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Abstract 

Over the last couple of years there has been a growing interest in transitioning from traditional 

fuels to more renewable sources such as biofuels. However, biocrude straight from the reactor is 

not usable as a fuel source and needs to be upgraded through exposure to a catalyst. The 

reactants and products are known for this process, but the intermediates are not. Lowering the 

severity of conditions specifically temperature can allow for these intermediates to be identified 

through the use of GC-MS and other analytical techniques. 2 grams of biocrude made from 

hospital food waste was treated with 1 gram of a commercial catalyst (CoMo/Al2O3) for an hour 

at varying temperatures (350˚C, 325˚C, 300˚C) to observe the intermediates produced when 

lowering the severity of operating temperatures. At lower operating temperatures, a greater 

presence of acids, alcohols, and esters was observed.  
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Table of Figures 

1.0 Introduction 

Over the past couple of years there has been a growing need for a replacement to 

traditional fuel sources. A potential replacement could come from biofuels made from renewable 

sources such as food waste and other biomasses. However, biofuel is not a good fuel source as 

there are many issues with the fuel regarding its properties. Biofuels taken straight from the 

refineries have low energy density, shelf life, and a high moisture content. To overcome these 

issues, the biocrude can be upgraded to reduce the moisture content and remove the impurities 

found in the fuels. There are three types of upgrading techniques that can be used on biocrude 

which include the following, thermochemical, biochemical, and physiochemical. 

Thermochemical techniques tend to be the most effective and they involve the use of 

supplementary hydrogen and catalysts to treat biocrude1.  A common thermochemical technique 

that uses catalysts in the process is hydrodeoxygenation where oxygen is removed without any 

supplementary hydrogen. One catalyst that is used for this process is CoMo/Al2O3 and this 

catalyst is one of the most common ones that are used in industry 3. The reactants and products 

are known for this reaction but there has been little research into the intermediates of the 

reaction. A study was developed to see if using milder reaction conditions will allow for the 

intermediates to be identified.   
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The reaction condition that was chosen to be changed was the reactor temperature and 

this was lowered for the different trials. The reactor temperatures that were used in the 

experiments were 350, 325, and 300 degrees Celsius. The other experimental conditions were 

kept the same for each trial including the reactor pressure, and the reactants. The biocrude used 

in the trials came from hospital food waste and the catalyst was a commercial CoMo/Al2O3 

called Alfa Asear. All the samples were analyzed, and GC-MS was used to identify the different 

components of the biocrude. The results from this analysis were looked at to see if any trends 

developed across the three temperatures. These trends and compounds were identified to see if 

the intermediates of the reaction were able to be found.            

2.0 Background 

 

General Information about Bio Crude  

There has been a growing interest in the last decade to use less fossil fuel-based energy 

sources and move industry towards more renewable sources. Scientists and engineers have 

turned to different biomass feed sources to create substitute fuels such as biodiesel and bio-oil. 

These fuels are seen as an environmental solution to the problems surrounding traditional fuel 

sources. Some of the most common biomass feeds include wood, aquatic crops, and municipal 

and animal waste. The biomass would then be converted to bio-oil through either a 

thermochemical or biochemical process. The most common conversion process is to make 

ethanol and biodiesel from sugar, starches, and vegetable oil. Over the last couple of years there 

have been advancements in HTL technology and upgrading techniques for biocrude. Even with 

these advancements in technology, there are still issues with untreated biocrude1.   

  



7 
 

Biocrude has the potential to be a replacement fuel source for traditional petroleum in 

response to the growing interest in using fewer fossil fuels. However, biocrude taken straight out 

of the reactor is unable to be used as a fuel source due to the properties of the crude. Typically, 

untreated biocrude has low energy density, high moisture content, and is not free flowing as a 

liquid. Also, there are issues with the viscosity of the crude at colder temperatures, the 

corrosiveness of the oil, and samples will begin to degrade if they are in storage over an extended 

period. To overcome these issues, different upgrading techniques can be used to alter the 

chemistry or physical properties of the bio crude samples 1.   

The most common upgrading techniques will upgrade the biocrude without the presence 

of oxygen and in conditions with high heat and pressure. Thermochemical processes usually use 

much higher temperatures and pressures than biochemical or physiochemical processes. The 

process will produce liquid products when the right catalyst is chosen to be used in the reaction. 

Upgrading biocrude will ensure that the crude will be able to be used as fuel source with less of 

the negative properties. To utilize this technology, the biocrude should be upgraded in good 

conditions using the right process 1.   

  

Upgrading Techniques: Utilizing Biocrude  

Biocrude needs to be upgraded for it to be used as a type of transportation fuel. For 

upgrading biocrudes into usable fuels, there are three types of upgrading techniques, 

thermochemical, physiochemical, and biochemical. Out of three types, thermochemical processes 

tend to be the most effective, but they are the most expensive due to the process conditions. While 

physiochemical processes are less effective, they can be run using milder conditions and with 

another process. Biochemical processes can be an excellent choice for upgrading so long as it is 

the only upgrading option being used. Beyond the common three types, biocrude upgrading 



8 
 

techniques can be broken down further into three categories, dewatering, deoxygenation, and 

hydrogenation. Dewatering and deoxygenation refer to processes that reduce the water and oxygen 

content of the biocrude. Hydrogenation refers to processes that increase the hydrogen content of 

biocrude2. Thermochemical processes include the following upgrading techniques, hydrocracking, 

catalytic cracking, and hydrodeoxygenation. All these techniques require the same basic conditions 

to run which include the use of high temperatures and pressures in the presence of hydrogen and 

catalysts. These specific conditions will help to change the characteristics of the biocrude during 

the upgrade process 2. Biochemical processes can alter the immediate properties of the end 

products using solvents and other biological treatments without adding any heat to the system. 

Physiochemical processes use electricity to improve the quality of the biocrude using either 

physical or chemical processes 2.   

  

Thermochemical Processes: Catalytic Cracking, Hydrocracking, and Hydrodeoxygenation  

  As mentioned above some common thermochemical upgrading techniques include 

hydrocracking, catalytic cracking, and hydrodeoxygenation. Catalytic cracking upgrades the 

biocrude through the breaking down the untreated biocrude into low carbon aromatics and olefins. 

This technique has produced oil that has shown some promise of being a replacement for 

traditional fuel sources. Hydrocracking is a variation of the catalytic cracking technique with 

additional hydrogen, high temperatures, and catalysts being added to the biocrude to break down 

the larger carbon chains 2.  

Hydrotreatments include the following upgrading processes, hydro-deoxygenation, 

hydrogenation, and hydrodesulfurization. Hydrogenation and hydrodesulfurization use similar 

techniques as the traditional refineries at temperatures that can range from 310-375 degrees 

Celsius. These processes use supplementary hydrogen gas and catalysts to remove oxygen and 
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sulfur as water and hydrogen sulfide. Hydrodeoxygenation removes oxygen from any oxygen 

containing species within the biocrude without using any supplementary hydrogen. Some metal 

catalysts can be used to improve the process, however, there are still many limiting factors that 

can affect the upgraded biocrude. These factors include low fuel costs, reusability, coking 

resistance, and effectiveness. There is one benefit of using hydrotreatments to upgrade the biocrude 

as the upgraded oil will have a low sulfur content after treatment 2.    

  

Physiochemical Processes: Electrochemical, Plasma, Ultrasonic cavitation, and Mechanical 

Blending  

  Physiochemical upgrading techniques do not use any applied heat, catalysts, or chemicals 

to upgrade the biocrude. There are multiple benefits to using physical upgrading processes that 

include lower production hazards, fewer consumable inputs, and enhanced stability. This type of 

technology was just starting to emerge in the last three years, so it has not been proven to be more 

effective than thermochemical or biochemical processes. Some common physiochemical 

upgrading techniques include electrochemical, plasma, ultrasonic cavitation, and mechanical 

blending 2.   

The electrochemical process upgrades the biocrude without any additional hydrogen and 

can be run at a wide variety of temperatures and pressures.  Hydrogen is one of the byproducts of 

this technique and it can be used for other upgrading techniques further along in the process. 

Electrochemical upgrading utilizes electricity to produce hydrogen protons on the anode side of 

an electrochemical cell. A cation exchange membrane allows for the protons to transfer to the 

cation side of the cell and hydrogenation takes place on this side of the cell. The only two 

requirements for the effectiveness of the process are the exact composition of the biocrude and the 

surrounding chemical environment 2.   
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A common plasma upgrading technique is non-thermal plasma synergetic catalysis (NPSC) 

which uses an applied electrical field in the biocrude to ionize electrons and radicals. This type of 

process has lower energy requirements and environmental emissions than other upgrading 

techniques. However, the upgraded biocrude is still hydrogen deficient and there is a risk of any 

catalysts deactivating due to extensive coking 2.   

  Ultrasonic cavitation uses an ultrasonic generator to convert 60Hz into 20Hz of high 

mechanical energy and the generator will run at average temperatures and pressures. The higher 

frequency energy will cause cavitations within the biocrude, specifically the air cavities of the oil. 

This technique can reduce the corrosiveness, viscosity, and instability of the untreated biocrude. 

The high oxygen and moisture content of the biocrude can be reduced with this technique through 

breaking the carbon-oxygen bonds and promoting carbon-hydrogen bonds with the use of catalysts 

and hydrogen donors 2.   

Mechanical blending is the process of blending together the untreated biocrude and either 

alcohols or hydrocarbons in small batches. There are some issues with this process that include the 

acidity and corrosiveness of the upgraded biofuel and a loss in performance of the biofuel in fuel 

separation and oxidation 2.   

  

Biochemical Processes: Esterification, Transesterification, and Catalytic Transfer Hydrogenation 

 In comparison to thermochemical processes, biochemical upgrading techniques operate at 

lower temperatures and pressures. Also, there is the benefit of having lower capital costs, small-

scale suitability, and lower production hazards. One of the more common biochemical processes 

is esterification which involves the use of alcohol-based solvents to turn any carboxylic acids into 

esters. Introducing a catalyst into this process would reduce the acidity, water content, and 

viscosity of the biocrude at a much higher rate. Transesterification uses alcohols to replace long 
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chained carbons with short chained carbons within the ester groups. This process will also separate 

the excess water from the biocrude, reduce the viscosity, and increase the pH of the sample.  

However, there is a risk of the water being contaminated due to the high solvent concentration and 

lower biocrude concentrations. Another common biochemical upgrading technique is catalytic 

transfer hydrogenation where hydrogen rich compounds and catalysts are added to the untreated 

biocrude. This upgraded technique can be run at lower temperatures and pressures which avoids 

the common risks associated with using pure hydrogen 2.   

 

Catalytic Upgrading of Biocrude: Hydrodeoxygenation  

  There are multiple forms of catalytic upgrading the can be used to treat biocrude which 

include cracking and hydrodeoxygenation. As mentioned above hydrodeoxygenation (HDO) is a 

process that removes oxygen from the biocrude as water without the use of supplementary 

hydrogen. Metal catalysts can be added to improve this type of process and the two common 

catalysts used are NiMo/Al2O3 and CoMO/Al2O3. The normal operating temperatures for this 

process range from 250 to 450 C and the right operating temperature should be chosen based on 

the kinetic requirements of the reaction. An important aspect of HDO processes is the consumption 

of hydrogen with different oxygen containing functional groups requiring different amounts of 

hydrogen. Some studies are looking into the effect of hydrogen consumption on deoxygenation of 

different functional groups and have found that functional groups such as ketones require less 

hydrogen while groups like furans require a much higher amount of hydrogen. This trend was 

shown in each study regardless of the catalyst chosen to be used in the HDO process.  Each of the 

different catalysts used in HDO can be split into two distinct groups, sulfides/oxides, or transition 

metal catalysts3.  
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For sulfide/oxide catalysts, the two most researched catalysts are Co-MoS2 and Ni-Mo S2. 

The nickel and cobalt act as promoters by donating electrons to the molybdenum atoms which 

weakens the bond between molybdenum and sulfur. This creates a vacancy site on the metal and 

the oxygen from the biocrude can bond to this site. The important aspect is that the oxygen bonded 

to the metal catalyst must be removed from the biocrude as water for the reaction mechanism to 

work. There is evidence that has shown longer operating times can result in the activity of the 

catalyst being reduced as it transforms into an oxide form 3. 

Transitional metal catalysts used in HDO should be able to bifunctional where the metal  

would be able to activate the oxygen containing species and donate hydrogen to the oxygen 

species. Some common metal catalysts include Ru/C, Pd/C, and Pt/C. While these catalysts work 

well for HDO systems, they are expensive to use in industry and this makes them an unattractive 

choice. There are some alternatives that can be used in place of these more expensive catalysts 

such as nickel-based ones. These substitute catalysts are not as effective as the metal ones, but they 

are more stable than the cobalt catalysts and the cost of the nickel catalysts are much lower 3. There 

have been different experiments looking into HDO and the effect that the catalysts can have on the 

process.  

In 2015, there were experiments done looking into the performance of upgraded biocrude 

made from microalgae. The catalyst used in the upgrading process wat Pt/Al2O3, and the 

experiments were run across a wide range of temperatures starting at 125 C and going up to 530 

C. The results from these experiments showed that running the reactor at 400 C was the best 

temperature for the reaction as it this temperature there was the highest rate of reduction in the 

nitrogen content and O/C ratio and increased the C/H ratio. Also, the results showed that running 

the reactor at high temperatures should be avoided as there were concerns about recondensation 
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reactions taking place which could increase the amount of coke formed5. An increase in the amount 

of coke found could lead to a reduction in the upgraded bio-oil yields.  

In 2019, researchers at the Pacific Northwest National Laboratory investigated the effect 

that different feed sources and catalysts had on the upgraded biocrude. The feed sources came from 

wet waste and the catalyst used was either CoMo/Al2O3 or NiMo/Al2O3 in either the guard bed or 

the main bed. The results from the experiments show that using CoMo/Al2O3 in both the guard and 

main bed with the WW06 sludge produced upgraded bio-oil with the most carbon and hydrotreated 

bio-oil. The worst combination was WW10 sludge with CoMo/Al2O3 in the guard bed and 

NiMo/Al2O3 in the main bed as this combo produced the least amount of hydrotreated bio-oil and 

the lowest amount of carbon in the samples.  The results from these experiments show that using 

the same catalyst within both the guard and main bed worked better for upgrading the biocrude6.           

3.0 Methodology 

Experimental Parameters  

 

 The goal of the study was to determine the reactionary intermediates for the catalytic upgrading 

of hospital food waste biocrude. To determine these intermediates, the severity of the reaction 

conditions was lowered to allow for the biocrude to be upgraded under milder conditions. The 

temperature of the reactor was chosen to be the manipulated variable and all other conditions 

were kept the same. By running the reactor at lower temperatures, the biocrude may not have 

been upgraded completely, and other functional groups may be present in the oil sample. The 

initial temperature for the reactor was set to 350 degrees Celsius and the temperature was 

lowered by 25 degrees for each of the two subsequent trials. The catalyst used in each trial was a 

commercial version of a CoMo/Al2O3 catalyst called Alfa Aesar. The ratio of catalyst to biocrude 

was always 1 gram of catalyst for 2 grams of biocrude. For every trial, the reactor was 

pressurized with about 1000 psi of pure hydrogen gas. The biocrude was upgraded in the reactor 
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for 1 hour once the reactor reached its respective temperature for each trial: 350, 325, and 300 

degrees Celsius. After one hour, the reactor was cooled to 40 degrees Celsius, and the oil and 

coke were removed from the reactor.   

Using Dichloromethane (DCM), the upgraded biocrude and coke were flushed from the 

reactor. Gravitational filtration was used to separate the coke from the biocrude, and the 

DCM/biocrude mixture was transferred to a round bottom flask. To separate the DCM and 

upgraded biocrude, rotovaping was used as the main method for all the trials. Further analysis of 

the biocrude was performed once the sample was separated from the solvent.  

  

Analytical Techniques  

  

The analytic techniques that were chosen for the duration of the trials include Karl 

Fischer titrations, GC-MS, and elemental analysis. Karl-Fischer titrations investigated the 

moisture content of the biocrude samples with the samples being diluted in methanol and 

injected into the equipment. These titrations determined the amount of water found in the 

samples, and the results were used to determine whether the sample needs to be dried before 

undergoing elemental analysis. The elemental analysis was performed by an outside lab, and all 

samples were shipped to the lab once it was confirmed that they had the proper moisture content. 

All the biocrude samples were analyzed to determine the amount of carbon, hydrogen, oxygen, 

nitrogen, and sulfur in the biocrude.  The results from this analysis were used to determine trends 

among the samples from each of the three temperatures.   

The key analytical technique that was used in our study was the GC-MS analysis of each 

sample taken at three different temperatures. Each sample was diluted to be around 1-2 wt%  

biocrude in DCM and then injected into the machine to be analyzed. A chromatogram was 
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produced showing the intensity of the peaks versus the retention time. This plot was integrated 

for the first hundred peaks to be able to identify the compounds that the peaks represented. This 

process was crucial to understanding the compounds found in the biocrude and to begin to 

identify the intermediates of the reaction. Further analysis was done on the integrated peaks to 

determine both the type and amount of different functional groups found in the biocrude. Once 

the peaks and groups were identified, the trends between the three different temperatures were 

determined and the most common compounds were listed out.       

Experimental Procedures: 

First, the top and bottom halves of the empty reactor are each weighed out on a scale. 

Next, 2 grams of the bio-crude are weighed out and added to the reactor, followed by a gram of 

the fresh CoMo/Al2O3 catalyst. The full reactor is then weighed once again before adding clamps 

to ensure that the chamber is tightly sealed. After being weighed and sealed, the reactor chamber 

is hooked up to a hydrogen tank so that the air inside can be flushed out and replaced with 

hydrogen gas. The process of filling and flushing the gas inside the reactor should be done three 

times. After flushing the chamber three times, the reactor should be filled once again with 

hydrogen and pressurized to roughly 1000 PSI.  

Once the reactor has been pressurized to 1000 PSI, the mixer, thermocouples, and cooling 

water tubes should be hooked up to the reactor and turned on. Begin heating the reactor to the 

desired temperature. Once the reactor has reached the desired temperature, record its initial 

temperature and pressure, and let the reactor run for one hour. After the one hour is up, the final 

temperature and pressure should be recorded, heating element should be turned off, and the 

reactor should be cooled in an ice bath until the internal temperature reaches 40 degrees Celsius 

or below. After cooling, the clamps should be removed and the weight of the full reactor must be 
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recorded. After the weight of the full reactor has been taken again, it is time to separate the 

newly refined oil from the coke and catalyst. 

Using DCM, rinse out the reactor into a filter, separating the solid coke and catalyst from 

the liquid bio-oil and DCM. Weigh out a crucible as well as a round bottomed flask. The catalyst 

and coke can be transferred over to the crucible while the bio-oil and DCM will be poured into the 

round bottomed flask. Measure and record the weight of the coke and catalyst in the crucible before 

baking it in an oven overnight to remove the coke from the catalyst. In the morning, take the dry 

weight of the catalyst, which can be used to determine the weight of the coke for future results. 

Transfer the round bottomed flask over to a roto-evaporator, and set the water temperature to 50 

degrees Celsius. Leave the mixture to run in the rotovap until it looks as though most of the DCM 

has evaporated. The final product should be much darker and more viscous; however, when in 

doubt, the team has found that the process takes about 15-20 minutes. A simplified diagram of the 

refinement process can be seen in Figure 1 below. 
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Figure 1: Simplified Diagram for the Major Steps Involved in Bio-Crude Upgrading 

 

4.0 Results and Discussion 
After the trials were run, the GC-MS data was graphed and analyzed for the three temperature 

ranges as seen in the figure below (Figure 2). All three temperature ranges showed peak values for 

both hexadecane (C16H34) and octadecane (C18H38). These results are somewhat consistent with 

the trends other researchers have observed while upgrading biocrude with CoMo/Al2O3 at 

temperatures of 350˚C or above7,8.  The peaks for the 350 and 325 graphs are relatively similar; 

however, it can be noticed that between 325 C and 300 C not only does the concentration of both 
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octadecane and hexadecane decrease, but other peaks also become more prominent. The data 

recorded from the 325 trials were exposed to an argon leak when the samples were being recorded. 

The team did however manage to filter out the argon readings which ultimately did not affect the 

peak compositions of the graph, but do account for the irregular curve at the beginning of the 

graph.  A noticeable increase of carboxylic acids and esters was observed during the 300-degree 

trials – specifically octadecenoic acid, ethyl ester (C20H38O2) and hexadecenoic acid, ethyl ester 

(C18H36O2), the other two peaks shown in the 300 degree data set of  Figure 2. These results are 

somewhat consistent with the trends and graph shapes other researchers have observed, upgrading 

biocrude with CoMo/Al2O3 at 350 C or above7,8.  

 

Figure 2: GC-MS Stacked Chromatogram for 350˚C, 325˚C, and 300˚C with Peak Compounds 

Labeled. 

 300˚C 325˚C 350˚C 

Hexadecane 13.75% 22.85% 20.13% 
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Octadecane 18.63% 35.19% 32.01% 

Hexadecanoic Acid, Ethyl Ester 10.17% 0% 0% 

9-Octadecenoic Acid, Ethyl Ester 12.08% 0% 0% 

Hexadecane + Hexadecanoic Acid 23.75% 22.85% 20.13% 

Octadecane + Octadecenoic Acid 30.71% 35.19% 23.01% 

Table 1: Percent Concentration Comparisons of Hexadecane and Octadecane between all three 
Temperatures Tested 

Based on the trends of the graphs, it is inferred that the difference in temperature between the 325 

and 300 trials provides energy necessary to break down more of the ethyl esters into hexadecane 

and octadecane by cleaving off the oxygens. In the table above, Table 1, the concentrations of 

hexadecane, octadecane, hexadecenoic acid, ethyl ester, and 9-octadecenoic acid, ethyl ester are 

shown for all three temperatures. The concentrations of hexadecane and octadecane do drop by 

roughly 2% between the 325 and 350 trials, but that is not unusual. The temperature range for most 

biocrude upgrading is around 350 – 400˚C in order to avoid burning bio-crude and producing 

coke1,6,7,8. It is not without reason to suggest that some of the hexadecane and octadecane may 

have broken down or combusted during the refinement process. Additionally, it should be noted 

that if one were to add up the concentrations of hexadecane and hexadecenoic acid, ethyl ester 

from the 300 C trial, it adds up to be roughly the same as the concentration of hexadecane found 

in the 325˚C trial. A similar correlation is observed when comparing the concentrations of 9-

octadecenoic acid, ethyl ester and octadecane found in the 300-degree trial to the octadecane 

concentration of the 325 C trial. Furthermore, these two ethyl esters alone make up roughly 20% 

of the composition of the 300 C trial. If these two compounds did in fact undergo some sort of 

cleaving, forming hexadecane and octadecane respectively, they would make up a large portion of 

the loss of oxygen containing compounds in the transition between 300 and 325 degrees Celsius 

as seen in Figure 3 below. Note that in the diagram below, oxy refers to oxygen containing 

functional groups as a whole, including alcohols, esters, and carboxylic acids. 
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Figure 3: Pie charts showing the percentage of key functional groups identified for each 
temperature 

 

 

Figure 4: Elemental Analysis of Bio-Oil Samples for each Temperature 

 

Based on the data shown in Figure 4, it is clear to see that as the upgrading temperature of the 

reactor increased, so did the concentrations of both carbon and hydrogen in the upgraded bio-oil. 

Alternatively, the increase in reactor temperature drove down the overall concentrations of oxygen 

present in the upgraded bio-oil, which was both beneficial and expected. The sudden spike in sulfur 
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found in the 350 degree data is believed to be a misnomer, and what most likely occurred was that 

the values of oxygen were mistaken for sulfur by the machine. Oxygen and Sulfur are rather similar 

and difficult to separate or distinguish from one another and at times react almost identically in the 

world of organic chemistry. None the less, the results from the elemental analysis paired with the 

functional group data in Figure 3 from GC-MS confirm that as the reactor temperature is increased, 

there is a decrease in oxygenated functional groups as well as oxygen as a whole within the 

upgraded bio-oil. In the 300-degree trials, there is almost an even split between the total 

concentration of alcohols, acids and esters and the number of alkanes present. The presence of 

oxygen containing groups is more than halved just by increasing the temperature of the reactor by 

25 degrees. One thing that the team noticed was that the lower temperatures, beads of water could 

be seen resting on the surface of the oil. This could be the result of oxygen leaving the biocrude 

and reacting with the hydrogen gas; however, it was only observed to happen at the temperatures 

below 350˚C. This unusual phenomenon was not mentioned in any of the papers that the team had 

read, but it could be a biproduct of operating the reactor at lower temperatures. It is possible that 

at temperatures below 350˚C, there is enough energy present to remove the oxygen atoms and form 

water vapor, but not quite enough energy to prevent it from condensing atop the oil as the reactor 

cools. 
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Figure 5: Water Bubble formed on top of bio-oil from the 325 C trial 

5.0 Conclusions and Recommendations 

As mentioned above the overall trend of the results shows that as the reactor temperature increases 

the amount of carbon and hydrogen increases as well. The amount of oxygen decreases as the 

temperature goes up and the amount of nitrogen remains the same. This trend in the elemental 

analysis follows the results from the GC-MS analysis where the samples at the lowest temperature 

had the highest amount of oxygen containing species. The two most common compounds found 

in the samples were hexadecane and octadecane which proves that the upgraded biocrude would 

primarily produce long chained carbon species. The highest temperature samples have the highest 

percentage of alkanes for each of the three temperatures. The results from the 300 C and 325 C 

trials show how a higher temperature would be able to convert the oxygen containing species into 

alkenes and alkanes. The chained carbon species are desired for biofuels and the results of this 

study show that even at lower temperatures the biocrude may be upgraded to contain more of the 

carbon species.         

If further research were to be conducted, it would be recommended to conduct tests throughout the 

temperature range of 300 to 325 degrees Celsius. This could help further the understanding of what 
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might be going on mechanistically, and could potentially show whether or not these results are a 

part of some greater trend. Additionally, running some samples at temperatures slightly below 300 

degrees Celsius could also be beneficial in possibly discovering even more prerequisite 

mechanisms going on within the refinement process. 
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7.0 Appendix 

Experimental Procedures 

FOR REACTION: 

1. Grab reactor apparatus and remove from fume hood. Make sure it is empty, clean, and all 

remaining remnants of the last gasket are removed. 

2. Weigh empty reactor w/ new gasket already inserted. 

a. Be careful when placing in the new gasket. 

3. Measure out catalyst and insert into reactor. 

4. Put bio-crude into reactor while on scale. 

https://www.sciencedirect.com/science/article/pii/S1364032117308146
https://doi.org/10.1016/j.fuproc.2016.02.034
https://doi.org/10.1021/acssuschemeng.1c02743
https://doi.org/10.1016/j.fuel.2022.123528
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5. Weight apparatus with biocrude and catalyst inside. 

6. Lock up reactor with wrench. 

7. Place reactor into slot and hook up the spinner and thermocouple. 

8. Attach water pipes and turn on pump. 

9. Flush with hydrogen. 

a. Attach pipe to apparatus. Turn bearing with wrench until you feel resistance, then 

give another half turn. 

b. Set the pressure coming out of the tank. 

c. Open all valves allowing hydrogen into the reactor. Allow it to reach around 1100 

PSI and flush. Repeat two-three more times. 

d. TURN OFF HYDROGEN! 

e. Close all valves and proceed to unscrew the pipe from the reactor. 

10. Adjust heater so it is surrounding the crucible. 

11. Turn on the stirrer. 

12. Set heater temperature. 

a. Once heater gets to around 100 degrees below the desired temp, turn down the 

heater by 50 degrees to prevent it from overshooting. 

b. Once the overshooting occurs, raise the temperature back to the desired temp. 

13. Wait. 

14. Wait more. 

15. Once process finishes, remove oven with glove and place to side. 

16. Grab a bucket of ice with a little bit of water and place on reactor. Allow to cool to 40 

degrees. Repeat if necessary. 

17. release the gas into the GC column. 

a. Leaving the valve near the GC column (computer) open, flush the reactor into the 

column in the fume hood until the column in the fume hood reaches 30 psi. 

Release that. Repeat two more times. 

b. Fill column in fume hood to 60 psi and leave it. 

c. Once the column in the fume hood cools, allow it to flow into the GC column for 

10 psi. 

18. Turn off water, detach pipes, and detach stirrer. 

19. DEPRESSURIZE THE REACTOR 

a. Open the back valve to bleed out the hydrogen head space  
20. Remove reactor from slot carefully. 

21. CAREFULLY remove brackets. They will be hot. 

22. Take reactor and weigh whole apparatus to find mass loss. 

23. Fill small container with DCM. Prepare pipette. 

24. Flush the crucible with DCM to remove the bio-oil and transfer to ceramic filter. 

a. Weigh the ceramic filter beforehand and add a paper liner. 

b. Flush reactor crucible with DCM into secondary container. 

c. Prepare vacuum apparatus and get a flask that is able to be used with the vacuum 

to catch the runoff. 

d. Weigh the empty round bottom flask. 

e. Attach the apparatus to the vacuum pump and turn on. 

f. Wait for all Bio-oil solution to be vacuumed out and turn off pump. 
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g. Weigh both the filled crucible and filled round bottom flask to determine the 

mass. 

25.  Place catalyst and bio-oil into separate, pre-weighed containers and label. 

ROTAVAPPING: 

1. Crush dry ice and fill condenser. 

2. Set temperature of water bath? 

3. Make sure there is a large round bottom flask to catch the condensed DCM. 

4. Find a small, clean round bottom flask for the diluted oil. 

a. Weigh the empty round bottom flask. MAKE SURE THE LIP IS ON THE 

SCALE!!! 

b. Try not to spill it. It’s difficult. 

5. Find the weird glass piece that makes sure it doesn’t boil over. 

6. Attach both pieces to the rotavapor via the vacuum pump. 

a. Hold the small round bottom flask in place while turning on the pump. 

7. Change the settings on the rotavapor to the correct solvent (DCM). 

8. Lower the apparatus into the water bath. 

9. Turn on spinner and slowly crank it to about 2/3 – ¾ of the way. 

10. Wait for all DCM to be evaporated. 

11. Remove and weigh the round bottom flask. 

12. Try to scrape out as much of the oil as possible into a separate container. 

Excel Spreadsheets 

Mass Balance:  

 
GC-MS Data: 

350 C 

Trial 1 
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Trial 2 
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325 C 

Trial 1 
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Trial 2 
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300 C 

Trial 1 
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Trial 2 
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