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ABSTRACT 

 

It has become increasingly obvious that sustainable energy is becoming more engaging owing to 

the eventual depletion of the world reserves of fossil resources of energy and to the increase of the 

greenhouse gas emissions. Numerous feedstocks are utilized to produce biofuels and biodiesel; 

however, it is vital that the production does not compete with food resources. Therefore, second 

generation biofuels produced from algal biomass, lignocellulosic material and waste oil are 

receiving much attention. Algae as a feedstock for biomass are not competitive with the food 

supply, their growth rate is faster compared to terrestrial plants and they do not require arable 

lands to be cultivated. Moreover, algal mass can be fractionated allowing the production of 

several valuable products. Chlorella microalga fractionation was carried out using different 

methods, namely direct saponification, in situ transesterification and supercritical hexane 

extraction.  

Fatty acids have high molecular weights and energy densities and would, thus, be suitable 

feedstock for biodiesel. However, there are a number of refining issues related to algal derived oil, 

which require further processing, such as lowering of the high oxygen content in the crude oil. 

Hydrodeoxygenation is an alternative and attractive method for upgrading biodiesel feedstock into 

a compatible diesel fuel for engines. 

Catalytic screening using sulfur-free catalysts and reaction condition optimization allowed the 

enhancement of the reactant conversion and the product yield leading to an increased selectivity 

towards aliphatic hydrocarbons.  

Nickel supported on HY-80 zeolite catalyst containing 5 wt% metal was synthesized and 

characterized by various methods. Different fatty acids were hydrodeoxygenated in a semibatch 

reactor at 30 bar and 300 °C. Kinetic studies of the hydrodeoxygenation permitted establishing 

plausible reaction mechanisms and different pathways for the reactions. A kinetic model for the 

hydrodeoxygenation was developed and successfully applied to the experimental data. 

Behavior of real feedstock was intensively investigated utilizing both 5 wt% Ni/HY-80 and 5 wt% 

Pd/C catalysts under similar conditions. The catalyst reusability, deactivation and regeneration 

were given high importance and thoroughly examined. 
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REFERAT 

 

Det har blivit alltmer tydligare att hållbar energi blir mer engagerande på grund av utarmningen 

av världsreserverna av fossila energiresurser och ökningen av utsläppen av växthusgas. Många 

råmaterial används för att framställa biobränslen och biodiesel; det är dock viktigt att 

produktionen inte konkurrerar med livsmedelsresurser. Därför får andra generationens 

biobränslen, som produceras av alger, lignocellulosa och spillolja mycket uppmärksamhet. Alger 

som råmaterial konkurrerar inte med livsmedelsförsörjning och deras tillväxthastighet är snabbare 

jämfört med markväxter och de kräver ingen odlingsmark. Dessutom kan algmassan fraktioneras, 

vilket möjliggör produktion av flera värdefulla produkter. Fraktionering av Chlorella-mikroalger 

utfördes med olika metoder, nämligen direkt förtvålning, in situ-transesterifiering och överkritisk 

hexanxtraktion. 

Fettsyror har hög molekylvikt och hög energidensitet och de kunde därför utgöra ett lämpligt 

råmaterial för biodiesel. Det finns emellertid ett antal problem med algenhärledd olja, som kräver 

raffinering, såsom avlägsnande av syre från råoljan. Hydrodeoxidering är en alternativ metod för 

att uppgradera råoljan till ett kompatibelt bränsle för dieselmotorer. 

Katalytiska försök med svavelfria katalysatorer och optimering av reaktionsbetingelserna 

möjliggjorde förbättring av omsättningsgraden av reaktanter och utbyte av produkter, vilket ledde 

till en ökad selektivitet gentemot alifatiska kolväten. 

Katalysatorn 5 % Ni /HY-80 syntetiserades och karakteriserades med olika metoder. Olika 

fettsyrors hydrodeoxidering undersöktes i en halvkontinuerlig reaktor vid 30 bar och 300 °C. 

Kinetiska studier av hydrodeoxideringen möjliggjorde skapandet av en trovärdig 

reaktionsmekanism för den katalytiske processen. En kinetik modell utvecklades och tillämpades 

framgångsrikt på experimentella data  

Beteendet av verkliga råvaror undersöktes intensivt med katalysatorerna 5 % Ni / HY-80 och 5 % 

Pd/C under samma betingelser. Katalysatorns återanvändbarhet, deaktivering och regenerering 

gavs en hög prioritet och undersöktes grundligt. 

 



vii 
 

TIIVISTELMÄ 

 

Kestävästi tuotetun energian merkitys on yhä enenevässä määrin kasvanut samalla kun maailman 

fossiiliset energialähteet osoittavat ehtymisen merkkejä ja kasvihuonekaasupäästöjen määrät 

kasvavat. Biopolttoaineita ja biodieseliä tuotettaessa voidaan käyttää lukuisia eri raaka-

ainelähteitä. On kuitenkin erityisesti huomioitava, ettei raaka-ainetuotanto kilpaile 

ravinnontuotannon resursseista. Tästä syystä toisen sukupolven biopolttoaineet, joiden lähteenä 

ovat levät, lignoselluloosamateriaali ja jäteöljyt, saavat suurta huomiota. Biomassan lähteenä levät 

eivät kilpaile ruoantuotannon kanssa. Samoin levien kasvunopeus on suurempi maalla kasvaviin 

kasveihin verrattuna, eivätkä ne vaadi peltoviljelyalaa. Lisäksi levämassa voidaan erotella 

jakeiksi, mikä mahdollistaa useiden arvokkaiden tuotteiden valmistamisen. Tässä työssä 

yksisoluista Klorella-mikrolevää eroteltiin jakeiksi erilaisin erotusmenetelmin, kuten 

saippuoinnilla, transesteröinnillä in situ sekä ylikriittisellä heksaaniuutolla. 

Rasvahappojen molekyylipainot ovat korkeita, samoin kuin niiden energiatiheys, mistä syystä ne 

ovat sopivia biodieselin raaka-aineeksi. Levistä tuotetun öljyn jalostusprosesseissa on kuitenkin 

lukuisia vaiheita, jotka vaativat jatkokäsittelyä, kuten öljy-yhdisteiden happipitoisuuden 

madaltaminen. Vedyn avulla suoritettava hapenpoisto on tässä tapauksessa vaihtoehtoinen ja 

houkutteleva tapa tuottaa bioraaka-aineesta toimivaa dieselpolttoainetta polttomoottoreihin. 

Kokeet rikittömillä katalyyteillä ja reaktio-olosuhteiden optimointi mahdollistivat lähtöaineen 

tehokkaamman muuntamisen tuotteeksi kasvattaen reaktion selektiivisyyttä alifaattisten 

hiilivetyjen osalta. 

5-Painoprosenttinen nikkelikatalyytti, kantajanaan HY-80 zeoliitti syntetisoitiin ja karakterisoitiin 

useilla menetelmillä. Erilaisista rasvahapoista poistettiin happea vedyn avulla 

puolipanosreaktorissa 30 barin paineessa ja 300 °C:n lämpötilassa. Hapenpoiston kineettiset 

tutkimukset johtivat kuvaukseen todennäköisestä reaktiomekanismista ja erilaisista 

reaktioreiteistä.  Hapenpoiston kinetiikka mallinnettiin matemaattisesti ja se vastasi hyvin 

kokeellisia tuloksia. 

Raaka-ainelähteenä olevaa biomassaa tutkittiin tarkasti käyttäen katalyyttinä sekä 5 paino-% 

Ni/HY-80 että 5 paino-% Pd/C samoissa koeolosuhteissa. Katalyytin kierrätykseen, 

deaktivoitumiseen ja regenerointiin, kohdistettiin erityistä mielenkiintoa ja kyseiset muuttujat 

tutkittiin perusteellisesti. 
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RESUMÉ 

 

Il devient évident que l'énergie durable est une alternative de plus en plus attrayante en raison de 

l'épuisement des réserves mondiales de ressources énergétiques fossiles et de l'augmentation des 

émissions de gaz à effet de serre. De nombreuses matières premières sont utilisées pour produire 

des biocarburants et du biodiesel; cependant, il est essentiel que la production ne soit pas 

compétitive avec les ressources alimentaires. Par conséquent, les biocarburants de deuxième 

génération produits à partir des algues, de matériaux dérivés de matières lignocellulosiques et 

d'huiles usagées reçoivent beaucoup d'attention. Les algues, en tant que source de biomasse, ne 

sont pas compétitives avec l'approvisionnement alimentaire, leur taux de croissance est plus 

rapide par rapport aux plantes terrestres et elles ne nécessitent pas de terres arables à cultiver. De 

plus, la masse algale peut être fractionnée permettant la production de plusieurs produits de 

valeur. Le fractionnement de Chlorella microalgue a été effectué en utilisant différentes 

méthodes, à savoir la saponification directe, la transestérification in situ et l'extraction à l'hexane 

supercritique. 

Les acides gras ont un poids moléculaire élevé, une densité énergétique élevée et constitueraient 

une matière première appropriée pour le biodiesel. Cependant, il existe un certain nombre de 

problèmes d'affinage pour l'huile dérivée d'algues, qui nécessitent un traitement supplémentaire, 

tel que l'élimination de la teneur élevée en oxygène dans l’huile brut. L'hydrodésoxygénation est 

une méthode alternative pour promouvoir la matière première du biodiesel en un diesel 

compatible avec les moteurs. 

Le criblage catalytique utilisant des catalyseurs sans ajout de soufre et l'optimisation des 

conditions de réaction ont permis d'améliorer la conversion des réactants et le rendement des 

produits, ce qui a conduit à une augmentation de la sélectivité vis-à-vis des hydrocarbures 

aliphatiques. 

Le catalyseur 5% Ni/HY-80 a été synthétisé et caractérisé par diverses méthodes. 

L’hydrodésoxygénation de différents acides gras a été étudiée dans un réacteur semi-continu à 30 

bars et 300 °C. L'étude cinétique de l'hydrodésoxygénation a permis d'établir un mécanisme de 

réaction plausible et différentes voies de réactions. Un model cinétique a été développé et 

successivement appliqué aux résultats expérimentaux. 

Le comportement de matières premières réelles a été étudié intensivement et comparé entre 5% 

Ni/HY-80 et 5% Pd/C dans les mêmes conditions. De plus, la réutilisabilité, la désactivation et la 

régénération du catalyseur étaient relevées de grande importance et soigneusement examinées. 
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ملخص   

 

 العالمية االحتياطيات استنزاف بسبب جاذبية أكثر أصبحت المستدامة الطاقة أن متزايدة بصورة الواضح من أصبح قد

 الوقود إلنتاج عديدة أولية مواد تستخدم. الحراري االحتباس غازات انبعاثات وزيادة األحفورية الطاقة موارد من

 من الثاني الجيل فإن لذلك،. الغذائية للمواد منافسا غير اإلنتاج يكون أن الضروري من ذلك، ومع ؛ الحيويين والديزل

لِولُوزالمعتبرة و اللِّيْغنِين مواد الطحالب، من المنتج الحيوي الوقود  وزيوت الورق انتاج مصانع في ثانوية كمواد السِّ

 نموها معدل الغذائية، للمصادر منافسة ليست الحيوية للكتلة كمصدر الطحالب. كبيرا باهتماما حاليا تحظى الفضالت

 تجزئت يمكن ذلك، إلى باإلضافة. للزراعة صالحة ألراضي تتطلب وال األرضية النباتات مع بالمقارنة أسرع

 و األسترة, المباشر التصبّن: مختلفة طرق باستخدام الكلوريال طحالب تجزئة تمت. قيمة منتجات عدة إلنتاج الطحالب

 .الحرجة فوق هكسان بإستعمال االستخالص

 ذلك، مع. الحيوي للديزل مناسبة خام مادة يجعلها مما عالية طاقوية كثافة و عال جزيئي بوزن الدهنية األحماض تتميز

 محتوى إزالة مثل إضافية معالجة يتطلب والذي الطحالب، من المشتق بتكريرالزيت المتعلقة المعاضل من عدد يتواجد

 الديزل لترقية بديلة طريقة تعتبر بالهدجة األكسيجين إنتزاع. الطحالب من لصالمستخ في الزيت العالي األكسجين

 الكبريت إلضافة متطّلبة غير محفزات باستخدام التحفيزي الفحص أتاح .المحركات مع متوافق ديزل إلى الخام الحيوي

 .األليفاتية وكربوناتالهيدر نحو االنتقائية زيادة إلى أدى مما التفاعل عائد بتحسين التفاعل شروط وتحسين

 إنتزاع. طرق بعّدة خصائصه فحص أيضا تم, HY-08 نوع من ِزيُولَْيت على مثبت٪ 5 بوزن نيكل محفز تصنيع تم 

 الحركية الدراسة أتاحت. مئوية درجة 088 و بار 08 ضغط تحت تم مختلفة دهنية ألحماض بالهدجة األكسيجين

 تطبيقه حركي، نموذج تحقيق تم. مختلفة مسارات من متشّكلة معقولة اعلتف تقنية إنشاء بالهدجة األكسيجين إلنتزاع

 .نجاحا أبدى التجريبية النتائج على تباعا

 مثبّت٪ 5 باالديوم بوزن بمحفّز النيكل محفّز مقارنة تم و عميق بشكل المحفّز على األولية المواد تأثير دراسة تمت

 عالية أهمية منحت وتجديده تعطيله المحفز، استخدام إعادة ذلك، على زيادة. التفاعل ظروف نفس تحت الكربون على

 .دقيقة ودراسة
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1. Introduction 

1.1. Potential of biofuels 

Fossil fuel resources are being depleted and the world is gradually adapting to this new 

paradigm [1]. Biodiesel is a notable alternative product to the petroleum-derived diesel, 

however, substituting the latter would take decades to be achieved since the production of 

biodiesel is very small compared to the petrodiesel. The renewable biofuels are predicted to 

increase in the future as illustrated on Figure 1. 

The cost of biodiesel is a disadvantage leading to a limited commercial application even 

though biodiesel as source has several advantages. The price of raw material constitutes 70-

95% of the total biodiesel cost [2–4]. Different ways of producing biodiesel from biomass 

resources have been explored in the recent years. Biofuel feedstock includes agricultural 

crops, plant ma§terial, animal byproducts and recycled waste. It is crucial that the feedstock 

for biodiesel production should not compete with food resources. 

 

Figure 1. Actual and estimated world energy consumption by source according to 

International Energy Outlook 2016 [5].  

1.2. Biofuels available feedstock 

In order not to compete with edible vegetable oils, low cost profitable biodiesel should be 

produced from a low-cost feedstock such as non-edible oils, animal fat, soap stocks and 

greases. However, availability of these feed sources is not sufficient to match the current 

demands for biodiesel experiencing a rapid growth. For example, the energy consumption 

based on biomass utilization in the United States grew more than 60% from 2002 to 2013 [6]. 

In general, the feedstock for the biodiesel production can be divided into four groups: 

vegetable oils (edible and non-edible), animal fats, used cooking oils and algae [7]. Moreover, 
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the biofuel can be distinctively classified depending on its feedstock. First generation 

biofuels, which are produced from vegetable oils and sugar and rise food-competition 

problem. Therefore, it is crucial to have more efficient alternative based feedstock. Second 

generation biofuels are mainly produced from lignocellulosic biomass, agricultural residues, 

waste oils and algal biomass. 

1.2.1. Lignocellulosic materials 

Tall oil fatty acids (TOFA) are a by-product of the Kraft process applied by the pulp and 

paper industries. The use of TOFA as a feedstock for production of biodiesel is of a large 

interest since it does not compete with food production. TOFA has a potential to be used in 

the production of biofuels. In Europe, especially Finland and Sweden, utilization of tall oil for 

fuel production has been popular given the vast supply of the feedstock. The two countries 

provide 90% of the total production in EU and 80% of the consumption of tall oil. One big 

producer of tall oil in Sweden is Sunpine, which started producing 10 k m
3
/year tall oil-based 

biodiesel in mid-2010 in Piteå [14]. Tall oil is used in various applications such as paints and 

coatings, bio-lubricants, performance polymers, but it can also be used in pharmaceuticals and 

health-promoting food additives. In the biofuel industry, tall oil fatty acids are used as 

bioliquids for renewable energy in catalytic hydrodeoxygenation processes. In Finland, crude 

tall oil represents a major raw material for the UPM renewable diesel plant [15]. Linolenic 

acid, linoleic acid and oleic acids are the main components of TOFA. They undergo oxygen 

removal and saturation of the double bound being converted at the end into n-heptadecane 

and/n- octadecane. 

1.2.2. Waste oils and animal fats 

Waste animal fat is a promising inexpensive alternative feedstock for the production of 

renewable diesel that does not compete with the food resoucrces. In addition, the use of 

animal fat is considered profitable, these fats frequently offer an economic advantage 

compared to plant crops [16]. Animal fat is a completely renewable source of energy. It is 

biodegradable, nontoxic and safe in diesel engines without modifications. Multi-animal fat 

feedstock for biodiesel fuels gives biodiesel of high quality. In the United States, the meat 

production system generates nearly 10000 ton of a by-product which is in the form of various 

kinds of fats and proteins [17]. Animal fats consist essentially of fatty acids triglycerides.  

1.2.3. Algae 

Algae are considered as a potential feedstock for the second generation biofuels. 

Microalgae do not compete with food resources, as they can be cultivated in open pounds on 

non-arable lands using side-stream water and carbondioxide. Algae have a higher growing 
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rate compared to land crops, requiring much less area than other biodiesel feedstock of 

agricultural origin. In 2006, the worldwide aquacultural macroalgae production was estimated 

at approximately 15.1 million ton (worth about €5.4 billion) [8]. In 2011, Norsker [9] 

estimated the algae production cost to be 400 €/1000kg while the value of algae biomass is 

worth 1650 €/1000 kg. Algae are firmly recognized to be a potential source for the direct 

production of bioenergy, alimentary products, pharmaceuticals and nutraceuticals [10,11]. 

Nowadays, microalgae are regarded as an alternative feedstock for the biodiesel production, 

being the target of a large number of consortia, private and public organizations investments 

in research and development, aiming to use the most effective and inexpensive technology to 

produce large amounts of oil [12]. Chlorella algae contain fatty acid methyl esters (FAME), 

typically a mixture of saturated and unsaturated fatty acids [13].  

1.3. Algae fractionation 

Algae are complex compounds, consisting not only of lipids, but also of carbohydrates 

and proteins. Separation of the lipid fraction is thus critical for the efficient utilization for fuel 

production. One of the most important application areas for algae is production of biofuels. 

Despite a number of available methods used for extracting algal lipids and fatty acids, the 

extraction process is incomplete unless different algal fractions are derived and the majority, 

if not all, of the biomass is utilized. Polyunsaturated fatty acids are very common in algae, 

having several application possibilities as health-promoting agents and in the synthesis of 

pharmaceuticals. In addition to fatty acids, other compounds in algae are of interest as 

potential feedstock for the synthesis of valuable compounds such as carotenoids, chlorophylls 

and proteins. 

 

Conventional extraction of algae is known to require large amounts of solvents, several steps 

and long extraction times. Therefore, several alternative fractionation methods such as 

microwave, ultrasound, pressurized liquid extraction and extraction with supercritical gases 

have been investigated. In addition, depending on the algae species, some treatment methods 

can damage to the certain extracts, for example carotenoids. Therefore, the choice of the 

extraction methods should take several factors into consideration.  

A more detailed description on algal fractionation including different processing and 

commercial applications is found in review [I]. 

1.3.1. Saponification 

In order to obtain different fractions from algae, the first step has traditionally been 

extraction, which requires large amounts of a suitable solvent. Direct saponification as an 

alternative process for the separation of fatty acids and carotenoids has been developed using 
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alkaline and ethanol solutions. Followed by extraction, a hydrophobic unsaponifiable fraction 

and fatty acids fraction after the hydrolysis of fatty acid soap are formed. 

1.3.2. In situ transesterification 

The attractive characteristics of algae make their investigation very engaging. 

Furthermore, their lipid content can be tuned via a proper nutrient supply. To process algae to 

high-quality engine fuels, several steps are required. The most challenging step in the 

commercial utilization of algae as a lipid source for fuels is the costly drying of the algae 

material. Following the drying, in situ-transesterification, extraction and purification steps are 

needed for the production of green diesel.  

The transesterification process is the reaction of a triglyceride (fat/oil) with an alcohol to form 

esters and glycerol. During the esterification, the triglyceride reacts with an alcohol in the 

presence of a catalyst, usually a strong alkaline compound such as sodium hydroxide.  

1.3.3. Conversion of fatty acids  

Hydrocarbon biofuels which are drop-in replacements for traditional petroleum-derived 

liquid fuels can be produced from edible and non-edible fats and oils. Fatty acids have a high 

oxygen content, which makes them not fully compatible with engines, therefore hydrotreating 

of the vegetable oil and animal fats is required to produce green diesel in the form of linear 

hydrocarbons (mainly n-octadecane and n-heptadecane). Catalytic hydrodeoxygenation 

(HDO) is an approach that can be applied for upgrading fatty acids and triglycerides [18–20].  

1.3.4. Hydrodeoxygenation  

A number of catalytic methods have been established in order to upgrade biomass 

feedstock into biofuels. Hydrodeoxygenation (HDO) is an attractive method that has been 

widely used for the conversion of fatty acids into green diesel. During HDO, oxygen is 

eliminated from the feed through catalytic treatment. Furthermore, in conventional crude oil, 

the oxygen content is less than 2 wt %. The HDO process was first introduced on an industrial 

scale in 2007 by Neste Oil in Porvoo, Finland, based primarily on palm oil [37].  Three types 

of catalysts can in principle be applied to fatty acid deoxygenation. Namely, sulfided catalysts 

such as alumina supported NiMo and CoMo [21–26], noble metals such as palladium and 

platinum catalysts [19,24, 25,27–30] and porous acidic or basic catalysts [30,38,39]. In the 

previous studies [34–36], palladium supported on carbon was demonstrated to be the best 

catalyst for deoxygenation of fatty acids. Noble metals are advantageous since they have high 

activity without a need of being sulfided. However, they are economically less attractive than 

nickel.  
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Deoxygenation has been described to proceed along three different routes: decarbonylation 

(1), decarboxylation (2) and dehydration (3). All three routs yield n-alkanes upon saturation 

with hydrogen. 

H2n-3CnCOOR  
  
   CO + RH + Cn H2n+1   (1) 

H2n-3CnCOOR  
  
   CO2 + RH + Cn H2n+1   (2) 

H2n-3CnCOOR  
  
   H2O + Cn H2n+2    (3) 

1.3.5. Sulfur-free hydrodeoxygenation 

Nickel catalysts are often used for fatty acid hydrogenation [21,40,41,38]. However, the 

catalysts show a relatively fast deactivation [23,42,43] which should be minimized. Due to the 

low sulfur content of the non-fossil feedstock, a sulfiding agent is typically added to the HDO 

feed to maintain activity and stability of NiMo catalysts. This however, leads to sulfur 

contamination in the final product which requires a purification step. A previous study [22] on 

the effect of sulfur on the reactivity demonstrated formation of a sulfur-contaminated product 

with the maximum molar  concentration of heptanethiol being 0.4 mol % when 400 ppm of 

H2S was applied in the HDO of methyl heptanoate over a sulfided NiMo/-Al2O3 catalyst. In 

addition, various sulfur species (H2S, RSH, RSSR, etc...) are poisons for all catalytic 

processes employing metals as the primary active phase. Therefore, there is an urgent need to 

develop non-sulfided catalysts. In a recent work [38], Ni/H-BETA demonstrated high activity 

in HDO of stearic acid and crude microalgae oil at 260 °C in the presence of H2 at 40 bar. In 

another work [30], nickel nanoparticles supported on HBEA, HZSM-5 and ZrO2 have been 

reported as sulfur-free catalysts capable of achieving a high conversion of palmitic acid into 

renewable diesel through HDO process under 12 bar of H2 at 260 °C. Decarboxylation of 

stearic acid at 260 °C and 6 bar H2 over 25 wt% Ni supported on mesoporous activated carbon 

yielded 81.3 % of C17 and C18 at total conversion of stearic acid after 10 hours of reaction 

with 94 % selectivity to C17 [44].  

 

In conclusion, finding a renewable source as an alternative for regular diesel is attributed 

the first omportance. Algae and lignocellulosic materials are suitable substitutes, showing 

great advantages. Algae are not only attractive for the production of biodiesel but also of 

valuable biochemical. Hydrodeoxygenation reaction has become a practical alternative 

method for the production of green diesel. In view of the foregoing, non-precious metal 

catalysts comprising supports other than carbon, particularly nickel on oxidic supports and 

hydrotalcite materials are beginning to attract attention as feasible catalysts for the conversion 

of lipids into fuel-like hydrocarbons. 

 





 
 

Scope of the research 

The process for biofuel production via catalytic hydroconversion of fatty acids has been 

implemented at industrial scale by Neste (NExBTL technology). However, the feedstock used 

is constituted at least by half with vegetable oils, which makes the renewable diesel 

competitive with alimentary production and would have an impact on the price and 

availability. The only plausible feedstock is the second-generation feedstock. Algae can be 

produced in large quantities in short times without hindering the food production. Other 

feedstock such as lignocellulosic materials and waste oil are valuable for producing second-

generation diesel. 

The scope of this study can be subdivided into two major parts. Initially, the concept of 

utilizing the algal biomass as a whole was considered to be important. Algae fractionation into 

different products was followed by quantification and valorization of its fractions and their 

components. Various fractionation methods are available in the literature. However, the 

efficiency and sustainability of the process are two factors being debated. In this work, three 

extraction methods were adapted, direct saponification, in situ transesterification and 

extraction by supercritical hexane.  

The second part of this work was production of green-diesel through the sulfur-free 

catalytic hydrodeoxygenation of fatty acids extracted from algae in addition to other selected 

fatty acids and triglycerides using an economically attractive catalyst. The use of noble 

metals, such as Pd and Pt achieved high yields in the deoxygenation reaction. However, in 

order to rend the process cost acceptable, application of an economical catalyst is crucial. 

Because utilization of a sulfided catalyst requires a purification step, the use of a sulfur-free 

cost-efficient catalyst was the goal of this study. A number of studies in the literature have 

used a sulfur-free Ni catalyst. However, their yield was lower due to poor catalytic properties. 

Improvement of the catalytic behavior requires sophisticated synthesis and characterization 

methods for the catalyst. In our case, Ni supporting catalysts were synthesized by wetness 

impregnation. Their catalytic performance was compared with Pd supported on active carbon 

to produce diesel-range hydrocarbons by hydrodeoxygenation of different sources of fatty 

acids. Reuse of these catalysts was also studied in hydrodeoxygenation of fatty acid over 

recycled and regenerated catalysts. Finally, this work covers a kinetic modeling study of the 

complex reaction mechanism. 
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2. Experimental section 

2.1. Materials 

2.1.1. Substrates 

Besides stearic acid (Merck, 97%) which was used as a model molecule for fatty acids, 

three other feedstocks were considered in this work.

Algae 

The dry algae, Chlorella sp. Powder, was purchased from Fuqin king, Drarmsa Spirullina 

Co. Ltd, China. According to the manufacturer it contains 57.3 wt% protein, 17.3 wt% 

carbohydrates, 2.3 wt% chlorophyll, maximum, 12 wt% fiber and 7 wt% ash and moisture. 

The particle size was 120 mesh. The majority of the work was based on this alga, however, 

for the lipid extraction with supercritical hexane another Chlorella algae purchased from 

Luontaistukku, Finland, was used without any pretreatment. According to the manufacturer, it 

contains more than 60% protein and 12% lipids. 

Tall oil fatty acids 

 Commercial distillate tall oil fatty acids (TOFA) obtained from pulp and paper industry 

Forchem was used containing mainly C18 with different degrees of unsaturation (1.5 wt% 

18:0, 25.1 wt% 18:1, 53.4 wt% 18:2 and 18 wt% 18:3). 

Animal fat 

 The animal fat provided by Neste was containing mainly C18 (17% C18:0, 43.4% C18:1) 

and C16 (24.1% C16:0, 3.1% C16:1) and longer fatty acids [43]. 

2.1.2. Catalyst 

A wetness impregnation evaporation method was used for the preparation of 5 wt% Ni 

(Fluka, 98%) on SiO2 (Silica Gel, Merck), sieved H-Y-80 zeolites (Zeolyst International, 

SiO2/ Al2O3=80) and -Al2O3 (Versal Alumina VGL-25, UOP) with a size below 63 µm. H-Y 

support was calcinated in air at 400 °C for 4 hours followed by sieving. Thereafter, nickel(II)-

nitrate hexahydrate was dissolved in 100 ml deionized water giving a pH equal to 6.1 

followed by addition of 10 g of H-Y in the solution resulting in a decrease of pH to 3.2. The 

mixture remained under continuous stirring for 24 h in a 60 °C oil bath before evaporating 
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water and permitting impregnation of Ni on the zeolitic supports. Thereafter, the catalyst was 

dried overnight at 100 °C and then calcined at 400 °C for 3 h. 5 wt% Ni/-Al2O3 and 5 wt% 

Ni/SiO2 were synthesized in a similar way. 5 wt% Pd/C (20,568-0) was purchased from 

Sigma-Aldrcih. 

2.2. Catalyst characterization 

2.2.1. Nitrogen physisorption (N2 physisorption) 

The specific surface areas and the pore volumes of the catalyst materials were measured 

by nitrogen physisorption using a Sorptometer 1900 (Carlo-Erba instruments). Prior to the 

measurements, fresh and spent samples were outgassed at 150°C for 3 h, with the exception 

of the spent catalysts from the HDO of animal fat which were outgassed at 300°C for 6 h. The 

specific surface area was calculated using The BET equation. The Barrett, Joyner, Halenda 

method was used to calculate the pore size distribution of the catalyst. The spent catalysts 

were collected, washed with acetone and dried at 70 °C for 24 h prior to the nitrogen 

desorption analysis. 

2.2.2. Temperature programmed reduction (TPR) 

Reduction temperature was determined by temperature programmed reduction (TPR) 

performed with Autochem Micrometrics 2910. The catalysts were kept overnight in an oven 

at 100 °C to dry it and eliminate the moisture, thereafter around 100 mg of the sample was 

loaded in a U-shaped quartz tube and heated to 650°C at a constant rate of 10 °C /min in the 

hydrogen reductive atmosphere. 

2.2.3. Carbon monoxide chemisorption  (CO-chemisorption) 

Autochem Micrometrics 2910 with 10 % CO in 90% He. 100 mg of sample was loaded in 

a U-shaped quartz tube, reduced thereafter in situ with hydrogen at 250 °C for 2 h (the heat 

ramping was 5 °C/min) prior to the analysis. The sample was flushed for 30 min with helium 

to remove the excess of hydrogen. The pulse chemisorption was calculated in a water bath 

kept at 20 °C where the temperature was monitored and maintained constant. The carbon 

monoxide-to-metal stoichiometry was assumed to be 2:1 for Pd. 

2.2.4. Temperature program desorption (NH3/CO2 TPD) 

Acid and basic properties of nickel supported on H-Y and the parent H-Y were 

determined by the temperature programmed desorption (TPD) of ammonia and carbon 

dioxide respectively, performed with Autochem Micrometrics 2910. The catalyst and the bare 

support were kept overnight in an oven at 100 °C prior to the analysis. The sample was heated 
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in He to 300 °C with the heating rate of 30 °C and kept at this temperature for 10 min, cooled 

down thereafter and flushed with helium followed by heating up to 100 °C. The 

measurements began with the increase of temperature to 900 °C with the heating ramp of 20 

°C /min which remained constant for 30 min. 

2.2.5. Transmission electron microscopy (TEM) 

The particle size distributions of nickel and palladium were measured from images 

obtained by a JEM-1400 plus TEM (Transmission Electron Microscope, voltage 120 kV). The 

samples were dissolved in ethanol in an ultrasonic bath, then 100µl of the suspension was 

fixed on a carbon film-grid. An average number of 200 particles was counted for the particle 

size distribution. 

2.2.6. Scanning electron microscopy (SEM-EDXA) 

The morphology and crystal size distribution of fresh and spent Ni supported on H-Y 

samples was studied by scanning electron microscopy (Zeiss Leo 1530 Gemini) equipped 

with a ThermoNORAN vantage X-ray detector. An average crystal number of 200 particles 

was counted for the crystal size distribution The energy dispersive X-ray analysis (EDXA) 

was carried out with the same instrument. 

2.2.7. Thermogravimetric analysis  (TGA) 

Thermogravimetric analysis (TGA) of the catalysts was performed using CAHN D-200 

Instrument. TGA permitted to monitor real-time weight loss as a function of temperature 

which was recorded with a PicoLog Recorder. The sample of 45 mg was loaded in a quartz 

holder; air was used as a combustion gas. The temperature was programmed from 25 °C to 

450 °C at a heating rate of 5 °C/min, and remained constant at 450 °C for 15 min, then it was 

increased to 600°C with the ramp 20 °C/min. 

2.2.8. Analysis by X-ray diffraction (XRD) 

Fresh and spent catalysts were characterized by X-ray diffraction (XRD) using the Philips 

X'Pert Pro MPD X-ray powder diffractometer which was operated in Bragg-Brentano 

diffraction mode, and the monochromatized Cu-Kα radiation was generated with a voltage of 

40 kV and a current of 45 mA. The primary X-ray beam was collimated with a fixed 

0.25°divergence slit and a fixed 10 mm mask. A fixed 7.5 mm anti-scatter slit was used for 

the diffracted beam. The measured 2θ angle range was 5.0-70.0°, with a step size of 0.026° 

and measurement time of 10.0 s per step. The samples were measured on Al sample holders. 
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2.2.9. Inductively coupled plasma-optical spectroscopy (ICP-OES) 

The content of metal in the fresh and spent catalysts was determined by inductively 

coupled plasma-optical emission spectroscopy (ICP-OES), using an optical Atomic-Emission 

Spectometer Optima 4300 DV. For the analysis, the catalysts were dissolved in a microwave 

oven by a mixture of acids (4 ml hydrofuran (40%), 1 ml HNO3 (65%) and 1 ml hydrochloric 

acid (30%)). 

2.2.10. Fourier-transform infrared spectroscopy (FTIR) 

The infrared spectrometry analyzes were carried out with Shimadzu ® IR-Prestige-21 as 

well as with ATI Mattson apparatus. The spectra were recorded in range 4000-400 cm
-1 

with a 

resolution of 1 cm
-1

 using 64 scans per second.  

2.3. Experimental procedures 

2.3.1. Direct saponification of algae 

In order to obtain different fractions from algae, the first step has traditionally been 

extraction. This process typically requires quite a large amount of solvents. Therefore, an 

alternative process for the separation of the different fractions has been developed using direct 

saponifacation followed by extraction [III]. Dry alga (5 g in 50 ml of 95% ethanol) was 

saponified using either KOH or NaOH as an alkaline agent. Different amounts of alkali (in 

weight percent to dry alga) in a range of 5–30 wt.% in comparison to dry alga amount were 

added into the sample solution. Saponification was conducted in an oil bath at reflux for 1 h at 

70 °C. The sample was vacuum filtered to remove the solid biomass. The obtained hot 

saponified solution was placed in a dropping funnel. After cooling, 100 ml of the solution 

(70:30 hexane:water) was added to the funnel, shaken vigorously and left to stand until a clear 

phase separation was reached. Thereafter, the upper non-polar phase was removed. Extraction 

of the polar soap solution was repeated four times. In addition, the upper phase was washed 

two times with 50 ml of water. The gathered upper phase containing unsaponifiable material 

was washed in 50 ml of water for washing until neutral pH. Thereafter, it was put into the 

flask previously dried and weighed (M1) and coupled to a rotary evaporator to eliminate the 

solvent. Then it was dried in an oven at 103 °C to a constant weight. The characterization of 

carotenoids from the unsaponifiable fraction was made by HPLC. 

2.3.2. Determination of crude protein 

Proteins are the other major fraction of alga and an interesting source of nutrition. Protein 

content in Chlorella sp. was determined after lipid extraction. The Kjeldahl method was used 

for determination of nitrogen content in the protein. Approximately 500 mg of the sample was 
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weighed and transferred to a digestion tube. Thereafter 15 g of a catalytic mixture containing 

10 parts of sodium sulfate and 1 part of copper sulfatewas added into the sample together with 

glass beads and 10 ml of sulfuric acid. The sample digestion was carried out by increasing the 

temperature up to 380 °C. After cooling the sample, 250 to 350ml of distilled water was 

added into the sample with stirring until it was completely dissolved. The sample was boiled 

in the presence of granules and 150ml of 50% sodium hydroxide was added into the mixture. 

Then the mixture was stirred and distilled, and finally the condensate was obtained at room 

temperature. 200ml of distillate was collected in a 300 ml Erlenmeyer flask containing 30ml 

of 4% boric acid with 10 droplets of a mixed indicator (alcohol solution of methyl red and 

bromocresol green). The distillate was titrated with 0.1 M hydrochloric acid until the indicator 

turned from pink to green and then the protein content was calculated according to the 

following equation [28]: 

 

Amount of protein (%) = 100 × 0.014 × 6.25 × (Va−Vb,sp) × F × N/P (4) 

 

where: 

P, sample weight in grams 

Va, volume of spent HCl titration 

Vb,sp, volume of spent HCl titration reagent blank 

F, correction factor of the HCl solution 

N, normality of HCl 

6.25, conversion factor from nitrogen into protein,  

0.014 g of nitrogen is the factor to convert moles of nitrogen to grams. 

2.3.3. In situ transesterification of Chlorella algae 

In situ transesterification of dry Chlorella algae was conducted in a system comprising an 

oil bath and 50 ml reactor with a reflux condenser. Magnetic stirring with 300 rpm was used. 

Initially, the reactions were carried out using 10 g of dry algae and by varying the 

concentration of sulfuric acid, namely 5, 10, 15 and 20 wt% relative to the dry weight (g 

H2SO4 / g biomass) and a proportion of 3:1 methanol / biomass (ml.g 
-1

). The reaction time 

and temperature were 4 hours and 60 °C, respectively. At the end of the reaction, the biomass 

was separated by vacuum filtration and the alcohol was evaporated in a rotavapor and 

recovered. After filtration in a separator funnel, the organic phase containing the esters was 

added to a volume of 100 ml of hexane for the separation of polar compounds (unconverted). 

The polar fraction was drained and the fraction soluble in hexane (the main product) was 



12 
 

separated. Thereafter hexane was evaporated in a rotary evaporator and the crude biodiesel 

was quantified. 

2.3.4. Purification  of fatty acid methyl esters  

The methyl esters were purified in a glass counter column, in which 10 g of kaolin type 

commercial clay (Argila verde, www.forcadaterra.com, Brazil) was used as an adsorbent. 

About 4 g of crude biodiesel was added to the column, which was eluted with hexane. 

Compressed air was fed into the column to increase the flow velocity of the crude biodiesel 

through the bed.  

2.3.5. Hydrodeoxygenation of fatty acids  

 Hydrodeoxygenation of fatty acids was carried out in a semi-batch reactor at 300°C under 

30 bar H2. The hydrodeoxygenation reaction was performed in a 300 ml stirred reactor 

equipped with a heating jacket as shown in Figure 2. In all experiments the catalyst was 

charged into the reactor with 40 ml of dodecane (Sigma Aldrich, ≥90%). The reactor was 

flushed with argon to remove oxygen. The reactant was injected in a pretreatment vessel and 

bubbled with argon before being introduced to the reactor. The hydrodeoxygenation started as 

the substrate mixture was introduced into the reactor at the desired temperature and pressure. 

The same weight of the catalyst and reactant was used for all runs. The stirring rate was 1200 

rpm. Prior to the experiment, the catalyst underwent a reduction step in the reduction 

temperature determined by TPR of nickel and palladium supported catalysts. The reduction 

time was 2 h.  

2.3.6. Lipid extraction with supercritical hexane 

In a typical experiment, 5 g of algae was added into the reactor followed by introduction 

of 100 ml of hexane. Argon was then purged to the reactor to remove air and to avoid even a 

minimal risk of explosion. The reaction mixture was heated to the desired temperature of 235 

°C. The pressure was obtained by the high vapor pressure of hexane of approximately 34 bar 

at this temperature. Both temperature and pressure were monitored using temperature and 

pressure controllers (Parr 4843). The agitation was set to the desired speed. When extraction 

was complete, the mixture was cooled to room temperature by using a water cooling coil and 

depressurized. The algal biomass was separated by filtration. Nonpolar lipids were obtained 

by removal of hexane with a rotating evaporator. The extracted lipids were weighed 

gravimetrically and analyzed by gas chromatography−mass spectroscopy (GC−MS), gas 

chromatography-flame ionization detector (GC-FID) and thermogravimetric analysis (TGA).  
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Figure 2. Semi-batch reactor system. 

2.4. Product analysis 

2.4.1. Liquid phase analysis by gas-chromatography 

 Liquid samples were withdrawn from the reactor using a two valve system. 30 s prior to 

the sample taking, the sampling nozzle was purged. Samples were collected in glass vials and 

silylated before analysis by gas chromatography (GC). The silylated samples were prepared 

by the following procedure: 100 µl of a sample was diluted in 1 ml of pyridine (≥99%, Sigma-

Aldrich), 100 µl of eicosane (99%, Acros-Organics) was added as an internal standard, 100 µl 

of BSTFA (N,O-bis(trimethylsilyl)-trifluoroacetamide, >98 %, Acros-Organics) as a 

silylation agent and 50 µl of TMCS (chlorotrimethylsilane, ≥ 98%,  Sigma-Aldrich) were 

added. The sample was kept in an oven at 70°C for 1 h before being injected in the GC 

equipped with a split column (film thickness 0.25 µm) under He pressure of 1 bar flowing at 

75 ml/min.  The column was heated up to 300 °C and the signal was recorded with FI 
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detector. The triglycerides fraction was analyzed with the following procedure: 2 ml of 

MTBE containing the internal standards (0.04 mg each) was added to the samples. The 

internal standards used were: (21:0) heneicosanoic acid (Sigma 99 %), betulinol (purified in 

our lab), cholesteryl heptadecanoate (Sigma > 95%) and 1,3-dipalmitoyl-2-oleoylglycerol 

(Sigma 99%). MTBE was evaporated under nitrogen stream at 40°C until only docosanol 

remained. The evaporation was repeated after 1 ml of acetone was added. 150 µl of the 

silylating reagent mixture (pyridine-BSTFA-TMCS 1:4:1) was added and then the final 

mixture was placed for 45 minutes in 70°C oven. The silylated sample was injected in a gas 

chromatograph PerkinElmer Clarus 680, equipped with  a FI detector and Agilent J&W HP-

1/SIMDIST column (film thickness 0.15 µm) using H2 (7 ml/min) as carrier gas. The column 

was heated up to 340 °C. 

2.4.2. High-performance liquid chromatography analysis for carotenoids 

The quantification of the carotenoids from the unsaponifiable fraction of Chlorella sp. was 

performed with High Performance Liquid Chromatography (HPLC) as described by Pacheco 

[27]. A modular liquid chromatograph Waters equipped with a W600 pump, an online 

degasser, an auto-sampler 717 plus and a photodiode array detector 996 was used for the 

analysis. The separation was performed on YMC Carotenoid C30 column (250 × 4.6 mm × 3 

mM) at 33 °C using elution gradient mode of methyl tert-butyl ether in methanol, ranging 

from 20 to 90% in 28 min with a flow of 0.8 ml min−1. The sample injection volume was 15 

μl. Carotenoid standards were isolated from the following matrices: carrot patterns for the 

preparation of α-carotene and β-carotene, pulp Caja (Spondias mombin L.) for the preparation 

of standards for carotene, β-cryptoxanthin and zeaxanthin as well as lettuce for trans isomers 

for β-carotene, 9-cis-β-carotene, 13-cis-β-carotene. The concentrated extracts of carotenoids 

were separated on C30 analytical column and carotenoids were collected manually at the 

detector. 

2.4.3. Analysis of amino acids 

The analysis of amino acids was performed with HPLC using pre-column derivation, 

developed by Cohen and Michaud [44] using 6-N-aminoquinolyl hydroxysuccinimidyl 

carbonate (AQC) with emission at 250 nm and 395 nm for excitation of sulfur and derived 

amino acid hydrolysis and emission of 320 nm and 280 nm excitation for tryptophane for final 

analysis of free and total derivatives by HPLC with a fluorescence detector for analyzing the 

amino acids.  

The sample (>3 mg protein) was hydrolyzed with hydrochloric acid (HCl) (AOAC 

982.30/1982, AOAC International), then HCl was removed under high vacuum and the amino 

acids were dissolved with 10–20 μl of 20 mM HCl and mixed with 80 μl borate buffer (pH 

8.8) and derivatized by adding 20 μl of 10 mM AQC in acetonitrile. Separation of the 
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derivatized amino acids was optimized in a column (ACCQ. TagTM C18) (3.9 × 150mm) 

with the particle size of 4 μm. The column and injector temperatures were 37 °C 

(flow1ml/min) and 25 °C, respectively. 

The quantification was performed by comparison with a standard solution containing a 

mixture of free amino acids as external standards. The results are expressed as mg/100 g of 

sample. The free amino acids were analyzed by derivatization in a post-hydrolysis solution. 

Methionine and cysteine were obtained by performing acid oxidation (AOAC 994.12/2000, 

AOAC International). To analyze tryptophane obtained by basic hydrolysis 50mg of protein 

(AOAC 988.15/1988, AOAC International) was used. The hydrolysis took place at 110 °C for 

20 h in 4.2 M NaOH and 100 μl of 1-octanol in sealed ampoule. The hydrolyzed material was  

re-suspended in 50 ml of milliQ water. 

2.4.4. Total organic carbon (TOC) analysis 

Freeze dried samples were methanolyzed and the released sugar monomers were silylated 

and analyzed by GC, using essentially the method described by Sundberg et al. [30] with the 

difference that resorcinol was substituted for sorbitol as the internal standard. The following 

GC (Perkin-Elmer AutosystemXL) conditions were used: split injection (250 °C, split ratio 

1:25), HP-1 column (Agilent) (25 m × 0.2 mm i.d. with 0.11 μm film thickness). The detector 

(FID) temperature was 310 °C. The column temperature program was 100 °C–4 °C/min– 175 

°C–12 °C/min–300 °C (7min). All the samples were made as duplicates. 

2.4.5. Liquid-phase analysis by gas chromatography 

 Liquid samples were withdrawn from the reactor using a two valve system. 30 s prior to 

the sampling, the sampling nozzle was purged. Samples were collected in glass vials and 

silylated before analysis by gas chromatography (GC). The silylated samples were prepared 

by the following procedure: 100 µl of a sample was diluted in 1 ml of pyridine (≥99%, Sigma-

Aldrich), 100 µl of eicosane (99%, Acros-Organics) was added as an internal standard, 100 µl 

of BSTFA (N,O-bis(trimethylsilyl)-trifluoroacetamide, >98 %, Acros-Organics) as a 

silylation agent and 50 µl of TMCS (chlorotrimethylsilane, ≥ 98%,  Sigma-Aldrich) were 

added. The sample was kept in an oven at 70°C for 1 h before being injected with the GC 

equipped with a split column (film thickness 0.25 µm) under He pressure of 1 bar flowing at 

75 ml/min.  The column was heated up to 300 °C and the signal was recorded with FI 

detector. The triglycerides fraction was analyzed with the following procedure: 2 ml of 

MTBE containing the internal standards (0.04 mg each) was added to the samples. The 

internal standards used are: (21:0) heneicosanoic acid (Sigma 99 %), betulinol (purified in our 

lab), cholesteryl heptadecanoate (Sigma > 95%) and 1,3-dipalmitoyl-2-oleoylglycerol (Sigma 

99%). MTBE was evaporated under nitrogen stream at 40°C until only docosanol remained. 
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Evaporation was repeated after 1 ml of acetone had been added. 150 µl of the silylating 

reagent mixture (pyridine-BSTFA-TMCS 1:4:1) was added and then the final mixture was 

placed for 45 minutes in 70°C oven. The silylated sample was injected into a gas 

chromatograph PerkinElmer Clarus 680, equipped with  a FI detector and Agilent J&W HP-

1/SIMDIST column (film thickness 0.15 µm) using H2 (7 ml/min) as carrier gas. The column 

was heated to 340 °C. 
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3. Results and discussion 

3.1. Algae fractionation 

The first step of algae utilization is fractionation and separation of its subproducts. Algae 

extraction requires a specific care since certain compounds such as carotenoids can be 

sensitive towards certain treatments. Therefore, the extraction conditions should be optimized. 

3.1.1. Saponification 

Direct saponification of chlorella sp. was investigated with two different alkaline agents, 

NaOH and KOH by varying their concentrations in ethanol within the range of 5-30 wt.% 

Direct saponification with 5 wt.% KOH in ethanol resulted in efficient extraction. Therefore, 

different fractions were investigated. Saponification fractionation procedure resulted in four 

main fractions namely carbohydrates, proteins, fatty acids and carotenoids. 

Several analysis of on the solid fraction were made. TEM images (Figure 3) revealed the 

disruption of the cell structures. After saponification (Figure 3b), most of the membranous 

elements, including thylakoids, and starch are lost. The cell wall has lost its original rigidity, 

which is reflected as a smooth cell contour apparent in Figure 3a.  

     b  

Figure 3. TEM image for Chlorella microalga a) fresh, b) after saponification with 5 wt% 

KOH. 

Protein 

Analysis of the solid residue after alga saponification showed that the proteins 

corresponded to 21.1 wt.%. Since the weight of the residue was 84.1% of the original weight 

of the alga sample used in the saponification, the amount of protein in the solid residue was 

a) )
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17.7 wt% based on the total amount of alga. On the other hand, the amount of proteins in the 

residue increased nearly threefold when the alkali concentration was only 1 wt.%. 

Furthermore, very similar protein contents were measured for KOH/ethanol and 

NaOH/ethanol, indicating that the release of proteins was independent of the alkali type. It 

was slightly surprising that the mass of the solid residue was about 82–83 wt.% of the original 

alga mass when using either 1wt.% or 5wt.% alkali, thus indicating that the alkali 

concentration had a minor effect on the mass of the solid residue. 

 About 50% of the proteins ended up in the polar phase after extraction with hexane, when the 

alkali concentration was 1 wt.%. The molar ratio of C/O for the solid residue prepared by 5 

wt.% KOH in ethanol was decreased by 54% when comparing this ratio in the spray dried 

alga and in the residual product, from 1.58 to 0.86 based on EDXA analysis. This indicates 

that that oxygenated products, mainly fatty acids, proteins and carbohydrates had been 

removed from the residue.  

Carbohydrates 

Sugar analysis after methanolysis performed on fresh algae revealed that the main sugar in 

Chlorella was glucose followed by galactose being 126.3 mg/g and 47.3 mg/g respectively, in 

addition to rhamnose, mannose, glucuronic acid, xylose, arabinose and galactonic acid in a 

decreasing order. The total amount of sugar was 20.3 wt% from the spray dried alage. This 

value can change after algae treatment as shown in [II]. 

Carotenoids 

The mass fraction of the unsaponifiable fraction was 1.9 wt% from the total spray-dried 

algae. The amount of carotenoids was determined by HPLC with external calibration in the 

fraction prepared by 10 wt% KOH. Direct saponification gave 2.7 mg/g lutein, which was 

about the same amount when dry algae was prepared by extraction with chloroform-methanol 

(2:1) for 2h at 25 °C. This indicates that direct the saponification of spray-dried algae is an 

efficient method for lutein extraction. In addition, it can be observed that the selectivity to 

lutein separation based on HPLC results was 55 wt% with direct saponification in ethanol, 

whereas with chloroform-methanol it was only 21wt%. 

Lipids 

The GC–MS chromatogram of the free fatty acid fraction shows that the main fatty acids 

and esters were oleic acid and ethyl oleate with the respective mass fractions of 54% and 

38%. Ethyl ester is formed during saponification with KOH and ethanol at 70 °C. In addition, 

stearic acid and linoleic acids were found in the extract. The yield of the fatty acids was 

higher with ethanolic KOH compared to NaOH being about 83% of the total lipid content, 

which represents approximately 7% of the dry algae. The reason for the diminished yields 
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achieved in NaOH/ethanol compared to KOH/ethanol is the fact that the soaps formed with 

the former one are known as hard soaps, whereas KOH gives the so-called soft soaps 

facilitating higher yields of fatty acids. 

3.1.2. Lipid extraction with supercritical hexane 

Lipid extraction carried out via the Bligh and Dyer’s method. Although several solvents 

such as chloroform and methanol demonstrated their efficiency, the use of toxic solvents is 

the main barrier for the large-scale application concerning health risk and environmental 

issues. Hexane is less efficient for lipid extraction form algae, however, minimal non-lipid 

contaminants and higher selectivity toward neutral lipids fraction would be achieved. 

The supercritical state of hexane is achieved as the temperature and the pressure have 

exceeded critical point (234.6°C, 30.3 bar). Lipid extraction was carried under these 

conditions in an autoclave [VI]. 

 

Figure 4. Selectivity to MDTG and FFA and lipids yield at different extraction times in 

supercritical hexane extraction from Chlorella algae. Conditions: 5 g of algae, 100 ml of 

hexane, 235 °C, 34 bar, and 300 rpm stirring speed. 

The results show that a longer extraction time gave higher yield of lipids, which increased six 

folds after 2 h. This value is close to the theoretical yield of approximately 12%. 

Figure 4 presents the yield of lipids extracted from Chlorella algae at different reaction times. 

The calculations were made for two samples of duplicate supercritical lipid extractions. The 

lipids samples obtained at different extraction times were analyzed by size exclusion 

chromatography (SEC) to identify the selectivity to mono-, di- and triglycerides (MDTG) and 

free fatty acids (FFA). The analysis showed that the selectivity to these components impaired 

as the reaction time increased. The reason is that a longer extraction time could lead to 
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efficient diffusion of lipids through cell walls of algae; however, also other nonpolar lipids 

(such as chlorophyll and carotenoids) and nonpolar fractions could be extracted together with 

MDTG and FFA. 

3.1.3. In situ transesterification 

In situ transesterification of microalga Chlorella using 20 wt% sulfuric acid as a catalyst 

allowed extraction of crude biodiesel consisting mainly of fatty acids methyl esters and small 

amounts of fatty acids. The FAME profile is shown in Table 1 confirming that FAME 

contains mostly esters (96%).  The mixture contains molecules in the range of C14-C18 

comprising unsaturated ester (61.69 %), followed by saturated esters (34.21%) mainly methyl 

palmitate. The average molar mass of oil was calculated in [II] amounting of 812.9 g/mol. 

The mixture has a high level of unsaturation which is not beneficial for diesel component due 

to lower oxidation stability.  

Table 1. Chemical composition of fatty acids methyl esters (FAME). 

Component Mass percentage (%) 

Myristic acid 0.23 

Methyl palmitoleate 8.62 

Methyl palmitate 32.68 

Palmetoleic acid 2.31 

Palmitic acid 0.37 

Methyl linoleate 26.21 

Methyl linolenate 25.63 

Methyl oleate 1.23 

Methyl stearate 1.53 

Linoleic acid 0.55 

Oleic acid 0.38 

Stearic acid 0.26 

Crude biodiesel exhibited a dark green color as a result of a high chlorophyll concentration. 

After removal of impurities using clay (Argila varde, www.forcadaterra.com, Brazil) as an 

adsorbent, the yield of biodiesel was 6.5 wt%. The clay was characterized by SEM, EDXA, 

TGA and nitrogen adsorption [II].  
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3.2. Fatty acids hydrodeoxygenation 

3.2.1. Catalyst characterization 

Several catalysts were synthesized for FA HDO. The synthesized catalysts containing 5 

wt% Ni supported on H-Y-80, - Al2O3, SiO2 and a commercial 5 wt% Pd  on active carbon 

were characterized and their physical properties are summarized in Table 2. The specific 

surface area of the catalyst varied from a moderately high value of Ni/H-Y 12 (784 m²/g) to 

medium values of Ni/SiO2 (588 m²/g) and Pd/C (551 m²/g), and to the low surface area of 

Ni/-Al2O3 (258 m²/g). 

Nickel supported on zeolites exhibited the highest specific surface areas, which is due to the 

contribution of the internal pores of the support. Impregnation of Ni on H-Y 80 led to a loss of 

33 % of the parent zeolites specific surface area (994 m²/g) resulting eventually in a decrease 

of the pore volume from 0.32 cm
3
/g to 0.22 cm

3
/g.  

Table 2. Physical properties of the fresh catalysts. 

  Metal 

loading 

(%) 

Support 

particle size 

(µm) 

Surface area 

(m²/g) 

Pore 

volume 

(cm
3
/g) 

Pore diameter 

range (nm) 

5 wt% Ni/H-beta 300 4.37 <63 727 0.25  

5 wt% Ni/H-beta 150 4.42 <63 600 0.21  

5 wt% Ni/H-beta 25 4.23 <63 680 0.24  

5 wt% Ni/H-Y 12 4.84 <63 784 0.27  

5 wt% Ni/H-Y 80 4.90 <63 660 0.22 4.3 – 6.6 

H-Y 80 - <63 995 0.32 4.4 – 6.8 

5 wt% Ni/SiO2 4.90 40-63 590 0.12 4.5-12.3 

5 wt% Ni/-Al2O3 4.90 <63 260 0.09 7.1-10.6 

5 wt% Pd/C 4.60 - 550 0.10 4.3 – 7.1 

3.2.2. Influence of reaction parameter on mass transfer 

A preliminary study was carried out in order to determine the optimal stirring speed and 

the catalyst amount. The stirring speed was studied in the range 1000-1200 rpm showing that 

1200 rpm accede an adequate liquid/solid phase mixing (Figure 5a). The amount of catalyst 

loaded for different experiments was investigated within the range of 0.1-0.4 g. 0.25 g of the 

catalyst was identified to be convenient for the reaction under the previously mentioned 

conditions (Figure 5) to suppress the resistance gas/liquid mass transfer. 
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Figure 5. Initial rates of hydrodeoxygenation as function of: a) stirring speed, b) Ni catalyst 

amount. 

In order to estimate the influence of the internal pore diffusion on the reaction rate, the Weisz-

Prater criterion [45], which represents a ratio of the rate of reaction to the rate of diffusion in 

the pores, was used: 

    
       

     
      (5) 

In equation (5) WP is the dimensionless Weisz-Prater parameter, R is the mean catalyst 

particle radius (31 µm), robs is the observed rate per catalyst volume, c the substrate 

concentration, Deff is the effective diffusion coefficient defined as Deff = D(ɛ /), where D is 

the substrate diffusion coefficient in the solvent, ɛ, are catalyst porosity and tortuosity 

respectively and have the respective typical values in the ranges 0.3-0.6 and 2-5. 

The Weisz-Prater criterion (equation. 5) depends strongly on the reaction order, values of  

below 6, 1 and 0.3 respectively for zero, first and second order reactions can be considered 

sufficient conditions for neglecting significant pore diffusion limitations. 

The diffusion coefficients of the molecules were evaluated from the Wilke-Chang equation 

[46]. 

   
  

                 

        
                    (6) 

Where, MB is the molecular weight of the solvent (170 g/mol),  B is the solvent viscosity at 

reaction temperature (0.2 cP), Vb(A) is the molar volume of the solute at the normal boiling 

point (cm
3
/mol). The dimensionless association factor  was taken as unity for the solvent 

dodecane 

Assuming that ɛ /=1/10, the diffusion coefficients for stearic acid and hydrogen, respectively 

are calculated to be        
               and        
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bar). For the maximal reaction rate (5.8 × 10
-7

 mol/L.s) obtained from stearic acid HDO over 

Ni/H-Y, the values of Weisz-Prater modulus for stearic acid and hydrogen are of several 

orders below the criterion, which indicate that there are no mass transfer limitations of the 

substrate and dissolved hydrogen. It could be concluded that the effective diffusion inside the 

catalyst pores does not affect the overall reaction rate. Finally it was concluded that the 

experimental data generated in this work were obtained in the kinetic regime. 

3.2.3. Catalyst screening 

A preliminary step was to test several zeolites supporting Ni catalysts in stearic acid HDO 

and compare their activites to noble metal catalyst Pd/C. 

The goal was to reveal the effect of zeolites morphology, Si/Al ratio in comparison with SiO2 

and -Al2O3. Stearic acid was selected as a model molecule. Hydrodeoxygenation of 1 g of 

stearic acid over 0.25 g of catalyst in hydrogen atmosphere was investigated at 260 °C
 
and 

300 °C at 30 bar for 6 h. 

Table 3. Yield and selectivity to n- heptadecane and n-octadecane in stearic acid 

hydrodeoxygenation. 

  

Selectivity at 6 h reaction 

time (%) 

Catalyst 
Conversion after 6 h 

reaction time (%) 

n- 

heptadecane 

n-

octadecane 

5 wt% Ni/H-Beta 300 
[a]

 57.7 25.1 34.0 

5 wt%  Ni/H-Beta 150 
[a]

 32.1 6.0 15.6 

5 wt%  Ni/H-Beta 25 
[a]

 34.5 7.3 15.7 

5 wt%  Ni/H-Y12 
[a]

 56.3 26.4 47.0 

5 wt%  Ni/H-Y80 
[a]

 58.8 25.3 60.7 

H-Y 80 
[b]

 2.0 - - 

5 wt%  Ni/SiO2 
[b]

 100 96.3 0.9 

5 wt%  Ni/-Al2O3 
[b]

 100 96.2 1.9 

5 wt%  Ni/H-Y 80 
[b]

 100 38.3 61.6 

5 wt%  Pd/C 
[b]

 53.7 98.4 1.5 

[a]: catalysts screened for static acid HDO at 260 °C. [b]: catalysts screened for stearic 

acid HDO at 300 °C. 
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Several 5 wt% Ni supported catalysts exhibited a complete conversion when performed in 

suitable conditions (Table 3). The H-Y supported Ni displayed selectivity producing aliphatic 

hydrocarbons while Ni supported on H-Beta showed lower selectivity to hydrocarbons 

forming stearone and coke deposited on the catalysts. Ni/H-Y 80 catalysts exhibited a 

relatively rapid transformation of stearic acid. At 60 min of the reaction 92% of stearic acid 

has been converted into hydrocarbons. The conversion of stearic acid over Pd/C after 60 min 

of reaction was only 14% and reached 54% after 6 h. 

 

Scheme 1. The reaction pathways of stearic acid hydrodeoxygenation 

The main products were aliphatic hydrocarbons (n-heptadecane and n-octadecane) obtained in 

different proportions over different catalysts. C17 was the main product from HDO of stearic 

acid over Pd/C, Ni/-Al2O3 and Ni/SiO2 representing more than 94% from HDO over Ni 

supported on -Al2O3 and SiO2. HDO of stearic acid over Ni/H-Y and Ni/H-Beta allowed 

production of two main products (C18 and C17 alkanes).  In case of Ni/H-Y 80, the products 

were 60% C18 and 36% C17.  Conversion of stearic acid over Ni/H-Y and Ni/H-Beta 

followed hydrogenation/dehydration and decarboxylation/decarbonylation pathways as 

illustrated in Scheme 1. Decarboxylation and decarbonylation routes were more dominant for 

the other catalysts producing mainly n-heptadecane. As an intermediate product, stearyl 

alcohol appeared in small amounts in the first two hours of HDO over Ni/-Al2O3 and 

Ni/SiO2. This fraction disappeared completely after the conversion of stearic acid had been 

completed. Ni/H-Y exhibited the highest activity among the screened catalysts in 

hydrodeoxygenation of stearic acid.  

Pd/C, Ni/Al2O3, Ni/SiO2 catalysts exhibited lower acidities compared to Ni supported on 

zeolites.  Metal sites on stronger acidic support became more electron deficient. This in 

addition to support acidity shifts selectivity [47] allowing more profound dehydration [48].   
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3.2.4.  Pressure effect 

Effect of hydrogen pressure on stearic acid HDO was studied within the range 7-30 bar 

over 5 wt% Ni/-Al2O3. The results are displayed in Figure 6. Conversion of stearic acid 

increased clearly with increasing pressure. Heptadecane was the main product exhibiting 

increase in the yield from 49 to 96%, while the conversion increased from 53 to 49% as the 

pressure was increased from 7 to 30 bar. Stearyl alcohol being an intermediate products was 

found in traces with the highest concentration of 6% detected after 45 min of the reaction for 

the highest pressure.  

 

Figure 6. Effect of hydrogen pressure on the hydrodeoxygenation of stearic acid on 5 wt% 

Ni/-Al2O3.  

Despite the sintering and the decrease of the specific surface areas (Table 4) of the spent 

catalyst after stearic acid HDO at 30 bar and 300 °C, the catalyst activity remained almost 

unchanged resulting in a very high (99%) conversion after 360 min with almost no nickel 

leaching. Thermogravimetric analysis illustrated in Figure 7 showed that the weight loss of 

the spent catalyst is dependent on the reaction pressure.  

Table 4. Specific surface area for spent 

5..wt% Ni//-Al2O3 used un different 

pressures. 

Reaction  Relative decrease (%) 

7 bar  55 

10 bar 59 

15 bar 39 

20 bar 50 

30 bar  45 

30 bar (reused) 51 

 

Figure 7. Thermogravimetric analysis of 

Ni/-Al2O3 catalysts used at different 

reaction pressures. 
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The weight loss noticed for temperatures lower than 370 °C is attributed to moisture 

evaporation as well as hydrocarbons and fatty acids desorption. The weight loss related to 

higher temperatures represents the coke formed inside the catalyst pores. The catalyst used at 

10 bar indicates the highest coke formation, whereas, the catalyst used in the reaction at 30 

bar demonstrated low coke formation. 

3.2.5. Hydrodeoxygenation of different fatty acids 

Hydrodeoxygenation of stearic acid on 5 wt% Ni/H-Y-80 demonstrated a high activity. 

Therefore, a more detailed study was carried out using more complex reactants. The study 

involved three types of feedstock types: fatty acids methyl ester (FAME from Chlorella 

algae), tall oil fatty acids (TOFA) and triglycerides (animal fat).  

HDO of fatty acids follows a complex stoichiometric and kinetic network of multiple parallel 

and consecutive reactions. As illustrated by Scheme 2, hydrocarbons are formed by three 

reactions, namely hydrogenation/dehydration, decarboxylation and decarbonylation, resulting 

in alkanes with the same carbon number or one carbon number less as compared to the 

reactant. The intermediates are obtained by hydrogenation, i.e. hydrogenation of different 

feedstock (methyl esters in FAME, triglycerides in animal fat) led to formation of saturated 

fatty acids as common intermediates. Hydrogenation/dehydration of acids allows formation of 

aldehydes. Parallel decarboxylation of acids gives heptadecane/pentadecane. Transformation 

of the formed aldehydes by hydrogenation and decarbonylation results in alcohols and 

heptadecane/pentadecane respectively. Alcohols undergo a further hydrogenation into 

octadecane/hexadecane. In the case of methyl esters, initial saturation occurs producing 

methyl stearate and methyl palmitate. Hydrogenation of the latter compound allows formation 

of hydrocarbons. 

The Ni/H-Y catalyst allowed the production of aliphatic hydrocarbons within the rage C16-

C18, exhibiting a two-fold selectivity to hydrocarbons in the hydrogenation pathway 

compared to decarboxylation/decarbonylation. 

HDO of FAME, TOFA and triglycerides on Ni/H-Y was nearly complete in approximately 2 

h as shown in Figures 8-10 with the respective initial rates 0.10, 0.19 and 0.06 mmol/L.g.min. 

The initial rate observed for TOFA compared to FAME is related to slower transformations of 

esters to acids than the subsequent reactions of fatty acids.  
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Scheme 2. Pathways for The HDO of triglycerides and fatty acid methyl esters.  

Hydrodeoxygenation of fatty acid methyl esters (FAME) 

HDO of FAME on Ni catalyst (Figure 8a) exhibited a yield of hydrocarbons close to 90% 

in approximately 90 min with the respective turnover frequency (TOF) 0.02 s
-1

.  

The yield of acids as major intermediates in the conversion of FAME from Chlorella 

microalgae increased to a maximum level of 23 % in 30 min, subsequently, decreasing as a 

function of the reaction time. Stearic and palmitic acids were the main intermediates 

observed. Only traces of stearyl alcohol were found because the formation and disappearance 

of this intermediate were very rapid. The yields for FAME HDO products were 30 % n-

octadecane, 29 % n-hexadecane from hydrogenation and 18 % n-heptadecane and 14 % n-

pentadecane from decarboxylation/decarbonylation. 

Selectivity as a function of FAME conversion is displayed in Figure 8b. Selectivities of 

Ni/H-Y catalysts in HDO of fatty acids towards the desired aliphatic hydrocarbons varied 
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with time reaching 100 % as the conversion of the fatty acids approached 100 %. At low 

conversion selectivity towards the intermediates was high, decreasing thereafter because of 

further transformations of these intermediates to hydrocarbons. 

FAME HDO showed the highest selectivity towards saturated FAME, the first intermediate 

compounds in hydrogenation of FAME at low conversions. Concentration of saturated FAME 

tended to decrease gradually allowing a slight increase of the selectivity towards acids, which 

was followed by a decrease permitting a noticeable increase of the selectivity to 

hydrocarbons. The observed increase of the selectivity to acids is explained by the continuous 

production of the latter from saturated esters. 

 

Figure 8. a) FAME conversion on 5 wt% Ni/H-Y-80, b) Selectivity to hydrogenation vs. 

decarboxylation/decarbonylation of FAME HDO over 5 wt% Ni/H-Y-80. 

Hydrodeoxygenation of tall oil fatty acids  (TOFA) 

HDO of TOFA on Ni catalysts exhibited a yield of hydrocarbons approximately 90 % 

after 60 min of the reaction as illustrated in Figure 9a with the respective turnover 

frequencies (TOF’s) 0.02 s
-1

 which is similar to the one observed for FAME.  

In TOFA HDO, stearyl alcohol was the intermediate found in trace amounts. The yield of 

hydrocarbons reached 93 % with the products consisting mainly of n-octadecane and n-

heptadecane. At low conversion of TOFA the catalyst showed a high selectivity towards 

stearic acid (Figure 9b). At higher conversions, this selectivity gradually decreased along 

with an increase of selectivity towards aliphatic hydrocarbons. 
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Figure 9. a) TOFA conversion over 5 wt% Ni/H-Y-80, b) Selectivity to hydrogenation vs. 

decarboxylation/decarbonylation of TOFA HDO over 5 wt% Ni/H-Y-80. 

Hydrodeoxygenation of triglycerides (TG) 

Triglycerides HDO over Ni catalyst exhibited the lowest conversion compared to the other 

feedstock. As shown in Figure 10a, the yield of 90 % was reached after reaction time 

exceeding 120 min with the respective turnover frequency of 0.005 s
-1

. Triglycerides HDO 

yielded 38 % n-octadecane, 24 % n-heptadecane, 22 % n-hexadecane and 10 % n-

pentadecane. 

Animal fat HDO on Ni (Figure 10b) exhibited a faster decrease in selectivity towards acids as 

the conversion of triglycerides increased and a faster increase in selectivity towards 

hydrocarbons compared to the selectivity profiles obtained for FAME and TOFA HDO. 

 

Figure 10. a) TG conversion over 5 wt% Ni/H-Y-80, b) Selectivity towards the 

hydrogenation vs. decarboxylation/decarbonylation of triglycerides HDO on 5 wt% Ni/H-Y-

80. 
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3.3. Catalyst deactivation  

Analysis of the spent catalysts used for the HDO of different feedstock was performed 

investigating the catalyst deactivation in particular by coking [V].  

3.3.1. Surface area and pore diameter 

The specific surface areas of the spent catalysts demonstrated a different relative decrease 

which could be ranked from larger to smaller in the following order: 

FAME>triglycerides>TOFA>stearic acid. 

Table 5.  Specific surface area and pore volume of the fresh and spent 5 wt% Ni/H-Y-80 

catalysts. 

Substrate 
Specific surface 

area (m²/g) 

Relative decrease in 

surface area (%) 

Volume microporous 

(cm
3
/g) 

Volume total 

(cm
3
/g) 

 660 - 0.22 0.85 

Stearic acid 567 14 0.13 0.55 

FAME 406 38 0.15 0.41 

TOFA 433 34 0.12 0.66 

Triglycerides 418 37 0.19 0.45 

 

The catalyst pore size distribution was calculated from the nitrogen desorption isotherms 

using Barrett, Joyner, Halenda (BJH) method  [49]. Table 5 displays the pore volumes the 

fresh and spent Ni/H-Y-80. In genral, HDO caused a decrease of the pore volume. The fresh 

Ni has the average pore size in the range 4.3-7.3 nm. After the reaction, the catalysts 

demonstrated variations in their pore sizes depending on the feedstock used in the 

hydrodeoxygenation. The spent catalyst in the case of FAME HDO had the highest decrease 

of the pore diameter. For the case of TOFA, the spent catalyst demonstrated narrowing of the 

pore size range and decrease in the pore volume. The observed decline in the physical 

properties depended of the substrate used in the reaction. A detailed study of the pore-size 

distribution is presented in paper [V]. 

A visible decrease in the pores with lower sizes was noticed. The catalysts spent in TOFA, 

stearic acid and triglycerides HDO had a moderately low average pore diameter while the 

catalyst spent in FAME HDO showed a significant decrease in the average pore diameter. The 

pore volume became significantly smaller in the case of FAME and triglycerides.  
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3.3.2. Thermogravimetric analysis of coking 

The coke formed in zeolites originats mainly from heavy hydrocarbons which are not 

desorbed from the catalyst because of their relative low volatilities [50]. In the case of bi-

functional catalysts, the coke may be deposited on both metal and acid sites [51].  

Table 6 and Figure 11 show TGA of the spent Ni/H-Y-80 catalysts used in the 

hydrodeoxygenation of different reactants (stearic acid, FAME, TOFA and animal fat) 

exhibiting a relative amount of weight loss compared to the fresh catalysts. Two distinct 

regions of the weight decrease were observed, namely low temperature (< 370 °C), where the 

loss is due to the desorption and/or evaporation of the residual reagent, heavy hydrocarbons in 

addition to moisture. A second region is noticed for high temperatures (> 370 °C) at where the 

actual weight loss is due to combustion of the coke deposited on the catalyst surface [38,52]. 

Therefore, it can be concluded that the weight loss of the fresh Ni catalyst is 5% for 

temperatures less than 120 °C, which could be associated with evaporation of moisture 

trapped within the pores.  

The increased weight loss noticed for the spent Ni catalyst at the temperatures 250-370 °C 

could be assigned to desorption of hydrocarbons (n-C14-n-C18) which have the boiling point 

in this range. 

The weight loss for Ni is apparently higher at the low temperature range depending on the 

substrate. For the high temperature range the loss is minor indicating low coke formation.  

Table 6. Ni catalyst weight loss as a function 

of temperature. 

  <120 120-250 250-370 370-670 

Fresh 83 0 17 0 

SA 10 40 30 20 

FAME 4 17 65 13 

TOFA 33 42 8 17 

Triglycerides 31 38 15 15 

Reused in 

FAME HDO 
22 33 33 11 

 

 

 

Figure 11. Thermogravimetric analysis 

for 5 wt% Ni/H-Y-80: weight loss as a 

function of temperature. 
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A high weight loss of the catalyst used in hydrodeoxygenation of FAME can be attributed to 

the deposition of hydrocarbons in the pores. TOFA and triglycerides showed almost the same 

weight loss. The catalyst spent in stearic acid HDO displayed the lowest relative loss as a 

function of time. This indicates that more products are deposited inside the pores in the case 

of more complex reactants. Removal of such organic compounds requires heating of the 

catalyst to boiling points of these compounds. 

3.4. Catalyst recycling and regeneration 

The catalyst studied demonstrated high activity under the reaction conditions. In order to 

determine the catalyst stability and resistance to deactivation, further investigations were 

carried out under the same conditions over recycled and regenerated catalysts at 300 °C and 

30 bar of H2. The catalyst was pre-reduced at the reduction temperatures obtained from TPR, 

after which they were loaded into the reactor. The substrate/catalyst ratio was equal to 4 in all 

experiments. 

Figure 12 shows that reuse of Ni/H-Y catalyst leads to activity decrease which was higher in 

FAME HDO as compared to TOFA HDO. The inferior catalyst activity decrease in TOFA 

HDO can be related to the difference in the chemical structure of TOFA and FAME.  

  

Figure 12. (a) FAME and (b) TOFA conversion over fresh (▲) and used (■) 5 wt% Ni/H-Y-

80. 

The fresh, reused and regenerated catalysts successfully converted fatty acids into hydrocarbons, 

however, the proportion C17 to C18 varied in the three experiments (Figure 13b). The fractions 

C18/C17 were 1.7, 0.4 and 1.1 for respectively fresh, reused and regenerated catalysts. The 

change in the selectivity should be tentatively ascribed to the influence of coking, which retards 

the hydrogenation pathway at the expense of decarboxylation and decarbonylation. These 

variations are also caused by the changes in the catalyst morphology and physical properties, 

which will be in the next section. 
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Figure 13. a) Fatty acid conversion and b) Octadecane and heptadecane yield from fatty acid 

HDO at 300°C and 30 bar in the semi-batch reactor over fresh, recycled and regenerated 5 

wt% Ni/H-Y-80.  

3.4.1. Specific surface area and pore diameter 

Specific surface areas of the spent catalysts in FAME HDO after the first experiment 

exhibited the highest decrease in its specific surface area being 39%. After reuse a moderate 

increase of 6% is partially due to a moderate increase in the pore size and the microporous pore 

volume. The regenerated catalyst recovered a fraction of the lost specific surface area giving 82% 

compared to the fresh sample area.  

 

Figure 14 . Pore size distributions of fresh and regenerated Ni/H-Y-80 catalysts. 

The prominent decrease in Ni/HY reuse in TOFA HDO compared to FAME HDO over a reused 

Ni catalyst is in line with the catalyst characterization data. The pore average size remained fairly 

constant (6.5 nm) in TOFA HDO whereas it decreased to 4.9 nm in the case of FAME HDO. The 

change in the total pore volume is more noticeable in FAME HDO where it decreased from 0.85 
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cm
3
/g in the fresh catalyst to 0.66 cm

3
/g in spent TOFA HDO catalyst to a further decrease to 

0.51 cm
3
/g in the spent catalyst in FAME HDO.  

Moreover, the pore channels of the regenerated catalyst have evdently undergone a 

transformation as displayed in Figure 14. While the pore diameter does not show an apparent 

change (6.9 nm), the volume had dramatically decreased (0.66 cm
3
/g). This decrease is more 

acute in case of pore with diameter less than 6 nm. Pore volume decline is due to partial or 

total blockage of the channels. Although regeneration seems to restore the catalytic activity as 

well as some of the physical properties such as the pore average size and microporous pore 

volume, the relative decrease in surface area remained 18%. 

3.4.2. Inductively Coupled Plasma Optical Emission Spectrometry leaching 

analysis  

  Leaching of the catalyst into the reaction mexture would imply a time-consuming and costly 

cleaning step, which would make the whole process more expensive. Furthermore, leaching of 

the active metal also leads to a decrease of turnover frequency. In order to evaluate leaching of 

Ni, Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) was performed for 

the fresh and spent catalysts. Analysis of three samples (spent, reused and spent after 

regenerating) show that the metal loss was on the average 2% of nickel. 

3.4.3. Transmission electron microscopy analysis 

Particle size distributions of the fresh and spent Ni/H-Y catalysts under different 

conditions are illustrated in Figure 14. Particle size distribution exhibited changes for the 

spent catalysts compared to the fresh one which had an average particle diameter 4 nm. The 

spent catalysts showed an increase in the particle size with a new value of the mean particle 

diameter being 5 nm. which led to decrease in the catalyst activity. The reused catalysts 

demonstrated a shifting of the mean particle diameter towards a smaller diameter of 3 nm, 

while the regenerated one displayed a bimodal dispersion with the first maximum at 3.6 nm 

being clearly smaller compared to the average particle size in the fresh catalyst. The second 

maximum at 5.4 nm impels the increase in the particle size.  

The observed variation suggests that various mechanisms occurred during the reaction leading 

to metal redispersion. Formation of small particles implies splitting of particles which can be 

followed by a subsequent migration of atoms as reported by Ruckenstein and Sushumna [53]. 

Metal particle redispersion is governed by two mechanisms as indicated by Bartholomew and 

Farrauto [54]. The entire crystallite can migrate over the support surface or metal atoms or 

molecule clusters can be detached from the crystallites. Atomic or small cluster migration is 

favored at low temperatures since higher diffusivity would facilitate their migration, whereas 
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thermal energyis  necessary to induce motion of larger crystallite would be available at higher 

temperature (>500 °C) [55]. In addition, the repeated use of the catalyst caused changed in the 

shape of the particles [53] as visible for nickel clusters which tend to have a more spherical 

shape after several uses. 

  

 

Figure 15. TEM images and the particle size distribution of a) fresh, b) used in FAME HDO, 

c) reused in FAME HDO and d) regenerated Ni/H-Y-80. 

3.4.4. Scanning electron microscopy analysis 

Catalyst morphology along with the size distribution of fresh, spent, reused and 

regenerated Ni/HY catalysts is presented in Figure 16. Different treatments resulted in 

changes of the crystallites sizes. While the fresh catalyst exhibited a bimodal distribution with 

two mean diameters of 0.17 and 0.37 µm, HDO over Ni/HY shifted the distribution to an 

average diameter of 0.34 µm. Narrowing in the distribution became visible for the recycled 

catalyst, further increasing the average diameter to 0.4 µm  after catalyst regeneration. 
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Figure 16. Morphology and size distribution from SEM for a) fresh, b) spent c) recycled and 

d) regenerated   Ni/H-Y-80. 

 

Figure 17. XRD patterns for the parent H-Y and metal containing zeolites. 
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3.4.5. X-ray diffraction analysis  

The X-ray diffraction patterns of the fresh and spent samples of Ni/H-Y are shown in 

Figure 17. The characteristic diffraction peaks in the parent H-Y are in line with the powder 

pattern of Y (FAU), indicating that all the observed peaks at positions less than 35 ° are 

assigned to zeolites. XRD revealed the presence of NiO and Ni at 2θ= 37.1°, 43.1°, 63.7° and 

65.1° associated with Ni particles [56,57].  

Changes in the crystallite sizes of the catalysts are related to changes of the peak intensities 

and the width. Based on Figure 17 it can be concluded that the catalyst structure did not 

change significantly during the regeneration process as also reported in [57]. 

The decrease in the intensity and disappearance of the peaks observed at 2θ= 63.7° are due to 

the decrease in the particle size below the detection limit, confirmed by TEM. A faint peak 

was noticed at this position in the regenerated sample.  

3.5. Hydrodeoxygenation of Lipid 

The direct HDO Chlorella algal lipids was investigated over several catalysts [XI]. Two 

previously selected catalaysts, 5 wt% Ni/HY-80 and 5 wt% Ni/SiO2 which exhibited high 

activity and selectivity in FA HDO were selected. In addition, a Mo-based catalyst, 55 wt% 

Mo2N-45 wt% MoO2 was also investigated.  

The results revealed that the activity of Ni-HY-80 decreased strongly after 8 min×gcat 

normalized time and even complete catalyst deactivation of Ni-HY-80 with 1g of reactant was 

observed at 15 min×gcat. Partial catalyst deactivation was also observed for Ni-SiO2, which 

was visible from the rate retardation after 15 min×gcat normalized time. Unlike the nickel 

catalysts, Mo2N-MoO2 retained its activity throughout the entire reaction time.  

The highest activity was achieved with Ni-HY-80, and the lowest conversion of Chlorella 

algal lipids was observed for Ni-SiO2 when only 12% of the substrate was converted to 

products. The results showed that Mo catalyst retained its activity throughout the whole 

reaction time with the final conversion of 23%.  

The results observed for Ni-SiO2 are most probably associated to its non-acidic properties. 

When calculating the percentage of converted lipids per mass of metal, it was observed that 

the mass-specific conversion was the highest for Ni-HY-80. Mass specific lipid conversion 

with Mo2N-MoO2-catalyst was very low, most probably due to a low dispersion, because the 

metal content and low specific surface area. The opposite was valid for Ni-HY-80, which had 

a lower amount of nickel and small nickel particles size as presented in the previous section. 
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3.6. Kinetic modeling [IX] 

Knowledge of the reaction kinetics is, however, important not only for the reactor design, 

but also for understanding of the reaction mechanisms on the molecular level. Therefore, the 

goal of this work was to reveal the kinetics of FAME and TG on 5 wt% Ni supported on H-Y-

80 and 5 wt% Pd supported on active carbon on which aliphatic hydrocarbons are formed. 

The experiments were carried out in a semi-batch reactor, in 200 ml of dodecane, using 0.25 g 

of catalyst and 1 g of substrate. The information of the catalyst, characterization data and 

procedure of the catalytic experiments were reported in detail in [58]. Kinetics of other fatty 

acids deoxygenation reactions has been investigated previously [59–62] over different 

catalysts using several model molecules. 

 

Scheme 3. Reaction network for hydrodeoxygenation of linoleate and palmitoleate methyl 

esters and TG. 
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The reaction products were aliphatic hydrocarbons with the carbon numbers of 15 to 18. 

Considering the number of carbon atoms per molecule, all the reactions can be divided into 

two groups: C:18 HDO and C:16 HDO. The network for C18 and C16 esters (respectively 

methyl linoleate and methyl palmitoleate) as well as for triglycerides (TG) is sketched in 

Scheme 3. 

For C18 substrate, the reaction mechanism consists of 9 overall reactions [IX]. The 

mathematical model of the FAME HDO kinetics is summarized by of equations 20-28 
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The system of ordinary differential equations (eqns. 7-15) was solved numerically using the 

backward difference method suitable for such system of differential equations. The calculated 

constants for all the reactions are summarized in Table 7. Parameters, ki and k’i represent rate 

constants for C18 and C16 groups respectively. 

The values of the rate constants k7, k8, k’7, k’8 are in agreement with the high rates values of 

aldehydes transformation.  The values of the constants k6, k’6 are approximately eight-fold to 

those of k5, k’5 in case of Ni, leading to faster transformations of acids into aldehydes than to 

hydrocarbons by the decarboxylation route. Moreover, k8, k’8 are higher than k7, k’7, 

indicating that the deoxygenation pathway (following reactions 8, 9) was the most prominent 



40 
 

one. In the case of Pd, k5, k’5 are 7.5 fold k6, k’6 which is in agreement with the previous 

studies [20,63–65] showing that FA HDO over palladium follows 

decarboxylation/decarbonylation pathways. 

Table 7. Estimated kinetic parameters for fatty acids methyl esters. 

5 wt% Ni/H-Y-80 

  16 carbon  18 carbon    

Parameters 
Estimated 

value 
Unit 

Residual 

standard 

error 

RSS (%) 

Parameters 
Estimated 

value 
Unit 

Residual 

standard 

error 

RSS (%) 

    k1 5.15 × 10-1 min-1 0.03 

    k2 7.41 × 10-1 min-1 0.06 

k'3 3.00 × 10-1 min-1 9.7 k3 8.05× 10-1 min-1 <10-5 

k'4 5.01 × 10-2 min-1 8.7 k4 1.09 x×10-2 min-1 3.38 

k'5 5.00 × 10-3 min-1 <10-5 k5 1.00 × 10-2 min-1 <10-5 

k'6 4.25 × 10-2 min-1 1.47 k6 7.50 × 10-2 min-1 2.75 

k'7 1.14 × 100 min-1 7.95 k7 2.09 × 100 min-1 7.94 

k'8 1.00 × 10+1 min-1 0.04 k8 1.70 × 10+1 min-1 0.63 

k'9 6.02 × 10-1 min-1 1.13 k9 7.71 × 10-1 min-1 4.05 

K’A 1.01× 10-2 L mol-1  KA 1.13× 10-2 L mol-1  

5 wt% Pd/C 

  16 carbon  18 carbon    

Parameters 
Estimated 

value 
Unit 

Residual 

standard 

error RSS 

(%) 

Parameters 
Estimated 

value 
Unit 

Residual 

standard 

error 

RSS (%) 

    k1 3.65 × 10-1 min-1 8.65 

    k2 4.25 × 10-1 min-1 0.89 

k'3 2.50 × 10-1 min
-1

 2.35 k3 6.19 × 10-1 min-1 < 10-5 

k'4 1.63 × 10-3 min
-1

 3.71 k4 2.01 x×10-3 min-1 6.5 

k'5 1.00 × 10-3 min
-1

 1.97 k5 1.90 × 10-3 min-1 2.97 

k'6 1.33 × 10-4 min
-1

 < 10-5 k6 2.53 × 10-4 min-1 < 10-5 

k'7 1.22 × 10-1 min
-1

 2.42 k7 8.85 × 10-1 min-1 1.09 

k'8 7.99 × 100 min
-1

 1.19 k8 1.18 × 101 min-1 2.41 

k9 1.82 × 10-3 min
-1

 0.22 k9 7.44 × 10-2 min-1 4.17 

K’A 1.01× 10-2 L min
-1

 ~ KA 1.10× 10-2 L min-1 ~ 
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The calculated values k’i, ki reveal that the rate constants are dependent on the molecule chain 

length. Reddy and Sunil [61] reported that the rate constants for conversion of FA are 

independent of the fatty acid chain length for the TG HDO conversion over an alumina 

supported nickel catalyst. It was stated that the rate constants for palmitic acid and stearic acid 

transformations into alkanes are closely matching. However, in our study, a clear differences 

in the values of constants was observed. This was noticed for both Ni and Pd catalysts. 

An overall decrease in the rate constants was visibl for Pd in comparison with Ni. For 

hydrogenation steps, the constants are in similar range of both catalysts. However, when 

methyl stearate and methyl palmitate are transformed into stearic and palmitic acids 

respectively, their corresponding constants k4, k’4 decrease by two orders of magnitude. This 

is noticed also for k5-6, k’5-6 corresponding to acids transformation into alkanes and aldehydes.  

The objective function was calculated using the method of the least squares: 

                          
  

 
 
     (16) 

where the subscripts i and t refer to components and the reaction time respectively. 

The estimation results show a reasonably, good agreement between the experimentally 

obtained and predicted concentrations. The residual standard errors for most of the estimated 

concentration profiles remain within few percent. The overall degree of explanation was 

99.7% for C:18 and 99.9% for C:16 substrates in the case of Ni catalyst and 99.5% for C:18 

and 99.4% for C:16 substrates in the case of Pd. 

Figures 18-19 display how the kinetic model predicts the concentration profiles as a function 

of time in the reaction conducted under 300 °C and pressure 30 bar over Ni/H-Y zeolites 

(Figure 18a) and Pd/C (Figure18b).  

An excellent correspondence of the fit to the experimental data confirms that the reaction 

network was adequately described not requiring inclusion of any additional parameters. The 

hydrogenation of unsaturated esters follows a similar path irrespective of the catalyst used.   
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Figure 18. Model fit to the experimental fatty acid methyl esters conversion profile as a 

function of the reaction time a) on 5 wt% Ni/H-Y-80, b) on 5 wt% Pd/C. Experimental points- 

symbols, calculations- lines.  
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Figure 19. Model fit to the experimental molar animal fat conversion profile as a function of 

time over 5 wt% Ni/H-Y-80. Experimental points- symbols, calculations- lines. 

 

As illustrated by Figure 19, the model predicts correctly the kinetic behavior of animal fat TG 

HDO with a minor deviation for the acid. The values of the calculated and estimated rate 

constants along with the relative standard errors for the conversion of triglycerides [IX] show 

that the modeling results coincide well with the experimental data with the correlation 

coefficient of 99.99%. 
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4. Conclusions 

The aim of this work was to use renewable feedstock for the production of second-

generation biofuels using sulfur-free catalysts. Algae as an attractive biomass feedstock 

should be considered a source of several valuable fractions. Fractionation of algae and 

transformation of the fractions into valuable chemicals and the production of biofuels were 

the main focus of the current research project. 

Different fractions obtained from the algae fractionation were analyzed for identification 

and quantification of various compounds, which are interesting from the view-point of 

applications. Proteins and lipids amination allows formation of pharmaceuticals and 

surfactants. The extraction of carotenoids from algae has been performed using alkali agents 

followed by extraction with hexane. Carotenoids have several applications as health-

promoting agents. Although synthetic carotenoids are relatively inexpensive and easy to 

prepare, the natural ones are more stable and have the desired biologically active isomers. 

Several methods have been investigated for fatty acids extraction from algae with various 

successful results. However, many methods have clear drawbacks such as limited yields, free 

fatty acid transformation into soap and excessive amounts of solvents used. In situ 

Transesterification has allowed the extraction of fatty acid methyl esters with a high yield 

preventing soap formation. A large amount of sulfuric acid used in the process is, however, 

not sustainable and economically feasible. Therefore, more advanced research is required for 

further process exploration. Lipids extraction in supercritical hexane demonstrated efficiency 

by achieving high yields of lipids. Moreover, this method is environmentally friendly and 

permits an easy recovery of the solvent. 

Due to the fact that biodiesel is not fully compatible with the current combustion engine, 

hydrodeoxygenation was required. Prior to the investigation of the hydrodeoxygenation of 

fatty acids, several catalysts were screened by using stearic acid as a model molecule. Stearic 

acid can easily be converted into aliphatic alkanes, however, depending on the catalyst, the 

reaction can follow three different pathways: hydrodeoxygenation/dehydration, 

decarbonylation and decarboxylation. The effect of hydrogen pressure in the fatty acids 

hydrodeoxygenation was investigated in detail. At lower pressure, it was noticed that the 

conversion levels decreases. After a detailed study of fatty acids conversion, 

hydrodeoxygenation of microalgae biodiesel, tall oil fatty acids and animal fat triglycerides 

was achieved by selective C-C and C-O bond cleavages over a sulfur-free HY supported Ni 

catalyst, producing green diesel-range hydrocarbons.  

A kinetic model for the hydrodeoxygenation of fatty acids and triglycerides was 

developed in this work. The model was based on the advanced mechanism and it showed that 
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fatty acids with different chain lengths exhibited different rate constants independent of the 

catalyst used, which was confirmed for HY zeolite supported Ni and active carbon supported 

Pd catalysts.                                                                                              
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5. Notation 

C  concentration 

k rate constant 

KA acid constant  

r partial rate 

Ri rate of component i 

t  time 

Va volume of spent HCl titration 

Vb,sp volume of spent HCl titration reagent blank 

Vb molar volume of the solvent at normal boiling point 

P sample weight in grams 

F correction factor of the solution 

N normality of HCl 

robs observed maximal reaction rate 

Deff effective diffusion 

R Radius 

D°AB diffusion coefficient 

M molecular weight 

m mass 

t  temperature 

  

  Chemical molecules 

  A acids 

AC alcohols 

AD aldehydes 

dCOx decarboxylation/decarbonylation products 

dO deoxygenation products 

FA fatty acids 

FAME fatty acid methyl esters 

FFA free fatty acids  

HD  heptadecane 

MLE  methyl linoleate 

MLN  methyl linolenate 

MOE   methyl oleate 

MS   methyl stearate 

OD octadecane 

SA stearic acid 

SAC stearyl alcohol 

SAD stearyl aldehyde  

TOFA tall oil fatty acids 
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Subscripts 

   1-9 reaction step number 

i  component  

j  reaction step number 

  

  Greek 

 
  ɛ catalyst porosity 

ηB dynamic viscosity of the solvent 

τ catalyst tortuosity 

ϕwp Weisz-Prater modulus 

  

  Instruments and methods abbreviations 

  EDXA energy dispersive X-ray analysis  

FID flame ionization detector  

FTIR fourier-transform infrared spectroscopy  

GC gas chromatorgraphy   

GC-MS gas chromatography–mass spectrometry 

HDO hydrodeoxygenation 

HPLC high-performance liquid chromatography 

ICP-OES inductively coupled plasma-optical spectroscopy  

SEC size exclusion chromatography  

SEM scanning electron microscopy  

TEM transmission electron microscopy  

TGA thermogravimetric analysis   

TOC total organic carbon  

TOF turnover frequency 

TPD temperature program desorption  

TPR temperature programmed reduction  

XRD X-ray diffraction  
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