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ABSTRACT 

The catalytic pyrolysis of Tetraselmis sp. and Ischrysis sp. was carried out over ceria based 

catalysts in a fixed bed reactor.There was a clear effect of the catalysts on the product yields 

and quality, with the catalysts able to recover a large fraction of the starting microalgae 

energy (67-77%) in the bio-oils. Bio-oil yield was found to be higher in presence of Ni-

Ce/Al2O3 and Ni-Ce/ZrO2 (26 wt.%). The produced bio-oils had HHVs of 34-35 MJ/kg and 

suffered strong deoxygenation, with O level decreased from 40-41% in the starting 

microalgae to 9-15%. Also, 15-20% N removal was obtained using the ceria based catalysts. 

The oxygen contents in the bio-oils were remarkably lower than those previously obtained 

using ZSM-5 (25%) and other species without catalyst (17-24%). 
1
H-NMR and GC-MS 

analysis showed that the bio-oils were enriched in aliphatics and depleted in N-compounds 

and water using the ceria based catalysts. 
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1.  Introduction 

Biomass represents a renewable energy source that can be considered as an alternative 

for fossil fuels. Since it is carbon dioxide neutral, the use of biomass as a renewable energy 

source can reduce the dependence on fossil fuels and help in reducing the greenhouse gas 

effect [1]. Moreover, it is abundant and well distributed throughout the world. Various 

lignocelulosic biomass resources have been tested for the production of bio-oils through 

thermochemical processess including liquefaction and pyrolysis [2-5]. Pyrolysis is one of the 

most promising thermo-chemical conversion processes that converts biomass into bio-char, 

bio-oil (main product), and gas at temperatures close to 500°C and in absence of oxygen. 

However, high moisture content, high oxygen content, high viscosity, high corrosiveness, low 

energy density and poor storage stability limit bio-oil direct usage as fuel [6]. Therefore, bio-

oil obtained from biomass pyrolysis needs to be upgraded to be used as fuel [6]. The 

production of biofuels from conventional biomass feedstocks such as bioethanol and biodiesel 

from food crops and seed oils is controversial due to the limited land available and 

competition with food crops [7]. Therefore, the production of bio-fuels from second 

generation non-food feedstocks such forest byproducts and third-generation microalgae are 

recently receiving increasing attention [8]. Compared to terrestrial plants, microalgae are 

promising feedstocksdue to their (i) high growth rate, (ii) high photosynthetic yields (3–8%), 

(iii) high potential for direct CO2 capture and solar energy conversion, (iv) no competition 

with agricultural food, (v) growth in non-arable lands such as open water or photobioreactor 

and finally (v) high lipid content (up to 80% bimoass) [9]. 

Microalgae for biodiesel suffered from the costly extraction of algal oils (lipids) by 

organic solvents due to the microalgal different physico-chemical characteristics, such as the 

cell size and cell wall chemistry [10,11]. Moreover, only the lipid fraction of microalga is 

used for biodiesel, while the carbohydrates and proteins are considered as waste. The thermo-
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chemical conversion (liquefaction, pyrolysis or gasification) pathway instead allows full 

conversion of the microalgae components to bio-fuels [12]. Recently, pyrolysis has received 

increasing attention in conversion of lignocellulosic and algae biomass due to its relative low 

energy consumption and flexibility in terms of plant size [13]. Although microalgae to 

biodiesel has been studied extensively, microalgae catalytic pyrolysis has received less 

attention, with studies mainly focusing on the effect of the process variables using acid 

zeolites, which tend to favour dehydration reactions and formation of aromatics products [14-

16]. 

Microalgae have a very different chemical composition from wood and other 

lignocellulosic feedstocks, since they contain significant amounts of lipids and proteins in 

addition to carbohydrates and are particularly poor in lignin. Since microalgae virtually do not 

contain lignin, their components devolatilise at relatively lower temperatures than 

lignocellulosic biomass. Furthermore, bio-oil obtained from microalgae is more stable since it 

has lower O/C ratio and hence higher calorific value compared to lignocellulosic bio-oil [17-

20].  

Tetraselmis and Isochrysis sp. have been identified among the microalgae species that 

are suitable candidates for a multiple-product algae-crop, due to their high lipid content and 

variety of fatty acid profiles that offer a wide scope for several bio-products in a biorefinery 

approach [21]. Only few studies have been reported on the pyrolysis of Tetraselmis and 

Isochrysis microalgae species, which focused primarily on the influence of process variables 

on the quantity and quality of algal bio-oil [21-25]. Slow pyrolysis (10°C/min) of Tetraselmis 

chui produced a bio-oil rich in C16-C20 compounds fatty acids, alkanes, alkenes, amides, 

aldehydes, terpenes, pyrrolidines, phytol and phenols) with HHV of 28 MJ/kg and a bio-char 

with  high potential for agronomic use [22]. Also, pyrolysis was used to convert 

theTetraselmis extracted lipid fraction, which resulted in the increase of the bio-oil yield of 
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11% [23]. Only one study was reported on Isochrysis sp. investigating the effect of a catalyst 

[24]. Isochrysis has been catalytically cracked at 550-650 °C in presence of modified ZSM-5 

and water selectively producing C2–C4 light olefins compared with the thermal cracking 

process [24]. Moreover, the direct and indirect (after removal of lipids) pyrolysis (475°C) of 

Isochrysois has been performed [25]. Defatted Isochrysis pyrolysis resulted in higher total oil 

yield with increased N-compounds (37%), phenols (32%) and decreased hydrocarbons 

content (8%) [25].  

To the best of our knowledge, there are no studies available on the evaluation of the 

catalytic pyrolysis of microalgae with ceria based catalysts. Typical catalysts for 

decarboxylation based on MgO, ZnO, CeO2, MnO2 and ZrO2 have not been studied widely for 

bio-oil upgrading up to now [26].  Nickel on ceria, alumina and ceria/alumina based catalysts 

(30-40% Ni/CeO) have been tested for the gasification of lignocellulosic biomass (paper) at 

700-800 °C [27]. 30% Ni/CeO2 catalyst yielded the lower amount of tar and CO, while 30% 

Ni-alumina sample produced maximum amount of H2 at 800 °C (43.5%) [27]. The main 

evolved gas was CO2 at 700 °C with 50-90 vol% with trend decreasing with increasing 

temperature, so that the ceria based catalysts could be used for deoxygenating biomass at 

lower temperature. Also, Ni catalysts supported on alumina and ceria were tested for catalytic 

CO2 reforming of methane. Ni/CeO2/Al2O3 catalysts showed much better catalytic 

performance. CeO2 as a support for Ni catalysts reduced carbon deposition due to the 

excellent oxidative properties of CeO2. A weight loading of 1±5 wt% CeO2 was found to be 

the optimum [28].  

In this study, the catalytic pyrolysis of Tetraselmis and Isochrysis microalgae was 

carried out for the production of hydrocarbon fuels by Ni/CeO/Al2O3 deoxygenation reactions 

highlighted in previous studies. Also, zirconia was used as support for comparison. The 

microalgae catalytic pyrolysis was performed at 400-500-600
o
C, 100 

o
C/min heating rate, 15 
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mL/min N2 flow rate, in a fixed-bed reactor. The effect of Ni/Ce/Mg alumina and zirconia 

catalysts on product yields and quality were investigated and compared.  

2. Experimental 

2.1 Raw materials 

The microalgae samples, tetraselmis and isochrysis were obtained fromVaricon Aqua 

Solutions in liquid form as biomass feedstocks. The biochemical compositions of algae 

species in terms of proteins, carbohydrates and lipids were also provided by Varicon Aqua 

Solutions. The algae cells were dried in an oven at 50 °C, pulverized to a particle size of 80 

meshes and stored in desiccator for further use. 

2.2. Catalyst preparation  

Commercial ceria (CeO2) nanopowder was purchased from Sigma-Aldrich. Ceria 

containing catalysts (Ce/Al2O3, Ni-Ce/Al2O3, Mg-Ce/Al2O3) were prepared by incipient wet 

impregnation method with Ce(NO3)3x6H2O, Mg(NO3)2x6H2O, Ni(NO3)2x6H2O as precursors 

using alumina support. The Ce/Al2O3 catalyst preparation was carried out by stirring mixture 

of cerium (III) nitrate solution and alumina support at 300 rpm for 3 h at 80 °C and then dried 

at 110 °C for 24 h. The dried Ce(NO3)2/Al2O3 was calcined in air at 600 °C for 3 h to obtain 

5%Ce/Al2O3 to achieve well dispersion [23]. The Ni-Ce/Al2O3 catalyst was prepared by wet 

impregnating alumina with cerium (III) nitrate and nickel (III) nitrate mixed solutions. The 

Mg-Ce/Al2O3 catalyst was prepared by wet impregnating alumina with cerium (III) nitrate 

and magnesium (II) nitrate mixed solutions. 

2.3. Catalyst characterization 

The surface area, pore volume and average pore size of the prepared catalysts were 

analyzed by N2 adsorption method at 77.35K using Micromeritics Gemini VII instrument. 
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The catalyst samples were outgassed overnight at 180 °C. The surface area and pore size 

distribution of the samples were calculated by using the standard Brunauer–Emmett–Teller 

(BET) equation and the Barrett–Joyner–Halenda (BJH) method, respectively.  

The specific surface area (BET) of Al2O3 support was 75.4 m
2
/g. The addition of metal 

oxide to Al2O3 decreased the surface of the doped alumina -20 m
2
/g (Ce/Al2O3), - 15 m

2
/g 

(Ni-Ce/Al2O3), and – 26 m
2
/g (Mg-Ce/Al2O3). The ZrO2 catalysts had a lower surface area (5-

6 m
2
/g), with not clear differences between zirconia alone and metal doped catalysts.  

 

2.4. Proximate and elemental analysis 

The moisture, volatile matter and ash content of the dried algae species were 

determined according to ASTM standarts (D2016, E872-82, D1102-84). The elemental 

analysis (C, H, N) of the dried algae species, bio-oils and bio-chars were carried out using a 

440 CHNS Elemental Analyzer (Control Equipment Corporation). The oxygen content was 

calculated by difference (O = 100 – (C+H+N)). 

Table 1 shows the ultimate and proximate analyses and the chemical compositions of 

the microalgae samples. The high protein content of algae species is in good agreement with 

literature and consistent with other algal species studied for production of biofuels such as 

chlorella vulgaris and scenedesmus almeriensis [29-30]. 

Isochrysis present a relatively low N content (3.99%), which is comparable to 

lignocellulosic feedstock and lower than previously analysed microalgae [24]. The elemental 

analyses show that both algae species have relatively high carbon contents, which make them 

suitable feedstocks for biofuel production. The proximate analyses show that the ash (16-

20%) content was in the upper mild range values of biomasses [22,31]. 
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2.5. Proton nuclear magnetic resonance (
1
H NMR) 

The 
1
H NMR analysis of algae bio-oils was performed using Bruker Avance III 

operating at 400 MHz. The samples were prepared in CDCl3 with the ratio of 1:1 by volume 

in 5 mm NMR tube and TMS (tetramethylsilane) as the internal standard. 

2.6. Thermo Gravimetric analysis (TGA) 

 

TGA and the derivative (DTG) analysis of the dried algae species and produced bio-

oils were carried out using a TA Instruments Q500 thermogravimetric analyzer. Talassiosira 

and Isochrysis microalgae were analysed under N2 atmosphere using the following method: 1) 

Ramp 15.00°C/min to 105.00°C; 2) Isothermal for 15.00 min; 3) Ramp 20.00°C/min to 

800.00°C; 4) Isothermal for 40.00 min; 5) Ramp 50.00°C/min to 50.00°C. Bio-chars and bio-

oils were instead heated from 25 to 800 °C with a constant heating rate of 20 °C/min under 

nitrogen (40 ml/min) atmosphere and then the temperature was decreased to 600 °C to 

determine the fixed carbon and ash contents under air atmosphere. The volatile contents of the 

bio-oils were determined from the weight loss between 25 and 105°C as light volatiles and 

105 and 600 °C as heavy volatiles.The weight loss and the corresponding derivative curves of 

Tetraselmis and Isochrysis are given in Figs. 1 and 2, respectively. As can be seen, there were 

three main decomposition steps: the first at T < 110 °C corresponding to dehydration, the 

second (at 120–500 °C) and the third between (600 and 800 °C) corresponding to the volatile 

matter realease. The weight derivative in Figs. 1 and 2 suggest that the devolatilisation at low 

temperature occurs at higher rate compared to that taking place at higher temperature, which 

suggests these events belong to two different reaction regimes. Previous work suggested that 

the devolatilisation up to 500 °C is predominantly related to the loss of oxygenated, 

nitrogenated and sulfided compounds, while the devolatilisation between 600 and 800 °C can 

be ascribed to alkanes, alkenes and aromatic compounds [31]. 
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Moisture was determined considering the weight loss up to 105°C (6-9 wt%), which 

are reported in Table 1. According to Figs. 1-2, the main decomposition between 125 and 500 

°C involves four defined steps (at 150, 239, 375, 445 °C for Tetraselmis; at 139, 261, 379 and 

463  °C for Isochrysis), which involve carbohydrates, proteins and lipids volatilisation. The 

DGAs show that the peak typically assigned to fatty acids (~450 °C) is lower in Tetraselmis 

than in Isochrysis, which is in agreement with their composition (Table 1). Also, the TGAs 

indicate the initial decomposition temperatures for the microalgae were lower than those of 

lignocellulosic biomass and their maximum weight loss rate decomposition was obtained at 

relatively lower temperatures. This is due to the differences in chemical composition of algal, 

which do not contain recalcitrant lignin. 

2.7. Pyrolysis experiments 

The pyrolysis experiments were performed using a fixed-bed reactor. The biomass 

samples were dried at 105 °C overnight before pyrolysis runs. Nitrogen gas was fed at a flow 

rate of 15 ml/min for 10 min to remove the air in the reactor before pyrolysis. In a typical run, 

3g dried alga powder or dried alga/catalyst (30%) mixture was placed inside the reactor, then 

the reactor was closed tightly and the inert gas flow through. An external electric furnace 

(Carbolite) was used to heat the reactor to the desired temperature. The pyrolysis experiments 

were performed at 500 
o
C at a constant heating rate of 100 

o
C/min with and without catalyst. 

The reactor was kept constant at final temperature for 60 min. The bio-oil condensation 

system consisted of 3 Drechsel bottles placed in ice-water bath with temperature kept constant 

at 0 
o
C. The gaseous products were not analysed. The condensed liquid products (bio-oils) 

were recovered by washing with acetone. Then the solvent was evaporated at 25 °C using 

rotary evaporator. Then, the remaining solid was recovered, weighed and recorded as bio-char 

yield considering the amount of catalyst. The conversion (liquid+gas yield) of the microalga 
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samples in pyrolysis was calculated by subtraction the amount of solid (bio-char) left behind 

in the reactor. The amount of gaseous products was calculated by subtraction of solid and 

liquid yields from the amount of initial raw material (3 g). 

The following equations were used to calculate the conversion and product 

distribution (yields) of the pyrolysis experiments: 

           ( )  
(                     )

           
                                                                          (1) 

             (    )  
(       )

           
                                                                                                (2) 

            (    )  
(         )

           
                                                                                        (3) 

Gas yield (wt %) = 100% – liquid yield (wt %) –solid yield (wt %)                                       (4) 

Where WBiomass,db and WSolid, db are the weights of initial algal biomass and remaining solid 

(bio-char) respectively on dry basis. 

2.8. Gas chromatography–Mass spectrometry (GC–MS) analysis 

An Agilent GC-MS 7890A/5975C series (Agilent Technologies, Santa Clara, CA) was 

used for GC-MS analysis of produced bio-oils. The column was HP 235 –INNOWAX with 

60 m length, 0,250 mm inner diameter, 0.25 μm film having temperature limits between 40 
o
C 

to 300 
o
C. GC and the injector temperatures were the same during analysis. Helium was used 

as the carrier gas at a flow rate of 1.7 ml/min. 1 μL samples was injected with a split ratio of 

1:20. The GC oven temperature program was as following: start at 40 °C; hold for 10 min, 

raise from 40 °C to 200 °C at a heating rate of 5 °C/min; hold for 15 min, raise to 240 °C at a 

heating rate of 10 °C/min; hold for 15 min, raise to 260 °C at a heating rate of 10 °C/min; 

hold at the final temperature for 10 min.The end of column was directly introduced into the 

ion source of a mass selective detector of Agilent 5975C series with operating conditions of 



10 
 

transfer line at 270 °C, ion source at 250 °C and electron energy of 70 eV. Identification of 

bio-oil components was carried out using a mass spectral libraries databases provided by 

PMW_Tox3.l, Wiley7n.1 and NIST05a.L. 

 

3. Results and discussion 

 

3.1. Product yields 

It is of general acceptance that temperature can add synergic effect on the liquid yields 

because of the extended fragmentation of biomass with increasing temperature. Temperatures 

lower than 400 °C are not enough for conversion, whereas temperatures higher than 600 °C 

would lead to formation of excessive gas. This is due to secondary decomposition reactions 

and formation of gas at very high temperatures. Also, presence of free radicals at high 

concentrations would lead to the formation of char as they recombine at high temperatures 

[32]. 

The conversion (bio-oil + gas yields) and distribution of products obtained by 

pyrolysis of Tetraselmis and Isochrysis without and with 30% catalyst are given in Figs. 3-4. 

The conversions (bio-oil + gas yield) of Tetraselmis were relatively higher than Isochrysis at 

all runs with and without catalysts. The conversions of Tetraselmis were between 79-82% 

while these values were 66-75% for Isochrysis. Similar pattern was observed for the gas 

yields (57.98% for Tetraselmis and 49.65% for Isochrysis). Isochrysis gas yields were similar 

to those obtained using ZSM-5 at 600 °C [24].  

The liquid yields, however, were similar (between 23-25%) for both algae species at 

all runs. This can be explained in terms of chemical composition of algae species. Tetraselmis 

having higher amount of protein (63%) content produced high amount of gaseous products 

than that of Isochrysis, which has low amount of proteins (44%). Bio-oil yield are in the range 
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shown by previous work, where yield between 24 and 43/wt% pyrolytic oil where produced at 

500 °C [18]. Accordingly, bio-char yields of Tetraselmis were lower than that of obtained 

with Isochrysis. This indicates that proteins (less abundant in Isochrysis) are less prone to fom 

char deposits. The figures also indicate that zirconia catalysts are more active on gasification 

of char by secondary reactions in presence of Isochrysis. This trend is not evident for the 

pyrolysis of Tetraselmis. 

 

3.2. Effect of catalysts on pyrolysis products 

In situ catalytic pyrolysis can be used to deoxygenate the bio-oil during its production 

effectively converting biomass to bio-fuels and chemical precursors [33]. In general, oxygen 

represents 35–45% of the algal biomass. In the presence of catalyst, volatiles released from 

pyrolysis are subjected to dehydration, decarboxylation, dehydrogenation, cracking and 

decarbonylation, which results in the production of desired products, namely hydrocarbons, 

ketones, esters.  

When we look at the effect of catalysts used in this study, we see that they have 

exhibited different effects on product yields. All catalysts have increased the conversions of 

Tetraselmis compared to non-catalytic runs, with Ce/ZrO2 and Ni-Ce/ZrO2 being the most 

effective. The highest conversion of 82.84 % was obtained with Ni-Ce/ZrO2. As for the 

Isochrysis alga, alumina based catalyst had negative effect and decreased the overall 

conversions to bio-oil and gas, while CeO2 and the zirconia supported catalysts increased the 

conversion. This can be related to the catalyst acidity and propension for dehydration reaction 

with formation of charred species. On the other hand, the effects of catalysts on bio-oil yields 

were less marked compared to the effects of conversion. Ni-Ce/Al2O3 (25.86 wt.%) and Ni-

Ce/ZrO2 (25.83 wt.%) were the most effective and increased the bio-oil yields of Tetraselmis 
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compared to non-catalytic ones (24.34 wt.%). As for the Isochrysis microalga, all catalysts 

(except CeO2) increased the bio-oil yield with the highest value of 25.49% obtained in the 

presence of Ni-Ce/ZrO2. This can be attributed to the cracking activity of Ni and synergic 

effect of Ce-Al and Ce-Zr, where CeO2 increases the stability, dispersion of Ni and carbon 

suppression [28].  

In terms of energy recovery, a remarkable fraction of the starting microalgae energy 

was recovered in the bio-oils. For Tetraselmis, Ni-Ce/Al2O3 and Ni-Ce/ZrO2 were the most 

effective catalysts, which maintained 72% of the starting energy in the bio-oil (Fig. 5). In the 

case of Isochrysis, Ni-Ce/ZrO2 was the most effective maintaining 77% of the starting algae 

energy in the bio-oil, compared to only 67% energy remaining in the bio-oil produced without 

catalyst (Fig. 6). 

3.3. Characterization of bio-chars and bio-oils by EA, TGA, 
1
H NMR and GC–MS analysis 

The elemental analysis of the bio-chars obtained from the pyrolysis of Tetraselmis and 

Isochrysis are given in Tables 2 and 3, respectively. The bio-chars obtained from Isochrysis 

(6-7 MJ/kg) had lower calorific values than those obtained from Tetraselmis (10-11 MJ/kg). 

Also, Tetraselmis bio-chars had higher carbon content (47-49 wt.%), than Isochrysis(41-44 

wt.%). All bio-chars had high ash and nitrogen contents (3-4 wt.%) which make them suitable 

for utilization as soil amendment [22]. Non-catalytic and catalytic bio-chars can be used as 

soil amendment only if the catalysts are separated and recovered. 

The HHVs and elemental analysis of the microalgae bio-oils are given in Tables 4 and 

5.HHVs of bio-oils were between 33.76 and 34.64 MJ/kg, which resulted higher than the 

HHVs of lignocellulosic bio-oils and microalgae bio-oils produced using Chlorella (28 

MJ/kg) and blue-green algae blooms (31.9 MJ/kg) with proteins content (60%) comparable to 

Tetraselmis [34, 38]. Overall, all bio-oils had suffered strong deoxygenation. The decrease in 
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oxygen content in the bio-oils can be attributed to deoxygenation reactions such as reduction 

of oxygen in the form of carbon monoxide carbon dioxide and water during pyrolysis. The 

oxygen level was decreased from 40-41% in the starting microalgae to 9-15% in the bio-oils. 

All the catalysts, excluding those with Mg had a strong deoxygenation effect for Isochrysis 

(Table 5), while the effect of catalysts in deoxygenating the bio-oils was less marked for 

Tetraselmis.  

The oxygen contents in the bio-oils were remarkably lower than those obtained 

pyrolysing Chlorella with ZSM-5 (25%) and Scenedesmus, Nannochloropsis and Chlorella 

species without catalyst (17-24%) [15,35]. CeO2 has been previously used ad decarboxylation 

catalyst in biomass gasification [26].  

Also, NiCe/Al2O3 based catalysts  (30-40% Ni/CeO2) has been found able to decrease 

coking reactions due to the O2 carrier capacity of CeO2 and produce H2 and CO2 at 700-800 

°C [27]. Similarly, this work shows that the Ni doped ceria/alumina and ceria/zirconia 

catalysts are active on microalgae decarboxylation between 400 and 600 °C. To further 

decrease the O level to those of crude oil, bio-oils can be treated by high pressure catalytic 

thermal deoxygenation [36]. For example, the oxygen content of pyrolysis oil from Chlorella 

sp. was reduced to less than 2.0% at 450 °C, 100 bar, 3 hrs and in presence of 5% Pt/C [36]. 

A trend similar to that of oxygen is denoted for the N content, which was sensibly 

decreased in the Isochrysis bio-oils in presence of most of the catalysts. This can be explained 

in terms of chemical composition of the microalgae species, with Isochrysis having an higher 

amount of carbohydrates (25%), lipid (19%) and a lower amount of proteins (44%) content 

than tetraselmis (11%, 11%, 63%). This clearly indicates that: (1) the starting composition of 

the microalgae significantly affects the quality of the bio-oil; and (2) the tested catalysts are 

efficient in deoxygenate carbohydrates and lipids. The high nitrogen contents of bio-oils were 

originated from chlorophyll and proteins present in microalgae. Nitrogen is undesirable in 
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biofuels due to the formation of NOx during its combustion and must be removed from the 

bio-oil. Nevertheless the use of the ceria based catalysts contributed not only to decrease the 

oxygen content, but also to lower the nitrogen content of the bio-oil of 15-20% compared to 

the pyrolysis in absence of catalysts, with CeO, Ce/Al2O3, Ce/ZrO2 and MgCe/ZrO2 being the 

more active (-20% N) in the Isochrysis case. This N-removal level are not far from those 

obtained by the fast pyrolysis of Chlorella vulgaris grown in nitrogen starvation conditions (-

25% for fast pyrolysis) [13]. However, the catalysts were less effective in denitrogenate the 

Tetraselmis bio-oils, probably due to the larger presence of different proteins. 

The nitrogen distribution in the pyrolysis products of the two microalgae strains is 

shown in Figs.7 and 8, where it can be seen that about 40% of the starting N is retained in the 

bio-oils. Altought, the N distribution in the solid bio-char was found to be different for the 

two microalgae, with Tetraselmis bio-char containing only 10-15% N, compared to 25-35% N 

in Isochrysis bio-char. This could be associated to the different ash composition of the two 

species [35]. Nitrogen content in bio-oil can be further reduced by employing algae 

hydrothermal pretreatment. Bio-oil N content in Nannochloropsis oculata was reduced up to 

42% by hydrolyzing proteins (at 225 °C for 60 min) without requiring significant energy 

inputs [37]. Nitrogen content in starting algae feedstock plays an important role, since it can 

present high variability as can be seen in Table 1 or in previous work (Chlorella 8%; 

Nannochloropsis 6%) [38]. 

The pyrolysis bio-oils from both microalgae species had much higher carbon and 

hydrogen content but lower oxygen content than typical bio-oils from pyrolysis of 

lignocellulosic biomass, which make them more suitable for fuel use. The composition of bio-

oils based on TGA is presented in Table 6-7. Most of the bio-oils were composed of mainly 

volatiles and had only negligible amount of fixed carbon and ash. Water content was clearly 

consistently decreased in presence of all the catalysts. 
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The integration of the proton NMR spectra of the eight different bio-oils obtained 

from Tetraselmis without and with catalysts is given in Table 8. As can be seen in Table 8, 

there are differences in the overall chemical composition of the bio-oils from different 

catalysts. The first region of the spectra (0 to 1.6 ppm) representing aliphatic protons, was the 

most abundant (>50%) for the bio-oils indicating their higher aliphatic content. This 

composition is very different from that obtained using zeolites catalysts such as ZSM-5, 

HZSM-5, HBETA and HY, where oxygenates and aromatics were the main functionalities 

produced in the catalytic pyrolysis of Chlorella vulgaris and Laminaria japonica [15,38]. 

NiCe/Al2O3, MgCe/Al2O3 and Ce/ZrO2 catalysts increased the percentage of aliphatics in the 

first region compared to the non-catalytic runs. The regions from 1.6 to 2.2 ppm and 2.2 to 3.0 

ppm represent protons on aliphatic carbon atoms bonded to a C=C double bond (olefinic or 

aromatic) or two bonds away from a heteroatom.  

Bio-oils obtained with MgCe/Al2O3 and MgCe/ZrO2 had the highest amount of protons 

(∼32 %% of all) in these regions. The next integrated region of the spectra (3-4.2 ppm) 

represents protons on carbon atoms next to an aliphatic alcohol/ether, or a methylene group 

joining two aromatic rings. Bio-oils contained ∼6-7% of protons in this region except the 

ones obtained with NiCe/Al2O3, MgCe/Al2O3 and Ce/ZrO2 which had ∼2.5 % and ∼4.0 % of 

the protons respectively.The region between 4.2 and 6.4 ppm represents the aromatic ether 

protons such as methoxy phenols and hydrogen atoms of carbohydrate-like molecules. 

Thepercentages of protons in this region were found to be in small amounts (∼1-4%) in all 

bio-oils, indicating that the carbohydrate were converted in different classes of compounds. 

The aromatic regions of the spectra (6.4-6.8and 6.8-8 ppm) contained between ∼5.5 and 12% 

of the protons in the bio-oils. These regions represent not only hydrogen atoms in benzenoid 

aromatic compounds but also in heteroaromatics containing nitrogen (from proteins) and 

oxygen such as indole which is present in all bio-oils. 
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The Isochrysis bio-oils proton NMR spectra integrations are shown in Table 9. All 

catalysts increased the percentage of aliphatics in the first region (0 to 1.6 ppm) compared to 

the non-catalytic runs. Bio-oils obtained in the presence of NiCe/Al2O3, CeO2 and NiCe/ZrO2 

had the highest percentage of protons (between 55 and 59% of all) in the first region. The 

aromatic regions of the spectra (6.8-8 ppm) of Isochrysis bio-oils were different from 

Tetraselmis. All Isochrysis bio-oils had lower aromatics (∼8% of all) compared to 

Tetraselmis bio-oils. 

Protons from aldehydes and carboxylic acids (8-10 ppm) were not detected in all bio-

oils. This is a distinctive difference with lignocellulosic bio-oils, which are particularly rich in 

the latter compounds. Overall, the proton NMR analyses results indicate that greater 

percentages of the aliphatic protons (compounds) exist in the bio-oils obtained from pyrolysis 

of both microalgae species. The obtained bio-oils contained ∼75-85 % aliphatic hydrocarbons 

and ∼6-12% aromatic hydrocarbons, compared to larger amount of aromatics (18%) typically 

formed over zeolites [38]. This indicates a different conversion pathway in presence of metal 

oxides catalysts, which do not enhance the formation of aromatics compared to the runs 

carried out without catalysts (see Tables 8 and 9). 

Individual chemical compounds contained in the bio-oils from the microalgae 

pyrolysis were identified by GC-MS and grouped by functional groups, which are shown in 

Tables 10 and 11. Tridecane, pentadecane, cyclohexane substitutes, cyclotetradecane, 

hexadecane and heptadecane were amongs the most abundant aliphatics, while phenols, 

cresols and benzenes (e.g. benzenepropoanenitrile) were the most abundant aromatics, which 

were produced by catalytic cracking of fatty acids and proteins [38]. Pentanones, 

pentadecanone, hexadecanone and heptadecanone were the main identified ketones, while 

indole, pyridine, imidazole, piperidone and pyrrolydine were the prominent N-heteroatoms, 

originated by the pyrolysis of proteins [38]. Finally, hexadecanenitrile and pentadecanenitrile 



17 
 

were the main N-compounds. The chemical compounds distribution clearly indicates that the 

use of ceria-based catalysts increases the presence of hydrocarbons in the bio-oils and 

decreases the content in N-compounds. In contrast to H-NMR data, the GC-MS analyses 

indicate an increase of aromatics in presence of some of the catalyst. However, since H-NMR 

are able to identify 100% of the analysed oil, while GC-MS are constrained to the volatile 

fraction at 270°C (40-50% of the bio-oil), H-NMR trend is considered more reliable.  

Even if GC-MS technique is able to identify only about 40% of the bio-oil compounds 

[4], its trend is confirmed by the H-NMR (Tables 8 and 9) and EA results (Table 5). 

Qualitative differences observed between the bio-oil from the two different microalgae 

include the observation of more aliphatics in Isochrysis bio-oil compared to that of 

Tetraselmis. This has to be ascribed to the Isochrysis higher content in fatty acids (see Section 

3.1), which are converted in aliphatics by decarboxylation reactions. Similarly to the H-NMR 

analysis, GC-MS shows also a larger content in N-heterocyclic compounds and aromatics for 

Tetraselmis, associable to its higher protein content.  

 

Conclusions 

Tetraselmis and Isocrysis microalgae were evaluated as feedstock for the catalytic production 

of pyrolysis oils. Their relatively high carbon contents (36-38 %) and low decomposition 

temperatures compared to lignocelluloses make them suitable feedstock for biofuel 

production. Tetraselmis and Isochrysis conversions were 79-82 % and 66-75%, respectively, 

with Ce/ZrO2 and Ni-Ce/ZrO2 being the most effective catalysts. Alumina based catalyst 

decreased the conversions compared to the runs without catalysts, due to the catalyst acidity 

and propension for dehydration reaction with formation of charred species. The bio-char 

yields of Tetraselmis were lower than that of obtained with Isochrysis. This indicates that 

proteins (less abundant in Isochrysis) are less prone to fom char deposits.  
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Ni-Ce/Al2O3 (25.9 wt.%) and Ni-Ce/ZrO2 (25.5/25.8 wt.%) were the most effective in 

increasing the bio-oil yields compared to non-catalytic ones. This can be attributed to the 

cracking activity of Ni and synergic effect of Ni-Ce and Mg-Ce, where CeO2 increases the 

catalysts stability due to its oxidative properties, which favours decarboxylation reactions, and 

to Ni/Mg promote tar cracking/gasification. Both supports (zirconia and alumina) provide 

surface, with zirconia favouring microalgae cracking, alumina tend to form more char due to 

its acidity. In terms of energy recovery, a remarkable fraction of the starting microalgae 

energy (67-77%) was recovered in the bio-oils by using the ceria catalysts.  

HHVs of bio-oils were about 34 MJ/kg, which resulted higher than those of 

lignocellulosic bio-oils. Overall, all bio-oils had suffered strong deoxygenation, with O level 

decreased from 40-41% in the starting microalgae to 9-15% in the bio-oils, and 

denitrogenation (15-20 % less N in bio-oils from catalytic pyrolysis). Also, water content was 

consistently decreased in presence of all the catalysts. Finally, H-NMR and GC-MS analyses 

indicate that the bio-oils were enriched in aliphatics and depleted in N-compounds using the 

ceria based catalysts. 
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Tables 

 

Table 1 Main characteristics of algae species. 

Components   

 

Tetraselmis Isochrysis 

Moisture (%) 9.35 5.79 

Proximate analysis
a
 (%)   

Volatile matter 69.74 76.88 

Fixed carbon  1.30 1.00 

Ash 19.61 16.33 

Ultimate analysis
b 

(%)   

Carbon 36.14 38.14 

Hydrogen 4.89 4.89 

Nitrogen 5.15 3.99 

Oxygen
c
 53.82 52.98 

H/C molar ratio 1.62 1.54 

O/C molar ratio 0.83 0.82 

Empirical formula CH1.64N0.13O0.69 CH1.64N0.13O0.69 

Higher Heating Value (MJ/kg) 12.07 12.38 

(Dulong’s formula)   

Chemical composition (%)   

Protein 63 44 

Lipid 11 19 

Carbohydrate 11 25 
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Table 2 The results of elemental analysis of the bio-chars obtained from Tetraselmis 

at 500 
o
C. 

Elemental 

analysis
 a
 

 

No 

catalyst 
CeO2 Ce/Al2O3 NiCe/Al2O3 MgCe/Al2O3 Ce/ZrO2 NiCe/ZrO2 MgCe/ZrO2 

Carbon 48.14 49.84 49.62 48.13 47.32 49.71 48.33 48.47 

Hydrogen 1.65 1.68 1.70 1.77 1.59 1.60 1.55 1.69 

Nitrogen 4.25 3.86 3.91 3.85 3.55 3.68 3.57 3.77 

Oxygen
b
 45.96 44.62 44.77 46.25 47.54 45.01 46.55 46.07 

H/C molar 

ratio 

0.42 0.40 0.41 0.44 0.40 0.39 0.38 0.42 

O/C molar 

ratio 
0.73 0.67 0.67 0.72 0.75 0.68 0.72 0.71 

HHV 

(MJ/kg) 

10.37 11.23 11.16 10.49 9.72 11.00 10.19 10.52 

a
 Weight percentage on dry and ash free basis. 

b
By difference 
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Table 3 The results of elemental analysis of the bio-chars obtained from Isochrysis at 500 
o
C. 

Elemental 

analysis
 a
 

 

No 

catalyst 
CeO2 Ce/Al2O3 NiCe/Al2O3 MgCe/Al2O3 Ce/ZrO2 NiCe/ZrO2 MgCe/ZrO2 

Carbon 43.52 42.32 41.94  41.64 42.73 41.82 41.38 42.14 

Hydrogen 1.45 1.41 1.39 1.47 1.44 1.50 1.46 1.47 

Nitrogen 3.72 3.69 3.61 3.70 3.72 3.58 3.59 3.67 

Oxygen
b
 51.31 52.58 53.06 53.19 52.11 53.10 53.57 52.72 

H/C molar 

ratio 

0.39 0.39 0.39 0.42 0.40 0.43 0.42 0.41 

O/C molar 

ratio 
0.88 0.93 0.94 0.95 0.91 0.95 0.97 0.93 

HHV 

(MJ/kg) 

7.56 6.86 6.62 6.61 7.13 6.73 6.44 6.86 

a
 Weight percentage on dry and ash free basis. 

b
By difference 
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Table 4 The results of elemental analysis of the bio-oils obtained from Tetraselmis at 500 
o
C. 

Elemental 

analysis
 a
 

 

No 

catalyst 

CeO

2 
Ce/Al2O3 NiCe/Al2O3 MgCe/Al2O3 Ce/ZrO2 

NiCe/Zr

O2 

MgCe/Zr

O2 

Carbon 69.55 69.5

0 

69.02 68.75 69.90 69.19 68.47 69.88 

Hydrogen 9.48 9.24 9.04 8.97 9.25 9.12 9.02 9.17 

Nitrogen 8.07 8.33 9.28 8.78 8.10 8.15 9.25 8.46 

Oxygen
b
 12.90 12.9

3 

12.66 13.50 12.75 13.54 13.26 12.49 

H/C molar 

ratio 
1.63 1.60 1.57 1.56 1.58 1.58 1.58 1.57 

O/C molar 

ratio 
0.14 0.13 0.14 0.15 0.13 0.14 0.14 0.13 

HHV (MJ/kg) 34.88 34.5

1 

34.11 33.76 34.69 34.12 33.78 34.61 

a
 Weight percentage on dry and ash free basis. 

b
By difference 
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Table 5 The results of elemental analysis of the bio-oils obtained from Isochrysis at 500 
o
C. 

Elemental 

analysis
 a
 

 

No 

catalyst 
CeO2 

Ce/Al2

O3 
NiCe/Al2O3 MgCe/Al2O3 Ce/ZrO2 NiCe/ZrO2 

MgCe/Zr

O2 

Carbon 70.24 74.34 73.40 72.03 68.92 73.11 74.11 71.40 

Hydrogen 9.21 9.79 9.86 9.33 8.93 9.71 9.59 9.41 

Nitrogen 8.08 6.81 6.16 6.72 6.89 6.23 7.09 6.15 

Oxygen
b
 12.47 9.06 10.58 11.92 15.26 10.95 9.21 13.04 

H/C molar 

ratio 
1.57 1.58 1.61 1.55 1.55 1.59 1.55 1.58 

O/C molar 

ratio 
0.13 0.09 0.10 0.12 0.16 0.11 0.09 0.13 

HHV (MJ/kg) 34.80 37.64 37.15 35.68 33.44 36.76 37.24 35.38 

a
 Weight percentage on dry and ash free basis. 

b
By difference 
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Table 6 The composition of Tetraselmis bio-oils obtained at 500 
o
C. 

Components 

(%) 

 

No 

catalyst 
CeO2 

Ce/Al2

O3 

NiCe/Al2

O3 

MgCe/Al2

O3 
Ce/ZrO2 

NiCe/Zr

O2 

MgCe/Zr

O2 

Light volatiles 18.47 12.74 14.82 12.19 14.31 11.10 11.86 10.72 

Heavy volatiles 76.34 81.63 80.84 85.89 78.77 85.37 84.10 87.53 

Total volatiles 94.81 94.37 95.66 98.08 93.08 96.47 95.96 98.25 

Fixed carbon 2.50 5.18 4.34 1.92 4.77 3.53 4.04 1.75 

Ash 2.69 0.45 – – 2.15 – – – 
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Table 7 The composition of Isochrysis bio-oils obtained at 500 
o
C. 

Components 

(%) 

 

No 

catalyst 
CeO2 

Ce/Al2

O3 

NiCe/Al2

O3 

MgCe/Al2

O3 
Ce/ZrO2 

NiCe/Zr

O2 

MgCe/Zr

O2 

Light volatiles 22.13 9.54 14.55 14.92 14.53 12.41 9.68 13.25 

Heavy volatiles 77.15 89.58 81.94 82.31 

 

85.47 84.67 89.18 85.27 

Total volatiles 99.28 99.12 96.49 97.23 100 97.08 98.86 98.52 

Fixed carbon 0.72 0.88 3.39 1.94 – 2.06 0.75 1.24 

Ash – – 0.12 0.83 – 0.86 0.39 0.24 
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Table 8.
1
H NMR Integrations of Tetraselmis bio-oils formed at 500 °C versus specific 

chemical shift ranges 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Type of protons
No 

catalyst
Ce/Al2O3

NiCe/

Al2O3

MgCe/

Al2O3

CeO2 Ce/ZrO2

NiCe/

ZrO2

MgCe

/ZrO2

0.0 – 1.6 -CH3, -CH2- 53.728 49.399 58.4 55.282 50.08 54.393 50.4 53.37

1.6 – 2.2 -CH2-, aliphatic OH 14.574 15.426 15 16.1 17.26 15.274 15.2 15.94

2.2 – 3.0 CH3OC-, CH3-Ar, -CH2Ar 12.63 13.79 11.2 16.191 13.94 10.537 13.6 15.7

3.0 – 4.2 CH3O-, -CH2O-, =CHO 6.813 7.421 2.45 4.158 7.304 4.229 6.93 7.582

4.2 – 6.4 =CHO, ArOH, HC=C (nonconjugated) 2.434 4.11 1.93 1.193 2.391 3.03 2.99 1.717

6.4 – 6.8 HC=C (nonconjugated) 0.647 1.056 0.76 0.631 1.061 1.879 1.24 0.183

6.8 – 8.0 ArH, HC=C (conjugated) 9.175 7.957 10.3 6.483 7.967 10.659 9.69 5.507

8.0 – 10.0 -CHO, -COOH, downfield ArH 0 0 0 0 0 0 0 0

Chemical shift 

region (ppm)

Hydrogen content (% of all hydrogen)
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Table 9.
1
H NMR Integrations of Isochrysis bio-oils formed at 500 °C versus specific 

chemical shift ranges. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Type of protons
No 

catalyst
Ce/Al2O3

NiCe/

Al2O3

MgCe/

Al2O3

CeO2 Ce/ZrO2

NiCe/

ZrO2

MgCe/

ZrO2

0.0 – 1.6 -CH3, -CH2- 45.478 53.903 55.62 54.48 56.974 49.918 59.21 47.649

1.6 – 2.2 -CH2-, aliphatic OH 16.754 15.431 15.1 14.85 15.408 15.57 15.51 15.834

2.2 – 3.0
CH3OC-, CH3-Ar, -

CH2Ar
13.206 11.528 11.22 11.22 11.015 12.101 11.68 12.018

3.0 – 4.2 CH3O-, -CH2O-, =CHO 10.544 6.585 7.389 6.693 5.543 9.044 5.316 9.377

4.2 – 6.4
=CHO, ArOH, HC=C 

(nonconjugated)
6.081 4.897 2.871 4.938 3.563 5.333 1.125 7.22

6.4 – 6.8 HC=C (nonconjugated) 1.441 1.251 0.909 1.383 0.973 1.352 0.916 1.68

6.8 – 8.0 ArH, HC=C (conjugated) 6.495 6.406 6.809 6.446 6.525 6.682 6.248 6.223

8.0 – 10.0
-CHO, -COOH, 

downfield ArH
0 0 0 0 0 0 0 0

Chemical shift 

region (ppm)

Hydrogen content (% of all hydrogen)
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Table 10. Products distribution from Tetraselmis GC-MS. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

No catalyst Ce/Al2O3 Ni-Ce/Al2O3 Mg-Ce/Al2O3 CeO2 Ce/ZrO2 Ni-Ce/ZrO2 Mg-Ce/ ZrO2

Ketones 16.99 10.19 8.72 7.37 12.27 14.73 8.56 8.72

Aromatics (including benzenecomp.) 11.39 14.51 7.23 5.47 14.05 10.24 5.44 21.28

Hydrocarbons (including cyclic comp.) 13.18 17.38 15.37 6.26 15.12 15.66 9.54 13.3

Alcohols 15.88 8.79 13.87 7.69 17.53 14.88 13 12.63

N-compounds 18.26 16.48 12.67 8.18 5.94 15.43 7.58 11.08

N-etherocyclic compounds 12.64 12.11 6.62 4.3 10.85 11.31 6.9 14.2

Esters 0 0 0 0.76 0.9 0.21 0.17 0.47

Carboxylic acids 5.31 0.8 3.83 4.72 10.49 11.67 17.39 3.78
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Table 11. Products distribution from Isochrysis GC-MS. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

No catalyst Ce/Al2O3 Ni-Ce/Al2O3 Mg-Ce/Al2O3 CeO2 Ce/ZrO2 Ni-Ce/ZrO2 Mg-Ce/ ZrO2

Aldehydes 0.87 1.1 0.85 1.69 1.25 0.76 1.2 1.17

Ketones 15.28 9.98 12.46 7.57 9.93 11.84 6.76 9.1

Aromatics (including benzenecomp.) 5.32 12.53 12.76 8.81 11.91 7.23 10.12 12.1

Hydrocarbons (including cyclic comp.) 14.6 24.57 20.8 18.23 18.14 20.68 18.89 20.65

Alcohols 10.6 9.63 9.05 7.97 10.14 7.12 8.93 7.36

N-compounds 19.62 10.91 12.45 11.09 5.83 15.77 12.28 10.71

N-etherocyclic compounds 7.97 9.19 7.8 7.53 8.63 6.31 7.95 7.23

Esters 0.46 1.36 1.59 0.53 3.62 1.86 1.99 0

Carboxylic acids 4.25 6.8 0.66 6.92 2.34 1.04 6.89 4.45



34 
 

 

 

Figures 

 

 

Figure 1.TGA and DTG profile of Tetraselmis. Gree line:  weight %; Blue line: 

derivative weight %/min. 



35 
 

 

Figure 2.TGA and DTG profile of Isochrysis. Gree line:  weight %; Blue line: 

derivative weight %/min. 
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Figure 3.Tetraselmis products distribution and conversion (bio-oil + gas yields). 
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Figure 4.Isochrysis products distribution and conversion (bio-oil + gas yields). 

 

 

 

 

 

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

P
ro

d
u
ct

 y
ie

ld
s 

Bio-char Bio-oil Gas



38 
 

 

Figure 5.Energy distribution in the catalytic and non catalytic pyrolysis of Tetraselmis. 
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Figure 6.Energy distribution in the catalytic and non catalytic pyrolysis of Isocrysis. 
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Figure 7.Nitrogen distribution in the Tetraselmis pyrolysis products. 
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Figure 8.Nitrogen distribution in the Isochrysis pyrolysis products. 
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