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Abstract 

 

 

Crude petroleum is the major source of transportation fuels in the world whose reserves 

are declining day by day. It has become imperative to look for an alternative that can either replace 

or substitute the current energy demand and prolong its extinction. Biomass is the only source of 

renewable energy that can be converted into liquid hydrocarbon fuels. Algae, among various 

biomass, has clear advantage because of high productivity, high carbon dioxide sequestration rate 

and ability to grown in non-arable land. Algae being an aquatic biomass is well suited for 

Hydrothermal liquefaction (HTL), a thermochemical process that under hot compressed water 

conditions can convert wet biomass into biocrude with other by-products being solid char, aqueous 

phase, and gases and evade intensive energy required for drying in other processes.  

Filamentous algae are cheaper to grow as compared to microalgae as it is easier to harvest 

them. Apart from that, algae require high amount of nitrogen nutrients for their growth which if 

substituted with cheap source could prove to be economical. The research objective was to 

compare the product yield and properties obtained from hydrothermal liquefaction of filamentous 

and microalgae. The filamentous algae were grown in five different nitrogen nutrient conditions 

that were: sufficient nitrate (A_NO3), sufficient urea (A_Urea), 14- and 21-days starved nitrate 

(14_NO3 and 21_NO3) and 14 days starved urea (14_Urea). All HTL experiments were carried out 

at 320˚C for 30 mins residence time and algae loading of 15 wt% with the rest being DI water. 
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Highest oil yield of 64.2 wt% was obtained from 14_Urea which had highest FAME of 

53.2 wt% while 21_NO3 having high carbohydrate content of 57.1 wt% produced highest char 

yield of 32.1 wt%. The oil yield for A_Urea, A_NO3, and A_Micro were 44, 34.3, and 49.9 wt%, 

respectively. Highest heating value (HHV) of HTL oil from all algae ranged from 30.5 to 34.5 

MJ/kg. Total acid number (TAN) was lowest for A_Micro (31.36 mg KOH/g) while for other non-

stressed algae it was around 40 mg KOH/g. TAN for stressed algae oil was slightly above 100 mg 

KOH/g which was because of the presence of around 50% of Hexadecanoic acid as observed in 

GC-MS of oil. Aqueous phase was rich in nutrients with aqueous phase from nitrate algae having 

about 50% of its nitrogen in the form of ammonium ion.  

The concentration of heteroatom, like nitrogen (2-5 wt%) and oxygen (11.5-21 wt%) 

prevents the bio-crude to be used as fuels. In order to reduce heteroatom concentration and TAN 

values and improve energy density upgrading of oil is necessary. The effect on upgraded oil from 

the use of polar or aromatic solvents, for product separation has not been accounted for after 

upgrading experiments. This study presents a detailed analysis on the yield and properties of oil 

obtained from upgrading with and without the presence of the catalyst (5% Ru/C and H2 only) and 

effect of toluene and dichloromethane (DCM) as product separating solvent. Further atmospheric 

pressure fractional distillation of bio-oil and upgraded oils was carried out to estimate the yield 

and properties of distilled fractions. Hydrothermal liquefaction bio-crude from Nannochloropsis 

sp. microalgae was used in this study as other filamentous algae was not available. Mass yields, 

TAN, HHV, the elemental and chemical composition was evaluated for each oil.  

Catalytic upgraded oil extracted from toluene had oxygen content of 0.75 wt% and HHV 

of 43.36 MJ/kg while DCM extracted oil had 5.93 wt% oxygen and HHV of 37.72 MJ/kg. Catalyst 

showed better activity for denitrogenation and nitrogen values were not all that different between 
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different solvents. Fractionation produced three distilled fractions (F1 <220˚C, F2 220-350˚C, and 

F3 >350˚C). Light and middle fractions from toluene extracted upgraded oil had better fuel 

properties than DCM extracted upgraded oil. Middle and heavy fractions had higher heating value 

than starting oil for all the treatment conditions. Nitrogen was found to be distributed in heavy 

fraction in all cases and prominently as nitrile compounds. Highest heating value of 45.18 MJ/kg 

was obtained for F2_RuC_Tol which and had TAN value of 1.38 mg KOH/g. 

Hydrothermal liquefaction of filamentous algae grown on cheap urea produced oil with 

similar yields and properties as oil from expensive microalgae. This could bring down the cost of 

production of bio-crude from algae. For upgrading experiments, different solvents during product 

separation effects the yield and quality of oil produced and is not solely depend on process 

parameters and activity of catalyst. Fractional distillation produced distilled fractions with 

different concentration of heteroatom distribution for which appropriate catalyst could be used for 

effective denitrogenation or deoxygenation and avoid catalyst poisoning because of presence of 

other heteroatoms.  
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CHAPTER ONE 

 

1. INTRODUCTION 

1.1 Background 

Keeping up with energy demand with outburst of world population and standard of living 

is one of the major challenges of 21st century. According to International Energy Outlook for 2017, 

the average U.S petroleum consumption was about 19.96 million barrels per day and 1 million 

barrels per day was obtained from biofuels [1]. Transportation sector was the major consumer of 

these petroleum products with 71% of total energy consumed. The current infrastructure in 

transportation sector is designed to meet energy demands by consumption of liquid fuels. Biomass 

is the only source of renewable energy that is distributed worldwide and has the capability to 

produce liquid hydrocarbon fuels. 

Biomass has been used as a source of fuel since early times and present a viable option for 

producing energy. Corn and sugarcane are being used to produce bioethanol by fermentation. 

Lignocellulosic biomass can also be converted into bioethanol or biobutanol by biochemical 

pathway or can employ thermochemical route like gasification or pyrolysis for conversion into 

biofuels [2]. This biomass, however, suffer from food vs fuel pressure and diversification of 

environment. To overcome these drawbacks aquatic biomass like algae can be used [3]. Algae can 

be grown in non-arable land and can also use waste or marine water for cultivation. Among various  
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biomass, algae has highest productivity of 40-60 dry ton/hectare-yr and high carbon sequestration 

rate of 1.8 kg CO2/kg of dry algae [4].  

Algae can be converted into bio-diesel by biochemical process of transesterification. This 

process utilizes only the lipid fraction of algae for conversion and cultivation of algal strain with 

high lipid productivity is an expensive venture. Thermochemical process like pyrolysis can be 

employed to convert algae into fuels but renders the process uneconomical because of the need of 

drying of algal feedstock. Hydrothermal liquefaction address both these issues of utilizing whole 

of algae for conversion and evading the need of drying the feedstock.  

Hydrothermal liquefaction (HTL) is a wet process that operates at 280-380˚C under 

autogenous high pressures [5]. The biocrude produced from HTL of algae has high energy content 

than pyrolysis oil but still contains 10-20% oxygen and 5-7% nitrogen and differs substantially 

from petroleum crude [6]. High oxygen content decreases the energy density of the fuel and 

imparts acidic nature to the oil which is represented by high total acid number (TAN) [7]. Aging 

of fuel is another serious problem which is caused by polymerization of aldehyde and hydroxyl 

groups that increases the viscosity of the oil and makes its handling and processability difficult 

[8]. High nitrogen content leads to release of NOx emissions which is detrimental to the 

environment. Therefore, it becomes imperative to reduce TAN, viscosity, nitrogen and oxygen 

content of HTL biocrude from algae and achieve properties similar to that of petroleum crude.  1.2 

1.2 Research Objectives 

Upstream processes such as algal strain selection, type of nutrient application for 

cultivation, harvesting of algae from the broth and downstream processes such as hydrothermal 

liquefaction and upgrading of fuel are all important factors that can influence the cost of biofuels 

obtained from algae. Numerous studies on hydrothermal liquefaction of algae has been done to 
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understand the influence of temperature, residence time, biomass loading, biochemical 

composition of algae feedstock, and have also explored both homogenous and heterogenous 

catalyst on the bio-oil yield and properties of oil obtained. This research addresses the gap in 

literature on hydrothermal liquefaction of filamentous type algae having different biochemical 

composition and compares it with microalgae and gains insight on the effectiveness of fractional 

distillation for upgrading. The first objective of the study was: 

Objective 1. Compare the product yield and properties obtained from hydrothermal 

liquefaction of filamentous and microalgae 

In this study, HTL of filamentous algae grown in five different nitrogen nutrient conditions 

were examined and compared with Nannochloropsis sp. microalgae on product yield and 

properties. The five different nitrogen nutrients conditions were filamentous algae grown on 

sufficient nitrate (A_NO3), sufficient urea (A_Urea), nitrate starved algae for 14 and 21 days 

(14_NO3 and 21_NO3), and urea starved algae for 14 days (14_Urea). These conditions were 

chosen to alter the biochemical composition of  filamentous algae and identify the best algae for 

HTL. Different by-products obtained from HTL were also analyzed for physical and chemical 

properties. Filamentous algae grown on cheaper urea produced oil with yield and properties similar 

to that from microalgae. These oil however, contained high concentration of nitrogen and oxygen 

rendering the oil undesirable for direct use and commanded upgrading which is discussed in 

second objective. Chapter 3 summarizes the details of experiments, results and discussion of this 

study.  

Objective 2. Fractional distillation and characterization of upgraded oil from hydrothermal 

liquefaction of Nannochloropsis sp. microalgae 
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The biocrude from HTL of Nannochloropsis sp. microalgae produced oil with nitrogen 

content of 5.47 wt% and oxygen content of 11.54 wt%. In this study, the HTL biocrude from 

Nannochloropsis sp. microalgae was upgraded under the presence of heterogenous catalyst and 

the influence of polar and aromatic solvent during product separation on upgraded oil yield and 

properties was determined. Fractional distillation was used as an upgrading tool to understand the 

distribution of heteroatoms in different distilled fractions. Dichloromethane as polar solvent during 

product separation produced upgraded oil with high yield but better-quality oil with low 

concentration of oxygen content was produced when toluene was used as solvent. Distilled 

fractions from fractional distillation contained high concentration of nitrogen in the heavier 

fraction and high oxygen concentration in the lower fractions. The details of this study are 

summarized in chapter 4.  
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CHAPTER TWO 

 

2. LITERATURE REVIEW 

2.1 Energy Scenario  

Energy needs exceeds all past demands with the increasing world population and their 

standard of living [1]. According to International Energy Outlook 2017 [2], the world energy 

consumption is expected to increase from 575 quadrillion British thermal units (Btu) in 2015 to 

736 quadrillion Btu by 2040, provided the world gross domestic product (GDP) increases by 

3.0%/year. In 2017, the energy consumption in the US was 97.71 quadrillion Btu of which 78.10 

quadrillion Btu was derived from fossil fuels, 8.41 from nuclear power and 11.01 from renewable 

sources of energy [3]. According to BP statistical review of world energy [4], the crude oil reserves 

and natural gas reserve are expected to reach exhaustion by year 2066 and 2068, respectively. This 

exploitation of energy is not only causing questions about energy security but is also taking its toll 

on the environment by greenhouse gas emission causing global warming [5].  

Transportation sector is the major consumer of liquid fuels which are dwindling reserve of 

declining quality. Figure 2.1 shows the weighted monthly average density and sulphur content of 

crude oil over a period of 30 years from 1985 to 2015 [6]. The graph clearly depicts that the crude 

oil is becoming heavier and that the sulphur content has doubled over the years. Processing of 

heavier crude oil increases greenhouse gas emissions and requirement of catalysts will increase 

because of higher sulphur content [7]. To counter this mismatch between high energy demand, 
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growing environmental concerns and depleting resources there is a need to replace the liquid fuels 

market with partly electric engines and partly by renewable feedstock that are carbon neutral. 

Liquid fuels can be obtained from biomass by thermochemical conversion processes such as 

pyrolysis, and hydrothermal liquefaction [8].  

 

 

Fig. 2.1. U.S. crude oil input qualities in refineries [6] 

Renewable fuel standard act of 2007 has set the target of 36 billion gallons of biofuels with 

cap of 15 billion gallons coming from starch based ethanol and the rest coming from cellulosic, 

biomass based diesel and advanced fuel [9].  

2.2 Biomass and Biofuels 

All organic matter that comes from plants and animals are termed as biomass and are 

renewable source of energy [10]. This includes agriculture crops and residues, forest reserves and 

wood wastes, municipal and animal wastes, aquatic plants such as algae. Fuels that can be derived 



 

8 

 

from biomass are termed as biofuels and are classified into two broad types. Primary fuels are 

unprocessed biomass like firewood, wood pellets that are combusted directly for energy and 

secondary fuels are processed primary fuels that are used in the form of solids (charcoal), liquid 

(bioethanol, biodiesel, bio-oil), and gases (synthesis gas, biogas, hydrogen) [11]. Secondary 

biofuels are further classified into first generation, second generation, and third generation fuels.  

First generation biofuels are obtained from agriculture crops like corn and sugarcane to 

produce bioethanol by fermentation, and soybean and rapeseed are used for production of bio-

diesel by transesterification [12]. Although it is a great source of liquid fuels, it suffers from 

constant food vs fuel pressure and diversification of the environment [13]. Second generation 

biofuels are obtained from lignocellulosic biomass which are residues of agricultural crop or are 

non-edible plants and trees.  They could employ biochemical process to produce bioethanol or 

biobutanol and could also use thermochemical pathway such as gasification and pyrolysis to 

produce biofuels. At present second generation biofuels are non-commercial until further 

advancements in energy output and economic viability is achieved [11,14].   Third generation 

biomass, like algae is probably the best alternative for renewable energy. They have the best 

growth rate amongst plants, have very high CO2 sequestration rate of about 1.83 kg CO2 per kg of 

dry algae cells, and they can be grown in non-arable land thereby mitigating food vs fuel pressure 

[15–18]. At present, biofuels production from algae is not commercial and is being researched.  

2.3 Algae as Biomass 

Algae are a broad range of organisms encompassing eukaryotes and prokaryotes 

(cyanobacteria – blue green algae) that can range from unicellular micro-organism having a 

dimension of 0.2-2 micrometers to multicellular macroalgae having a size of up to 60 meters [19–

21]. The eukaryotic algae are further divided into nine divisions based on color with majority being 
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in Chlorophyceae (green algae), Phaeophyceae (brown algae), Pyrrophyceae (dinoflagellates), 

Rhodophyceae (red algae) and Chrysophyceae (yellow-green algae) [22]. Algae have very high 

photosynthetic efficiency as they grow in aqueous medium with easy access to water, CO2 and 

other nutrients [23].  

Photosynthesis in microalgae is carried out in two stages namely light reaction stage, and 

dark reaction stage. In the light reaction stage, the solar energy is trapped by the pigments in 

photosynthetic antenna of the algae cell and is used to produce NADPH and ATP by the splitting 

of water molecule into proton, electrons, and oxygen. The chemical energy thus produced is used 

to carry out the metabolic reactions and in the dark reaction stage, this energy is used in the Calvin 

cycle to reduce CO2 into carbohydrates [24]. Storage compounds like lipids, proteins, and 

carbohydrates provide energy for algae growth and change according to changing environment 

[25].  

Carbohydrates in algae are composed of monosaccharides and its polymers with most 

abundant carbohydrates sugars in the form of glucose, mannose, xylose, and rhamnose[26]. Protein 

is composed of different amino acids which contains most of nitrogen present in algae. Most of 

the figures reported on protein is crude protein which is obtained by hydrolysis of protein and 

estimation of total nitrogen. Nitrogen may also be present in other constituents like nucleic acids, 

glycosamides, amines, and cell wall which are not part of protein content of algae [27]. Some 

reported figures on the amount of non-protein nitrogen is 12% in Scenedesmus obliquus, 6% in 

Dunaliella, and 11.5% in Spirulina [27]. The other storage compound of importance is lipids which 

are synthesized during adverse growth conditions.  

Lipids that are synthesized in normal conditions are membrane lipids which constitute 

about 5-20% of dry cell weight and are polar in nature. These lipids include glycosylglycerides 
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present in chloroplast and phophosylglycerides present in plasma membrane and endoplasmic 

rectum [28,29]. In adverse condition certain oleaginous algae synthesizes storage lipids that are 

densely packed in the cytoplasm of the cell and are neutral [30]. These storage compounds are 

composed of triacylglycerides (TAGs) which can constitute about 80% of total algae lipids. These 

TAGs are characteristic fatty acids which may contain 16-18 carbons which are dominantly mono 

and di-unsaturated fatty acids [31]. Some of the unsaturated fatty acids that are found in different 

algae species include arachidonic acid, eicosapentanoic acid, docosahexaenoic acid, gamma-

linolenic acid, and linoleic acid. These neutral lipids or TAGs can be used as a feedstock to produce 

biodiesel via transesterification [30].  

Algaculture is a type of aquaculture that is used for the cultivation of algae. Algae can be 

cultivated in an open-air system like raceway ponds or in a closed system like photobioreactors. 

In raceway pond, a paddlewheel is used for continuous mixing and circulation. The culture and 

nutrient are fed in front of paddlewheel and broth is drawn for harvesting behind the paddlewheel. 

There is no control over temperature, illumination, and other environmental factors which effect 

the growth rate. There is signification loss of water due to evaporation which can affect the carbon 

dioxide conversion efficiency adversely [23]. Productivity is affected by contamination with other 

algae species, microorganisms that feed on the algae, and no growth during the night [23]. These 

shortcomings can be addressed in photobioreactors. Photobioreactors can be illuminated 

artificially or by sunlight but the carbon dioxide must be supplied as a source for carbon and at 

regular intervals along the tube to keep the pH at optimum range [32]. Sedimentation in the reactor 

is addressed by maintaining turbulent flow. Photosynthesis may result in high concentration of 

oxygen which may inhibit photosynthesis and it might also damage algal cells when combined 
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with intense sunlight irradiance [33]. Air is passed in degassing zone to remove oxygen. Cultures 

can tolerate 400% of air saturation value for dissolved oxygen which is highly undesirable.  

In essence, harvesting means separating the broth from the culture media and dewatering 

or concentrating the biomass to form a slurry having a dry weight of 5-15%. Techniques such as 

filtration, froth floatation, centrifugation, and sedimentation are employed for harvesting. In 

general, harvesting is an expensive process especially in case of micro-algae cultivation 

(dimension <30µm) and, can amount to 20-30% of total biomass production cost [34,35]. To 

minimize the cost, culture media can be harvested when the biomass concentration is high, or when 

large size species is cultivated like filamentous algae or macroalgae.  

The growth medium must supply inorganic nutrients like nitrogen (N), phosphorous (P), 

iron (Fe), and in some cases silicon (Si) that make essential cell components. Grobbellar 

determined a formula to estimate the minimal nutrient requirement, that is CO0.48H1.83N0.11P0.01 

[23]. Phosphorous is supplied in excess as it forms complex with metal ions and is not bioavailable 

as nutrients.  Depending on the carbon metabolism the algae can be divided into four types [36] 

1. Photoautotrophic: Energy source is light and carbon source is CO2 

2. Heterotrophic: Organic compounds is source of energy and carbon  

3. Photoheterotrophic: Energy source is light and carbon source is organic carbon.  

4. Mixotrophic: Main energy source is light but both organic and CO2 are essential.  

Carbon dioxide concentration effects microalgae carbohydrates accumulation. At low CO2 

concentration carbon concentration mechanism is induced that enforces effective CO2 utilization 

and increases carbohydrates accumulation [37]. On decreasing CO2 concentration from 3 to 0.04%, 

Lzumo et al. obtained 2.5-fold increase in carbohydrates content [37]. Singh et al. [38] reviewed 
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the effect of CO2 concentration on algal growth and found that increase in CO2 concentration 

increases algal productivity and lipid accumulation but the optimum levels was not studied. 

Nitrogen is an essential nutrient for algae growth. It participates in the synthesis of vital 

compounds such as DNA, proteins, pigments. Nitrogen can be utilized as NH4
+, NO2

-, NO3
-, Urea, 

and as N2 in case of diazotrophs which can utilize elemental nitrogen and reduce it to NH4
+ [39]. 

In case of cyanobacteria the order of nitrogen utilization is NH4
+ > NO3

- > N2, if nitrate is only 

available nutrient then it is reduced to nitrite which in turn is reduced to ammonium [40,41].  

Nitrogen starvation is a technique employed to increase lipid or carbohydrate accumulation 

and is species dependent. Majority of studies published on nitrogen starvation for green algae have 

concluded that lipid accumulation increases while there are some studies that showed increase in 

carbohydrates [42–44]. Effect of nutrient concentration in the culture medium effects the growth 

rate and storage compound accumulation greatly. Table 1, shows the change in growth rate and 

productivity with different nutrient concentration of urea for Chlorella sp. [42] 

Table 2.1 Effect of urea concentration after 6 days in batch culture mode [42] 

 

Urea 

Concentration 

(g/L) 

Specific growth 

rate (h-1) 

Biomass 

Concentration 

(g/L) 

Lipid Content 

(g/g) 

Lipid 

Productivity 

(g/d/L) 

.025 .0358 .464 .661 .051 

.050 .0498 .849 .602 .085 

.100 .0576 1.422 .522 .124 

.150 .0556 1.785 .365 .109 

.200 .0590 2.027 .326 .110 
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Light intensity plays an important role in the photosynthetic efficiency of the algae cells. 

At low light intensities the rate of photosynthesis is proportional to light intensity, as the rate is 

governed by rate of photon capture [45]. Highest photosynthetic rate is achieved when the light 

intensity reaches saturation threshold and in this state the rate is governed by reaction of photon to 

produce energy [46]. On increasing the light intensity beyond this point the rate of photosynthesis 

is decreased due to the deactivation of key proteins in the photosynthesis unit [47]. Figure 2.2 [45] 

shows the rate of photosynthesis with vary light intensities.  

 

Fig. 2.2 Effect of rate of photosynthesis with varying light intensity regime 

Extracting of oil from microalgae can be accomplished by various techniques such as 

mechanical pressing, homogenization, milling, solvent extraction, supercritical fluid extraction, 

enzymatic extraction, ultrasonic-assisted extractions, and osmotic shock [48]. Pressing and 

homogenization involve rupturing the cell wall with pressure. It is solvent free, easy to use process 

but needs high amount of sample [49]. Organic solvents such as cyclohexane, benzene, hexane is 

used with algae paste to extract the oil, in solvent extraction. The drawback with solvent extraction 

is that the solvents are highly flammable and toxic, and their recovery is expensive and energy 

intensive [50,51]. In supercritical fluid extraction, some chemicals like CO2, which behave both 

as liquid and gas beyond critical point is used for solvating the oil trapped in algae [48]. On 
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bringing back the system to room temperature the CO2 is removed and thus it can also be used for 

food applications while, the drawback is drying of algae to overcome the barrier of diffusion of 

CO2 and oil in and out of the algae cell wall [52,53].  

The conversion of triglycerides into biodiesel can be achieved by transesterification. In 

transesterification, the oil or fat is reacted with alcohol in the presence of strong acid or base 

catalyst to form glycerol and ester [54].  Triglycerides to biodiesel conversion can achieve 

efficiency of 98% [55]. Table 2.2 [56] shows the properties of biodiesel obtained from acidic 

transesterification of Chlorella Protothecoides and compared with ASTMD6751 biodiesel 

standard.  

Table 2.2 Comparison of properties of microalgae biodiesel, diesel fuel and ASTM standard [56] 

Properties Biodiesel Diesel Fuel ASTM Standard 

Density (kg/L) .864 .838 .86-.90 

Viscosity (cSt at 40˚C) 5.2 1.9-4.1 3.5-5.0 

Flash Point (˚C) 115 75 Min 100 

Solidifying Point (˚C) -12 -50-10 - 

Cold Filter Plugging 

Point (˚C) 

-11 -3.0 (Max -6.7) Summer max 0 

Winter max< -15 

Acid Value (mg 

KOH/g) 

.374 Max 0.5 Max 0.5 

Heating Value MJ/kg 41 40-45 - 

 

Algae can be used for conversion into fuel by thermochemical pathway. Hydrothermal 

liquefaction is the best possible route for conversion of algae into biofuel in comparison to 

pyrolysis and gasification as it obviates the need for drying the algae [57]. Hydrothermal 



 

15 

 

liquefaction can also convert fractions of proteins and carbohydrates into oil while conventional 

transesterification process only converts the lipid fraction of oil into biodiesel [58,59].  

2.4 Hydrothermal Technology 

Biomass valorization processes such as gasification and fast pyrolysis require dry biomass 

having moisture content below 20% to process or else suffer a great deal in terms of process 

economics [60,61]. Energy intensive drying has led to the development of hydrothermal 

processing technology which uses water as the reaction medium. Lignocellulosic biomass (10-60 

% moisture) and aquatic biomass such as algae can be processed directly via hydrothermal 

technologies. Primary product such as bio-char (carbonization), bio-fuels (liquefaction), and 

syngas (gasification) can be obtained depending on temperature and pressure at which the reaction 

occurs[62]. Apart from processing wet feedstock it offers versality of chemistry meaning it can 

convert ligno-cellulosic biomass, fatty acids, and proteins into products such as methane, 

hydrogen, biocrude that can be used commercially [60]. Another advantage is with enhanced 

reaction rates that might occur at sub and super-critical conditions because of elimination of inter-

phase mass transfer resistance and efficient separation of products which can reduce energy 

consumption [60]. It is important to understand the changes in the property of hot compressed 

water which supports either free radical or polar and ionic reactions during hydrothermal 

processing.  

2.5 Properties of water 

The critical point of water is at 374 ˚C and 22.1 MPa and at this point the liquid phase and 

gaseous phase properties become identical. Below the critical point the water is referred to as sub-

critical water and beyond critical point it is referred to as super-critical water. The physiochemical 

properties of water at these two regions are different and can be exploited based on the product 
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that is required. Table 2.3 [63,64] shows the comparison in the properties of water at sub and super-

critical conditions.  

Table 2.3. Comparison in properties of water at different conditions [63,64] 

Normal Water Sub-critical Water Super-critical Water 

Temperature (˚C) 25 250 350 400 400 

Pressure (MPa) .1 5 25 25 50 

Density, ρ (g/cm3) 1 .8 .6 .17 .58 

Dielectric Constant, 

ε (F/m) 

78.5 27.1 14.07 5.9 10.5 

Ionic Product (pKw) 14.0 11.2 12.0 19.4 11.9 

Heat Capacity, Cp 

(kJ/kg/K) 

4.22 4.86 10.1 13.0 6.8 

Dynamic Viscosity, ɳ 

(mPa s) 

.89 .11 .064 .03 .07 

 

The dielectric constant of water decreases from 78.5 to around 10 in sub-critical condition 

which corresponds to dielectric constant of methylene chloride an organic solvent [65]. At this 

condition water has high solubility for hydrophobic organic compounds and gases such as free 

fatty acids and has poor solubility for salts [66,67]. Electron distributes more evenly between 

hydrogen and oxygen atoms in the water when thermal energy is increased resulting in higher 

affinity for non-polar organic compounds [68].  

The ionic product in sub-critical water and super-critical water at high pressure is higher 

than that of ambient water which favors acid base catalyzed reactions, such as biomass hydrolysis, 

because of high concentration of H+ and OH- ions [69]. The relative high density combined with 



 

17 

 

ionic product favors ionic reactions. At supercritical condition, when the density is low, radical 

reactions are favored, resulting in gasification reactions [70,71].  

2.6 Hydrothermal Carbonization 

Hydrothermal carbonization (HTC) is a thermochemical process in which biomass under 

mild hydrothermal conditions such as, 180-250˚C and under autogenous pressure, can be 

converted into carbonaceous material [72]. Lignocellulose substrates, sewage sludge, municipal 

solid wastes (MSW), as well as aquaculture and algal residues are the renewable feedstock for this 

process [73].  The advantages of using HTC over other biochemical process is that the reactor is 

compact, and it only takes few hours, instead of few days or months. High temperature can destroy 

pathogens, active pharmaceutical compounds,  mitigate odor and greenhouse gases [74,75]. HTC 

produces higher solid char, water soluble organic compounds and fewer gases, comprising mainly 

of CO2. The biochar obtained from dry pyrolysis and HTC differs substantially [76]. Both biochar 

has lower values of H/C and O/C than initial feedstock but, biochar resulting from HTC has higher 

H/C and O/C ratios similar to natural coal than resulting from dry pyrolysis. This implies that the 

ratio of reaction rates of decarboxylation to dehydration is higher in HTC as compared to dry 

pyrolysis [77,78].  

2.7 Hydrothermal Liquefaction  

Hydrothermal liquefaction (HTL) is carried out at temperatures of 280-380˚C and pressure 

in the range 7-30 MPa, sufficient to keep water in liquid state in order to obtain liquid bio-crude 

as the primary product and by-products being solid char, water soluble organic phase, and gases 

[8]. The bio-crude oil produced from HTL has 10-20% oxygen, and 5-7% nitrogen (in case of 

algae) and differs substantially from petroleum crude [79]. This makes the oil undesirable as it has 

lower energy content, poor thermal stability, lower volatility, higher corrosivity, tendency to 
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polymerize, and high NOx emission  upon combustion [60]. The oil requires deoxygenation and 

denitrogenation in-order to be used alongside petroleum crude. Several studies on the HTL of 

lignocellulosic biomass have been published but HTL of algae draws more attention since the 

process is well suited for wet feedstock [80–82]. Operating parameters such as, temperature, 

residence time, biomass loading, and biochemical composition of algae plays an important role in 

the yield and properties of the oil obtained and are discussed below [83].   

2.7.1 Effect of temperature 

Temperature is critical parameter for the safety and economics of the HTL process. Many 

studies have been conducted to analyze the influence of temperature on the yield and quality of 

the oil produced [84–89]. It is evident from the studies that the maximum oil yield results in the 

temperature range from 250-375˚C. As the temperature is increased from 250˚C to 350˚C 

hydrolysis reaction becomes dominant owing to thermal energy availability for bond cessation and 

two fold increase in the ionic product H3O
+ and OH- from 10-14 at 25˚C to 10-12 in sub-critical 

region [70,90]. Isomerization, reforming, depolymerization, and repolymerization reactions are 

induced to produce bio-oil from carbohydrates, proteins, and lipids in the algae [91]. As the 

temperature is increased further in super-critical region the secondary reaction and Boudouard gas 

reaction become active leading to production of gases and radical reactions dominate which 

repolymerizes the intermediates formed into char thereby decreasing the bio-oil yield [90–92].  
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Figure 2.3 shows the yield of bio-oil (%) at different temperatures [59,84,85,89] 

Studies show how the temperature increase has a synergistic effect on the oil yield till it 

reaches 350˚C and then the yield begins to decline. In the study presented by Ross et al. [59] the 

HTL of Laminaria Saccharina at various temperature from 250-370˚C and residence time of 15 

mins showed that the yield of aqueous phase decreased and gaseous phase increased with 

increasing temperature. The solid char yield decreased with increasing bio-oil yield and at higher 

temperatures when the oil yield decreased the solid char content increased.  The higher heating 

value of the oil increased from 34.5 MJ/kg at 275 ˚C to around 36 MJ/kg for all the oil obtained 

from 300 to 370˚C. Shakya et al. [93] observed similar trend in all the product fractions for 

Nannochloropsis sp., Palvova sp., and Isochrysis sp. when the HTL was performed at 250 ˚C, 

300˚C, and 350˚C. Jena et al. [84] reported the concentration of nitrogen to increase 5.48 wt% at 

200˚C to 6.53 wt% at 380˚C and concentration of oxygen and sulphur to decrease from 28.85 wt% 

and 1.55 wt% at 200˚C to 0.64 wt% and 0.87 wt% at 380˚C. Increase in nitrogen content in the 
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bio-oil can be attributed to the fact that peptide bond is stable at lower temperature and can be 

broken at higher temperature [93]. 

2.7.2 Effect of Residence Time 

Many studies have been performed to estimate the optimum residence time needed for 

maximum conversion of organics in microalgae into bio-oil [59,84,87,88,94]. Figure 2.4 shows 

the yield of bio-oil from HTL of Nannochloropsis sp. at different temperature and residence time 

 

 
Figure 2.4. Effect of residence time on the yield of HTL bio-oil of Nannochloropsis sp. [94] 

At supercritical conditions, since the rate of hydrolysis and decomposition of biomass is 

fast the yield of bio-oil is high. At temperatures around 300-350 bio-oil yield seems to increase 

with residence time and then reaches saturation point before decreasing. At 300˚C maximum oil 

yield was obtained at 20 mins while at 350˚C the optimum residence time was 5 mins. The quality 

of bio-oil is also influenced by residence time. At both 300˚C and 400˚C the elemental composition 
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of bio-oil changed with change in residence time [94]. To obtain high liquid yield it is important 

to inhibit the secondary and tertiary decomposition of light bio-crude which can be achieved by 

adding reducing agents like hydrogen gas, tetralin, and syngas [90].  

2.7.3 Effect of Catalyst 

To improve the yield and quality of bio-oil homogenous catalyst, which are inorganic 

compounds soluble in water and heterogenous catalyst such as, noble metal supported on carbon, 

transition metal catalyst, and zeolite catalyst have been studied [86,93,95–98]. They are discussed 

below.  

2.7.3.1 Homogenous Catalyst 

Alkali catalyst such as Na2CO3, KOH and acid catalyst like formic acid, and acetic acid 

have been tested for Spirulina and Chlorella sp. by Ross et al. [99] and was found that the bio-oil 

yield followed the trend Na2CO3 > CH3COOH > KOH > HCOOH  and there was considerable 

reduction in the heteroatoms present in bio-oil as compared to the feedstock. Temperature at which 

HTL is carried out under the presence of catalyst can influence the yield and quality of bio-oil 

obtained. In the study carried out by Shakya et al. [93], it was observed that for microalgae species 

of Palvova and Isochrysis sp., the yield increased with increasing temperature when compared 

both in the presence and absence of 5% Na2CO3 catalyst but for Nannochloropsis sp. the yield 

decreased in the presence of catalyst at 300˚C and 350˚C. However, at 250˚C the yield of bio-oil 

in the presence of 5% sodium carbonate catalyst was more than that obtained without it. Na2CO3 

increased the hydrolysis of protein at lower temperature but at higher temperature secondary 

decomposition of nitrogenous compound into ammonia and water-soluble compounds is induced 

[93,100]. Although base catalysts are favorable option but excessive amounts of Na2CO3 or KOH 

can have adverse effect on the bio-oil yield. Ross et al. observed that with the increase in 
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KOH/biomass (Laminaria Saccharina) containing high carbohydrates the yield of bio-oil kept 

decreasing while the water soluble phase containing organic compounds kept increasing [86]. 

Biller et al. [59] investigated the effect of HTL with alkali catalyst (Na2CO3), organic acid 

(HCOOH), and just water on different biochemical composition of the feedstock. It was concluded 

that alkali catalyst increased the bio-oil yield for carbohydrates rich feedstock by selectively 

promoting the decarboxylation of carbohydrates, leading to lower fractions in aqueous phase. For 

model compounds rich in protein like soya protein, Spirulina sp. and Nannochloropsis sp. it was 

observed that catalyst decreased the bio-oil yield which was corroborated by Shakya et al. [93] at 

severe conditions of 350˚C due to decomposition of nitrogenous compound into aqueous phase. 

For compounds rich in lipids the trend was water > HCOOH > Na2CO3. When using HCOOH the 

yield of bio-oil was comparable to yield obtained with water, but the fraction of gas phase was the 

major by-product [59].  So, it can be concluded that use of homogenous catalyst can have positive 

impacts only when it is used with appropriate feedstock and operating parameters.   

2.7.3.2 Heterogenous Catalyst 

Several heterogenous catalyst have been tested based on their efficacy in facilitating 

hydrogenation of HTL oil. Savage et al. [96] tested six different heterogenous catalyst, three noble 

metal on carbon support (5% Pt/C, 5% Pd/C, and 5% Ru/C) that have selectivity for 

hydrodeoxygenation, one typical hydrotreatment catalyst (sulfide CoMo/γ-Al2O3) that is used to 

promote heteroatom removal, one transition metal catalyst supported on silica−alumina 

(Ni/SiO2−Al2O3) as hydrogenating catalyst, and one zeolite (aluminum silicate) catalyst that 

facilitate cracking reactions as against HTL without any catalyst, both in inert helium environment 

and reduction gas (H2) environment. In inert medium, bio-oil yield increased in all cases as 

compared to uncatalyzed HTL and was maximum for 50% loading of 5% Pd/C catalyst with 
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respect to dry microalgae weight. The elemental composition revealed with noble metal as catalyst 

the H/C ratio increased from 1.63 to 1.71-1.76 and O/C ratio was least for Pt/C and thus resulted 

in highest heating value (HHV) of 39.6 MJ/kg. As for HTL with catalyst in hydrogen gas 

environment, the yield of bio-oil decreased in all cases except uncatalyzed HTL and 5% Pt/C 

catalyst condition. Reasons such as catalyst poisoning by sulphur present in algae, loss of light 

fractions during removal of dichloromethane solvent, or insufficient metal loading could be 

reasonable explanation for low bio-oil yield, nevertheless, the yield was more than uncatalyzed 

HTL in inert medium [101]. Here also, Pt/C gave highest H/C ratio and lowest O/C ratio and thus 

resulted in maximum HHV of 40.1 MJ/kg. Ru/C had best selectivity for denitrogenation and 

desulphurization [101]. Jena et al. carried out HTL of Spirulina Platensis at 350˚C with 5% loading 

of Ca3(PO4)2 and NiO as catalyst was added. In both cases the bio-oil yield decreased, and gas 

formation increased. NiO catalyst HTL oil resulted in maximum HHV of 38.41 MJ/kg owing to 

lowest oxygen content but suffered with denitrogenation. This oil had viscosity less than that 

obtained by uncatalyzed HTL as nickel based catalyst is known to promote cracking of aliphatic 

and aromatic nitro compounds [102]. Ni based catalyst are known to promote hydrogen production 

during hydrothermal gasification and this behavior was also observed by Biller et al. [103] during 

HTL. It was observed that residual pressure in the reactor was continuously higher for Ni/Al 

catalyzed reaction and this reason could explain the lower yield in bio-oil reported by Jena et al. 

[98,103]. CoMo/Al2O3 and Pt/ Al2O3 favored species rich in carbohydrates and proteins for 

deoxygenation whereas Ni/Al2O3 favored high lipid feedstock like soya oil for deoxygenation 

[103].  
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2.7.4 Effect of Biochemical Composition of Algae 

Hydrothermal liquefaction of different algae species at same reaction conditions give 

different product fractions in terms of bio-oil yield, solid char residue, water soluble compounds 

or aqueous phase, and gaseous fraction. This variability in the result is because of different 

biochemical composition namely, lipids, proteins, and carbohydrates in algae [83]. The reaction 

pathway of individual components is the subject of review here.  

2.7.4.1 Conversion of Lipids 

Storage lipids are manufactured in cytoplasm of algae cell that are neutral and mainly 

composed of triglycerides (TAGs), which contain 3 molecules of fatty acid attached to glycerol 

backbone. TAGs split to form free fatty acid and glycerol in hydrothermal media. This process is 

called Colgate-Emery process which employs hydrothermal condition of 250˚C and 5MPa with 

TAGs to water ratio of 2:1 [104]. Glycerol obtained from splitting is water soluble rather than oil, 

don’t contribute to bio-oil from HTL. Decomposition of glycerol has been studied by Buhler et al.   

in supercritical conditions with maximum yield of 31%. The main products of degradation were 

methanol, acetaldehyde, propionaldehyde, acrolein, allyl alcohol, ethanol, formaldehyde, and 

gaseous products like carbon monoxide, carbon dioxide, and hydrogen.  Fatty acids are relatively 

stable in subcritical water but can partly decompose in hydrothermal media into long changed 

hydrocarbons through decarboxylation. Biller et al. observed during HTL of sunflower oil 

decomposition of TAGs into fatty acids such as, hexadecenoic acid, tetradecanoic acid, and oleic 

acid under water and formic acid as catalyst. When Na2CO3 was used, resulting oil produced 

alkenes, enols, and enones mainly in 6-7 carbon chain length [59]. Ross et al. [103] carried out 

HTL of soya oil in the presence of Ni/Al2O3 and without it in water. Alkanes ranging from 

pentadecane to nonadecane and fatty acids in the range of dodecanoic acid to hexadecenoic acid 
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was produced when Ni/Al2O3 as catalyst was used. Higher molecular weight fatty acid like 

hexadecenoic acid, and oleic acid was produced. The use of catalyst resulted in further 

deoxygenation of fatty acid into alkanes. Also, the fatty acids produced were hydrogenated as 

compared to unsaturated fatty acids in unprocessed soya oil [103]. Watanabe et al.  studied the 

decomposition of stearic acid at 400˚C and 25MPa and found only 2% of stearic acid conversion 

into major C16 alkene. Conversion of 13% and 32% was achieved with the addition of NaOH and 

KOH, respectively. CO plus CO2 yield were 0.4%, 0.6% and 1.9% without any catalyst, with 

NaOH, and with KOH. Although the gaseous fraction increased, it was not enough to account for 

the rise in conversion. Small peaks of carbonyl compounds were found in the chromatogram in 

case of NaOH. SCW alone can stabilize stearic acid and prevent degrading.  

 

 

Figure 2.5. Conversion of lipids [105] 
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Figure 2.5 shows the conversion of lipids through various mechanism. First the TAGs are 

hydrolyzed into fatty acid (ex. Hexadecenoic acid) and glycerol. Fatty acid degrading to alkanes 

(Heptadecane) and alkenes (2-Hexadecene) because of decarboxylation. Hydroxyl group in long 

chain fatty acid reacting with ammonia obtained from deamination of amines to form aliphatic 

amine compounds like Hexadecanamide. Fatty acids can also react with alcohols produced from 

reduction of amino acids to form ester such as hexadecenoic acid, methyl ester.  

2.7.4.2 Conversion of Proteins 

Amino acids are the building blocks of protein. Amino acids are linked with a peptide bond 

(C-N) which is between carboxyl and amine groups. All amino acids have different chemical 

structure thereby react in different reaction pathway but undergo similar decarboxylation and 

deamination reaction [60]. Decarboxylation can remove oxygen by forming CO2 and amines, and 

deamination is path for denitrogenation by formation of NH3 and carbonic acids [106,107].  

19 different amino acid compounds were chosen by Dote et al. to investigate the 

distribution of nitrogen compounds in the product fraction. It was found that 80% of nitrogen was 

dissolved in aqueous phase [108]. Biller et al. [59] used soya protein and albumin as model 

compounds for protein and glutamine and asparagine as amino acids model compound to 

understand the HTL pathway for proteins. The organic compounds produced from protein 

hydrolysis under severe condition and higher residence time tend to repolymerize by Fischer-

Tropsch type reactions with water acting as hydrogen source and re-polymerize to longer chain 

hydrocarbons and aromatic ring type structures like phenols and nitrogen heterocycles such as, 

indoles, pyrroles that are soluble in bio-oil [59,60]. Figure 2.6 shows the estimation of reaction 

pathway by Dong et al. [105] for HTL of Chlorella pyrenoidosa (CP) and Spirulina platensis (SP) 
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[105]. Most of the nitrogenous compounds were distributed in the aqueous phase instead of the 

bio-oil phase.  

 

Figure 2.6. Possible reaction pathway for amino acids found in CP and SP [105] 

2.7.4.3 Conversion of Carbohydrates 

Microalgae carbohydrates are complex and consist of a mixture of neutral sugars, amino 

sugars and uronic acids and these compositions vary from species to species [109]. Cyanobacteria 

synthesize glycogen (α-1,4 linked glucan), red algae synthesize floridean starch (hybrid of starch 

and glycogen) and green algae synthesize amylopectin-like polysaccharides (starch) [110,111]. 

The most abundant carbohydrates sugars are glucose, rhamnose, mannose, galactose, and xylose 

[26]. Starch is a polysaccharide consisting of glucose monomers bound with α-(1/4) and α -(1/6) 

bonds. Cellulose are also polymers of glucose but are bound with β-(1-4)-glycosidic bonds, which 

forms strong intra and inter hydrogen bonds and resists swelling in water or attack by enzymes. At 
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elevated temperature in hydrothermal conditions both starch and cellulose can be hydrolyzed into 

glucose monomers. Hydrothermal liquefaction of three kinds of starches (rice, potato, and sweet 

potato) into reducing sugars was studied by Li et al.[112] in sub-critical water and maximum yield 

of 15% glucose, 30% fructose, and 33% maltose was observed. Glucose dissolves in water and 

exist in three forms: an open chain, a pyranose ring, and furanose ring like fructose [60]. The rate 

of degradation of glucose and fructose is relatively higher than the rate of isomerization of glucose 

[113]. Glucose and fructose degrades mostly to glycolaldehyde, pyruvaldehyde, glyceraldehyde 

and form 5-hydroxymethylfurfural (5-HMF) [113–115]. Figure 2.7 shows the reaction pathway 

for hydrothermal liquefaction of cellulose. 

 

Figure 2.7. Reaction pathway from hydrothermal liquefaction of cellulose [116]. 
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Dehydration and fragmentation of soluble oligomers products are possible. 5-HMF, further 

react to levulinic acid, formic acid or to trihydroxybenzene [117]. Polymerization and 

polycondensation of 5-HMF to polyfuranic intermediates may take place [118]. Finally, with 

enhanced reaction times hydro-char, insoluble carbonaceous material can be obtained. These 

hydro-chars can also be obtained by simultaneous degradation of cellulose and is common based 

on aromatic network [116]. Sakaki et al. [119] proposed degradation of cellulose followed 

saccharification and carbonization processes. Saccharification yielded water soluble sugars with 

minor decomposition and then followed carbonization. Decomposition of water soluble sugars 

through dehydration, decarboxylation and aromatization produced gases and water insoluble 

compounds which further polymerized to product like char [119].  

2.8 Bio-oil Properties 

 The properties of bio-oil are strongly influenced by feedstock and process conditions.  

Table 2.4. HHV (MJ/kg) and elemental composition of bio-oil obtained from HTL 

Condition 350, 15min 350, 60min 350, 60min 350, 60min 350, 60 min  

Species Laminaria Desmodesmus Nannochloropsis Porphyridium Nannochloropsis Norther Sea 

 saccharina sp. sp. cruentum oculata Crude 

Ref. 
Ross et al. 

[86] 

Garcia et al. 

[58] 
Brown et al. [89] 

Biller et al. 

[99] 
Biller et al. [59] 

Jensen et al. 

[120] 

C wt% 82.00 75.80 76.00 72.80 68.10 86.6 

H wt% 7.10 9.10 10.30 8.50 8.80 13.1 

N wt% 4.90 6.00 3.90 5.40 4.10  

S wt%   0.90 0.30 0.00  

O wt% 5.40 9.10 9.00 0 18.90 0.30 

H/C 1.04 1.44 1.63 1.40 1.55 1.80 

O/C 0.05 0.09 0.09 0.14 0.21  

HHV  36.50 36.60 39.00 35.70 34.50 44.40 
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Table 2.4 shows the elemental composition and higher heating value reported on HTL of 

different algae at 350˚C and 15-60 mins reaction time. The results are compared with fossil oil 

from northern sea crude as reported by Jensen et al. [120]. It is evident from the data that high 

percentage of heteroatom like nitrogen, oxygen, and sulphur is present in bio-oil that reduces its 

quality. The presence of nitrogen and sulfur in bio-oil will release NOx and SOx emission on 

burning the fuel which is detrimental to the environment. Oxygen in bio-oil decreases the overall 

energy density in the bio-oil and also contributes to aging of the fuel by the polymerization of 

aldehydes and hydroxyl group present in the oil thereby making it viscous overtime [121]. Bio-

oils contain large portion of fatty acids from hydrolysis of lipids that imparts acidity and corrosive 

properties [122]. Bio-oil is a complex mixture of several undesirable organic compounds like 

ketones, aldehydes, fatty acids, phenols, esters, indole, pyrrole, amide that needs to be upgraded 

to be used as fuel [123]. 

2.9 Upgrading of Bio-oil 

Many studies have been published to address the upgrading of bio-oil from HTL of biomass 

[122–127]. The effect of in-situ homogenous and heterogenous catalyst has already been discussed 

in section 2.7.3, and here we will discuss effect of heterogenous catalyst in ex-situ upgrading of 

HTL bio-oil from algae. Supercritical water with various heterogenous catalyst has been used and 

they are discussed below.  

Pioneering work in upgrading algae bio-oil in supercritical water was performed by Duan 

and Savage [124] by using 25% loading of 5% Pt/C, 1:1 ratio of deionized water to bio-oil 

(Nannochloropsis sp.), 493 PSI initial pressure of hydrogen gas, supercritical temperature of 400˚C 

for 4 hours reaction time. Dichloromethane was used as a solvent for product separation. The effect 

of SCW without catalyst rendered the bio-oil free of sulphur as was also observed in other studies 
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[124,128]. Alkanes ranging from C9 to C33 were detected in catalyzed SCW while alkanes smaller 

than C15 was almost negligible in crude bio-oil, which explains cracking during hydrotreatment. 

About 68% of the total compounds detected during Pt/C with H2 upgrading were alkanes and no 

alkenes were detected, which explains hydrogenation. Fatty acids were decarboxylated to produce 

alkanes, but they also reacted with ammonia to produce amides like palmitamide and stearamide 

which was also observed at 430˚C SCW with catalysts in Duan and Savage [128]. Oxygen content 

reduced by 32% to 4.46% and nitrogen content reduced by almost 50% to 2.24% [124]. Although 

the results obtained were encouraging it was not sufficient to meet fossil fuel requirements. Duan 

and Savage [128] further carried out upgrading experiments on algae bio-oil produced from HTL 

of Nannochloropsis sp. to deduce the effect of temperature (430, 480, and 530˚C), catalyst loading 

(5%, 10%, and 20%), reaction time (2, 4, and 6h), and catalyst activity among Pt/C, Mo2O, and 

HZSM-5 in supercritical water (4:5, water to bio-oil).  Interestingly at higher temperatures of 480 

and 530˚C aromatics compounds dominated to having more than 90% composition in bio-oil 

which also included alkyl substituted phenol bearing oxygen atoms. At a given temperature, 

highest reaction time and highest catalyst loading resulted in hydrodeoxygenation, but the N/C 

ratio reduced to only half of bio-oil, invariably to the treatment condition. Duan et al. [129] tested 

nine different zeolite catalyst having different acidic sites and pore distribution on the upgraded 

bio-oil. The bio-oil was first pretreated in subcritical water to reduce heteroatom concentration and 

viscosity to limit catalyst poisoning and improving heat and mass transfer, respectively. MCM-41 

and HZSM-5 provided highest bio-oil yield of around 54%. On two occasions it was found that 

high total acidic sites in zeolite catalyst because of Si/Al ratio seemed to have favored 

denitrogenation and desulphurization, but the theory failed when HY catalyst with low Na2O 

(having high acidic sites) showed low activity for denitrogenation as compared to HY catalyst with 
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high Na2O (low total acidic sites). MCM-41 catalyst was most effective with producing around 

82% of hydrocarbons, as against 14.65% in crude bio-oil and 14.5% in pretreated oil. Figure 2.8 

shows the boiling point distribution for upgraded bio-oil with 9 different catalyst, pretreated bio-

oil and crude bio-oil [129]. It is evident from the figure how zeolite catalyst is an excellent catalyst 

to promote cracking and hydrogenation and decarboxylation of bio-oil. 

 

Figure 2.8. Boiling point distribution from TGA of upgraded oil with 9 different zeolite 

catalysts (A-J), pretreated oil (K), and crude bio-oil (L) as reported by Duan et al. [129] 

 Bai et al. also followed similar reaction setup to screen the activities of 5% Pt/C, 5% Pd/C, 

5% Ru/C, 5% Pt/C (sulfided), Mo2C, MoS2, alumina, CoMo/γ-Al2O3 (sulfided), Ni/SiO2–Al2O3, 

HZSM-5, activated carbon, and Raney-Ni for hydrothermal hydrodeoxygenation and 

hydrodenitrogenation of the pretreated algal oil at 400 °C. Except HZSM-5 all the catalyst loaded 

experiments produced more oil than without catalyst, and the combination of Raney-Ni and Ru/C 
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together produced highest oil yield of 77.2% exceeding their individual action. Oil produced from 

action of all Pt/C catalyst had similar elemental composition, but the yield of oil followed the trend 

Pt/C (sulfided) > Pt/C in n-hexane (instead of water) > Pt/C > Pt/C in CO (instead of water). It was 

concluded that sulfided catalyst is not necessary for algae bio-oil upgrading under hydrothermal 

conditions [130]. Another important conclusion was that activated carbon might be responsible for 

most of the denitrogenation of bio-oil and that noble metal plays a smaller role in denitrogenation, 

as they gave similar nitrogen content in upgraded oil. Ru/C and Raney-Ni showed highest activity 

for deoxygenation (O wt%- 1.1) and denitrogenation (N wt%- 1.6), respectively while the 

combination of both the catalyst gave nitrogen and oxygen content of 2 wt% each [130]. Barreiro 

et al. [131] compared the effect of Pt/Al2O3, HZSM-5, and uncatalyzed upgrading at 400˚C and 4 

hours residence time on bio-crude obtained from Scenedesmus almeriensis and Nannochloropsis 

gaditana in wet (with water, initial H2 pressure 4MPa) and dry (water less, initial H2 pressure 

8MPa ). For N. gaditana dry upgrading gave more oil yield, was equally effective in 

denitrogenation, and produced at least 50% less oxygen content in the upgraded oil. Highest 

denitrogenation was observed without addition of any catalyst. For S. almeriensis wet process gave 

more upgraded oil yield except with HZSM-5 catalyst, dry process resulted in 50% more reduction 

in oxygen content while denitrogenation was ineffective when compared to crude bio-oil. Dry 

process resulted in better yield and deoxygenation as compared to wet process and the activity of 

catalyst is dependent on the species of algae used to produce crude bio-oil [131].  

Shakya et al.[127] and Wang et al. [126] both studied the effect of catalyst activity on 

upgrading experiments at 350˚C, initial hydrogen pressure of 1000 PSI, 4 hours residence time in 

water less environment. Shakya et al. used Nannochloropsis sp. algae and additionally upgraded 

at 300˚C apart from 350˚C, while Wang et al. used Scenedesmus species. In both the cases the 
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solvent for product separation was toluene which is an aromatic solvent. Both studies found 5% 

Ru/C for maximum TAN reduction in upgraded bio-oil at 350˚C. Pt/C and Ru/C had maximum 

activity for nitrogen reduction and Ni/ZSM5 showed highest activity for hydrodeoxygenation. 

Upgrading at 350˚C resulted in oil having better fuel characteristics than at 300˚C.  Separation of 

reaction mixture using a polar solvent like dichloromethane and an aromatic solvent like toluene 

will affect both the yield and properties of oil obtained. None of the studies in the literature 

compare the effect of using different solvents.  
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CHAPTER 3 

 

Compare the Product Yield and Properties Obtained from Hydrothermal Liquefaction of 

Filamentous Algae and Microalgae 

Abstract 

This study presents the comparison on product yield and properties obtained from 

hydrothermal liquefaction (HTL) of microalgae of species Nannochloropsis sp. (A_Micro), and 

filamentous algae grown on five different nitrogen nutrient conditions namely: sufficient nitrate 

(A_N03), sufficient urea (A_Urea), nitrate starved algae for 14 days and 21 days (14_NO3 and 

21_NO3), and urea starved algae for 14 days (14_Urea). HTL was carried out at 320˚C, with 

reaction time of 30 mins, algae loading of 15%, and with nitrogen as inert atmosphere. Highest oil 

yield of 64.2 wt% was observed for 14_Urea, while 21_NO3 produced highest char yield of 32.7 

wt%. The oil yield for A_Urea, A_NO3, and A_Micro were 44, 34.3, and 49.9 wt%, respectively. 

Highest heating value (HHV) of HTL oil from all algae were around 30.5 to 34.5 MJ/kg. Total 

acid number (TAN) was lowest for A_Micro (31.36 mg KOH/g) while for other non-stressed algae 

it was around 40 mg KOH/g. TAN for stressed algae oil was slightly above 100 mg KOH/g which 

was because of the presence of around 50% of hexadecanoic acid as observed in GC-MS of oil. 

77-89% of the bio-oil fraction were in boiling point range of vacuum gas oil. Char obtained had 

high energy content of around 30 MJ/kg. Aqueous phase was rich in nutrients with aqueous phase 

from A_NO3 having about 50% of its nitrogen in the form of ammonium ions.  
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3.1 Introduction  

Transportation fuels are obtained from fossil fuel which are dwindling reserves of declining 

quality [1]. There is a need to find an alternative source of energy that can replace or try substituting 

the existing liquid fuel demand. Biomass is the only abundant source of renewable energy that has 

the capability of producing liquid hydrocarbon fuels [2].  Among various biomass, algae a wet 

feedstock have gained considerable attention because of its high productivity, flexibility in 

growing conditions, and high carbon sequestration rate relative to terrestrial biomass [3]. 

Transesterification is the conventional process employed to produce bio-diesel, but the drawback 

of the process is that, it can utilize only the lipid fraction for conversion into bio-diesel [4]. 

Hydrothermal liquefaction has advantages over transesterification because it can process wet 

feedstock and utilizes the whole algae (lipids, proteins, and carbohydrates) for conversion into bio-

oil. Hydrothermal liquefaction (HTL) operates at temperature of 280-380˚C and pressure of 7-30 

MPa, sufficient to keep water in liquid state, that acts both as reaction medium and catalyses the 

valorisation of biomass by producing H+ and OH- ions [5,6]. Crude bio-oil is the primary product 

of HTL and the by-products are solid char, water soluble organic compounds, and gases.  

To date, numerous study on hydrothermal liquefaction of algae on product yield and 

properties has been carried out to investigate the effect of  different biochemical composition of 

algae feedstock [7,8], temperature [9,10], biomass loading [11,12], residence time [13,14], and 

effect of homogenous [7,15] and heterogenous catalyst [16,17]. Barreiro et al.  [18] studied HTL 

of 8 different alga strains grown in non-axenic photobioreactor at different environment (marine 

and freshwater) and found at mild conditions of 250˚C, the bio-oil yield varied from 17.6 wt% to 

44.8 wt% because of the influence of cell structure (cell wall) and biochemical composition. At 

375˚C, the variation in bio-oil yield from different algae was less (45.6 to 58.1 wt%) and was a 
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result of harsh hydrothermal environment. Shakya et al. [8] predicted a model on bio-oil yield 

based on linear regression of data obtained from HTL of 9 different microalgae at 320˚C and found 

96% of lipids, 30% of carbohydrates, and 43% of protein contribute towards bio-oil yield. Thus, 

high bio-oil yield can be obtained with algae having high lipid content and the lipid accumulation 

can be enhanced by depriving the algae of nutrients. High lipid content in algae can be accumulated 

by nitrogen nutrient starvation [19,20] but in some cases this deprivation can lead to increase in 

carbohydrates, as seen in the study published by Chen et al. [21]. Nitrogen is an important nutrient 

for algae growth and can be supplied in the form of NH4
+, NO2

-, NO3
-, urea. Arumugam et al. [22] 

investigated the effect of different nitrogen sources on productivity of Scenedesmus bijugatus at 

lower concentration of 5mM and 10mM. At 10 mM nitrogen concentration, potassium nitrate 

showed best biomass growth then came sodium nitrate. Urea, an affordable agriculture fertilizer 

performed at par with the sodium nitrate, with growth around 0.4 to 0.5 and slightly below 0.5 for 

sodium nitrate as measured with OD 540 nm.  

Harvesting of microalgae (cell dimension < 30µm) can contribute towards 20-30% of 

cultivation cost and can be minimized by the use of algae having filament like structure whose 

dimension can range from 200µm to 60m [23]. Harvesting of filamentous algae can be achieved 

by simple filtration, sedimentation, or flotation [24–26]. In addition, mass culture of microalgae is 

susceptible to crash as it is more palatable to grazers that proliferate during cultivation as compared 

to filamentous algae [27,28]. Combining the benefits of harvesting of filamentous algae grown at 

cheap nitrogen nutrient source, major hurdle in economic viability of biofuel from hydrothermal 

liquefaction can be tackled.  

Hence, the main objective of this study is to compare the performance of hydrothermal 

liquefaction of microalgae and filamentous algae at subcritical temperature of 320˚C on bio-oil 
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yields and its properties. Additionally, characteristic of solid char and aqueous phase will be 

investigated. 

3.2 Materials and Methodology  

Nannochloropsis sp. (A_Micro) microalgae was obtained from Reed Mariculture Inc. 

(Campbell, CA) and filamentous algae was obtained from Arizona Centre for Algae Technology 

and Innovation (AzCATI), Mesa, Arizona. The filamentous algae were grown at different nitrogen 

nutrient conditions namely: sufficient nitrate (NO3), sufficient urea (Urea), 14 days and 21 days 

starved nitrate (14_NO3 and 21_NO3), and 14 days starved urea (14_Urea). Nitrate and urea 

filamentous algae were grown in 1000 litres open pond and fed with 0.764 g/L of sodium nitrate 

(NaNO3) and 0.191 g/L of urea during inoculation, respectively and was harvested at the end of 

15 days. To stress the algae, the broth was inoculated in vertical flat panels having the dimension 

4' * 8' * 4" and fed with same concentration of nutrients as fed in open pond. The starvation period 

was counted from the day when nitrate went deplete and same day was taken to be the date when 

urea went deplete. Table 3.1 in section 3.3.1, lists the biochemical composition of algae that was 

obtained from the supplier. In case of microalgae biochemical composition comprised of lipids, 

proteins, and carbohydrates and for filamentous algae FAME, proteins, and carbohydrates was 

supplied as biochemical composition. All the algae samples were obtained in the form of slurry 

except 14_Urea, which was obtained as freeze-dried sample. The moisture content for all the 

samples was measured by calculating the weight loss of the samples by heating at 105˚C for 24 h. 

Ash content was determined according to ASTM E1755 standard. Heating value of algae was 

determined by oxygen bomb calorimeter (IKA model C2000) and elemental composition of algae 

samples was determined using vario MICRO cube from Elementar.  Ultrapure (Type 1) water was 

used for all experiments and was obtained from Synergy Ultrapure Water Systems. High purity 
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nitrogen was obtained from Airgas Inc. Hardened ashless Whatman Filter papers (CAT NO. 1541-

150) was obtained from VWR (Atlanta, GA.).  

3.2.1 Apparatus and Experimental Procedure 

HTL experiments were performed in 1000 ml high pressure reactor from Parr Instrument 

Company. The reactor was equipped with controllable stirrer, and PID controlled heating furnace, 

pressure gauge to measure pressure inside the reactor, J type thermocouple to measure temperature. 

HTL experiments were performed at 320˚C, residence time of 30 mins and biomass loading of 

15%. The reactor was purged with nitrogen to remove any air trapped inside the reactor and was 

pressurized to initial pressure of 50 PSI. The reactor was then heated to 320˚C at which the 

maximum pressure reached was around 2020 PSI and held for 30 mins. Heating was suspended, 

and ice water was used to bring the temperature of the reactor back to 45 to 50˚C and gas was 

released and not analysed in this study.  

3.2.2 Product Separation 

The content of the reactor was poured in a beaker which consisted of crude bio-oil, solids 

char, and aqueous phase. The reactor and stirrer were rinsed with dichloromethane (DCM) and 

poured in the beaker. Figure 3.1 shows the process flow diagram of the process. The content of the 

beaker shown in was vacuum filtered using Whatman No. 541 filter paper. The char was recovered 

and dried in an oven at 105˚C for 24 hours to obtain the solids yield. The remaining liquid mixture 

containing aqueous phase and organic phase composed of bio-oil and dichloromethane was 

separated in a separatory funnel and collected in different containers. The dichloromethane in the 

bio-oil was separated using IKA rotary evaporator maintained at 50˚C and 720mbar. 
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Figure 3.1. Process flow diagram of product separation 

A mass balance for each experiment was performed to calculate the yield of each fraction 

in the product from HTL.  

𝐵𝑖𝑜 − 𝑜𝑖𝑙 𝑦𝑖𝑒𝑙𝑑 (𝑤𝑡. %) =  
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑜𝑖𝑙 𝑜𝑏𝑡𝑎𝑖𝑛𝑒𝑑 𝑖𝑛 𝑑𝑟𝑦 𝑏𝑎𝑠𝑖𝑠 

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑑𝑟𝑦 𝑎𝑙𝑔𝑎𝑒
× 100 

𝑆𝑜𝑙𝑖𝑑 𝐶ℎ𝑎𝑟 𝑦𝑖𝑒𝑙𝑑 (𝑤𝑡. %) =  
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑠𝑜𝑙𝑖𝑑 𝑐ℎ𝑎𝑟 𝑖𝑛 𝑑𝑟𝑦 𝑏𝑎𝑠𝑖𝑠 

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑑𝑟𝑦 𝑎𝑙𝑔𝑎𝑒
× 100 

(𝑊𝑎𝑡𝑒𝑟 𝑠𝑜𝑙𝑢𝑏𝑙𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 + 𝐺𝑎𝑠) 𝑤𝑡. % = 100 − (𝐵𝑖𝑜 − 𝑜𝑖𝑙 + 𝑆𝑜𝑙𝑖𝑑 𝑐ℎ𝑎𝑟)𝑦𝑖𝑒𝑙𝑑 𝑤𝑡. % 

3.2.3 Product Analysis 

Physical and chemical properties of the bio-oil produced from HTL of different algae was 

determined. Properties of the bio-oil included higher heating value (HHV MJ/kg), total acid 

number (TAN mg KOH/g), moisture content, and ash content. Ash content was measured using 

ASTM E1755 standard method. Moisture content was determined using Karl Fisher (KF) analysis 

using V20 volumetric KF titrator from Mettler Toledo. Total acid number was determined by 
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ASTM D664 using 0.3-0.5 g crude bio-oil in T50 titrator from Mettler Toledo and R2 data was 

reported. Heating value was measured as HHV in MJ/kg and was determined in an IKA C2000 

model oxygen bomb calorimeter. For chemical composition, the bio-oil was analysed with an 

Agilent 7890 GC/5975MS using a DB-1701 column. A typical gas chromatography (GC) sample 

consisted of 2-5 wt% crude bio-oil in dichloromethane. This diluted sample was injected into the 

column and each sample was injected twice. The initial temperature of the column, 40˚C was 

maintained for 6 mins, then heated to 280˚C at 6˚C/min and held for 10 min. Helium (99.999%) 

was used as a carrier gas with flow rate set at 1.76 ml/min. Compounds were identified using NIST 

(National Institute of Standards and Technology) mass spectral library.  

We ran each oil twice and the average of single oil was averaged with its duplicate run. 

The compounds obtained were divided into alkane, alkene, aromatics, only nitrogen containing 

compounds (N Compounds), only oxygen containing compounds (O Compounds), and 

compounds containing both nitrogen and oxygen (N-O Compounds). N compounds were sub-

divided into pyrrole, pyridine, pyrazine, indole, amine, nitrile, and other N compounds. O 

compounds were sub-divided into ketone, alcohol, aldehyde, organic acids, phenolics, ester, ether, 

and other O compounds. N-O compounds were subdivided into amides, other N-O compounds, 

and 1,2-Benzisothiazole, 3-(hexahydro-1H-azepin-1-yl)-, 1,1-dioxide (C13H16N2O2S). These sub-

division were based on the parent compound and its derivatives that includes alkyl or other group 

substituents, saturated or unsaturated compounds. 

Fourier Transform Infrared (FTIR) spectroscopic analysis of bio-oils was performed by 

using Thermo Nicolet iS10 (Thermo Scientific, Waltham, MA). The samples were analyzed for 

34 scans over a range of 400-4000 cm-1 wavenumbers.  
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Simulated distillation was performed following ASTM D2887 on an Agilent 7890A GC, 

equipped with split/splitless inlet, Agilent DB-2887 column (10 m × 0.53 mm, 3.00 µm), and FID 

detector. Bio-oil was diluted with carbon disulfide to 1-2 wt%. The inlet was set at 350 °C with a 

split ratio of 1:2. The heating program started from 40 °C and then ramped to 350 °C with a heating 

rate of 20 °C/min under 14 mL/min of helium carrier gas. FID detector was set at 350 °C. The 

instrument was calibrated by calibration standard mixtures purchased from Ultra Scientific 

(ASTM-120-1) and Restek (31222 D2887 Calibration Mix). Calibration mix D2887 containing 17 

alkanes ranging from C6 to C44 was injected twice and standard curve was developed for time at 

which compounds were detected vs the boiling point of these compounds. Baseline area was 

obtained by injecting only carbon disulfide before running each sample and was deducted from 

sample area. The time obtained from the sample injection were translated into temperature using 

the ASTM D2887 method calculations. The boiling points were categorized into five different 

sections namely: <193˚C (Gasoline and Heavy Naptha), 193-271˚C (Kerosene), 271-343˚C 

(Diesel), 343-538˚C (Vacuum Gas Oil), and >538˚C (Vacuum Residue). 

The aqueous phase characterization consisted of total organic carbon (TOC), total nitrogen 

(TN), chemical oxygen demand (COD), phosphate (PO4
3-), magnesium (Mg), and ammonium 

(NH4
+). The aqueous phase was filtered with 0.2 µm filter paper and centrifuged for 5 mins at 

10000 rpm.  The TOC and TN were analysed in a TOC-L analyzer attached with TNM-L unit 

(Shimadzu Corp., Japan). Samples were diluted 100 times in ultra-high purity water and kept for 

measurement in autosampler. COD was determined according to 5220 Chemical Oxygen Demand 

standard [29]. YSI reagent kit was used to determine the concentration of ammonium ion 

(YPM152), phosphate ion (YPM177), and magnesium ion (YPM193) in aqueous phase. 
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The char from the HTL of algae was measured for its HHV, ash content and elemental 

composition by using the methods as described earlier. The char was also measured for BET 

(Brunauer-Emmett-Teller) surface area using a Quantachrome Autosorb-iQ with nitrogen 

absorption. Before measurement, all the samples were outgassed to 10-3 Torr at 300˚C for 10 h. 

3.3 Results and Discussion 

3.3.1 Algae Characterization 

Table 3.1 shows the biochemical composition of all the algae samples. Highest FAME was 

observed for 14_Urea which is the algae obtained by starving the filamentous algae grown on urea 

for 14 days. When the nitrate grown filamentous algae was starved of nitrate for 14 days and 21 

days, the productivity of carbohydrates increased to more than twice. The FAME which is the oil 

content of the algae increased by six times under urea starvation while for nitrate starvation, FAME 

increased by a factor of only two. d. A given microalga will accumulate either starch or neutral 

lipids (FAME) which depend not only on the species but also on environmental conditions at which 

they are grown. Chlorella vulgaris P12 responded to limitation in urea by accumulating starch [30] 

while Chlorella minutissima responded with lipid production when it was starved with sodium 

nitrate as the nitrogen source [31]. This explains how same genus Chlorella could accumulate 

different storage compound when subjected to nitrogen starvation from different sources. 

Nannochloropsis sp. microalgae (A_Micro) had highest protein content of 62.79 wt%. Lipids in 

algae are in the form of phospholipids (10-20 % of total lipids), glycolipids and non-polar 

glycerolipids (mono, di and tri saturated and unsaturated) that are neutral and which appear in 

FAME. Other lipids may be present which may be characteristic of particular genus or species. 
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Table 3.1 Biochemical composition of algae in wt% dry basis  

Algae FAME Lipids Protein Carbohydrates 

NO3 8.75 ± 0.12 Na. 28.35 ± 0.27 29.99 ± 1.98 

Urea 8.79 ± 0.33 Na. 31.29 ± 1.45 36.82 ± 0.74 

14_NO3 16.89 ± 0.43 Na. 14.87 ± 1.22 59.47 ± 3.71 

14_Urea 53.22 Na. 13.94 22.95 

21_NO3 16.39 ± 0.09 Na. 13.43 ± 0.14 57.14 ± 5.22 

A_Micro Na. 18.12 62.79 8.92 

Na. represents data that were not reported by the supplier.  

Table 3.2 shows heating value, ash content and moisture content of the algae and Table 3.3 

shows the ultimate analysis of the algae feedstock. High lipid containing 14_Urea algae gave 

highest C and H wt% which translated into highest HHV of 25.8 MJ/kg. A_Micro also had HHV 

of 24 MJ/kg comparable to 14_Urea as it had low oxygen content. Highest protein containing 

A_Micro gave highest nitrogen content of 7.6 wt%. C and H wt% in other filamentous algae were 

not significantly different. Stressed filamentous algae 14_NO3 and 21_NO3 had low nitrogen 

content and high oxygen content owing to low protein and high carbohydrates, respectively. The 

increase in ash content from sufficient nitrate to 14_NO3, and to 21_NO3 reflects the loss in 

biomass because of nitrogen starvation.  

Table 3.2 Properties of algae feedstock 

Algae HHV (MJ/kg) Ash (wt%) Water Content (wt%) 

A_NO3 20.4a ± 0.11 8.23a ± 0.25 78.82 ± 0.25 

A_Urea 21.5a ± 0.12 5.43b ± 0.04 83.44 ± 0.06 

14_NO3 20.9a ± 0.10 4.05c ± 0.08 85.54 ± 0.12 

14_Urea 25.8b ± 0.13 4.21c ± 0.06 02.14 ± 0.35 

21_NO3 20.4a ± 0.03 5.81c ± 0.20 85.39 ± 0.29 

A_Micro 24.0c ± 0.43 3.42c ± 0.20 72.20 ± 0.08 

Different alphabets in the superscript of each column denote that the values are significantly 

different for each algae type. Values after ± denote standard deviation 
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Table 3.3 Ultimate analysis of algae biomass. O* obtained by difference 

Algae C (wt. %) H (wt. %) N (wt. %) S (wt. %) O* (wt. %) 

NO3 46.2a ± 1.27 7.2a ±  0.14 5.6a ± 0.34 0.9a ± 0.30 40.1a ± 2.05 

Urea 46.8a ± 0.34 7.1a ± 0.11 5.7a ± 0.13 0.7a ± 0.00 39.7a,b ± 0.57 

14_NO3 45.7a ± 1.42 7.4a ± 0.39 1.8c ± 0.29 0.3a ± 0.03 42.3a ± 1.17 

14_Urea 54.2b ± 0.69 8.5a ± 0.27 3.3d ± 0.31 0.3a ± 0.06 33.6b ± 0.48 

21_NO3 45.8a ± 0.15 7.5a ± 0.01 1.2c ± 0.05 0.4a ± 0.01 45.2a ± 0.20 

A_Micro 53.4b ± 0.36 10.3b ± 0.59 7.6e ± 0.07 0.6a ± 0.13 28.0b,c ± 1.00 

Different alphabets in the superscript of each column denote that the values are significantly 

different for each algae type. Values after ± denote standard deviation 

3.3.2 Liquefaction Yields 

Table 3.4 shows the yield of different fractions obtained from HTL of individual algae 

feedstock at 320˚C in dry basis. Bio-oil yields from all the algae exceeds the total lipids (FAME) 

fraction which confirms that some fraction of proteins and carbohydrates contribute towards oil 

yield because of hydrolysis, depolymerization, cracking, condensation and repolymerization 

during HTL.  Highest bio-oil yield of 64.23 wt% was achieved with HTL of 14_Urea owing to 

highest FAME in the algae feedstock. Other stressed algae 14_NO3 and 21_ NO3 produced high 

char yield of 31.18 and 32.49 wt%, respectively. This high yield of char can be attributed to the 

fact that these algae had high carbohydrate content that may have been hydrolysed to 5-HMF and 

because of severe conditions may have undergone polymerization and polycondensation to 

produce polyfuranic intermediates as proposed by Falco et al. [32] and by simultaneous 

degradation of cellulose following saccharification and carbonization,  that eventually polymerized 

to char [33]. Among the non-stressed filamentous algae and A_Micro, the oil yield obtained from 

A_Micro was highest at 49.86 wt%. Shakya et al. [8] reported oil yield of 46 wt% for HTL of 
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Nannochloropsis sp. algae under the same operating conditions as used in this study. The 

difference in result could be transpired by the use of dichloromethane in this study as against 

acetone in the other study. The yield of oil from sufficient urea grown filamentous algae was 44.67 

wt% but was not significantly different then A_Micro (p = 0.0531 > 0.05). Garcia et al. reported 

43.8 wt% of bio-oil yield for Desmodesmus sp. microalgae at 300˚C and 30 mins residence time 

which had similar biochemical composition to that of sufficient urea filamentous algae. Significant 

portion of protein and carbohydrate of sufficient urea and A_Micro were converted into bio-oil as 

compared to sufficient nitrate algae. Biller et al. compared HTL of different model compounds for 

protein (soya and albumin) and amino acids (asparagine and glutamine) and found different yields 

of bio-oil in each case. This explains how different kind of protein and amino acids could result in 

different conversion into bio-oil.  

Table 3.4 Yield of different product fractions from HTL of different algae in dry basis 

Algae type Oil (wt%) Char (wt%) Gas + WSP (wt%) 

NO3 32.99a ± 1.02 15.77a ± 0.06 51.24a ± 1.04 

Urea 44.67b ± 2.78 13.25a,d ± 0.74 42.08b ± 2.58 

14_NO3 29.61a ± 1.29 31.18b ± 0.87 39.21b ± 1.61 

14_Urea 64.23c ± 1.71 11.55d,e ± 0.05 24.22c ± 1.78 

21_NO3 29.26a ± 0.80 32.49b ± 1.78 38.24b ± 1.29 

A_Micro 49.86b ± 1.56 09.43e ± 0.38 40.70b ± 1.18 

Different alphabets in the superscript of each column denote that the values are significantly 

different for each algae type. Values after ± denote standard deviation 

3.3.3 Bio-oil Characterization 

Table 3.5 and 3.6 represent physical properties and ultimate analysis of bio-oil obtained 

from HTL of individual algae feedstock. All the bio-oil obtained were black viscous liquid that 



 

58 

 

were hydrophobic in nature. The oil obtained from nitrate starved filamentous algae were 

semisolid at room temperature. Moisture content in bio-oil ranged from 0.5 wt% for 14_Urea to 7 

wt% for NO3 algae. Total acidic number indicated if the oil is corrosive or not and is a product of 

the amount of organic acids and phenolic groups present in oil. Lowest TAN of 31.36 mg KOH/g 

was reported for Nannochloropsis sp. algae (A_Micro). Other observed values for HTL of 

Nannochloropsis are 32.68 mg KOH/g at 300˚C and 32.45 mg KOH/g at 350˚C by Shakya et al. 

[9] which is comparable to the value obtained in this study. For the nutrient starved filamentous 

algae, the TAN values were above 100 mg KOH/g. This is because of the fact that these bio-oil 

contained a high amount of organic acids from lipid fraction and phenolics from carbohydrate 

fraction of the algae [8,34].  FAME which is also referred to as acyl lipids is the amount of oil in 

algae. In A_Micro the lipid content signifies both acyl (FAME) and non-acyl lipids. In A_Micro 

the fatty acids coming from FAME might have decomposed into saturated or unsaturated 

hydrocarbons by decarboxylation during HTL [35].  

The carbon and hydrogen content in the bio-oil ranged from 66.77 to 71.16 and 9.97 to 

11.36 wt%, respectively. The H/C ratio ranged from 1.75 to 1.91 which was in the range of 

petroleum crude. Oxygen content was highest for 14_NO3 which had highest carbohydrate content, 

similar to that of 21_NO3. The bio-oil obtained from 14_Urea also had high oxygen content which 

could be partly drawn from carbohydrate part of the algae and the rest from FAME fraction which 

hydrolysed to fatty acid having hydroxy group and water-soluble glycerol in subcritical 

environment [36]. Overall, the bio-oil had high carbon and hydrogen content and lower oxygen 

content which resulted in bio-oil having higher heating value as compared to algae feedstock. The 

heating value was highest for A_Micro (33.19 MJ/kg) because it had highest H/C ratio and lowest 

O/C ratio, but was lower than 34.82 MJ/kg as reported by Shakya et al. [8]. In that study, acetone 
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(dielectric constant, ε = 20.7) was used as the solvent which could not have dissolved all the 

organics present in aqueous phase as compared to dichloromethane (ε = 8.93).  Bio-oil from 

A_Micro had high nitrogen content of 5.47 wt% and there was no significant difference in nitrogen 

content from other non-stressed filamentous algae (p = 0.636 > 0.05). The peptide bond hydrolyses 

to form amino acids which undergo deamination and decarboxylation [37]. Deamination should 

have been dominant in Nannochloropsis sp. as there was considerable reduction in its nitrogen 

content producing ammonia gas and carbonic acids. All nutrient starved filamentous algae 

produced bio-oil with low nitrogen and sulphur content. All the bio-oil obtained needs 

considerable upgrading to remove nitrogen and oxygen atoms to be used as liquid fuels. Highest 

energy recovery was obtained for 14_Urea at 77.14% followed by Urea at 65.90%. Urea being the 

cheapest source of nitrogen nutrient is economical viable for mass cultivation of algae and also 

produced highest energy recovery of 77.14% in the case of 14_Urea followed by 65.90% for 

filamentous algae grown on sufficient urea.  

Table 3.5 and 3.6 Properties and ultimate analysis of bio-oil. O* obtained by difference.  

Algae HHV (MJ/kg) 

Moisture 

Content (wt. 

%) 

TAN  

(mgKOH/g) 
ASH (wt. %) E.R.  % 

NO3 33.54a ± 0.30 7.0 ± 4.64 41.3a ± 2.14 0.60 ± 0.40 56.39 

Urea 33.91a ± 1.11 6.1 ± 3.86 37.5a,c ± 2.08 0.31 ± 0.06 69.40 

14_NO3 30.68a,c ± 0.33 1.0 ± 0.06 104.5b ± 2.27 0.14 ± 0.06 42.86 

14_Urea 30.96a,c ± 0.15 0.5 ± 0.16 111.9b ± 1.37 0.17 ± 0.08 77.14 

21_NO3 31.10a,c ± 0.80 1.9 ± 0.32 116.1b ± 6.22 0.18 ± 0.06 44.06 

A_Micro 34.52a,b ± 0.07 0.82 ± 0.13 31.4c ± 0.53 0.16 ± 0.23 73.30 

Different alphabets in the superscript of each column denote that the values are significantly 

different for each algae type. Values after ± denote standard deviation 
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  Ultimate analysis of bio-oil (wt.% in dry basis) 

Oil C (wt. %) H (wt. %) N (wt. %) S (wt. %) O* (wt. %) H/C 

NO3 70.84a ± 1.96 9.41a ± 1.14 5.28a ± 0.52 0.35a ± 0.02 14.12a ± 2.65 1.88 

Urea 70.22a ± 3.66 9.27a ± 1.21 5.90a ± 0.25 0.46a ± 0.07 14.13a ± 5.11 1.84 

14_NO3 66.77a ± 2.84 9.69a ± 0.33 1.64b ± 0.42 0.07b ± 0.04 21.81b ± 3.42 1.82 

14_Urea 68.45a ± 0.17 9.86a ± 0.09 1.83b ± 0.17 0.06b ± 0.06 19.79b ± 0.19 1.75 

21_NO3 67.43a ± 1.86 10.02a ± 0.30 1.42b ± 0.12 0.02b ± 0.02 21.11b ± 2.10 1.82 

A_Micro 71.16a ± 0.26 11.36 ± 0.58 5.47a ± 0.16 0.45a ± 0.04 11.54a ± 0.94 1.91 

Different alphabets in the superscript of each column denote that the values are significantly 

different for each algae type. Values after ± denote standard deviation 

Table 3.7 shows the common compounds and their mean peak area %. Least common peak 

area of 36.65% was determined for Urea bio-oil and maximum common peak area of 75.14% was 

obtained for 21_NO3 bio-oil. It is clear from the table that organic acids constituted major portion 

of bio-oil from nutrient deficient filamentous algae. The triglycerides present in these algae may 

have undergone hydrolysis into fatty acids and glycerol. The major fatty acids were n-

hexadecanoic acid, 9-hexadecenoic acid, and tetradecanoic acid. 9-hexadecenoic acid was also the 

major constituent of bio-oil from sufficient nitrate and urea algae. Fatty acids have high thermal 

stability but can partly be decomposed into saturated or unsaturated hydrocarbons [35] which can 

be observed in bio-oil from NO3, Urea and A_Micro. 1-Pentadecene (4.8%) and heptadecane 

(1.21%) in bio-oil from A_Micro bio-oil could be a result of decarboxylation of fatty acid. High 

protein containing A_Micro bio-oil had high amount of nitrogen compounds like pyrrole, pyrazine, 

and pyridine which is obtained by re-polymerization of organic compounds from protein fractions 

following Fisher-Tropsch type reaction pathway [38]. After hydrolysis of peptide bond in proteins, 

it can follow decarboxylation or deamination releasing carbon dioxide and amines, or ammonia 

and carbonic acids [39]. The ammonia can react with fatty acids to produce amides as observed in 
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all the bio-oil except for nitrate starved filamentous algae bio-oil which produced high amount of 

1,2-Benzisothiazole, 3-(hexahydro-1H-azepin-1-yl)-, 1,1-dioxide (C13H16N2O2S). Biller et al. [7] 

observed no hexadecamide and pyrrole in bio-oil from HTL of Nannochloropsis sp. which was 

the major constituent from the protein fraction in this study. Glucose and starch as model 

compounds for carbohydrate was also studied by Biller et al. where ketones and phenols where 

the major compounds [7]. However, in this study ketones were not observed as major constituents. 

The difference might be due to the presence of 13 to 16 wt% FAME in these compounds which 

had major contribution in bio-oil yield and carbohydrates yielded high solid char.  

Table 3.7. Chemical composition data of bio-oil from GC-MS (Average n = 2 * 2) 

Compounds Area % of compounds from GC-MS 

Alkane NO3 Urea 14_NO3 14_Urea 21_NO3 A_Micro 

Heptadecane      1.21 

Thiophene, tetrahydro-      0.93 

Other Alkane 0.73 0.46     

Alkene   
    

Tetrachloroethylene 2.28 1.47 1.13 1.10 1.41  

C20H40 2.80 1.18 0.27  0.15 1.38 

Cholest-4-ene 1.90 1.68 0.62    

Cyclohexene      1.80 

1-Pentadecene      4.60 

5-Eicosene, (E)-  0.66     

Other Alkene 0.99 0.11     

Aromatics       

Naphthalene 0.57 0.50 0.07  0.06  

Toluene      1.24 

Ethylbenzene      2.55 

Styrene      0.63 

N-Compounds       

Pyrrole 0.61 0.27   0.23 4.54 

Pyridine 0.36     1.65 

Pyrazine 0.43 0.07    3.08 

Indole 1.29 0.94 0.18   0.99 

Amine 0.71      

Nitrile 0.28 0.89  0.40   

9H-Pyrido[3,4-b]indole 0.48 0.66    0.42 

Benz[c]acridine  0.54   0.34  
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Other N Compounds  0.51     

O Compounds       

Ketone 1.34 0.35 0.59  0.58  

Alcohol 4.94 1.22 0.74    

Aldehyde 0.00 0.27    0.32 

Organic Acids 12.03 10.83 50.90 58.62 58.16  

Phenol 0.19 0.22    3.80 

Ether  0.15     

Ester 0.16      

Other O Compounds 0.50   0.21 0.73  

N-O Compounds       

Amide 12.09 10.05 1.96 10.50  13.80 

C13H16N2O2S  0.45 6.98 0.92 13.27  

Other N-O Compounds 2.42 3.17 0.17 1.21 0.20 1.77 

Total 47.09 36.65 63.61 72.96 75.14 44.71 

 

Figure 3.2 shows the FTIR spectra of bio-oil from different algae. Spectral bands 

assignment and  interpretation were based on the literature [8,40]. All bio-oil had spectral bands 

stretching in 3130-3560 cm-1 range, which represents O-H and N-H stretching. The N-H stretching 

is obtained from amides and amines which can be supported by stretching in 1600-1680 cm-1 

bandwidth. This was most prominent in A_Micro which is high protein containing 

Nannochloropsis sp. microalgae. O-H stretching is supported by peak in 1370 cm-1, which 

represents presence of phenolics and alcohol. Bandwidth 2800-3000 cm-1 is obtained because of 

prominent C-H supported with CH3 (2930 cm-1), CH2 (1460 cm-1), and methyl in methoxy (2850 

cm-1). Fatty acids constituted major portion of bio-oil from 14_NO3, 14_Urea, and 21_NO3. This 

is supported sharp peak in 1710 cm-1 region for these bio-oils, which signifies presence of C=O 

bonds.  Besides bending in 700-950 cm-1 can be attributed to bending from C-H in aromatics and 

its derivative compounds like phenol. 
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Figure 3.2. FTIR spectra of all the bio-oils 

Figure 3.3 shows the boiling point distribution obtained from simulative distillation. 

Boiling point ranges were grouped [41]. Stressed algae oil had higher fraction of crude bio-oil in 

vacuum gas oil as compared to non-stressed algae oil. Of the peaks identified 75-80% of the 

stressed bio-oil was palmitic acid having a boiling point of 352˚C [42]. Bio-oil from A_Micro had 

highest lighter fractions (<343 ˚C) at 19.2% while other non-stressed had around 16% as light 

fractions. Shakya et al. obtained about 30% of bio-oil fraction in vacuum residue for N-4 which is 

the same Nannochloropsis sp. algae used in this study [8]. Overall, the light fraction in bio-oil is 

very low and needs further upgrading to be used as transportation fuel and needs further upgrading.  
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Figure 3.3. Simulative distillation of all the bio-oils ASTM D2887 

3.3.4 Char Characterization 

The char obtained in the HTL of all the algae were characterized for HHV, ash content, 

and ultimate analysis which is listed in Table 3.9. High C and H content in the char resulted in 

high HHV of around 30 MJ/kg comparable to the heating value of the crude bio-oil obtained. 

Heating value of these obtained bio-char was similar to heating value of Anthracite coal and can 

be used as a solid fuel [43]. Heating value coupled with the yield for 14_NO3 and 21_NO3 had 

higher energy recovery at around 46% in the form of char as compared to bio-crude oil (44%). The 

surface area of char obtained from NO3 was 28.25 m2g-1 and that for urea was 12.56 m2g-1. These 

bio-char had high oxygen content and can be used to reduce contaminants from soil and water with 
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the help of oxygenates present in the form of carboxyl, phenolic, and hydroxyl that act as excellent 

adsorption sites [44].  

Table 3.9. Properties and ultimate analysis in dry basis of bio-char. O* calculated by difference 

Char 
HHV 

 (MJ/kg) 

ASH  

(wt%) 

C 

(wt%) 

H 

(wt%) 

N 

(wt%) 

S 

(wt%) 
O* wt%) 

NO3 29.66 ± 0.49 13.6 ± 0.27 68.05 5.80 5.59 0.48 20.08 

Urea 29.27 ± 0.60 15.6 ± 1.04 66.06 5.61 5.82 0.41 22.10 

14_NO3 30.88 ± 0.19 06.2 ± 2.61 69.64 5.17 3.47 0.07 21.66 

14_Urea 29.13 ± 0.28 17.8 ± 4.29 64.71 3.90 4.60 0.09 26.71 

21_NO3 30.35 ± 0.05 13.2 ± 2.34 70.61 5.18 2.72 0.08 21.41 

 

3.3.5 Aqueous Phase Characterization 

Table 3.10 illustrates the aqueous phase characterization containing total organic carbon 

(TOC), total nitrogen (TN), chemical oxygen demand (COD), phosphate ion (PO4
-), magnesium 

(Mg) and ammonium ion (NH4
+). High protein containing microalgae produced water phase with 

highest TOC, TN and COD values. Among filamentous algae urea had highest protein content and 

produced similar levels of TOC, TN and COD values as did microalgae. Phosphate, ammonia and 

potassium pose major economic constraints in algal cultivation and were significantly high for 

aqueous phase from nitrate and urea algae [46]. Significant amount of total nitrogen in the aqueous 

phase was in the form of ammonia. Rest of the nitrogen can be nitrate and nitrite, and organic 

compounds like pyrroles, indoles, and phenols. Chen et al. [21] studied the effect of nutrients on 

the growth of Dunaliella tertiolecta and found both nitrate and ammonia source to have similar 

efficiency in algal growth. About 75-200 times dilution of aqueous phase would be necessary for 

effectively growing algae from it. In order to reduce water consumption some nutrients can be 

extracted prior to dilution. Shanmugam et al. [47] presented a technique of extracting ammonium, 
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phosphate, and magnesium in the form of struvite and achieved around 99% and 44-100% of 

phosphate and ammonia recovery, respectively.  

Table 3.10. Aqueous phase characterization 

Aqueous TOC (g/L) TN (g/L) COD (g/L) PO4
- (g/L) Mg (g/L) NH4

+ (g/L) 

NO3 21.95 ± 0.73 07.95 ± 0.19 55.2 ± 8.00 13.78 ± 2.14 5.50 ± 0.50 5.10 ± 0.90 

Urea 32.43 ± 0.51 12.08 ± 0.30 65.7 ± 30.5 08.57 ± 0.90 5.05 ± 0.45 6.60 ± 0.50 

14_NO3 21.96 ± 2.56 01.82 ± 0.31 39.7 ± 2.50 06.77 ± 0.04 1.85 ± 0.15 0.81 ± 0.12 

14_Urea 12.88 ± 0.17 03.25 ± 0.17 07.7 ± 5.00 05.32 ± 0.36 1.90 ± 0.30 1.51 ± 0.09 

21_NO3 14.32 ± 0.13 01.05 ± 0.11 27.2 ± 0.50 05.93 ± 0.11 1.65 ± 0.35 0.44 ± 0.00 

A_Micro 31.92 ± 1.15 12.37 ± 0.05 59.5 ± 8.30 07.29 ± 1.49 1.20 ± 0.10 5.80 ± 0.20 

Numbers after ± represent standard deviation 

3.4 Conclusions 

Hydrothermal liquefaction of filamentous algae grown on five different nitrogen nutrients 

was studied alongside microalgae Nannochloropsis sp. for product yield and properties. Highest 

bio-oil yield (64.24 wt%) was obtained for 14_Urea having highest FAME (53.22 wt%). Sufficient 

urea and nitrate grown filamentous algae having similar FAME content produced significantly 

different bio-oil yields of 43.98 and 34.31 wt%, respectively. Nitrate starved filamentous algae 

having high carbohydrate content produced highest char yield of around 30 wt%. The HHV of bio-

oil ranged from 30.5 to 34.5 MJ/kg. TAN for bio-oil from nutrient starved algae were high above 

105 mg KOH/g. Considering the savings in harvesting of filamentous type algae when grown on 

cheap urea the cost of biocrude production of algae can be brought down. Aqueous phase was rich 

in nutrients that could possibly be used for nutrient recycling. Char had high energy content of 

around 30 MJ/kg comparable to that of anthracite coal.  
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CHAPTER FOUR 

 

Fractional Distillation and Characterization of Upgraded Oil from Hydrothermal 

Liquefaction of Nannochloropsis sp. 

Abstract 

Catalytic upgrading of crude bio-oil from HTL of algae has received great attention in the 

past. The effect on bio-oil from use of different solvents for product separation has not been 

accounted. This study presents a detailed analysis on the yield and properties of oil obtained from 

upgrading with and without the presence of catalyst (5% Ru/C and H2 only) and effect of toluene 

and dichloromethane (DCM) as product separating solvent. Further fractional distillation at 

atmospheric pressure of bio-oil and upgraded oils was carried out to estimate the yield and 

properties of distilled fractions. The bio-oil used in current study was produced from hydrothermal 

liquefaction of Nannochloropsis sp. microalgae. Mass yields, TAN, HHV, elemental and chemical 

composition was evaluated for each oil.  

Catalytic upgraded oil extracted from toluene had oxygen content of 1.01 wt% and HHV 

of 43.36 MJ/kg while DCM extracted oil had 6.13 wt% oxygen and HHV of 37.72 MJ/kg. Catalyst 

showed better activity for denitrogenation and nitrogen values were not all that different between 

different solvents. Fractionation produced three distilled fractions (F1 <220˚C, F2 220-350˚C, and 

F3 >350˚C). Light and middle fractions from toluene extracted upgraded oil had better fuel 

properties than DCM extracted upgraded oil. Middle and heavy fractions had higher heating value 
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than starting oil for all the treatment conditions. Nitrogen was found to be distributed in heavy 

fraction in all cases and prominently as nitrile compounds. Highest heating value of 45.18 MJ/kg 

was obtained for F2_RuC_Tol which with  TAN value of 1.38 mg KOH/g. 

 

Keywords: Hydrothermal liquefaction, catalytic upgrading, solvent, fractional distillation, algae 

 

4.1 Introduction 

Liquid transportation fuels are obtained from crude oil whose reserves are suspected to 

reach exhaustion by year 2066 [1]. It has become imperative to replace the existing energy demand 

in transportation sector by renewable source of energy. Biomass is the only source of renewable 

energy that can produce liquid hydrocarbon fuels, and algae has clear advantages among various 

biomass. Algae have very high productivity, high CO2 sequestration rate, and can be grown in non-

arable land thereby mitigating food vs fuel pressure [2]. Thermochemical conversion such as 

hydrothermal liquefaction is best suited for conversion of algae into fuel because it obviates the 

need for drying of algae feedstock which is energy intensive and utilizes the whole of algae for 

conversion into fuels unlike transesterification which utilizes only the lipid portion of algae for 

biodiesel production. Hydrothermal liquefaction is carried out at subcritical water conditions of 

280-380˚C and autogenous pressure to obtain liquid bio-oil with other byproducts being aqueous 

phase having dissolved organics, solid char, and gases.  

Extensive studies on hydrothermal liquefaction of algae has been carried out to understand 

the influence of temperature [3,4], biomass loading [5,6], residence time [7,8], biochemical 

composition of algae feedstock [9,10], and both homogenous [9,11] and heterogenous catalyst 

[12,13] on the bio-oil obtained. The yield and quality of bio-oil was shown to be influenced by all 
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above process variables. Brown et al. [14] reported HHV of 39 MJ/kg for bio-oil from HTL of 

Nannochloropsis sp. at 350˚C and 60 mins residence time however, the bio-oil had nitrogen and 

oxygen content of 3.9 % and 9 %, respectively. It is known that high concentration of heteroatom 

like oxygen, nitrogen, sulphur reduces the quality of bio-oil. High oxygen content imparts acidic 

nature, reduces energy density, and can cause aging by polymerization of aldehyde groups. 

Combustion of bio-oil with high nitrogen and sulphur content can release NOx and SOx emission 

which is detrimental to the environment [15]. Hence, upgrading of bio-oil is a necessary step to 

overcome these drawbacks and improve its quality. 

Pioneering work in hydrothermal upgrading of algae bio-oil was carried by Duan and 

Savage [16]. Equal amounts of bio-oil and water at supercritical conditions of 400˚C and 4 h 

residence time with 25% loading of 5% Pt/C catalyst was used for upgrading work. About 32% 

reduction in oxygen content and almost 50% reduction in nitrogen content was observed but was 

not enough to meet fossil fuel requirements. Duan and Savage [17] further tested effect of 

temperature (430, 480, and 530˚C), catalyst loading (5, 10, and 20%), reaction time (2, 4, and 6h) 

and catalyst activity among Pt/C, Mo2O, and HZSM-5 in supercritical water (4:5, water to bio-

oil). At a given temperature, highest reaction time and catalyst loading resulted in 

hydrodeoxygenation, but nitrogen content reduced by only 50%.  In both studies, complete 

desulphurization was achieved and was influenced by temperature alone. Three step process 

involving liquefaction of algae to produce bio-oil, pretreatment of bio-oil at 350˚C with water and 

upgrading in supercritical environment under the presence of  nine different zeolite catalyst was 

carried out by Duan et al. [18]. Pretreatment of bio-oil at moderate temperature of 350˚C with 5:3 

bio-oil to water mass ratio and under 6 MPa initial pressure of reducing hydrogen gas was carried 

out to reduce heteroatom concentration and decrease the viscosity of bio-oil to improve heat and 
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mass transfer and limit catalyst poisoning during upgrading. Pretreatment reduced the nitrogen 

content from 5.95 to 4.58% and oxygen content from 7.37 to 5.04%. Barreiro et al. [19] upgraded 

bio-oil from Nannochloropsis gaditana and Scenedesmus almeriensis at 400˚C with and without 

water and 4h residence time. Uncatalyzed reaction resulted in highest denitrogenation for N. 

gaditana while highest deoxygenation was observed with dry Pt/Al2O3 catalyzed reaction. Overall 

dry upgrading process was effective for deoxygenation. Bai et al. [20] extensively studied the 

activity of catalyst on pretreated bio-oil at 4h and 400˚C. Ru/C showed highest activity for 

deoxygenation (2.1 to 1.1%) and Raney-Ni had highest activity for denitrogenation (8 to 1.6%). In 

all the studies discussed above dichloromethane was the solvent used for product separation. 

Shakya et al. [21] carried out upgrading experiments at 300 and 350˚C and 10-hour residence time 

to screen the activity of different heterogenous catalyst. High yields of upgraded bio-oil were 

obtained at 300˚C while upgrading experiments at 350˚C produced oil having better quality. 

Maximum denitrogenation (5.37 to 1.39%) was achieved with Pt/C catalyst. Treatment under 

hydrogen only resulted in 50% reduction in nitrogen concentration and about 75% reduction in 

TAN value at 350˚C. Toluene was used as the solvent for product separation in this study. Solvent 

used during product separation can play an important role in influencing the yield and quality of 

bio-oil produced which is not addressed in any study.  

Distillation has also been employed as a treatment step to improve the quality of crude bio-

oil. Eboibi et al. [22] studied the properties of distilled bio-crude obtained from vacuum distillation 

of crude bio-oil from HTL of Spirulina sp. and Tetraselmis sp. at 300 and 350˚C and 5 mins 

residence time. At 350˚C vacuum distillation yielded 67% and 73% of distilled biocrude for 

Spirulina sp. and Tetraselmis sp., respectively. Distilled biocrudes obtained had improved quality 

over crude bio-oil from HTL. High heating value increased from 32 and 36 MJ/kg for different 
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algal oil to around 40 MJ/kg for distilled fractions. There were significant reductions in oxygen 

content, metallic content, and boiling point distribution. Hoffmann et al. [23] used fractional 

distillation of bio-oil obtained from HTL of hardwood following ASTM D1160 to understand the 

properties like heating value, density, elemental composition and distribution of oxygen-

containing functional groups on the fractions obtained. 11 fractions at 25˚C temperature intervals 

were collected till atmospheric equivalent temperature of 375˚C. These fractions had heating 

values (41.6-43.89 MJ/kg) higher than HTL hardwood bio-oil (40.43MJ/kg) owing to less oxygen 

content. The residual fraction having yield of 43 wt% had lowest heating value of 38.5 MJ/kg and 

had about 9.89 wt% oxygen which was significantly higher than 5.3 wt% in crude bio-oil. Another 

study published by Chang et al. [24] compared the fractions obtained from atmospheric distillation 

of bio-oil from glycerol assisted HTL of swine manure. Bio-oil was heated up to 500˚C to recover 

90% bio-oil as fractions. The remaining 10% was mainly char as a result of thermal cracking at 

high temperature. Thermal cracking improved the quality of oil by increasing the heating value 

from 37.16 to 45.38 MJ/kg with increasing distillation temperature and was higher than 36.41 

MJ/kg for crude bio-oil. The remaining 10% of the residue was mainly char that was obtained by 

polymerization at higher temperatures. Distillation of pyrolytic oil has been reported in many 

studies [25–28].  Nam et al. [26] carried out comparative study of distilled fractions obtained from 

fractional and vacuum distillation of pyrolytic bio-oil from microalgae Nannochloropsis species. 

Vapor temperature <120˚C constituted light fraction which contained higher percent of oxygen 

atom than crude bio-oil while both middle fraction (120-200˚C vapor temperature) and heavy 

fraction (residue) had lower concentration of oxygen than crude bio-oil. Nam et al. [29] also 

upgraded the distilled fractions under Pd/C catalyst and found that oil obtained from upgraded 
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distilled fraction had better quality in terms heteroatom concentration than oil produced from direct 

upgrading of crude bio-oil.  

Even though many individual studies on upgrading of algae bio-oil from HTL and 

distillation of bio-oil has been carried out but there is no study that compares the influence of 

solvents during product separation of upgrading experiments and distillation of upgraded bio-oil 

from HTL of algae. In this study this gap in literature will be addressed. Specifically, 

1. Influence of catalytic and non-catalytic upgrading along with effects of dichloromethane 

and toluene as solvents during product separation will be addressed, and 

2. Fractional distillation at atmospheric pressure of bio-oil and upgraded will be carried out 

to estimate the yield and properties of distilled fractions.  

4.2 Material and Methodology 

Microalgae Nannochloropsis sp. was purchased from Reed Mariculture Inc., CA. 

Hydrothermal liquefaction was carried out in 1000 ml high pressure reactor from Parr Instruments 

company. Ultra-high purity hydrogen and nitrogen were obtained from Air Gas Inc. (Charlotte, 

NC). Each HTL experiment was carried out at 320˚C and 30 mins reaction time with dry algae 

loading of 100 g. After the reaction the contains of the reactor were poured in a beaker and the 

reactor was rinsed with dichloromethane (DCM). The products were separated by filtration under 

vacuum. The liquid mixture containing aqueous phase and organic phase (bio-oil and DCM) were 

separated in separatory funnel. DCM was evaporated in rotary evaporator (IKA) at 60˚C and 720 

mbar. 

4.2.1 Apparatus and Experimental Procedure  

Upgrading experiments were carried out in 450 ml reactor from Parr Instruments Company. 

The catalyst used in this study 5% Ru/C (206180-100G) was purchased from Sigma-Aldrich. 



 

77 

 

Uncatalyzed upgrading run were carried out under the presence of hydrogen gas only. In catalyzed 

upgrading experiments, 8 grams of  5% Ru/C (Ru/C) was first reduced at 300˚C for 1-hour with 

initial hydrogen pressure of 1000 PSI. After catalyst reduction 40 grams of bio-oil from HTL of 

Nannochloropsis sp. was added. Reactor was repeatedly purged with hydrogen to remove 

atmospheric air and charged with 1000 PSI of hydrogen gas. Upgrading work was carried out at 

350˚C and 2 h residence time. Same reaction condition was used for non-catalytic upgrading. 

After the reaction the product mixture was mixed with either toluene (Tol) or 

dichloromethane (DCM) to study the influence of solvents. The slurry was vacuum filtered and 

the liquid mixture containing upgraded oil and solvent was rotary evaporated to remove solvent 

and obtain upgraded bio-oil. In case of toluene the rotary evaporator was operated at 60˚C and 76 

mbar while for dichloromethane 60˚C and 720 mbar was used. Char trapped on filter during 

vacuum filtration was dried at 105˚C for 24 h to estimate the char yield.  

 

𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑦𝑖𝑒𝑙𝑑 (𝑤𝑡. %) =  
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑜𝑏𝑡𝑎𝑖𝑛𝑒𝑑 𝑖𝑛 𝑑𝑟𝑦 𝑏𝑎𝑠𝑖𝑠 

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑑𝑟𝑦 𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘
× 100 

 

Fractional distillation was carried out for HTL bio-oil, toluene extracted upgraded oil from 

Ru/C and hydrogen only (H2) and DCM extracted upgraded oil from Ru/C and H2 only. Figure 4.1 

shows the apparatus for distillation which was assembled in-house. The parts included Vigreux 

column consisting of west condenser, vacuum adapter, bent delivery tube (14208-732), rotating 

cow receiver and distributor (60002-132), 100 ml rotary flask for main oil and 25 ml rotary flasks 

to collect the distillate. Cold tap water ran through condenser and 25 ml rotary flask were kept 

immersed in ice cold water to avoid any loss. The oil was heated using a heater and temperature 
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was measured on the surface of 100 ml rotary flask. The vapor temperature was measured but 

distillation was relied on main oil temperature. In typical run about 12 grams of oil was distilled. 

Light fraction (F1) was collected after heating the main oil to 220˚C, middle fraction (F2) was 

collected from 220-350˚C, and the residue was regarded as heavy fraction (F3). The distillation 

was carried out at atmospheric pressure.  

 

 

 

 

 

 

 

 

 

Figure 4.1 Distillation setup 

4.2.1 Product analysis 

High heating value (HHV MJ/kg) of the oils were measured using oxygen bomb 

calorimeter from IKA, moisture content was measured using V20 volumetric Karl-Fischer titrator 

from Mettler Toledo, and total acidic number was determined using ASTM D664 T50 titrator from 

Mettler Toledo. Elemental composition was determined by vario MICRO cube from Elementar in 

CHNS mode.  

Ice 
Water 

Thermocouple 
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Chemical composition of the oil was analyzed with an Agilent 7890 GC/5975MS using a 

DB-1701 column that had Polyarc installed in it. Diluted samples contained about 2% oil in 

dichloromethane. Each sample was injected twice in the column. The initial temperature of the 

column was maintained at 40˚C for 6 mins which increased to 280˚C at heating rate of 6˚C/min 

and maintained there for 10 mins. Split ratio of 1:10 was maintained and ultra-high purity helium 

gas was carrier gas. The GC results were analyzed for individual oil. FID areas were converted 

into area % and any area % less than 0.25 was ignored. NIST library was used to assign individual 

area % and these areas are reported. The compounds were grouped as alkane, alkene, aromatics 

(hydrocarbons), compounds having nitrogen only (N-Only) like pyrrole, indole, nitrile, 

compounds consisting oxygen only (O-Only) were majorly phenolics and compounds having both 

nitrogen and oxygen (N-O compounds) were majorly amides.  

Fourier Transform Infrared (FTIR) spectroscopic analysis of bio-oils was performed by 

using Thermo Nicolet iS10 (Thermo Scientific, Waltham, MA). The samples were analyzed for 

34 scans over a range of 400-4000 cm-1 wavenumbers.  

Simulated distillation was performed according to ASTM D2887 on an Agilent 7890A GC, 

equipped with split/splitless inlet, Agilent DB-2887 column (10 m × 0.53 mm, 3.00 µm), and an 

FID detector. Bio-oil was diluted with carbon disulfide to 1-2 wt%. The inlet was set at 350 °C 

with a split ratio of 1:2. The heating program started from 40 °C and then ramped to 350 °C with 

a heating rate of 20 °C/min under 14 mL/min of helium carrier gas. FID detector was set at 350 °C. 

The instrument was calibrated by calibration standard mixtures purchased from Ultra Scientific 

and Restek. Each sample run was followed by blank carbon disulfide and was analyzed twice.  
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4.3 Results and Discussion 

4.3.1 Yield and Physical Characterization  

Table 4.1 shows the yield and physical properties of products and Table 4.2 shows the 

elemental analysis of products obtained during upgrading experiments. The solvent was used only 

during product separation and did not take any part during reaction. The highest oil yield of 86.7 

wt% was obtained during non-catalytic H2 run with DCM as solvent and was significantly higher 

than 46.1 wt% with toluene as solvent. Comparing the elemental composition of upgraded oil in 

uncatalyzed reaction it can be seen that DCM was effective in dissolving certain compounds in 

char that toluene failed to dissolve which ultimately appeared in the upgraded oil. The yield of oil 

reported by Shakya et al. [21] in their upgrading study for non-catalytic reaction with toluene as 

solvent was around 65 wt%. The difference in result could be because of difference in separation 

process and because of high residence time of 10-hour as against 2-hour in this study. The highest 

heating value and lowest TAN was obtained from catalyzed reaction with RuC_Tol. 5% Ru/C 

showed better activity as against no catalyst in producing oil with lower TAN value and slightly 

higher heating value. HTL oil from algae has high nitrogen content because of algae having high 

protein content. Upgrading experiments resulted in oil having lower final nitrogen content. Bai et 

al. concluded activated carbon to show activity for denitrogenation of algae bio-oil. Pretreated oil 

in their study had 4.1% nitrogen which decreased to 2.9% with activated carbon as catalyst and to 

2.6% with 5% Ru/C as catalyst. Oil from RuC_Tol experiment had lower yield of 56.2 wt% but 

higher heating value of 43.4 MJ/kg than oil from RuC_DCM experiment (66.3 wt% and 37.59 

MJ/kg). RuC_Tol > H2_Tol > RuC_DCM > H2_DCM was the trend for quality of oil produced in 

terms of high heating value and low TAN value and the trend reversed when considering yield of 

oil.  
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Toluene could not dissolve certain compounds that could have transferred to upgraded oil 

and evaporation of toluene at 76mbar must have removed certain volatile compounds that were 

rich in oxygen atom. Nam et al. [26] found the lighter fraction (<120˚C) to have more oxygen 

content during fractional distillation at atmospheric pressure of pyrolytic bio-oil from 

Nannochloropsis species. Overall DCM extracted upgraded oil had higher oxygen content that 

resulted in lower heating value and higher TAN value. Char of non-catalytic upgrading 

experiments can be compared on elemental composition to see that DCM was able to strip the char 

of almost all the carbon. The char from DCM extraction was sandy in color while with toluene 

extraction the char was pitch black.  

Table 4.1 Yield and properties of oil obtained during upgrading experiments  

Oil Type Upgrading Yields in wt% Properties of Oil 

  Oil Yield % Char Yield % 
Moisture 

% 
HHVDry 
MJ/kg 

TAN (mg 
KOH/g) 

E.R. 
% 

HTL Feedstock na 0.81 ± 0.17 34.5a ± 0.09 31.4a ± 0.53  

RuC_Tol 56.2a ± 0.41 17.5a ± 2.50 1.12 ± 0.06 43.4b ± 0.09 11.5b ± 0.82 70.69 

H2_Tol 46.1b ± 1.60 25.2a,b ± 1.21 1.43 ± 0.34 42.6b ± 0.10 16.4c ± 1.10 54.20 

RuC_DCM 66.2c ± 0.48 18.9a,b ± 1.13 0.90 ± 0.02 37.7c ± 0.77 23.0d ± 1.04 72.34 

H2_DCM 86.7d ± 0.02 9.80a,c ± 0.60 1.02 ± 0.12 37.1c ± 0.38 31.5a ± 0.50 93.23 

Different alphabets in the superscript of each column denote that the values are significantly different from 

each other. Values after ± denote standard deviation 
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Table 4.2 Ultimate analysis of products from upgrading experiments. O* calculated by difference  

  Ultimate Analysis of Oil in wt% dry basis 

Oil  C H N S O* 

HTL_Oil 71.2a ± 0.26 11.4a ± 0.58 5.5a ± 0.16 0.45a ± 0.04 11.5a ± 0.94 

RuC_Tol 85.2b ± 0.24 12.0a ± 0.35 1.73b ± 0.02 0.07b ± 0.07 1.01b,c ± 0.20 

H2_Tol 85.2b ± 0.56 11.6a ± 0.84 2.32b ± 0.05  0.11b ± 0.06 2.15b,c ± 0.17 

RuC_DCM 79.5c ± 1.95 12.2a ± 0.36 1.96b ± 0.03 0.20a,b ± 0.04 6.13a,c ± 2.23 

H2_DCM 76.6a,c ± 0.62 11.0a ± 0.15 3.35c ± .04 0.23a,b ± 0.07 8.77a ± 0.89 

                           Ultimate Analysis of Char in wt% dry ash free basis 

  C H N S O 

HTL_Char 5.73a ± 0.04 1.02a ± 0.05 0.63a ± 0.01 0.99a ± 0.41 64.2a ± 1.48 

RuC_Tol 56.7b ± 4.22 3.28a ± 0.23 4.64b ± 0.70 0.31a ± 0.07 5.29b ± 5.74 

H2_Tol 42.8b ± 0.94 6.95b ± 0.10 7.03b ± 1.15 0.31a ± 0.03 23.4c ± 3.04 

RuC_DCM 56.0b ± 0.32 3.81b ± 0.12 6.11b ± 0.06 0.37a ± 0.02 18.1b,c ± 2.38 

H2_DCM 7.59a ± 3.44 6.21b ± 0.97 14.2c ± 0.43 0.81a ± 0.21 45.7d ± 3.11 

Different alphabets in the superscript of each column denote that the values are significantly different from 

each other. Values after ± denote standard deviation 

Figure 4.2 shows the yield of distilled fractions from bio-oil and upgraded oil. Highest 

yield in light and middle fractions was produced from RuC_Tol oil. High yield of light and middle 

fractions was obtained during catalytic upgrading as compared to upgrading under hydrogen only 

which shows the effectiveness of 5% Ru/C in cracking the heavier fractions of oil. Yields of 

distilled fractions were similar for HTL bio-oil and H2_DCM upgraded oil.   

Figure 4.3 shows the difference in color of the different fractions obtained in distillation of 

HTL, H2_Tol, and RuC_DCM. F1 resulting from H2_Tol had dark yellow color while F1 resulting 

from distillation of HTL oil was almost transparent. F2_H2_Tol was dark red while F2 from both 

RuC_DCM and HTL were light yellow in color.  



 

83 

 

 

Figure 4.2 Distribution of product fractions in wt% from fractional distillation (n = 2) 

  

Figure 4.3 From left to right F1_HTL, F2_HTL, F3_HTL, F1_H2_Tol, F2_H2_Tol, F3_H2_Tol, 

F1_RuC_DCM, F2_RuC_DCM, F3_RuC_DCM, and RuC_DCM_UO 

Figure 4.4 gives the boiling point distribution of bio-oil and upgraded oil. Boiling points 

were grouped as reported by Vardon et al. [30]. Similar results as obtained in fractional distillation 

can be seen in simulative distillation. High yield of light and middle fraction in toluene extracted 

upgraded oil is also seen in sim distillation. Activity of 5% Ru/C catalyst in upgrading oil is such 

that it results in cracking of heavier fractions resulting in higher yield of lighter fractions.  
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Figure 4.4 Simulative Distillation of HTL and upgraded oil 

Table 4.3 lists the ultimate analysis, heating value, and TAN of main oils and their 

distillates. na represents the data that could not be found because of shortage of sample. F2_HTL 

showed significant improvement in heating value from 34.52 to 37.55 MJ/kg owing to reduction 

in oxygen content but had high TAN value of   60.48 mg KOH/g. Hoffmann et al. [23] observed 

that the heavier fractions had lower H/C ratio and lower O/C ratio. Nam et al. [26] also found a 

decreasing H/C and O/C ratio and increasing N/C ratio from lighter to heavier fractions. In this 

study, as such the carbon content did not increase at the expense of hydrogen but oxygen content 

decreased at the expense of increase in nitrogen content. This trend is visible in data set of H2_Tol 

and RuC_DCM. Nitrogen content in the different fractions followed low to high concentration 

from light to heavy fractions. This trend is also shown in petroleum distillates, presented by 

Kasztelan et al., where they found nitrogen content to be distributed in heavier fractions obtained 

from various sources. Toluene extracted catalytic and non-catalytic upgraded oils had higher 
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energy density as compared to DCM extracted upgraded oils. Light fraction F1 from DCM 

extracted catalytic and non-catalytic oil had lower energy density in terms of heating value in 16-

18 MJ/kg range. Although the elemental composition is unknown for F1_H2_DCM it can be 

suspected that the oxygen content in light fractions was significantly high and had most of the 

moisture content present in main oil. The highest heating value of 45.18 MJ/kg was achieved for 

middle fraction from RuC_Tol which had TAN of 1.38 mg KOH/g slightly higher than TAN of 

diesel fuel (<1 mg KOH/g) from crude petroleum. In all, significant increase in quality of middle 

fraction and heavier fraction can be observed in terms of heating value and oxygen content. Further 

upgrading of different fractions using appropriate catalyst such as Ru/C for deoxygenation of 

lighter fractions, zeolite for heavier fractions can be employed to further increase the quality of 

fuel produced.  

No trend in TAN was observed from lighter to heavier fractions. TAN values are not 

reported in literature of distillation studies except from Nam et al. [26]. They reported TAN values 

of light fraction at .12 mg KOH/g and middle fraction at 17.2 mg KOH/g which was significantly 

lower than and higher than TAN of bio-oil (12.2 mg KOH/g), respectively. Highest TAN value 

was found to be 147.03 mg KOH/g for F1_H2_DCM. Heavier fractions had TAN’s significantly 

lower than TAN of corresponding bio-oil or upgraded oil.  
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Table 4.3 Ultimate analysis in dry basis, high heating value in dry basis and total acid number of 

main oil and their distilled fractions. O* calculated as difference. 

Oil Type 

Ultimate Analysis of Oil in wt% dry basis. O* 
calculated by difference 

HHVDry TAN 

C  H  N  S  O*  H/C MJ/kg mg KOH/g 

HTL 71.16 11.36 5.47 0.45 11.54 1.92 34.52 31.36 

F1_HTL 13.22 1.88 0.45 0.55 83.89 1.71 8.68 na 

F2_HTL 77.42 11.57 4.82 0.66 5.53 1.79 37.55 60.48 

F3_HTL 79.84 10.67 5.50 0.19 3.80 1.60 38.64 25.17 

RuC_Tol 85.15 12.04 1.73 0.07 1.01 1.70 43.36 11.54 

F1_RuC_Tol 86.05 10.32 1.10 0.07 2.47 1.44 41.26 6.05 

F2_RuC_Tol 85.83 12.79 1.20 0.11 0.22 1.79 45.18 1.38 

F3_RuC_Tol 84.74 12.15 2.19 0.17 0.74 1.72 43.89 1.57 

H2_Tol 85.20 11.59 2.32 0.11 2.15 1.63 42.55 16.43 

F1_H2_Tol 84.63 11.57 0.68 0.07 3.05 1.64 41.66 39.83 

F2_H2_Tol 81.56 12.07 1.93 0.06 4.38 1.78 43.10 4.23 

F3_H2_Tol 84.40 11.86 2.38 0.05 1.31 1.69 42.67 9.58 

RuC_DCM 79.49 12.22 1.96 0.20 6.13 1.84 37.72 23.04 

F1_RuC_DCM 34.08 5.81 0.50 0.04 59.57 2.05 19.28 na 

F2_RuC_DCM 81.65 11.83 1.70 0.21 4.61 1.74 43.55 15.58 

F3_RuC_DCM 84.54 12.49 2.06 0.07 0.84 1.77 43.78 3.57 

H2_DCM 76.63 11.01 3.35 0.23 8.77 1.72 37.11 31.50 

F1_H2_DCM na na na na na na 17.73 147.03 

F2_H2_DCM 82.21 11.75 2.99 0.32 2.73 1.72 39.60 74.97 

F3_H2_DCM 83.58 11.84 3.58 0.30 0.71 1.70 41.22 4.52 

Ultimate analysis and Heating values are in dry basis and are average of 2*2 data points. na 

represents not available  

4.3.2 Chemical Composition of Oil 

Figure 4.5 represents the GC-FID data for HTL and upgraded oil and supplementary data 

on each chemical compound identified in GC is presented in Table S.1 to S.6 of the appendix. 

Substantial increase in hydrocarbons was detected in upgraded oil as a result of hydrogenation, 
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decarboxylation and deamination of bio-oil. HTL oil resulting from algae had high concentration 

of nitrogen atoms that were in the form of pyridines, pyrroles, pyrazines and indoles and N-O 

compounds containing about 13.7 % of total amides. N-only compounds were produced by re-

polymerization of organic compounds obtained from protein fractions following Fisher-Tropsch 

reaction pathway [31]. Lipids hydrolyze to produce fatty acids which interact with amines from 

protein hydrolysis to produce amides. Significant denitrogenation (HDN) was observed in all the 

upgrading cases with maximum HDN occurring with catalyst. In all the upgrading cases nitriles 

were the only nitrogen (N-only) containing compounds that were detected which was absent in 

bio-oil. Interestingly, fatty acid amides were detected only in upgraded oil from DCM extraction 

which in turn increased the oxygen and nitrogen content as can be seen from ultimate analysis.  

Oxygen another nuisance in the bio-oil was mainly in the form of phenolics. 3.8 % of the 

total 4.12% O-only were phenolics in bio-oil. Among various oxygen compounds phenols have 

the lowest reactivity for hydrodeoxygenation according to Furimsky et al. [32]. Phenols were the 

only oxygenated compound that was detected in upgraded oil. Across all treatment conditions the 

percentage of phenols remained in 0.54-1.35 % range. However, DCM extracted upgraded oil 

shows higher oxygen content in elemental analysis as compared to toluene extracted oil. This 

difference in result is primarily because of fatty acid amides that contains oxygen and other 

chemicals that cannot be detected by GC [33]. TAN values were higher for DCM extracts which 

hints that these chemicals were acidic in nature.  

Of the total 45% peak area of HTL bio-oil, 5.1% was aromatics of which toluene 

contributed 1.2%. In DCM extract upgraded oil toluene was around 1.5 to 2% of the total peak 

area. While for toluene extract upgraded oil the concentration of toluene was high at around 37% 
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for H2_Tol and 26.5% for RuC_Tol. This shows that toluene was not fully extracted at 60˚C and 

76mbar. Toluene having heating value around 42 MJ/kg additional improved the quality of the oil.  

 

Figure 4.5 GC-MS data of HTL and upgraded oil. Average of 2 (n = 2) 

Figure 4.6 shows the GC-MS data for light fraction (F1), middle fraction (F2), and heavy 

fraction (F3) for all the treatment conditions and supplementary data from S.7 to S.18 in Appendix 

lists each chemical compound identified in the GC. DCM extracted bio-oil and upgraded oil had 

decent amount of DCM in it while toluene extracted upgraded oil had high amount of toluene in 

the first fraction. Of the total 33% alkane in F1_HTL 2% was dimethyl disulfide and 2% was 

thiophene tetrahydro. 1, 8 Nonadien-3-ol was detected in F1_H2_DCM which was not detected in 

H2_DCM. Similarly, 1,3-Cyclohexanedione and 1-H pyrrolo (2, 3- b) pyridine was detected in 

F1_H2_Tol which remained undetected in H2_Tol.  

F2_HTL was dominated by nitrogenates that comprised of pyridines and pyrazines which 

were also main forms of nitrogenates in HTL oil. These nitrogen heterocyclic compounds did not 
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undergo decomposition under 350˚C distillation temperature. Pyrrolidone and its derivatives were 

major constituents apart from low molecular weight amides like propenamide in N-O compounds 

of F2_HTL. Low molecular weight organic acids like acetic acid and heptanoic acid were also 

detected while these compounds escaped detection in bio-oil. F2 from upgraded oil was dominated 

by alkanes which were tridecane, pentadecane, hexadecane, and heptadecane.  

High nitrogen content in heavier fractions was observed from ultimate analysis. Half of the 

compounds identified in F3_HTL were N-only. 76% of this was in the form of pentadecanitrile, 

5% was oleanitrile, and other 14% was hexadecanitrile. Nitriles were also major contributor for 

nitrogenates (N-only) for F3 fraction from upgraded oil. Hexadecane 2,6,10,14-tetramethly was 

present in all heavy fractions. C14:0 to C20:0 were other major alkane present in F3 from upgraded 

oil.  

 

Figure 4.6 GC-MS of all fractions from fractional distillation of bio-oil and upgraded oil 
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Figure 4.7 shows the simulated distillation of middle and heavy fractions of HTL oil and upgraded 

oil. Although F2 is the distilled cut from 220-350˚C there was some portion still below 193˚C. 

This shows that relying on the temperature of main oil for distillation is not an ideal approach for 

distillation. Nevertheless, the aim of fractional distillation was to identify the distribution of 

heteroatoms in different fractions. F2_HTL contained both highest amount of gasoline and 

kerosene range, boiling point distribution in diesel range was observed to be maximum in 

F2_RuC_Tol, and F3_RuC_Tol contained highest amount of vacuum gas oil range.  

 

Figure 4.7 Simulated distillation of F2 and F3 fractions 

Figure 4.8 shows the FTIR spectra of bio-oil and upgraded oils. Interpretation of spectral 

bands were based on literature [25,34]. Two strong peaks at 2860 and 2930 cm-1 indicate C-H 

stretching in aliphatic and paraffinic hydrocarbons respectively. Stretching in bandwidth 3100-

3500 cm-1 was observed as a result of C=O bonds and N-H bonds which was intense in HTL oil 

and H2_DCM upgraded oil. This can be seen in stretching near 1650-1850 cm-1 and dominantly 
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for HTL oil. The peak from 1650-1700 cm-1 indicate the present of amide groups. High intensity 

peak at 1270 cm-1 for H2_DCM and RuC_DCM shows C-O single bond stretch in carboxylic acids 

and ester. C=C stretching in aromatic group is visible in RuC_Tol and H2_Tol by three small peaks 

near 1600, 1500, and slight less than 1500 cm-1. This C=C bond stretching can also be seen with 

peak at 730 cm-1, which was intense in upgraded oil. High intensity peak at 1460 cm-1 was observed 

for upgraded oils that signifies C-H stretching as a result of alkanes. 

 

Figure 4.7 FTIR spectra of bio-oil and upgraded oil 

Figure 4.10 shows the FTIR spectra of F3 fraction from upgraded oil. Similar spectra peaks 

were observed in all the fractions except 3100-3500 cm-1 bandwidth. Low frequency broad 

stretching can be seen in all the heavy fractions. This 3100-3500 cm-1 peak represents stretching 

due to carboxylic acids and is intense in the case of F3_H2_DCM. Compounds in F3 had C-H bond 

absorption at 2850 and 2930 cm-1 indicating the presence of alkane structure. Peak at 1375 cm-1 
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indicates methylene group CH2 scissoring and peak at 1460 cm-1 indicates methyl group in alkanes. 

Peak at 1615 cm-1 signifies C=C stretching in unsaturated ketone. Weak stretching from 2200 to 

2260 indicates C≡N bond in nitrile groups which were present as major nitrogen containing 

compound obtained from GC-MS analysis.  

 

Figure 4.9 FTIR spectra for F3 fraction from upgraded oils. 

4.4 Conclusion 

The effect of dichloromethane and toluene as solvent during product separation from 

upgrading experiments was studied. Use of DCM as solvent resulted in higher yield of oil but 

better-quality oil was produced with toluene as solvent. 5% Ru/C with toluene as solvent resulted 

in oil having least nitrogen (1.73 wt%), oxygen (1.01 wt%) content, TAN (11.5 mg KOH/g), and 

highest HHV of 43.25 MJ/kg.  
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Fractional distillation at atmospheric pressure was carried out successfully for HTL bio-oil 

and upgraded oils. The yield of distilled fractions was comparable with boiling point distribution 

in simulative distillation. Highest yield of light and middle fraction having heating value of 41.26 

and 45.18 MJ/kg, respectively was obtained for catalytic upgraded oil that used toluene as the 

product separating solvent. Trend of nitrogen distribution from low to high was observed for light 

to heavy fractions, respectively. Heating value of middle and heavy fractions were higher than the 

heating value of the oil undergoing distillation. High yield of heavy fraction containing having 

boiling point distribution in vacuum gas oil was obtained which had high nitrogen concentration. 

These nitrogenates as identified by GC-MS were dominantly nitriles. An effective denitrogenation 

route needs to be employed to make the oil useful. Previous work on fractional distillation at 

atmospheric pressure of HTL bio-oil and upgraded oil and their characterization could not be found 

in the literature.  
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CHAPTER FIVE 

 

CONCLUSIONS 

5.1 Conclusions 

Biofuels from algae although an interesting and viable option is still in premature state. 

Reduction of production cost both in upstream and downstream stage are the need of the hour. To 

address this issue an attempt was made to 1) study product yield and properties from hydrothermal 

liquefaction of filamentous algae and compare it with microalgae. Filamentous type algae are easy 

to harvest and can save up to 30 % of cultivation cost and if grown with a cheap source of nitrogen 

nutrient can add to those savings. Subsequently fractional distillation was also explored on 

upgraded oil and HTL oil to understand the distribution of heteroatoms in different fractions so 

that appropriate  catalyst can be used in further downstream processing.  In doing so the role of 

polar and aromatic solvent during product separation after upgrading experiments were also 

examined. Specifically, 2) fractional distillation and characterization of upgraded oil from 

hydrothermal liquefaction of microalgae was carried out. Conclusions from each of these 

objectives are summarized below: 

Objective 1:  HTL of filamentous algae grown on five different nitrogen nutrient conditions was 

carried out and compared with HTL of Nannochloropsis sp. microalgae at 320˚C and 30 mins of 

residence time. Five different nitrogen nutrients were, filamentous algae grown on sufficient 

nitrate (A_NO3), sufficient urea (A_Urea), 14- and 21-days starved nitrate algae (14_NO3 and 
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21_NO3), and 14 days starved urea algae (14_Urea). Biochemical composition of these algae 

varied as a result of varying nitrogen source and conditions.  

Highest bio-oil yield of 64.2 wt% was obtained for highest lipid containing 14_Urea algae 

(FAME 53.2 wt%). Starving the filamentous algae of nitrate increased the carbohydrate content 

that led to highest char yield (32.7 wt%) for 21_NO3. Algae grown on cheaper urea have bio-oil 

yield of 44 wt% and was not significantly different from expensive microalgae at 49.9 wt%. 

Highest heating value (HHV) ranged from 30.5 to 34.5 MJ/kg. Total acid number (TAN) was 

lowest for microalgae bio-oil at 31.3 mg KOH/kg while for other non-stressed algae it was around 

40 mg KOH/g. Chemical composition data of HTL oil from starved algae contained around 50 % 

of hexadecanoic acid which translated to oil having high TAN of above 100 mg KOH/g. About 

77-89 % of the bio-oil was in boiling point range of vacuum gas oil. Aqueous phase was rich in 

nutrients which contained significant amounts of ammonia and phosphate. Char obtained during 

HTL as by-product had high energy density of around 30 MJ/kg.  

These findings suggest that filamentous algae can be an excellent feedstock for production 

of algal biocrude from HTL. The advantage of using filamentous algae is reduction in harvesting 

cost and when grown under cheap urea as nitrogen source the economics of the process can be 

managed. Future research on filamentous algae should focus on its flowability in a continuous 

system and compare the results with batch experiments.  

Objective 2: Upgrading of bio-oil from HTL of Nannochloropsis sp. obtained in first study was 

performed in the presence of 5 % Ru/C heterogenous catalyst obtained commercially at 350˚C and 

2 hours of residence time. The effect of catalyst on bio-oil yield and properties was studied along 

with polar and aromatic solvent used during product separation after upgrading runs. 
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Subsequently, each upgraded oil and HTL oil was fractionally distilled at atmospheric pressure to 

understand the distribution of heteroatoms in different fractions.  

Highest oil yield of 86.7 wt% was obtained when control upgrading experiments was 

performed and polar dichloromethane solvent was used for product separation while the yield was 

merely 46.1 wt% under control and toluene as solvent. Better quality upgraded oil was produced 

when using toluene as solvent. Catalytic upgraded oil extracted from toluene had oxygen content 

of 1.01 wt% and HHV of 43.36 MJ/kg while DCM extracted oil had oxygen content of 6.13 wt% 

and HHV of 37.72 MJ/kg. 5 % Ru/C showed better activity for denitrogenation and the nitrogen 

content was not much different between different solvents. No study in the literature could be 

found on the influence of different solvents for product separation after upgrading experiments. 

This study presents first ever comparison on the same and provides insights on the significance of 

methodology of the experiment. 

Fractionation produced three distilled fractions (F1 <220˚C, F2 220-350˚C), and F3 > 

350˚C). Middle and heavy fractions had higher heating value than starting oil on account of lower 

oxygen content. Nitrogen content in the fractions followed the trend low to high from light to 

heavy fractions with F3 having prominently nitrile compounds. Highest heating value of 45.18 

MJ/kg was obtained for F2_RuC_Tol having a TAN of 1.38 mg KOH/g. 

Fractional distillation can be used for effectively changing distribution of heteroatoms in 

different fractions which can avoid interference of other heteroatoms during catalytic upgrading. 

Further down streaming process of hydrogenation and hydrodenitrogenation or 

hydrodeoxygenation can be effective by use of appropriate catalyst.   
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Appendix 

Supplementary data associated with GC-FID of different oils and their distilled fractions.  

Table S.1 to S.6 for Figure 4.5: GC-FID data of upgraded oil 

Table S.1 List of alkane compounds and their area % found in GC-FID of upgraded oil 

R.T. Alkane RuC_Tol H2_Tol RuC_DCM H2_DCM 

4.21 Heptane, 2-methyl-   0.87  

4.593 
Cyclohexane, 1,3-dimethyl-, 
cis- 

  0.29  

5.492 Heptane, 2,5-dimethyl-   0.37  

6.163 Octane, 4-methyl-   0.55  

6.355 Octane, 2,3-dimethyl-   0.44  

7.075 Nonane 0.28    

7.98 Octane, 2,6-dimethyl-   0.50  

9.97 Decane 0.43 0.34 0.62 0.40 

13.10 Undecane 0.78 0.62 0.60 0.34 

16.20 Dodecane 0.86 0.72 0.90 0.51 

19.20 Tridecane 1.77 1.57 2.15 1.73 

21.29 Dodecane, 2,6,10-trimethyl- 0.57 0.57 0.31 0.29 

22.02 Tetradecane 1.74 1.68 1.74 1.57 

23.90 Tetradecane, 3-methyl-  0.38   

24.82 Pentadecane 8.84 9.02 11.39 10.28 
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27.27 Hexadecane 3.47 2.12 4.29 4.20 

28.31 Pentadecane, 2,6,10-trimethyl-   0.84  

28.90 Cyclotetradecane 0.58  0.58  

28.98 Cyclohexane, decyl-   0.50  

29.67 Heptadecane 3.55 4.38 4.35 4.55 

31.92 Octadecane 1.44  1.65 1.63 

32.10 
Hexadecane, 2,6,10,14-
tetramethyl- 

  2.65 5.09 

33.82 Eicosane, 2-methyl-    0.38 

34.06 Nonadecane 1.21 0.90 1.40 1.18 

36.12 Eicosane 0.74 0.46 0.64 0.46 

38.09 Hexadecane 0.67    

39.98 Docosane 0.45  0.42  

41.84 Tricosane  0.64 0.54  

  27.37 23.41 38.60 32.63 
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Table S.2 List of alkene compounds and their area % found in GC-FID of upgraded oil 

R.T. Alkene RuC_Tol H2_Tol RuC_DCM H2_DCM 

3.43 Ethylidenecyclobutane   1.36 1.84 4.02 

5.74 2-Pentene, 3-ethyl-2-methyl-     0.74   

  0.00 1.36 2.58 4.02 

 

Table S.3 List of aromatics compounds and their area % found in GC-FID of upgraded oil 

R.T. Aromatics RuC_Tol H2_Tol RuC_DCM H2_DCM 

5.27 Toluene 26.58 37.14 
1.57 2.16 

7.47 Ethylbenzene 0.68 0.59 3.05 2.99 

7.72 o-Xylene   0.30 0.55 0.56 

10.19 Benzene, propyl- 0.38   0.44 0.53 

10.48 Benzene, 1-ethyl-2-methyl-     0.29 0.30 

11.63 Benzene, 1,3,5-trimethyl-     0.26   

13.46 Benzene, (2-methylpropyl)-   0.37 0.58   

14.71 1-Phenyl-1-butene 0.42   0.44   

16.56 Benzene, pentyl- 0.45   0.40   

16.90 Benzene, 1-ethyl-2,3-dimethyl- 0.41      

17.41 Naphthalene, 1,2,3,4-tetrahydro-      0.93 

17.76 
1H-Indene, 2,3-dihydro-1,6-
dimethyl- 

0.42      

18.06 Benzene, (1-ethyl-1-propenyl)- 0.39      

20.95 
Naphthalene, 1,2,3,4-tetrahydro-
1,4-dimethyl- 

    0.27   

22.41 Naphthalene, 1-methyl- 0.36 0.31    

22.83 
Naphthalene, 1,2,3,4-tetrahydro-
1,1,6-trimethyl- 

    0.27 0.93 
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25.86 Naphthalene, 2,3-dimethyl-   0.57    

28.70 Naphthalene, 1,6,7-trimethyl- 0.36      

36.64 
Anthracene, 1,2,3,4,5,6,7,8-
octahydro- 

    0.35   

  30.43 39.28 8.48 8.40 

 

 Table S.4 List of N-Compounds and their area % found in GC-FID of upgraded oil 

R.T. N-Compounds RuC_Tol H2_Tol RuC_DCM H2_DCM 

31.03 1H-Indole, 2,3-dimethyl-     0.28   

32.79 2,3,7-Trimethylindole      0.29 

33.11 Tetradecanenitrile     0.71 1.07 

37.50 Pentadecanenitrile 2.84 1.41    

37.56 Hexadecanenitrile     4.44 8.41 

41.44 Heptadecanenitrile 0.84 0.50 0.95 1.73 

  3.68 1.91 6.38 11.49 

 

Table S.5 List of O-Compounds and their area % found in GC-FID of upgraded oil 

R.T. O-Compounds RuC_Tol H2_Tol RuC_DCM H2_DCM 

17.18 Phenol 0.54 0.31 0.45   

18.53 Phenol, 3-methyl-   0.29    

19.64 Phenol, 3-methyl-   0.49  0.33 

20.79 Phenol, 3-ethyl-   0.26 0.29 0.29 

  0.54 1.36 0.73 0.63 

 

Table S.6 List of N-O-Compounds and their area % found in GC-FID of upgraded oil 

R.T. N-O-Compounds RuC_Tol H2_Tol RuC_DCM H2_DCM 

44.90 Octadecanamide     0.71 2.34 

  0.00 0.00 0.71 2.34 
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Table S.7 to S.18 for Figure 4.6: GC-FID area % of distilled fractions 

Table S.7 List of alkane compounds and their area % found in GC-FID of F2 fractions 

R.T. Alkane F2_HTL F2_RuC_Tol F2_H2_Tol F2_RuC_DCM F2_H2_DCM 

3.78 Cyclohexane, methyl-     0.26 

4.20 Heptane, 2-methyl-     0.41 

4.81 
Heptane, 2,4-
dimethyl- 

    0.92 

6.17 Octane, 4-methyl-     0.46 

6.45 
Thiophene, 
tetrahydro- 

1.37     

7.08 Nonane  0.30 0.28 0.55 1.00 

8.01 Octane, 2,6-dimethyl-    0.46 0.61 

8.86 Nonane, 2-methyl-  0.37  0.46  

9.73 Cycloheptane, methyl-    0.36  

9.99 Decane  0.68 0.63 0.96 0.91 

10.64 Decane, 4-methyl-  0.34  0.47  

11.30 
Cyclohexane, (2-
methylpropyl)- 

   0.25  

11.93 Decane, 2-methyl-    0.28  

12.91 Cycloheptane, methyl-  0.38    

13.15 Undecane  1.33 1.48 1.83 1.36 

14.68 Indan, 1-methyl-  0.78 0.81   

16.26 Dodecane  1.71 2.38 2.28 1.58 

16.61 
Undecane, 2,6-
dimethyl- 

  0.88   

19.30 Tridecane  3.54 4.20 4.47 3.62 

21.35 
Dodecane, 2,6,10-
trimethyl- 

  1.42 0.98 1.31 
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22.07 Tetradecane  4.60 3.33 3.20 3.17 

23.97 
Tetradecane, 3-
methyl- 

  1.32   

25.07 Pentadecane  13.27 16.13 11.25 12.52 

26.30 
Tetradecane, 3-
methyl- 

  0.50   

27.37 Hexadecane  4.26 2.39 3.15 3.80 

28.28 
Pentadecane, 2,6,10-
trimethyl- 

   0.81 0.74 

28.94 Cyclohexane, decyl-  0.99 0.78 0.79  

29.73 Heptadecane  3.02 3.61 1.80 2.78 

31.87 Octadecane  0.92  0.40  

32.09 
Hexadecane, 
2,6,10,14-tetramethyl- 

 1.31 1.71 0.82  

34.07 Nonadecane   0.41 0.28 0.35 

  
1.37 37.78 42.26 35.84 35.80 

 

Table S.8 List of alkene compounds and their area % found in GC-FID of F2 fractions 

R.T. Alkene 
F2_HT

L 
F2_RuC_T

ol 
F2_H2_T

ol 
F2_RuC_DC

M 
F2_H2_DC

M 

3.43 Cyclohexene 3.65 0.45 0.60 0.64   

18.8
0 

4,4-Dimethyl-1,1a,3a,4,5,6-
hexahydrocyclopropa[c]pental
ene 

   0.55    

22.5
9 

cis-8-tert-Butyl-
bicyclo[4.3.0]non-3,7-diene 

     0.74   

27.5
7 3-Hexadecene, (Z)- 

        0.37 

  

3.65 0.45 1.15 1.38 0.37 

 

Table S.9 List of aromatic compounds and their area % found in GC-FID of F2 fractions 
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R.T. Aromatics F2_HTL 
F2_RuC_T

ol 
F2_H2_To

l 
F2_RuC_DC

M 
F2_H2_DC

M 

5.23 Toluene   9.31 16.92  3.03 

7.48 Ethylbenzene  0.74 0.71 1.18 6.38 

7.71 p-Xylene  0.29 0.36 0.37 0.90 

9.18 Benzene, (1-methylethyl)-     0.73 

10.18 Benzene, propyl-  0.51 0.39 0.67 1.05 

10.46 Benzene, 1-ethyl-2-methyl-  0.40 0.44 0.49 0.50 

11.17 Benzene, 1,2,4-trimethyl-    0.47 0.38 

11.59 Benzene, 1,2,3-trimethyl-  0.36 0.39 0.55 0.51 

11.83 
Benzene, (1-
methylpropyl)- 

 0.76   0.65 

12.70 Benzene, 1,3,5-trimethyl-  0.42 0.37 0.61 0.63 

13.43 Benzene, butyl-  0.80 1.05 1.42 1.04 

13.90 
Benzene, 1-methyl-4-
propyl- 

  0.45  0.45 

14.17 
Benzene, 1-methyl-2-(1-
methylethyl)- 

  0.47 0.78 0.41 

14.48 Benzene, 1-butenyl-, (E)-  0.48 0.47 0.89 0.89 

15.47 Benzene, (2-methylbutyl)-    0.27 0.38 
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15.56 
Benzene, 1,2,4,5-
tetramethyl- 

 0.51 0.71 0.30  

16.42 
Benzene, 2-ethenyl-1,4-
dimethyl- 

 0.37  0.45 0.28 

16.60 Benzene, pentyl-  0.84  1.20 0.88 

16.93 
Benzene, 1-methyl-2-(1-
methylethyl)- 

  1.11  0.95 

17.19 
Benzene, 1-methyl-4-(1-
methylpropyl)- 

  0.34   

17.35 
Naphthalene, 1,2,3,4-
tetrahydro- 

 0.67 0.57  0.92 

17.78 
1H-Indene, 2,3-dihydro-
4,7-dimethyl- 

  0.94 0.93 0.90 

20.30 
Naphthalene, 1,2,3,4-
tetrahydro-5,7-dimethyl- 

  0.83 0.38  

20.39 
5,6,7,8,9,10-
Hexahydrobenzocycloocte
ne 

 0.86    

22.63 Benzene, heptyl-   0.53   

22.87 
Naphthalene, 1,2,3,4-
tetrahydro-1,1,6-trimethyl- 

   1.04 0.94 

22.94 Naphthalene, 2-methyl-  1.02 1.12   

23.89 Silane, dimethylphenyl-    0.90  

25.51 
Naphthalene, 2,7-
dimethyl- 

 1.11 1.93 0.43  

26.51 Tetralin, 1,4-diethyl-    0.79   

  

0.00 19.43 30.89 13.32 22.79 
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Table S.10 List of N-Compounds and their area % found in GC-FID of F2 fractions 

R.T. N-Compounds F2_HTL F2_RuC_Tol F2_H2_Tol F2_RuC_DCM F2_H2_DCM 

5.36 Pyrazine 5.16         

5.69 Pyridine 5.66        

7.17 Pyridine, 2-methyl- 3.16        

8.73 
Pyridine, 2,6-
dimethyl- 

2.31        

8.97 Pyridine, 3-methyl- 2.63        

9.91 
Pyrazine, 2,5-
dimethyl- 

6.59        

12.72 
4-Pyridinamine, 2,6-
dimethyl- 

3.85        

15.00 
Pyrazine, 3-ethyl-2,5-
dimethyl- 

0.89        

15.06 
Pyridine, 2,3,5-
trimethyl- 

  0.75      

18.98 Piperidine, 1-ethyl- 0.57        

19.52 
2-Methyl-1-
ethylpyrrolidine 

       
0.77 

19.88 
Pyridine, 2-ethyl-5-
methyl- 

  0.80      

20.18 
1H-Pyrrole, 2-ethyl-
3,4,5-trimethyl- 

       
0.36 
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32.78 
1H-Indole, 1,2,3-
trimethyl- 

  0.40      

33.09 Tetradecanenitrile 
     

0.26 0.39 

34.91 
4H-Pyrrolo[3,2,1-
ij]quinoline, 1,2,5,6-
tetrahydro-6-methyl- 

  0.38      

35.31 
1,2,3,7-
Tetramethylindole 

  0.27      

37.49 Hexadecanenitrile   0.95   
0.49 1.28 

  

30.82 3.55 0.00 0.75 2.80 

 

Table S.11 List of O-Compounds and their area % found in GC-FID of F2 fractions 

R.T. O-Compounds F2_HTL F2_RuC_Tol F2_H2_Tol F2_RuC_DCM F2_H2_DCM 

3.29 Propanal, 2-methyl- 1.85     

4.88 Acetic acid 2.77     

9.56 
Cyclotetrasiloxane, 
octamethyl- 

    0.54 

11.84 2-Tolyloxirane   0.72   

17.04 Phenol  2.38  3.08  

18.46 Phenol, 2-methyl-  1.07  1.27 1.00 

18.79 Phenol, 2,6-dimethyl-  0.58    
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19.57 Phenol, 4-methyl-  1.97  3.02 1.06 

21.18 Phenol, 2,5-dimethyl-  3.02  1.08 0.34 

21.34 2,3-Dimethylanisole  1.24    

21.93 
Heptanoic acid, 
anhydride 

0.78     

22.47 Phenol, 3-ethyl- 

    0.67 

23.33 
Benzene, 1-ethyl-4-
methoxy- 

  1.53   

23.90 
Benzaldehyde, 3-
methoxy- 

    0.30 

24.05 

Naphthalene, 1,2,3,4-
tetrahydro-5-
methoxy- 

 1.49    

25.24 
4-Hydroxy-2-
methylacetophenone 

   0.51  

25.46 
2-Methoxy-5-
methylbenzaldehyde 

    0.39 

26.45 
5-Methyl-2-phenyl-2-
hexenal 

   0.31  

  

5.41 11.75 2.25 9.28 4.30 

 

Table S.12 List of N-O-Compounds and their area % found in GC-FID of F2 fractions 

R.T. N-O-Compounds F2_HTL F2_RuC_Tol F2_H2_Tol F2_RuC_DCM F2_H2_DCM 

11.48 
Acetamide, N,N-
dimethyl- 

1.10     

12.10 
Acetamide, N-
methyl- 

3.05     



 

111 

 

14.23 
Propanamide, N-
methyl- 

2.33     

15.52 
Propanamide, N,N-
dimethyl- 

1.09     

17.45 
2-Pyrrolidinone, 1-
methyl- 

4.42     

19.44 Quinuclidine-3-ol 1.58     

20.16 2-Pyrrolidinone 3.09     

20.50 
2,5-Pyrrolidinedione, 
1-ethyl- 

1.78     

23.09 
Azacyclohexan-3-
one, 1,5,6-trimethyl- 

    0.55 

23.53 2-Piperidinone 1.71     

25.99 
2-Pyrrolidinone, 1-
butyl- 

    0.71 

  
20.14 0.00 0.00 0.00 1.25 

 

Table S.13 List of alkane compounds and their area % found in GC-FID of F3 fractions 

R.T. Alkane 
F3_HT

L 
F3_RuC_T

ol 
F3_H2_T

ol 
F3_RuC_DC

M 
F3_H2_DC

M 

19.21 Tridecane   0.32 0.36  

22.06 Tetradecane  0.51 0.69 0.88 0.37 

23.58 3-Ethyl-3-methylheptane   0.48 0.29  

24.74 Pentadecane 1.66 7.22 11.71 10.45  

27.24 Hexadecane  4.59 3.38  3.65 

28.88 Cyclopentane, decyl-  1.64  1.47  



 

112 

 

29.69 Heptadecane  6.26 9.61 5.99 5.64 

31.92 Octadecane  3.07  2.55 2.33 

32.01 
Hexadecane, 2,6,10,14-
tetramethyl- 

3.23 4.44 5.67 4.20 6.33 

34.07 Nonadecane  3.06 2.63 2.46 2.11 

34.66 
4-Methyl-exo-
tricyclo[6.2.1.0(2.7)]undeca
ne 

0.85     

36.13 Eicosane  1.91 1.36 1.10 0.91 

38.09 Heneicosane  1.91  1.59 1.46 

41.81 Tricosane     1.11 

43.67 Heneicosane  1.91    

51.57 Heptacosane    0.73  

  

5.74 36.52 35.85 32.06 23.92 

 

Table S.14 List of alkene compounds and their area % found in GC-FID of F3 fractions 

R.T. Alkene F3_HTL F3_RuC_Tol F3_H2_Tol F3_RuC_DCM F3_H2_DCM 

3.43 Ethylidenecyclobutane 9.64  4.41 4.43  

32.66 1-Eicosene 1.73     

  11.37 0.00 4.41 4.43 0.00 
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Table S.15 List of aromatic compounds and their area % found in GC-FID of F3 fractions 

R.T. Aromatics F3_HTL F3_RuC_Tol F3_H2_Tol F3_RuC_DCM F3_H2_DCM 

22.82 
Naphthalene, 1,2,3,4-
tetrahydro-1,1,6-
trimethyl- 

0.46     

26.36 
Naphthalene, 2,3-
dimethyl- 

    0.29 

27.98 
Naphthalene, 1,4,5-
trimethyl- 

 0.57    

28.58 
Azulene, 4,6,8-
trimethyl- 

  0.50   

34.92 Naphthalene, 2-hexyl-   0.92   

36.64 
Phenanthrene, 
1,2,3,4,5,6,7,8-
octahydro- 

  0.46   

38.71 
Phenanthrene, 
1,2,3,4,5,6,7,8-
octahydro- 

   0.81  

  0.46 0.57 1.89 0.81 0.29 

 

Table S.16 List of N-Compounds and their area % found in GC-FID of F3 fractions 

R.T. N-Compounds F3_HTL F3_RuC_Tol F3_H2_Tol F3_RuC_DCM F3_H2_DCM 

5.22 
Benzo[h]quinoline, 
2,4-dimethyl- 

 1.09    

22.00 
Thiazole, 4,5-
dimethyl- 

0.61     

30.99 
Indolizine, 2,3-
dimethyl- 

   0.50  

32.76 
1H-Indole, 5,6,7-
trimethyl- 

    0.71 

33.09 Pentadecanenitrile  0.84  1.04  

34.49 
1,2,3,7-
Tetramethylindole 

  0.95   
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37.52 Hexadecanenitrile 20.30 7.30 3.47 6.70 13.67 

41.22 Oleanitrile 1.39     

41.44 Heptadecanenitrile 3.89 2.44  1.59 2.90 

44.47 
9H-Pyrido[3,4-
b]indole, 1-methyl- 

0.26     

  26.45 11.67 4.42 9.82 17.28 

 

Table S.17 List of O-Compounds and their area % found in GC-FID of F3 fractions 

R.T. O-Compounds F3_HTL F3_RuC_Tol F3_H2_Tol F3_RuC_DCM F3_H2_DCM 

17.28 Phenol 0.79     

19.81 Phenol, 3-methyl- 0.98     

26.47 
5-Methyl-2-phenyl-2-
hexenal 

  0.28   

37.24 
2-t-Butyl-6-styryl-
[1,3]dioxin-4-one 

    0.78 

40.33 
9H-Fluoren-9-one, 
1,2,3,4,4a,9a-
hexahydro- 

  0.40  0.35 

42.91 
Octadecanoic acid, 2-
hydroxy-, methyl 
ester 

 0.55    

45.29 
Ruthenium, 
tricarbonyl-
norbornadiene 

   0.61  

  1.77 0.55 0.68 0.61 1.13 
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Table S.18 List of N-Compounds and their area % found in GC-FID of F3 fractions 

R.T. N-O-Compounds F3_HTL F3_RuC_Tol F3_H2_Tol F3_RuC_DCM F3_H2_DCM 

27.08 
2,5-Pyrrolidinedione, 
1-propyl- 

1.07     

35.68 1-Ethyl-3-formylindole   0.75   

36.75 
N-Methoxy-2-
carbomethoxy-2-
carbethoxyaziridine 

 1.23 0.39   

39.27 
Ethyl 6-
formamidohexanoate 

  1.23   

42.15 
3,4-Dihydrocoumarin, 
4,4,5,7,8-
pentamethyl-6-cyano- 

   0.44  

49.05 
Octadecanamide, N-
butyl- 

3.83     

  

4.90 1.23 2.37 0.44 0.00 

 


