimethoxy	phenol,3(1,1-dimethylethyl)-4-methoxy	1,2,3 trimeoxy benzene	benzene,1,2,3-trimeoxy-5-methyl	1-(2,5-dimthoxyphenyl)-propanol	0.00304705217693746	0.00794343843301952	0.0216771968161818	0.00665330229433291	0.00650346033653895	0.00409016132359953	0.00991771193377029	0.00923540548350033	0.00874861827668316	Ru/SiO2	phenol 3 ethyl	phenol 2,5 dimethyl	phenol 4-ethyl-2 methoxy	phenol 2 methoxy 4 propyl	phenol 2,6 dimethoxy	phenol,3(1,1-dimethylethyl)-4-methoxy	1,2,3 trimeoxy benzene	benzene,1,2,3-trimeoxy-5-methyl	1-(2,5-dimthoxyphenyl)-propanol	0.00334324437588452	0.0122303425762555	0.0222034375111896	0.00946147297694143	0.00617590408618672	0.00343548409637785	0.00743606218460049	0.00865404489830588	0.00853834705337273	% Yield

%	
CO	CO2	C1	C2	C3	C4	C5	0.633026819831299	0.00186160818610085	0.290753467399762	0.046033674650293	0.0199017398866248	0.00588539868087884	0.0025372913650423	Mass (mg)	
CO	CO2	C1	C2	C3	C4	C5	152.0864792220958	0.702740584444192	40.00915471841203	5.867938410612369	2.441834433886227	0.7266286532437	0.311438140593965	C (mg)	
CO	CO2	C1	C2	C3	C4	C5	65.21474744708411	0.191783829529285	29.95357124188303	4.742412757772485	2.050287444076513	0.606316788759759	0.261393056956099	


Acetaldehyde	Ethyl ether	Butanal	Ethyl acetate	Ethane diethoxy	Butanol	0.53605497554435	0.0454813230183996	0.0386747803625103	0.0599747004107983	0.202379871822958	0.117434348840984	
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Acetic Acid	280°C	250°C	0.838933235488864	0.71414416837717	Acetone	280°C	250°C	0.817273336136973	0.714700178316541	Alkyl benzene	280°C	250°C	0.0	0.0	Benzofuran derivative	280°C	250°C	0.0	0.0	Furans	280°C	250°C	2.544604512153463	3.118816234809719	Furan derivatives	280°C	250°C	4.891127847944435	5.252644414697436	Light oxygenates	280°C	250°C	8.58038621725395	5.844591970543346	Methoxy phenols	280°C	250°C	2.623640782191991	3.123488239803647	Sugar	280°C	250°C	23.51808447377882	21.96493254647145	Light Gas	280°C	250°C	3.507957108258047	1.084556226990248	Others	280°C	250°C	0.440036934246541	0.496415268448834	
mg  of carbons/ gram of oak




Acetic Acid	280°C	Stage 3  Torrefaction	0.838933235488864	1.971351879397678	Acetone	280°C	Stage 3  Torrefaction	0.817273336136973	0.0	Alkyl benzene	280°C	Stage 3  Torrefaction	0.0	0.238351666573353	Benzofuran derivative	280°C	Stage 3  Torrefaction	0.0	0.0867202242849784	Furans	280°C	Stage 3  Torrefaction	2.544604512153463	0.802349610465285	Furan derivatives	280°C	Stage 3  Torrefaction	4.891127847944435	3.963678332149866	Light oxygenates	280°C	Stage 3  Torrefaction	8.58038621725395	9.141936666536748	Methoxy phenols	280°C	Stage 3  Torrefaction	2.623640782191991	10.36675250656435	Sugar	280°C	Stage 3  Torrefaction	23.51808447377882	19.75189882981986	Light Gas	280°C	Stage 3  Torrefaction	3.507957108258047	3.843802366561975	Others	280°C	Stage 3  Torrefaction	0.440036934246541	0.467594505356384	Naphthalenes	280°C	Stage 3  Torrefaction	0.983131874127951	Alkyl  phenols	280°C	Stage 3  Torrefaction	2.674359094355914	
mg of carbons/ gram of feed




Acetic Acid	280°C	Stage 3  Torrefaction	0.838933235488864	1.971351879397678	Acetone	280°C	Stage 3  Torrefaction	0.817273336136973	0.0	Alkyl benzene	280°C	Stage 3  Torrefaction	0.0	0.238351666573353	Benzofuran derivative	280°C	Stage 3  Torrefaction	0.0	0.0867202242849784	Furans	280°C	Stage 3  Torrefaction	2.544604512153463	0.802349610465285	Furan derivatives	280°C	Stage 3  Torrefaction	4.891127847944435	3.963678332149866	Light oxygenates	280°C	Stage 3  Torrefaction	8.58038621725395	9.141936666536748	Methoxy phenols	280°C	Stage 3  Torrefaction	2.623640782191991	10.36675250656435	Sugar	280°C	Stage 3  Torrefaction	23.51808447377882	19.75189882981986	Light Gas	280°C	Stage 3  Torrefaction	3.507957108258047	3.843802366561975	Others	280°C	Stage 3  Torrefaction	0.440036934246541	0.467594505356384	Naphthalenes	280°C	Stage 3  Torrefaction	0.983131874127951	Alkyl  phenols	280°C	Stage 3  Torrefaction	2.674359094355914	
mg of carbons/ gram of feed




Furan derivatives	0.0139696453655813	Light oxygenates	0.579309295147745	Methoxy phenols	0.12775440395643	Light Gas	0.278966655530244	% Selectivity
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H2 Consumption (a.u.)



conversion	0.5	1.0	1.5	2.0	2.5	58.0	76.0	93.0	96.0	100.0	Time (Hours)


Conversion (%)



2-cyclohexyl cyclohexanone	0.0	0.5	1.0	1.5	2.0	2.5	0.0	0.0614124872057318	0.0643116324926331	0.093731082083421	0.079334509343422	0.0	2-cyclohexylidenecyclohexanone	0.0	0.5	1.0	1.5	2.0	2.5	0.0	0.0062777209143637	0.00688196508681551	0.00391356775649704	0.0	0.0	Cyclohexane	0.0	0.5	1.0	1.5	2.0	2.5	0.0	0.112615914291788	0.111626904812743	0.151488754385362	0.152954436202762	0.165914816256845	Cyclohexanol	0.0	0.5	1.0	1.5	2.0	2.5	0.0	0.0623288855552296	0.0963395790616483	0.128503892422931	0.145545335215648	0.121032404411106	Dicyclohexyl Ether	0.0	0.5	1.0	1.5	2.0	2.5	0.0	0.0614124872057318	0.316924799542449	0.49423373321514	0.502985985340666	0.671682700511404	Cyclohexyl Phenyl Ether	0.0	0.5	1.0	1.5	2.0	2.5	0.0	0.234220402592972	0.20127463963748	0.0335992643559486	0.00280716690944798	0.0	% Yield C


Cyclohexane	0.0	0.5	1.0	1.5	2.0	2.5	0.0	0.112615914291788	0.111626904812743	0.151488754385362	0.152954436202762	0.165914816256845	Cyclohexanol	0.0	0.5	1.0	1.5	2.0	2.5	0.0	0.0623288855552296	0.0963395790616483	0.128503892422931	0.145545335215648	0.121032404411106	Dicyclohexyl Ether	0.0	0.5	1.0	1.5	2.0	2.5	0.0	0.0614124872057318	0.316924799542449	0.49423373321514	0.502985985340666	0.671682700511404	Cyclohexyl Phenyl Ether	0.0	0.5	1.0	1.5	2.0	2.5	0.0	0.234220402592972	0.20127463963748	0.0335992643559486	0.00280716690944798	0.0	2-cyclohexyl cyclohexanone	0.0	0.5	1.0	1.5	2.0	2.5	0.0	0.0614124872057318	0.0643116324926331	0.093731082083421	0.079334509343422	0.0	2-cyclohexylidenecyclohexanone	0.0	0.5	1.0	1.5	2.0	2.5	0.0	0.0062777209143637	0.00688196508681551	0.00391356775649704	0.0	0.0	Reaction Time (hour)


% Yield C




Cyclohexane	12.7 mg	25 mg	50 mg	0.07	0.112615914291788	0.158474188984137	Cyclohexanol	12.7 mg	25 mg	50 mg	0.02	0.0623288855552296	0.103840850788532	Dicyclohexyl Ether	12.7 mg	25 mg	50 mg	0.05	0.1	0.436711020129649	2-cyclohexyl cyclohexanone	12.7 mg	25 mg	50 mg	0.02	0.0614124872057318	0.0822244967587854	2-cyclohexylidenecyclohexanone	12.7 mg	25 mg	50 mg	0.00575291081397793	0.0062777209143637	0.00358239508700102	Cyclohexyl Phenyl Ether	12.7 mg	25 mg	50 mg	0.284012057970637	0.202214	0.0207096554077107	Conversion	12.7 mg	25 mg	50 mg	0.4	0.58	0.84549	
% Yield C


% Conversion




Ru/TiO2	Cyclohexane	Cyclohexanol	Dicyclohexyl Ether	2-cyclohexyl hexanone	2-cyclohexylidenecyclohexanone	Cyclohexyl Phenyl Ether	Cyclohexanone	0.109246746871591	0.0477630895875108	0.229443502023879	0.0600711832453756	0.00198059696246268	0.125860583015837	0.0110386242033097	Ru/SiO2	Cyclohexane	Cyclohexanol	Dicyclohexyl Ether	2-cyclohexyl hexanone	2-cyclohexylidenecyclohexanone	Cyclohexyl Phenyl Ether	Cyclohexanone	0.0817753969709643	0.0705762408713006	0.232172085538007	0.0471132769089866	0.00504157512795617	0.147449341036139	0.0	
% Yield C




% Yield C	Cyclohexane	(1-Methyl-cyclopentyl)cyclohexane	Bicyclohexane	p-Tercyclohexane	0.581192742403687	0.0663661076946032	0.316391282261348	0.0241063035613967	%Selectivity	Cyclohexane	(1-Methyl-cyclopentyl)cyclohexane	Bicyclohexane	p-Tercyclohexane	0.744539618242762	0.0425093027511319	0.202657248898148	0.0102938301079587	% Yield C/ %Selectivity

C-C	5.0	10.0	30.0	60.0	7.97961616465821E-6	4.2E-5	0.00046	0.00082	Cyclohexanone	5.0	10.0	30.0	60.0	2.24439060002842E-5	0.00029	0.00071	0.00086	Phenol	5.0	10.0	30.0	60.0	4.47674087242958E-5	0.00018	0.00025	1.1E-5	Cyclohexane	5.0	10.0	30.0	60.0	5.81999671996994E-6	0.00022	0.0013	0.0023	Benzene	5.0	10.0	30.0	60.0	4.04893694215162E-6	1.45E-5	2.33E-5	4.0E-6	Cyclohexyl Ether	5.0	10.0	30.0	60.0	1.6275336311947E-6	3.9152130855736E-6	1.22211270225387E-5	1.77298703699748E-5	Mass of catalyst (mg)


Mole Yield




0.1%PdOTS/HY	14.0	52.0	97.0	0.335	0.55	0.55	0.5%PdOTS/HY	36.0	94.0	0.43	0.445	1%PdOTS/HY	15.0	56.0	98.0	0.19	0.36	0.365	Conversion (%)


Ratio C-C/Cyclohexane




MgO(80)-OTS(20)	10.0	40.0	70.0	100.0	130.0	160.0	190.0	220.0	250.0	280.0	310.0	4.05730197110888E-5	2.24513547208392E-5	1.87009579663354E-5	2.08725562471546E-5	1.62832352086301E-5	1.26754105596396E-5	1.03567378962909E-5	8.96553429828213E-6	5.90488638266137E-6	5.0083329528332E-6	3.72533407911359E-6	MgO(80)-ETS(20)	10.0	40.0	70.0	100.0	130.0	160.0	190.0	220.0	250.0	280.0	310.0	4.28586756763187E-5	4.42123602991928E-5	4.59892589615908E-5	4.22178515810113E-5	4.50392785111702E-5	4.31213085022643E-5	4.03404020652513E-5	4.169258592912E-5	4.11643187592179E-5	4.25044965510434E-5	3.94144337589172E-5	MgO	10.0	40.0	70.0	100.0	130.0	160.0	190.0	220.0	250.0	280.0	310.0	8.14343860896595E-5	5.7640542784886E-5	5.27391360854909E-5	5.72541130393105E-5	5.8109372990915E-5	4.90652121073356E-5	4.8309400987313E-5	4.63261071460505E-5	4.61556234347672E-5	4.25612585218775E-5	4.12400097594319E-5	TOS (min)


Yield (mol/hr)




MgO(80)-OTS(20)_H2O	10.0	40.0	70.0	100.0	130.0	160.0	190.0	220.0	250.0	280.0	310.0	8.68189084626036E-6	5.95125983592834E-6	7.41975252271586E-6	7.57433070027244E-6	1.03567378962909E-5	9.4292688309514E-6	6.18312710226321E-6	3.78716535013622E-6	4.00357479871543E-6	3.60167153706832E-6	MgO(80)-ETS(20)_H2O	10.0	40.0	70.0	100.0	130.0	160.0	190.0	220.0	250.0	280.0	310.0	9.68739937988084E-6	7.18788525638099E-6	6.1522114667519E-6	6.58503036391032E-6	7.06422271433572E-6	6.80143981248954E-6	7.72890887782902E-6	7.41975252271586E-6	6.3377052798198E-6	6.55411472839901E-6	MgO_H2O	10.0	40.0	70.0	100.0	130.0	160.0	1.64346297677108E-5	1.34369578443126E-5	1.64374711628988E-5	1.96567719109652E-5	1.43888252323111E-5	1.89975682273365E-5	TOS (min)


Yield (mol/hr)
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