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Two microalgae species (marine Nannochloropsis gaditana, and freshwater Scenedesmus almeriensis) were sub-
jected to pyrolysis followed by a catalytic hydrotreatment of the liquid products with the objective to obtain
liquid products enriched in hydrocarbons. Pre-dried microalgae were pyrolyzed in a mechanically stirred flui-
dized bed reactor (380 and 480 °C) with fractional condensation. The heavy phase pyrolysis oils were hydro-
treated (350 °C and 15 MPa of H, pressure for 4 h) using a NiMo on alumina catalyst. The pyrolysis liquids after
pyrolysis and those after catalytic hydrotreatment were analyzed in detail using GC-MS, GC x GC-MS, and 2D

HSQC NMR. The liquid products are enriched in aromatics and aliphatic hydrocarbons and, as such have a
considerably lower oxygen content (1.6-4.2% w/w) compared to the microalgae feeds (25-30% w/w). The
overall carbon yield for the liquid products was between 15.6 and 19.1% w/w based on the initial carbon

content of the algae feedstock.

1. Introduction

The use of unconventional biomass for thermochemical conversion
processes is gaining more and more interest in the last decade. A well-
known example is the use of microalgae as the feed. Higher photo-
synthetic efficiency compared to lignocellulosic biomass, high biomass
yields, and the non-competitiveness with food production are ad-
vantages of the use of microalgae as biomass feed [1-3]. Microalgae
contain considerable amounts of lipids (7-26% w/w), carbohydrates
(9-40% w/w), and proteins (27-61% w/w) [4-6]. The exact amount
depends on the microalgae species and the cultivation techniques ap-
plied during production. A major advantage of the use of microalgae for
thermochemical conversions is the low amount of recalcitrant lignin
and lignin-derived compounds [7].

Microalgae enriched in lipids have shown high potential for bio-
diesel synthesis. However, thermochemical conversions (e.g., hydro-
thermal liquefaction and fast-pyrolysis) of microalgae have certain
advantages. It allows conversion of the whole microalgae biomass into
added-value products instead of the lipid/fatty acid fraction only as in
the case of biodiesel production. Thermochemical conversions of
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microalgae have been reported in the literature [8-12]. For pyrolysis,
three different products are formed viz., a condensed vapor known as
pyrolysis oil, char, and non-condensable gases (NCGs). The liquid yield
is heavily dependent on the microalgae species used, the presence of a
catalyst, heating rate, residence time, and reaction temperature
[12-14]. Several reactor configurations have been developed, all with
the incentive to heat up the microalgae feedstock rapidly to avoid ex-
cessive char formation.

An overview of fast-pyrolysis studies using microalgae as the feed is
given in Table 1. Typical oil yields cover a wide range and are between
18 and 65%. The reaction is conveniently conducted at temperatures
ranging from 350 to 550 °C. Lower temperatures lead to lower liquid
yields in favor of char, whereas higher temperatures lead to a higher
amount of non-condensable gases. For instance, pyrolysis of Chlorella
vulgaris at three different temperature (450, 500, and 550°C) gave
mainly char (42% w/w yield water-free basis) at 450 °C, whereas the
highest liquid yield was obtained at 550°C (47.7% w/w water-free
basis) [15]. Fast pyrolysis of Chlorella protothecoides and Microcystis
aeruginosa at 500 °C gave pyrolysis oil yields of 18 and 24% w/w, re-
spectively [12].
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3 Compared to lignocellulosic pyrolysis oils, microalgae-derived pyr-

g [ olysis oils have a higher High Heating Value (HHV), with values be-

ki 8 S252 2 tween 31 and 36 MJ kg™ ! [5]. Microalgae species with higher carbo-
hydrate or lipid fractions tend to give pyrolysis oils with higher HHV's
and lower oxygen contents [6]. Metabolically controlled Chlorella pro-

g tothecoides grown heterotrophically gave a 3.4 fold increase in the
S pyrolysis oil yield, and the product showed several advantages com-
f pared to the non-metabolically modified version, such as a higher HHV
a and lower oil viscosity [1].

E ; The chemical composition of pyrolysis oil from microalgae is com-

O\E g plex and shows a mix of compounds belonging to different organic

E 2 o o 2. groups. The composition is a function of the pyrolysis conditions and

2 9 s 2 E 5 type of microalgae feed [6]. In general, the components are categorized

<Z°) § | Lé | :' % E into high and lower molecular weight species. Typical low molecular
weight components are hydrocarbons (saturated and unsaturated),
phenolics compounds, carboxylic acids, alcohols, aldehydes, ketones
and organic nitrogen-containing compounds.

o Direct utilization of pyrolysis liquids is limited due to their limited

& thermal stability, high oxygen content, high water content, high visc-

g osity, and immiscibility with hydrocarbons [20,21]. Also, the high

B~ m amounts of nitrogen, mainly in the form of organo-nitrogen compounds

_f; ';c o $ in microalgae pyrolysis oils (Table 1), is not a favorable feature as it will

% 2 | g z | g | result in NOx emissions during combustion and issues with the hydro-

= - treating catalysts when co-processed in existing crude oil refineries [5].

E Several technologies have been used to improve the properties of

Q\E pyrolysis liquids. A well-known example is a catalytic hydrotreatment

et [20-24]. It involves reaction of the pyrolysis liquids with hydrogen gas

E at elevated temperatures and pressures in the presence of a solid cat-

§ o alyst [25,26]. Catalytic hydrotreatments are typically performed at

% I . i © B 10—2? MPa o.f hydrogen pressure and temperatures Tanglng from 250 to

E o = g' é 400 °C. During the hy(.irotreatment, sevt?ral reactions oceur, and ex-
amples are hydrogenation, hydrogenolysis, hydrodeoxygenation, dec-

g arboxylation, decarbonylation, cracking/hydrocracking, and poly-

g merization reactions [26]. Typical catalysts for the hydrotreatment of

s pyrolysis oils are supported metal catalysts (e.g., noble metals on var-

é ious supports). Sulphided transition metal catalysts (e.g., NiMo and

*2 cooo o CoMo), typically used in conventional hydrodesulphurization units in

g BRBE 3 oil refineries, have also been applied [27-29].

&‘3‘ § § § % § E An overview of hydrotreatment studies on microalgae-derived pyr-
olysis oils is given in Table 2. Catalytic hydrotreatment of microalgae
derived pyrolysis oils is usually conducted at a temperature ranging

§ 5 g from 250 to 350 °C at H, pressures between 2 and 18 MPa [30]. Oil
g T & yields cover a large range and are between 41 and 93% w/w. A study on
g % é the catalytic hydrotreatment of pyrolysis oils derived from Chlorella sp.
i E g and Nannochloropsis sp. at 350 °C and 2 MPa of H, pressure over bi-
5 £5%8 % 5 metallic Ni-Cu/ZrO, catalysts show an 82% reduction of the oxygen
° % & g z" g g content [30]. Catalytic hydrotreatment of Chlorella sp. over a Ni-Co-Pd/
g % % é % 2 —,: y-Al,O3 catalyst at 300 °C and 2 MPa of H, pressure resulted in an
g T £ ;: g = g ’;: 80.4% reduction of the oxygen content and hydrotreated pyrolysis oils
.g 3 2 8EZEs5g in 90% w/w yield were obtained [31]. The hydrotreated oils contain a
g high amount of low molecular weight compounds (e.g., aromatics and
§ ” alkylphenolics), which have the potential to be used as drop-in che-
é % § micals in existing petroleum refineries [31].
g 4 g 8 fé This study deals with a two-step approach to obtain liquids enriched
2 g £ :.ﬁ = in low molecular weight compounds from two different microalgae
% é’ % § ;: species (Nannochloropsis gaditana and Scenedesmus almeriensis). It in-
E E “5 _% E ; volves an initial fast pyrolysis step in a mechanically stirred fluidized
g g é’ @ & _E bed reactor with staged condensation of the condensable vapors, fol-
e 'S EEE 4 lowed by a catalytic hydrotreatment of the heavy phase pyrolysis liquid
“: —E g g g % E in a batch reactor with a NiMo catalyst on alumina. The overall aim was
é’ " ‘g . %" %9 g8 §‘ to produce high-quality hydrotreated oils (e.g., low in oxygenates, low
gl g g S8 § % Eg amounts of nitrogen compounds, and high hydrocarbon content) from
° g 5 §°§ 52E E microalgae with a high carbon efficiency to be used as transportation
- 5| & SISS5RE =2 fuel or as a co-feed in an oil refinery. Nannochloropsis gaditana and
% g 2 W amem © Scenedesmus almeriensis were selected as the microalgae feed based on
=3 their high growth rates and low cultivation requirements. The product
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oils were analyzed using a range of analytical techniques (GC X GC-
FID, GPC, and HSQC-NMR) to determine the molecular composition of
the oils and to gain insights into molecular transformations during the
hydrotreatment step. Finally, overall mass- and carbon balances were
determined and will be discussed to evaluate the potential of the two-
step concept.

[30]
[21]
[4]

Reference
[31]

2. Materials and methods

Oil yields (% w/

w)

89.6
41-93.1

2.1. Feedstock, fluid bed material and catalyst

The marine microalgae Nannochloropsis gaditana (CCAP-849/5) and
the freshwater microalgae Scenedesmus almeriensis (CCAP 276/24) were
provided by the Estacién Experimental Las Palmerillas, University of
Almeria, Spain. In the following, Nannochloropsis gaditana is abbre-
viated as NG and Scenedesmus almeriensis as SA. The freeze-dried
< feedstocks consisted of agglomerated particles. Both were ground and
sieved to homogenous particles with sizes ranging between 2 and 3 mm.

Silica sand (PTB-Compaktuna, Gent, Belgium) with a particle den-
sity of 2650 kg m™> and a mean diameter of 250 um was used as the
bed material in the mechanically stirred fluidized bed pyrolysis reactor.

NiMo on alumina support (KF 848) was obtained from EuroCat and
used as the catalyst in the catalytic hydrotreatment studies. The catalyst
was sulphided using dimethyl disulphide (DMDS, Sigma-Aldrich) before
each hydrotreatment reaction. High purity hydrogen gas (> 99.99%
mol/mol) for hydrotreatment studies was obtained from Hoekloos (The
Netherlands).

Product oil oxygen content

(% w/w)

2.1

1.3-1.6

6.2-0.0
5

Feedstock oxygen content (%

wW/W)
10.6
11.1-16.2

7.2-5.8
6.9

2.2. Analytical techniques

H, pressure

(MPa)
4-8
18.5

2.2.1. Elemental analyses, energy content, thermogravimetric analysis, and
ash content

The elemental composition (CHNSO) of the pyrolysis chars, heavy
phase pyrolysis oils, and hydrotreated-oils were determined using a
FLASH 2000 organic elemental analyzer (Thermo Fisher Scientific,
Waltham, USA) equipped with a thermal conductivity detector (TCD)
with CHNS and oxygen configuration. High purity helium (Alphagaz 1)
from Air Liquide was used as the carrier and reference gas. High purity
oxygen (Alphagaz 1), also from Air Liquide was used as the combustion
gas. 2,5-(Bis(5-tert-butyl-2-benzo-oxazol-2-yl) thiophene (BBOT) was
used as standard. All analyses were carried out in duplicate, and the
average value is reported.

The higher heating value (HHV) of the heavy phase pyrolysis oils
and hydrotreated-oils was determined using an E2K combustion ca-
lorimeter (Digital Data Systems, Gauteng, South Africa) using ascorbic
acid as standard.

Thermogravimetric analysis (TGA) of the feedstocks was performed
using a TGA 7 from PerkinElmer. The samples were heated under a
nitrogen atmosphere with a heating rate of 10 °C min~" from 20 °C to
900 °C.

Inductively coupled plasma optical emission spectrometry (ICP-
OES) was performed using a method described earlier [32] to de-
termine the amounts of inorganics in the dried microalga feed.

Reaction T (°C)
350 and 405

300
0
250-350

Trimetalic Ni-Co-Pd/y-

Al,03
Bimetallic Ni-Cu/ZrO,

NiMo
NiMo and CoMo

Catalyst

2.2.2. Gas-phase product analyses

The composition of the non-condensable fast pyrolysis gases (NCG)
was determined off-line using an Agilent 490 Micro GC from Agilent
Technologies. The gas sample was collected using a 100-ml gas-tight
syringe. The micro GC was equipped with two TCD detectors and two
analytical columns. The first column (10 m, 0.53 mm internal diameter
(ID), Molesieve 5A -with backflush) was set at 75 °C to determine Ho,
N,, CH,4, and CO. The second column (10 m, 0.53 mm ID, PoraPak-Q)
was set to 70 °C and used for the determination of CO,, CoH,4, CoHg,
C3He, and C3Hg. High purity argon and helium (Alphagaz 1 from Air
Liquide) were used as the carrier gas.

The composition of the gases from the catalytic hydrotreatments

Bio-crude from continuous hydrothermal

liquefaction
Bio-crude from hydrothermal liquefaction

Catalytic pyrolysis oils

Catalytic pyrolysis

Feed

Chlorella and Nannochloropsis sp.

Microalgae
Chlorella sp.
Spirulina sp.
Chlorella sp.

Literature overview for the catalytic hydrotreatment of microalgae-derived pyrolysis oils.

Table 2
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was determined off-line using a GC (Hewlett Packard 5890 Series II)
equipped with a thermal conductivity detector (GC-TCD). A Poraplot Q
Al,03/Na,S0,4 column and a molecular sieve (5 A) column were used
for analysis. The injector temperature and the detector temperature
were pre-set at 150 °C and 90 °C. The oven temperature was kept at
40 °C for 2 min, then heated to 90 °C at a rate of 20 °C min~' and kept
at this temperature for 2 min. A reference gas supplied by Westfalen
Gassen Nederland B.B. (55.19% mol/mol H,, 19.70% mol/mol CH,,
3.00% mol/mol CO, 18.10% mol/mol CO,, 0.51% mol/mol ethylene,
1.49% mol/mol ethane, 0.51% mol/mol propylene and 1.50% mol/mol
propane) was used to identify and quantify the components in the gas
phase.

2.2.3. Analyses of heavy phase pyrolysis oils and hydrotreated oils
2.2.3.1. GC-MS analyses. Before GC-MS analyses, the heavy phase
pyrolysis oils and hydrotreated oils were diluted to 1% w/w solutions
in tetrahydrofuran (THF). Di-n-butyl ether (DBE) was added used as an
internal standard (1000 ppm). Approximately 1 pl of the sample was
directly injected into the GC-MS (Hewlett Packard 5890 GC) coupled to
a Quadruple Hewlett Packard 6890 MSD with a sol-gel capillary
column (60 m, 0.25 mm ID, and a 0.25 pum film, temperature
program: 5 min at 40 °C, 3 °C min~! to 250 °C hold time 10 min)
[33]. Quantification of the peak areas was done by integration of the.
Semi-quantification of the concentrations of the individual compo-
nents was performed by comparing the peak areas (based on integration
of total ion current (TIC)) the with that of the total peak area, which is
typically used to quantify components in bioliquids with hundreds of
individual components [34-36] Identification of the individual com-
ponents was performed by comparing the spectra with those in the MS
library from the National Institute of Standards and Technology (NIST).

2.2.3.2. Two-dimensional (GC X GC) gas chromatography
analyses. GC X GC analyses were performed on a GC X GC-FID from
JEOL equipped with a cryogenic trap system and two separate columns,
viz. a RTX-1701 capillary column (30 m X 0.25 mm internal diameter
and 0.25 pm film thickness) connected by a Meltfit to a Rxi-5Sil MS
column (120 cm X 0.15 mm ID and 0.15 pum film thickness).

GC X GC-FID analyses parameters were described in a previous
study [37]. The identification of the main component groups (e.g., al-
kanes, aromatics, alkylphenolics) in the heavy phase fast pyrolysis oils
and hydrotreated oils were made by comparing the spectra of re-
presentative model compounds for the component groups. Quantifica-
tion was performed by using an average relative response factor (RRF)
per component group with di-n-butyl ether (DBE) as the internal stan-
dard. The sample was diluted to a 5% v/v solution using GC-grade
tetrahydrofuran (Sigma-Aldrich), and 1 g 171 of di-n-butyl ether (DBE)
(Sigma-Aldrich) was added as an internal standard. The diluted sample
was filtered using a PTFE syringe filter (0.2 pm pore size, Sigma-Al-
drich) before injection.

2.2.3.3. Two-dimensional heteronuclear single-quantum correlation NMR
analyses. The pyrolysis oils and hydrotreated-oils were also analyzed by
two-dimensional (2D) *H-'3C heteronuclear single-quantum correlation
NMR (2D HSQC-NMR) using methods described by Lancefield et al.
[38]. A Bruker Ascend 700 MHz equipped with a CPP TCI probe or a
500 MHz spectrometer with a CPP BBO probe were used. The pyrolysis
liquids and product oils were dissolved in DMSO-dg (10% w/w). The
HSQC-NMR spectra (1024 points for 'H or 256 points for '3C) were
recorded using a 90° pulse angle, a 1.5 s relaxation delay, and 0.08 s
acquisition time for a total of 48 scans.

2.3. Experimental procedures
2.3.1. Fast pyrolysis experiments

The pyrolysis experiments were performed in a mechanically stirred
bed reactor filled with quartz sand (Fig. 1).

Fuel Processing Technology 206 (2020) 106466

The microalgae were placed in the purging chamber (3) under
constant nitrogen flow and then fed into the fast pyrolysis reactor at a
rate of 1.67 g min~! via a screw feeder (2). Two fast pyrolysis tem-
peratures (380 °C and 480 °C) were investigated, and experiments at
each temperature setting were performed in triplicate. The mechani-
cally stirred bed reactor is equipped with a mechanical stirrer (4)
providing adequate mixing of the bed (i.e., quartz sand) and the bio-
mass source. The nitrogen flow rate was set (1) at approximately
180 1 h™! and fed from the bottom and the top of the reactor at ap-
proximately a 20-to-1 volumetric ratio. About 100 g of feedstock was
fed into the reactor for each experiment within 1 h. The feeding screws
are cooled to avoid thermal decomposition of the feed prior to feeding.

Pyrolytic vapors formed inside the reactor are transferred to a
knock-out vessel (6) to capture any solid particles in the pyrolytic va-
pors. The knock-out vessel was maintained at 500 °C to avoid the
premature condensation of the vapors. The pyrolysis vapors were in-
itially cooled in an electrostatic precipitator (ESP) (7). The ESP wall
temperature was maintained at 80 °C. The oil collected in the ESP is
denoted as the heavy pyrolysis oil phase. Subsequently, the remaining
vapors were cooled in two, serially connected downstream tap water
cooled condensers (9). These condensed products are designated as the
aqueous phase. After each experiment, the liquids were collected from
the ESP collection flask, and the tap-water cooled condenser flasks,
filtered and separated in case of the formation of two liquid phases.

The set-up is equipped with a cotton filter (10), to minimize any
residual solid particles and vapor droplets entering the outlet gas flow
meter (11). Reactor temperature, gas flow rates, and outlet gas tem-
perature were monitored during each experiment.

After the fast pyrolysis reaction, four main products were formed,
viz. two liquid phases (a heavy phase pyrolysis oil and an aqueous
phase), solid residue (char) and a non-condensable gas phase. An
overview of the procedure to separate the various products for mass
balance calculations is given in Fig. 2.

Yields (% w/w) of each fast pyrolysis product were calculated on an
as-received feedstock basis. Before and after each experiment, the ESP
(Mgsp, initiar and Mgsp, fina), the glass condenser flasks (Mcond, initia and
Meond, fina) and the cotton filter (Mpier, initiar a0d Mgeer, fina) (including
the piping) were weighed. The heavy phase yield (Yxeay,) is based on
the differences in mass of the ESP (before and after fast pyrolysis) added
by the mass of heavy phase present in the condenser flasks
(my,, — my,), see Eq. (1) for details.

Yheavy

= [(mESP,ﬁnal - mESP,initial) + (Mﬁlterﬁnal - mﬂller,initial) + (mow - mwo)]-
100

my @

The aqueous phase yields (Yaqueous) calculation is based on the mass
differences of the two glass condenser flasks added by the amount of
aqueous phase in the ESP (m,,,), as shown in Eq. (2).

Y:zqueous = [(mcond,ﬁnal—mcond,initial) + mwu) - mow]- @
my (2)

Pyrolytic char yields (Ycuor) were determined by subjecting the
collected solids (char and fluidized bed material) to loss on ignition
(L.O.I) analysis. This analysis measures the weight loss of a sample
after ignition and combustion (Am,,) which was carried out in a muffle
furnace (Carbolite AAF 1100) at 600 °C for a minimum of 6 h. Total
char yield is the summation of the amount of char based on L.O.I
analyses, the suspended chars in the oil (m,,), chars in the knockout
vessel (mg), chars that were taken for sample analysis (m.), and
compensated with the ash content of the char (A,), as given by Eq. (3).

Yonar = _Ama + Mo + Mg + M 100
char = 100% _Ac co ck cs |- my (3)
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Legend:

Gas mass flow controller

Screw feeder (continuous)

Feedstock feeder (continuous)
Mechanically stirred bed reactor

Solid collection vessel

Knock-out vessel

Electrostatic precipitator (ESP)

ESP liquid collection bottle (heavy phase)
Staged condensation system with tap water
cooed glass condensers (aqueous phase)

©CENDO A WN =

12 10. Cotton filter
11. Gas flow meter
12. Recirculating water cooling system

Fig. 1. Schematic representation of the fast pyrolysis set-up used in this study.

Fast pyrolysis non-condensable gas yield (Yycg) was calculated
based on the difference between the average volumetric gas flow during
biomass feeding (Q;) at the outlet of the pyrolysis system and the
average nitrogen volumetric flow (Qp) introduced into the reactor (Eq.
(4)). Conversion of the volumetric flow rates to mass flow rates was
done by determining the gas density of the mixture (p,,, ,). Considering
the non-ideal nature of pyrolytic NCG, the density was calculated using
the Peng-Robinson equation of state at gas outlet conditions and based
on the NCG composition (N5 free) as analyzed by the micro-GC. The
calculations were performed using the Aspen® Hysis® software package.

Ynee = [(Qs — Q). L. o, ]- 100
"y @

Mass balance closure was defined as the sum of the liquid yields
(heavy phase and aqueous phase), char yield, and NCG yield (Eq. (5)).

Mass balance closure = Yoy + Yaqueous + Yenar + Ynce 5)

2.3.2. Catalytic hydrotreatment reactions

The catalytic hydrotreatment reactions were carried out in a stain-
less steel batch reactor (100 ml, Parr Instruments Co.) equipped with a
Rushton-type turbine (agitation speed at 1000 rpm) as described in a
previous study [37]. Temperature and pressure were monitored in real-
time and logged on a computer.

Prior to each catalytic hydrotreatment, the reactor was filled with
heavy phase pyrolysis oil (15 g), catalyst (0.75 g) and DMDS (25 pl).
Initially, the reactor was flushed with hydrogen several times and then
pressurized using hydrogen at room temperature for further leak
testing. Leak testing was done by pressurizing the reactor to 15 MPa.
Subsequently the pressure was reduced purposely to achieve an initial
pressure of 10 MPa. The reactor was then heated to 350 °C at a heating
rate of approximately 8 °C min~'. The reaction time was started when
the predetermined temperature was reached. The pressure at this stage
was typically 14-15 MPa. Reactions were performed in a batch mode
without the addition of hydrogen gas during reaction. The pressure and
temperature values were recorded during the reactions, and the data
were saved and displayed using a data logger and a PC. After 4 h

aqueous phase in

1% stage condenser

A\ 4

condenser at 80°C)

2™ stage condenser
liquids (two
condensers at ca.
20°C)

fast pyrolysis
products

liquids (single ~ @ decantation

decantation

heavy phase

total aqueous

heavy phase phase

aqueous phase
q P total heavy

phase

heavy phase in
aqueous phase*

A\ 4

pyrolysis char

non-condesable

h 4

gasses

*heavy phase in aqueous phase was not used in chemical analyses

Fig. 2. Schematic representation of the workup procedure for fast pyrolysis products.
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| organic
»>
hase

liquid
product

hydrotreatment _’{
reaction products

H centrifugation

aqueous phase

N residual solid DCM
product washin,

residual solid H filtration dry solid
product
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Fig. 3. Schematic representation of the workup procedure for the catalytic hydrotreatment reactions.

Table 3

Relevant compositional properties of the microalgae feed and the energy content.

Strain Ash (% w/w) Elemental analysis (% w/w) Lipids (% w/w) Proteins (% w/w) HHV (MJ kg’l)
C H N S [0}

NG 12.4 48 8 7 1 25 13.4 32.2 23.1

SA 20 38 6 6 1 30 13.1 30 16.8

reaction time, the reactor was cooled to room temperature at a rate of
about 10-15 °C min~'. To affirm reproducibility and comparability of
the hydrotreatment study results, experiments were carried out in du-
plicates.

After the catalytic hydrotreatment reaction, four main products
were produced, viz. two liquid phases (an organic and an aqueous
phase), solid residue (chars and catalyst residues) and a non-con-
densable gas phase. An overview of the procedure to separate the
various products for mass balance calculations is given in Fig. 3.

The yield of each catalytic hydrotreatment product was calculated
on a pyrolysis oil intake basis. After the hydrotreatment reaction and
depressurization of the reactor, the gas phase was collected in a three-
liter Tedlar gas bag. The gas sample was further analyzed using GC-TCD
to determine its composition. The liquid and solid products were taken
from the reactor and transferred to a 15 ml centrifuge tube (Sigma-
Aldrich) and then centrifuged at 4500 rpm for 15 min. The hydro-
treated liquid phase consists of an organic phase (lighter-than-water)
and an aqueous phase. The liquid phases were separated by decantation
and weighed for mass balance calculations. The solids in the centrifuge
tube were washed with dichloromethane (DCM, Sigma-Aldrich) and
then filtered using a filter paper with known weight and left to dry
overnight.

The cooled reactor was flushed with DCM to remove residual oils
and solids on the reactor wall and bottom. The resulting mixture was
filtered using a filter paper with known weight and dried at room
temperature overnight to collect the solids. The two DCM washing li-
quids were combined, and the DCM was removed by evaporation at
room temperature. The remaining organic fraction was weighed and
added to the organic phase obtained after the reaction (mppo, o). The
measured weights of the organic phase, aqueous phase (Mupo, aqueous)s
and the combined solid products (mupo, soia) Were used for product
yield calculations (% w/w) (Egs. (6)—(9)). The gas yield was calculated
from the mass balance differences.

MHDO,oil
Yupo-oit = - X 100
APO=0l = prass of pyrolysis oil feed (6)
mHDO,aqueous
Yupo-aq = X 100
HPO=aa = prags of pyrolysis oil feed 7
MHDO,solid
Yupo- = : X 100
HDO=char = 3 rass of pyrolysis oil feed (8)

>’ (mass of product (s))
Mass of pyrolysis oil feed

Mass balance = X 100

©)

3. Results and discussion
3.1. Feedstock characterization

The two algae feeds used in this study were pre-dried and shaped
(ground and sieved) into 2-3 mm flakes-like particles before use as a
pyrolysis feed. Relevant properties (ash content, elemental composi-
tion, lipid, protein, and energy content) were determined and reported
earlier by Lopez Barreiro et al. [39], and the data are summarized in
Table 3. The oxygen content of both feeds is between 25 and 30% w/w,
and the carbon content between 38 and 48% w/w. The carbon and
oxygen contents for both feeds are in the range reported in the litera-
ture for Scenedesmus sp. and Nannochloropsis oculata ([2,5]). Both
contain considerable amounts of ash (12.4-20% w/w). The carbon
content is highest for NG (48% w/w), and combined with the lower ash
content this leads to a substantially higher HHV than for SA
(23.1 MJ kg™ for NG and 16.8 MJ kg~ for SA) [40]. The lipid and
protein fraction in both feedstocks are about similar (13.1-13.4% w/w
lipids and 30-32.2% w/w proteins). The protein content is in the range
reported in the literature, whereas the lipid content is considerably
lower compared to other microalgae (up to 50-70% w/w) [41-44].
This is likely due to differences in cultivation media, cultivation tech-
niques, and processing parameters [45-47].

Thermogravimetric analysis (TGA) under an N, atmosphere was
performed to determine the thermal degradation behavior of both mi-
croalgae, which is amongst others of relevance to determine the op-
timum pyrolysis temperature (Fig. 4). Mass loss of the feedstock started
at temperatures below 100 °C, due to evaporation of residual water and
possibly also some dehydration reactions. Devolatilization of the or-
ganic matter in the microalgae feedstock was observed in the tem-
perature range between 130 and 500 °C and is likely associated with
decomposition/volatilization of lipids, carbohydrates, and proteins
[48-51]. The TGA data are in line with those reported by Lopez-Gon-
zalez et al. [14] for Scenedesmus almeriensis and Nannochloropsis gadi-
tana microalgae. Wang et al. [19] reported TGA data for Nanno-
chloropsis microalgae as well those for isolated fractions thereof (lipids,
proteins and carbohydrates). The main decomposition temperature
zone was between 200 and 450 °C, and the pyrolysis TGA peak for the
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Fig. 4. TGA-DTG curves of NG and SA under nitrogen flow. DTG curve was
manually calculated from TGA data and smoothed using a moving average.

microalgae was found at 317 °C. Our data are in line with these find-
ings. For the individual, isolated fractions, maximum pyrolysis peaks
were found at 353 °C (lipids), 310 °C (proteins) and 275 °C (carbohy-
drates). As such, we can conclude that pyrolysis temperatures >
450 °C will be required to pyrolyze the most relevant fractions of the
microalgae.

The slight loss of mass at high temperatures (> 600 °C) in both
feedstocks is not caused by volatilization of organic material but most
likely by the thermal decomposition of metal oxide components present
in the ash of the feedstock (Supplementary Table S1), which can be
significant [52]. For instance, NG ash is high in calcium salts and these
are known to decompose at about 800 °C, while SA contains substantial
amounts of iron, manganese, and magnesium salts that have reported to
decompose at lower temperatures (ca. 600 °C).

3.2. Fast pyrolysis experiments

The fast pyrolysis experiments were carried using pre-dried micro-
algae in a mechanically stirred fluidized bed reactor with fractional
condensation. This resulted in two oil fractions: a heavy oil collected at
80 °C and an aqueous phase obtained at room temperature. The heavy
phase pyrolysis oils produced at 380 °C were assigned as FPzgg (SA
FP3g9 and NG FPsg0), while the heavy phase pyrolysis oils obtained at
480 °C were assigned as FP4go (SA FP4g0 and NG FPyg0). A comparison
of the fast pyrolysis product yields for the two feedstocks pyrolyzed at
380 °C and 480 °C are presented in Table 4. The heavy phase pyrolytic
oil yields were between 20 and 31% w/w. The highest yield was ob-
tained using NG at 480 °C. The feed has a significant effect on the
product yields (except the aqueous phase yield) and higher heavy
pyrolysis oil yields were obtained for NG, irrespective of the pyrolysis
temperature (based on statistical analyses of the data, t-tests). A likely
explanation is the lower ash content and higher carbon content of the
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Table 5
Product yields for the catalytic hydrotreatment experiments on pyrolysis feed
basis™.

Fast-pyrolysis feed Product yields (% w/w)

Organic Aqueous Solid Gas”
NG FP3g9 53.3 = 1.2 0.7 = 0.1 50 = 04 411 = 1.6
NG FP4g0 56.1 = 2.4 1.0 = 0.1 6.8 = 0.3 36.1 = 2.7
SA FP3g 57.2 * 4.1 3.0 * 1.4 46 = 1.2 353 * 4.3
SA FPy4g0 527 £ 3.1 134 £ 36 56 * 1.8 28.4 + 1.3

@ Duplicate experiments.
> Based on difference.

latter feed (Table 3).

The non-condensable fast pyrolysis gases (NCGs) consist mainly of
CO, and CO (see Supplementary information, Table S2). In addition,
6-25% v/v of light hydrocarbons were present in the gas-phase. At
higher fast pyrolysis temperatures, gas production was increased con-
siderably at the expense of char, likely due to higher levels of thermal
cracking and devolatilization. The gas composition also is a function of
temperature, with higher temperatures resulting in additional hydrogen
and light hydrocarbons formation at the expense of CO,.

3.3. Catalytic hydrotreatments

The heavy phase pyrolysis oils obtained from the two microalgae
species at two- fast pyrolysis temperatures were subjected to a catalytic
hydrotreatment. The hydrotreated product oils are abbreviated ac-
cording to the microalgae species and pyrolysis temperatures (e.g., SA
HDO3go or NG HDOyg). The product yields for the catalytic hydro-
treatment reactions are given in Table 5. Typically, 4 product phases
are obtained, an organic liquid phase, an aqueous phase, solids, and
gas-phase components. The amounts of solid products (5-7% w/w) and
hydrotreated pyrolysis oils (organic phases, 53-57% w/w) after cata-
lytic hydrotreatment were within very narrow ranges. The yields of the
aqueous phase after hydrotreatment the SA heavy phase pyrolysis oils
were significantly higher (at both temperatures) than the yield when
using the NG oil as the feed (based on statistical analyses, t-test). The
hydrotreated oils showed a low viscosity, indicating a reduction of the
average molecular weight of the (oligomeric) compounds during hy-
drotreatment (see below). This is in contrast to the heavy phase pyr-
olysis oil feeds for the catalytic hydrotreatment, which were highly
viscous.

Our oil yields (between 53 and 57%) are considerably lower than
those reported by Duan (ca. 70% w/w) [53], though it is not possible to
substantiate this conclusions by statistical analyses as replicate ex-
periments are not reported in ref. [53] The most likely explanation for
this observation is the fact that Duan used a Nannochloropsis sp. derived
biocrude from a hydrothermal liquefaction (HTL) process, which is
known to give oils with different chemical compositions than those
obtained from pyrolysis processes. In addition, Duan used palladium on
carbon (5% Pd) at a higher catalyst loading and applied longer reaction
times, which will also affect oil yields and composition. Another

Table 4
Product yields for fast pyrolysis with staged condensation of two microalgae species at different temperatures®.
Strain Fast pyrolysis temperature (°C) Product yield (% w/w based on feed) Total
Heavy phase Aqueous phase Gas Solids
NG 380 246 = 1.0 11.6 = 1.6 143 = 19 49.3 = 25 99.8 + 3.7
480 31.2 = 3.0 116 = 1.4 23.4 £ 23 251 + 24 91.3 + 47
SA 380 20.3 = 0.4 13.5 = 0.8 72 = 1.1 439 = 1.2 85.0 £ 1.9
480 20.3 = 29 13.2 = 09 146 = 3.8 41.8 = 3.8 90.0 = 1.4

2 At least triplicate experiments, standard deviation is given.
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Table 6
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Properties of the heavy phase pyrolysis oils and catalytic hydrotreatment products®.

Heavy phase pyrolysis oils Elemental composition (% w/w)

HHV (MJ kg™ 1)

Carbon Hydrogen Nitrogen Oxygen
NG FP3g0 649 * 0.8 9.6 = 0.1 7.2 £ 0.4 159 + 21 31.1 = 0.8
NG FP4g0 649 = 2.3 89 = 0.5 8.6 = 0.3 13.6 = 1.2 324 = 1.1
SA FP3g 64.0 = 1.5 9.0 = 0.1 11.0 = 0.3 191 * 1.0 29.0 = 0.7
SA FPy4g 66.2 = 1.8 89 = 0.3 10.7 £ 0.7 13.6 £ 0.8 31 £ 0.8
Hydrotreated oils Elemental composition (% w/w) HHV (MJ kg™ 1)
Carbon Hydrogen Nitrogen Oxygen
NG HDOs3go 79.5 £ 0.4 12.0 £ 0.1 7.0 £ 0.1 1.6 £ 0.4 37.3 £ 0.3
NG HDOygo 80.5 = 0.8 11.5 = 0.2 6.0 = 0.6 20 = 1.6 41.7 = 0.6
SA HDOj3g¢ 79.6 = 0.2 12.0 = 0.1 6.7 £ 0.4 1.8 = 0.1 419 = 0.2
SA HDOj4so 78.2 = 0.9 11.0 = 0.1 6.4 = 0.7 42 = 15 39.9 * 0.3

@ Average value based on duplicate analyses, on as produced basis.
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Fig. 5. Van Krevelen diagram for heavy phase fast pyrolysis oils and hydro-
treated oils for the two microalgae feeds.

hydrotreatment study used a Nannochloropsis salina oil obtained by
extraction instead of pyrolysis, which was hydrotreated over a reduced
pre-sulphided NiMo/y-Al,03 catalyst (7 h, 360 °C and 500 psig H,
pressure [54]). High conversion (98.7% w/w) to an organic liquid
containing 56.2% of Cy hydrocarbons was reported. These high yields
are likely due to the high lipid content of this feed.

3.4. Elemental balances and energy contents of fast-pyrolysis and
hydrotreated oils

Fast pyrolysis and catalytic hydrotreatment have a major impact on
the elemental composition of feeds/products. In Table 6, the elemental

composition and energy content of the heavy phase pyrolytic oils from
fast pyrolysis and the hydrotreated oils are provided. The heavy phase
fast pyrolysis oils contain approximately 65% w/w carbon and a con-
siderable amount of bound oxygen (13-19% w/w). Higher fast pyr-
olysis temperatures did not affect the carbon content in the heavy phase
pyrolysis oil significantly for both microalgae species. However, the
amount of oxygen (as oxygenates) is a strong function of the fast pyr-
olysis temperature, with higher temperatures leading to pyrolysis oils
containing less oxygen. This decrease in oxygen content coupled with
an increase in the amount of water, implies that condensation/dehy-
dration reactions are favored at high pyrolysis temperatures. Similar
temperature effects on product composition were observed for the
pyrolysis of Chlorella vulgaris [16] and Dunaliella salina [15]. The ni-
trogen content in the heavy phase pyrolysis oils (7.2-11.0% w/w,
Table 6) is in the range as reported for pyrolysis liquids from micro-
algae (6.5-10.8% w/w, see Table 1 for details).

Upon catalytic hydrotreatment, the carbon content of the product
oil increased from on average 65% w/w to 80% w/w. The oxygen
content is considerably reduced (70-90%), and hydrotreated oils with
oxygen contents as low as 1.6% w/w were successfully obtained. This
high level of oxygen removal is indicative of a high rate of hydro-
deoxygenation reactions. All effects are illustrated in a van Krevelen
plot given in Fig. 5.

The nitrogen contents of the pyrolysis oils are higher than reported
for wood-derived pyrolysis oils [55]. This is due to the high amounts of
proteins in the feedstock, which are converted to amongst others small
nitrogen-containing molecules during pyrolysis [1]. SA derived pyr-
olysis oils contain significantly more nitrogen compared to NG derived
ones (statistical analyses, t-tests), which is surprising due to the lower
protein content of SA (Table 3). Apparently, not only the amount but
also other properties of the proteins (e.g. composition) play a role. After
hydrotreatment, the nitrogen content in the product oils is significantly
reduced (statistical analyses, t-tests, the only exception is the NG oil
hydrotreated at 380 °C), though still above 6% w/w in all cases. This
implies that hydrodenitrification reactions only occur to a limited ex-
tent. A possible explanation is the nature of the organo-nitrogen

fast pyrolysis heavy phage hydrotreatment hydrOFreated
pyrolysis-oils oils

Initial carbon 100 NGy 333 NGy 141
NGy 42.2 NG, 19.1
SAy 342 SAy, 15.6
SAy, 429 SAy, 17.7

Numbers are in C % w/w based on initial biomass feedstock

Fig. 6. Carbon balances from two-step fast pyrolysis and hydrotreatment reactions.
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Fig. 7. GC-MS chromatogram for a representative pyrolysis oil and the corresponding hydrotreated oil (SA4go)-

Table 7
GC X GC-FID quantification of chemicals groups found on heavy phase pyr-
olysis oils and hydrotreated oils.

Heavy phase pyrolysis oils

Group NG (% w/w on oil) SA (% w/w on oil)
380 °C 480 °C 380 °C 480 °C
Cycloalkanes 0.05 0.07 0.06 0.06
Alkanes 1.82 1.43 2.42 1.74
Non-oxygenated aromatics 0.63 0.59 1.28 0.62
Naphthalenes 0.32 0.45 0.31 0.38
Ketones, acids, and alcohols 7.15 6.42 6.64 5.83
Phenolics
Methoxy-substituted phenolics 5.37 4.84 6.00 5.45
Alkylphenolics/catechols 4.8 6.57 3.95 6.68
Total volatile fraction of oil 20.14 20.37 20.66 20.76

Hydrotreated oils

Group type NG (% w/w on oil) SA (% w/w on oil)
380 °C 480 °C 380 °C 480 °C
Cycloalkanes 0.7 0.91 0.89 3.86
Alkanes 14.23 11.35 9.03 14.37
Non-oxygenated aromatics 3.67 5.92 3.92 9.21
Naphtalenes 0.74 2.29 0.7 4.76
Ketones, acids, and alcohols 1.3 1.61 2 1.71
Phenolics
Methoxy-substituted phenolics 2.73 4.01 4.62 7.38
Alkylphenolics/catechols 5.32 7.54 4.01 12.85
Total volatile fraction of oil 28.69 33.63 25.17 54.14

compounds present. It is well known that particularly aromatic ni-
trogen-containing molecules like substituted indoles, which were in-
deed detected in the product oils (see below), are difficult to remove by
a catalytic hydrotreatment [56].

The energy content of the hydrotreated products
(37.3-41.9 MJ kg™ 1) is by far higher than that of the intermediate
pyrolysis oil (29-32.4 MJ kg~ !) and the microalgae feed

(16.8-23.1 MJ kg™ ') due to substantial removal of bound oxygen by
the catalytic hydrotreatment process.

3.4.1. Overall carbon balances

Fig. 6 summarizes the overall carbon balances for the two-step fast-
pyrolysis/hydrotreatment of microalgae, as reported in this paper.
Overall carbon yields for the two-step process are between 14.1 and
19.1% w/w. Best results were obtained for the NG feed at 480 °C
(19.1% w/w). Fast-pyrolysis is best performed at 480 °C, and
33.3-42.9% w/w of the carbon in the microalgae feed is retained in the
heavy phase pyrolysis-oils. Yields are lower at 380 °C, due to the for-
mation of larger amounts of char.

3.5. Chemical composition of the fast pyrolysis and hydrotreated oils

A wide range of analyses was performed to determine the molecular
composition of the heavy phase pyrolysis oils and hydrotreated-oils.
These include GC-MS, GC X GC-FID, and two-dimensional NMR (2D
HSQC-NMR).

3.5.1. GC analyses of heavy phase pyrolysis oils and hydrotreated oils
GC-MS analyses for the intermediate pyrolysis oils and hydro-
treated products were performed to gain insights into the low molecular
weight components present in oils and the molecular transformations
occurring during hydrotreatment. A representative example of a GC-MS
chromatogram is given in Fig. 7, those for other product classes are
given in the Supplementary information (Figs. S3 and S4).
Semi-quantification of the data was done using relative peaks areas
(see Tables S3-510). The individual components were categorized ac-
cording to their chemical structures viz: alkanes and alkenes, non-
oxygenated aromatics, phenolics, fatty acids and esters, fatty alcohols
and nitrogen containing compounds. The pyrolysis oils contain typical
components belonging to the alkane/alkene group (e.g. hexadecene,
derived from the lipid fraction in the microalgae), N-containing com-
pounds (e.g. indoles and pyrrolidinones, derived from the protein
fraction), carboxylic acids (e.g. acetic acid, from the carbohydrate
fraction) and phenolics. The composition changed after hydrotreatment
and the hydrotreated oils of both microalgae showed the presence of
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Fig. 8. Representative GC x GC-FID analyses of a heavy phase pyrolysis oil and a corresponding hydrotreated oil (SA4g0). Region 1: cyclic alkanes; region 2:
primarily linear/branched alkanes; regions 3 and 4: non-oxygenated aromatics (including polycyclic aromatic hydrocarbons); regions 5 and 6: oxygenates (e.g.,
ketones, alcohols, and acids), region 7: methoxy-substituted phenolics, and region 8: alkylphenolics and catecholics “a” is internal standard (n-dibutyl ether), and “b”

is butylated hydroxytoluene (stabilizer in THF).

saturated hydrocarbons (e.g., hexadecane), aromatics (e.g., toluene,
propylbenzene) and phenolics (e.g., 4-methylphenol and phenol). After
catalytic hydrotreatment, most of the nitrogen containing heterocycles
are still present, indicating that these compounds are difficult to remove
by this treatment, in line with literature data [4,21].

To quantify the amounts of the main organic compound classes
(aromatics, phenolics, alkanes, etc.), the heavy phase pyrolysis oils and
hydrotreated oils were analyzed using GC X GC-FID (Table 7, Fig. 8,
see also Supplementary information, Figs. S1 and S2). Though nitrogen-
containing compounds are present according to GC-MS, these were not
calibrated in the GC x GC measurements and thus could not be
quantified. The GC detectable components were categorized in eight
distinct regions, see Fig. 8 for a representative example.

The heavy phase pyrolysis oils and hydrotreated oils from both
microalgae display a wide range of compounds belonging to various
product classes, in line with the GC-MS data (cyclic and linear/bran-
ched alkanes, non-oxygenated aromatics (including polycyclic aromatic
hydrocarbons), light oxygenates (e.g., ketones, alcohols, and acids) and

10

phenolic compounds (methoxy substituted phenolics, alkylphenolics,
catechols)).

GC X GC reveals that the main component groups in the heavy
pyrolysis oils are light oxygenates like ketones, acids and alcohols
(derived from the cellulose fraction in the algae feed) and phenolics in
the form of alkylphenolics/catechols and methoxy substituted phe-
nolics. The hydrotreated oils contain mainly alkanes, non-oxygenated
aromatics and phenolics. As such, the light oxygenates are pre-
dominantly converted during the hydrotreatment reaction to hydro-
carbons. This is also expected based on the chemistry associated with
hydrotreatment, viz. the conversion of oxygenates to hydrocarbons in
the form of alkanes and aromatics [57], and in line with the GC-MS
data.

The chromatograms for the hydrotreated oils also clearly show the
typical products derived from the lipid fraction of the algae feed in
region 2 in the form of linear and branched alkanes (e.g. hexadecane,
pentadecane). Lipids are known to be converted to the individual fatty
acids and esters and hydrocarbons in the pyrolysis step [19]. These
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Fig. 9. Representative 2D-HSQC-NMR analyses of a representative heavy phase pyrolysis oil (SA 480, top) and the corresponding hydrotreated oil (bottom). DMSO is

the solvent.

primary pyrolysis products are subsequently transformed to hydro-
carbons in the hydrotreatment step by additional decarbonylation,
decarboxylation as well as hydro(deoxy-)genation reactions [19].

Also of interest is the observation that the volatile fraction of the
hydrotreated oils considerably higher than that of the pyrolysis oils. For
example for SA, it is a factor of 2.5 higher when the hydrotreatment is
performed at 480 °C. These findings indicate the occurrence of hydro-
cracking reactions during the hydrotreatment process, leading to a
considerable reduction in molecular weight and thus a considerably
higher amount of volatile, GC detectable compounds in the product oils.
These findings are in line with literature data on the hydrotreatment of
pyrolysis liquids [26,27,29].
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Finally, the oils were characterized using 2D-NMR, which gives not
only insights in the chemical composition of the GC detectables but also
on that of the higher molecular weight fraction (Fig. 9 and Supple-
mentary information, Figs. S5 and S6). HSQC-NMR analyses of pyr-
olysis oils instead of traditional 1-dimensional *H and *C NMR has two
main advantages, viz. i) the overlapping peaks, occurring to a large
extent when hundreds of components are present in the product, are
reduced due to spreading of the signals into two dimensions and ii) a
higher sensitivity and iii) shorter relaxation times. 'H-'>C-HSQC NMR
provides a 2-D plot, with on one axis the "H NMR shift and the *C NMR
shift on the other axis. Every peak is associated with a particular C-H
unit in a certain chemical environment. Ben and Ragauskas [58] used
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Fig. 10. Overview of major chemical transformations occurring during fast-pyrolysis and hydrotreatment of NG and SA.

this NMR method to characterize pyrolysis oils derived from the slow
pyrolysis of lignin, cellulose and pine wood. A number of relevant re-
gions were assigned belonging to different C-H bonds, viz: i) aromatic
C-H bonds belonging to amongst others substituted phenolics
(105-140 ppm in the *C NMR dimension and 5.5-7.5 in the '"H NMR
dimension, ii) methoxy groups (54-57 ppm in the *C NMR dimension
and 3.7-3.9 ppm in the '"H NMR dimension), and aliphatic C-H bonds
(5-40 ppm in the *C NMR dimension and 0.7-2.8 in the 'H NMR
domain). Assignment of the C-H bonds of pyrolytic sugars, the collec-
tive term of sugar derivatives in pyrolysis oils from the conversion of
the cellulose/hemi-cellulose fraction in the biomass feed, in HSQC NMR
spectra were recently provided by Yu et al. [59]. These are typically
present in the 5.5-2.5 ppm region in the 'H NMR dimension and
50-110 ppm range in the 13C NMR dimension.

The heavy phase pyrolysis oil from SA, obtained at 480 °C, shows
the presence of aliphatic and aromatic C-H bonds (Fig. 9, top), in line
with the GC X GC data. In addition, peaks are present in the pyrolytic
sugar region, as a result of the presence of sugar derivatives (light
oxygenates, like aldehydes, as well as oligomeric sugars). The HSQC-
NMR of the hydrotreated product oil shows only two main regions,
aliphatic and aromatic C-H bonds, and pyrolytic sugar peaks are absent.
These findings are in line with the GC x GC data, showing a dramatic
increase in alkanes and non-oxygenated aromatics upon catalytic hy-
drotreatment of the pyrolysis oils at the expense of light oxygenates.

3.6. Reaction network

Analyses of the chemical composition of the heavy pyrolysis oils as
well as the hydrotreated oils by GC and NMR has provided relevant
information on the major chemical transformations occurring in the
pyrolysis and hydrotreatment steps in the two step sequence from
micro-algae to product oils (see Section 3.5). A summary with emphasis
on the conversions of the individual microalgae fractions (lipids, car-
bohydrates and proteins) is provided in Fig. 10.
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4. Possible applications of the hydrotreated microalgae-oils

It has been shown that pyrolysis followed by catalytic hydrotreat-
ment leads to hydrocarbon-rich oils with significantly lower oxygen
contents (< 4.2% w/w) than the original microalgae feed (25-30% w/
w). However, the oils as such are not yet suitable to serve as trans-
portation fuels or as co-feeds for FCC units [60]. The major issues are
the presence of organic nitrogen-containing compounds (6-7% w/w)
and alkylphenolics. For both applications, stringent norms regarding
the nitrogen content need to be fulfilled. A possible solution is a deep
catalytic hydrodenitrification procedure, though this is likely to be very
cumbersome, as the nitrogen-containing compounds in the products are
mainly aromatic in nature (GC, e.g., substituted indoles), which are
difficult to remove by standard hydrotreatment procedures and require
dedicated catalysts [56].

Another possible approach to reduce the nitrogen content in the
final product oils is to develop efficient separation procedures like
(reactive) solvent extractions [64] for removal of organo-nitrogen
components in pyrolysis oils. An additional advantage of this approach
is that some of the N-heterocyclic compounds (e.g., indole and pyr-
idine) have a market price considerably higher than that of (transpor-
tation) fuels [61,62]. As such, the separated nitrogen compounds could
be further purified for use as bulk chemicals, while the hydrocarbon
fraction could be used as a transportation fuel or co-fed to oil refineries.

5. Conclusions

This study shows that both marine microalga Nannochloropsis gadi-
tana and freshwater microalga Scenedesmus almeriensis in dried form can
be used as feedstock for fast pyrolysis processes. The temperature has a
strong effect on the product yields and a higher fast pyrolysis tem-
perature leads to a higher yield of heavy phase pyrolysis oils with lower
oxygen contents. In addition, the heavy phase pyrolysis oil yields are
also a function of the microalgae feed and the best results were ob-
tained for NG (31.2% w/w). Catalytic hydrotreatment of the produced
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heavy phase pyrolysis oils leads to a considerable improvement in the
quality of the liquids. These were shown to be enriched in aromatics
and hydrocarbons and have a considerably lower oxygen content
(1.6-4.2% w/w) compared to the microalgae feeds (25-30% w/w). The
overall carbon yield for the liquid product was approximately
15.6-19.1% w/w (based on the initial carbon content of the feedstock).
The best results were obtained for the NG feed. A major issue is the
presence of nitrogen heterocycles in the product oils, due to the pre-
sence of proteins in the feed. For further applications, upgrading will be
required, e.g. by deep hydrodenitrification (HDN) of nitrogen-con-
taining compounds (N-heterocyclic compounds viz. indole and pyr-
idine) using dedicated catalyst or separation of the N-heterocyclic
compounds from the product oils for chemical production using for
instance advanced liquid-liquid extractions.
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