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Abstract
The potential of Scenedesmus obliquus biomass, after treating several wastewaters (WWs) (urban, dairy and brewery
industries, cattle and poultry breeding), was evaluated for the production of bio-char, bio-oil and bio-gas, through a
pyrolysis process. The experiments were carried out in a fixed bed reactor at a temperature of 748 K during 15 min.
The thermochemical behaviour of each microalga was assessed by thermogravimetry analysis and infrared spectroscopy.
The bio-oils obtained were also quantified and characterized. The results reveal that (i) all microalgae show a similar
thermal degradation behaviour; (ii) microalga grown in urban WW shows a lower percentage of lipids; in dairy and cattle
WWs, it shows a high percentage of both proteins and lipids, and in poultry and brewery WWs, it shows a higher
carbohydrates content; (iii) the microalga grown in poultry WW shows the lowest protein content, whereas the urban
grown microalga showed the highest protein content; (iv) the bio-oil obtained by pyrolysis process showed yields in the
range 30–60% (w/w) and showed a high content of aromatic compounds.
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Introduction

Microalgae have shown clear advantages for the production of
biofuels when compared with energy crops, especially when
the biomass was grown through the recycling of nutrients
present in the wastewaters and the CO2 from the flue gases
[1, 2]. The main advantages of microalgae comprise (i) the
possibility of being cultivated on non-agricultural land using
wastewater, (ii) higher yield per unit of light irradiated area,
(iii) the recovery of nutrients from wastewater and CO2 from
flue gases and fossil fuel combustion.

Wastewater (WW) is a dangerous issue to the environment
and human health. Many industries, especially the food pro-
cessing and the ones related to it (e.g. dairy, brewery, poultry
and cattle meat production), are intensive water consumers,
generating large volumes of wastewater (Table 1). These ef-
fluents are rich in organic compounds and nutrients such as

phosphates, ammonia and/or nitrates. Due to their character-
istics, these industrial of wastes are a suitable cultivation me-
dium for mixotrophic microalgae, presenting carbon/nitrogen
(C/N) and nitrogen/phosphorus (N/P) ratios favourable for
microalgae growth [7]. Thus, the incorporation of the
microalgal systems into conventional wastewater treatment
ensures remarkable benefits, such as the following: (1) the
oxygen needed for the bacteria is provided through
microalgae photosynthesis, avoiding aeration, reducing ener-
gy demand and greenhouse gas (GHG) emissions [8]; (2)
reduction in hazardous solid sludge formation (e.g. heavy
metals, chemicals and pathogens) [9, 10]; (3) reduction of
the costs; (4) production of useful algal biomass-energy rich
and (5) recycling of the nutrients present in the wastewater
[11, 12].

The thermochemical conversion of microalgae biomass in-
to biofuel and high added value products has been gaining
significant prominence globally. The combustion, gasification
and pyrolysis are the most usual thermochemical conversion
processes. However, this last conversion technology produces
energy fuels with high fuel-to-feed ratio with the advantage of
operating at atmospheric pressure and moderate temperatures.
Therefore, pyrolysis has been attracting considerable attention
during the past decades as the most promising process for
biomass conversion for competing with non-renewable fossil
fuel resources [13–17].
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Pyrolysis involves the treatment of the raw feedstock in an
oxygen-free atmosphere (usually nitrogen) in a relatively wide
range of temperatures, typically between 573 and 973 K.
Under those conditions, the different components present in
biomass are decomposed into a variety of compounds that are
collected as bio-oil, solid fractions (bio-char) and bio-gas. The
pyrolysis gases contain CO, CO2, light hydrocarbons (C1–
C4) and hydrogen, and have a significant high heating value
(HHV); hence, they are usually combusted to provide the heat
needs of the process itself [18].

Bio-char and bio-oil products are usually used as an alter-
native to fossil-based fuels. Bio-char, on the other hand, is also
used as a carbon source for producing different carbon-based
materials and/or to be used as soil amendment [19]. Bio-oil
presents properties that allow its use as fuel in simple boilers
(for heat production) and turbines (for electricity), although it
does not have enough quality to be directly applied in the
transport sector [18]. It can also be used as chemical feedstock
for valuable chemical products [20].

Several types of biomass have been used in the pyrolysis
process, mainly those from lignocellulose. However, bio-oils
obtained from microalgae pyrolysis show higher HHV, when
compared with the bio-oil from wood [21, 22]. As the bio-oil
can be readily stored and transported, much of the present
interest in pyrolysis is focused on maximizing bio-oil yields
[21].

The thermogravimetric analysis (TGA) and infrared
spectroscopy (FTIR) have been the techniques used for
the first characterization of microalgae biomass in order
to verify its behaviour in pyrolysis atmosphere, giving a
fast evaluation of the lipids, proteins, carbohydrates and
inorganic contents. In the present work, pyrolysis was cho-
sen as a way to valorize the Scenedesmus obliquus biomass
that has already successfully treated five different types of
wastewater (urban, dairy and brewery industries, cattle and
poultry breeding).

The main goal of the present study is to evaluate the influ-
ence of the different culture medium in the characteristics of

the microalga biomass and in the properties of the respective
bio-oil obtained in pyrolysis process.

Materials and Methods

Microalgae Growth—Wastewater Treatment

The microalgae used in this work were the Scenedesmus
obliquus (ACOI 204/07) from the Coimbra University
Collection of Algae (ACOI), Portugal. The photobioreactors
(PBRs) used were bubble column (0.8 L and 150 L), flat panel
(2.6 L) and a high rate algal pond (HRAP; area = 2.4 m2 with
deep of 11 cm, working volume of 365 L and horizontal speed
of 0.11 cm/s promoted by paddle wheels) (Table 2). The
growth was at autotrophic mode in different effluents as cul-
ture medium, such as urban, dairy and brewery industries,
cattle and poultry breeding [25].

The brewery and urban wastewater experiments were run
outdoors at LNEGAlfragide (38° 43′ 54.3″N 9° 12′ 41.3″W)
and Lumiar (38° 46′ 25″ N 9° 10′ 36″W) campus, respective-
ly (Lisbon, Portugal).

All the wastewaters were previously characterized in terms
of their total Kjeldahl nitrogen, ammonia nitrogen, phospho-
rous and COD contents. The characterization was done ac-
cording to standard methods [27] and it is shown in Table 3.
Each sample was analysed at least two times, and the average
value was considered.

The cattle wastewater was pre-treated by anaerobic di-
gestion under mesophilic temperature conditions (310 K ±
1) and hydraulic retention time (HRT) of 6 days in a hybrid
reactor [24]. The brewery WW was also treated using a
BIOPAQ®IC reactor, located in the industry wastewater
treatment plant.

Besides the production of the biomass in all effluents,
it was also obtained clean water with nutrient contents
below the limits imposed by the Portuguese legislation
[28] to discharge the effluents into a natural water body

Table 1 Wastewater produced in
Europe by economic sector and
associated nutrient (nitrogen and
phosphorus) and chemical
oxygen demand (COD) loads [3]

Economic
sector

Wastewater flowrate (million m3/
year)

COD (ton/
year)

Nitrogen (ton/
year)

Phosphorus (ton/
year)

Urban 20,400 8,200,000 816,000 200,000

Dairy 538 8,100,000 322,000 -

Brewery 10511 4,160,0002 54,5002 31,2002

Slaughterhouse

Poultry 21 161,000 13,000 -

Cattle 12 92,000 7300 -

1 Estimated value considering a global beer production (in 2017) of 1.95 billion hL [4] and a wastewater/beer ratio
of 5.39 [5]
2 Estimated values considering the general composition of brewery wastewater reported by Simate et al. [6]
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without potentially harmful consequences to the environ-
ment, or re-use in the process. These results are shown
elsewhere [25].

In addition, the microalga Scenedesmus obliquus grown in
synthetic medium (Bristol) was considered for comparison
[26, 29].

Microalgae Biomass Characterization—Biochemical
Composition

Lipid Content

Lipid extraction from Scenedesmus biomass was carried out in
a Soxhlet apparatus using 1.0 g of biomass and n-hexane as a
solvent, for 6 h. The amount of total lipids was determined
gravimetrically, after solvent rotating evaporation.

Sugar Content

The extraction of sugars from the biomass was performed by
the addition of H2SO4 (2 N) to 500 mg of dried microalgae
and autoclaving for 60 min at 394 K. Then the sample was
filtered through a 0.2-μm filter [30]. The total sugar content
was determined by the phenol-sulphuric reagent method [31].
To 1 mL of sample previously diluted (1:20) was added 1 mL
of phenol solution (5% w/v) and 5 mL of 96% sulphuric acid.
It rested for 10 min at room temperature and for 15 min in a
cold-water bath. Then, it was measured with a spectrophotom-
eter at 490 nm. A calibration curve was prepared using glu-
cose standards and the results of total carbohydrates in the

microalgae samples are expressed in terms of glucose
equivalents.

Protein Content

The total nitrogen present in the microalgae biomass was
determined using a modified Kjeldahl method [27]. In a
Kjeldahl tube, 200 mg of dried microalgae, 5 mL of dis-
tilled water and 50 mL of digestion solution (134 g
K2SO4 + 650 mL H2O + 200 mL H2SO4 + 2gHgO/25 mL
H2SO4 (6 N)) were mixed together and digested in a
Buchi Digestion Unit K-424 for 4 h. Afterwards, it was
placed in the distillation device (Buchi Distillation Unit
K-350) for 6 min with the reagent sodium hydroxide plus
sodium thiosulfate. Thereafter, 50 mL of boric acid indi-
cator solution was added to the distillate. Then it was
titrated with a stock solution of H2SO4 (0.02 N). Crude
protein was calculated by multiplying total nitrogen by
the conventional conversion factor of 6.25 [32].

Thermogravimetric Analysis

Thermogravimetric analysis was performed in a TGA appara-
tus, NETZSCH STA 409 PC/PG, with a weighing precision of
± 0.01% and sensitivity in the mass measurements of 0.1 μg.
The TGAwas carried out using a sample weight of around 5–
6 mg, depending on the density of the biomass used. The
measurements were carried out at heating rates of 298 K/
min, in nitrogen atmosphere for pyrolysis behaviour, respec-
tively. Temperature was measured with an experimental

Table 2 Operational conditions used for the cultivation of Scenedesmus obliquus in different culture media (poultry, cattle, brewery, dairy, urban and
Bristol)

Culture
medium

Inlet gaseous mixture
and agitation

Light source and
intensity (μE/(m2 s1))

Temperature
(K)

Reactor type and volume (L) Operating strategy and
cultivation time (days)

References

Poultry Air diffuser Artificial (20.2) 298 Bubble column (0.8) Batch (29) [23]

Cattle Air diffuser Artificial (60.7) 291–294 Flat panel airlift (2.6) Batch (12) [24]

Brewery Paddle wheels Sunlight 285–286 High rate algal pond (300) Batch (12) [25]

Dairy Air diffuser Artificial (31.1) 292–295 Flat panel airlift (2.6) Batch (12) [25]

Urban Air diffuser Sunlight 291 Bubble column (150) Fed-Batch (13) [12]

Bristol Paddle wheels Sunlight 293 High rate algal pond (300) Batch (12) [26]

Table 3 Average composition of
the different wastewaters used as
culture media for Scenedesmus
obliquus cultivation [25]. Average
values are given, with standard
deviation from at least two
replicates determinations

Wastewater N-NH3

(mg N/L)
TKN
(mg N/L)

PO4
3− (mg

P/L)
P-PO4

3− (mg
P/L)

COD (g O2/
L)

Reference

Poultry 122.7 ± 1.9 - - 27.9 ± 1.6 3.7 ± 0.7 [23]

Cattle 498 ± 1.2 618 ± 0.9 23.5 ± 0.01 7.8 ± 0.01 2.9 ± 0.02 [24]

Brewery 4.11 ± 2.1 28.0 20.0 ± 0.16 6.5 ± 0.18 0.2 ± 0.0 [25]

Dairy 204 ± 0.1 312 ± 0.03 18 ± 0.2 6 ± 0.2 3.0 ± 0.4 [25]

Urban 175 ± 0.9 - 14.3 ± 0.11 4.6 ± 0.12 0.08 ± 1.5 [12]
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uncertainty of ± 1 °C. The TG curve represents the evolution
of the mass (weight loss) as a function of the temperature. The
DTG is the TG derivative and represents the rate of weight
variation (%/min) [33]. The carbohydrates, lipids and protein
contents of the biomass grown in synthetic medium and in
effluents were assessed by deconvolution of the DTG curves
in the range 473–773 K. For each pseudo-component (i), the
pyrolysis process was modelled using a symmetric Gaussian
curve (DTGi) as described by Rego et al. [34].

DTGi ¼ aiEXP
�
−

T−bi
ci

� �2

ð1Þ

where T is the temperature (K) and ai, bi and ci are the Gauss
curve parameters. The DTG curve was computed adding the
contribution of each component i (lipids, proteins and sugars):

DTGcomp ¼ ∑iaiEXP −
T−bi
ci

� �2
 !

ð2Þ

The Gauss curves parameters were optimized by minimiz-
ing the function F:

F ¼ ∑T
DTG−DTGcomp

DTG

� �2
" #

T

ð3Þ

where DTG is the experimental curve and DTGcomp the com-
puted curve for T in the range 473–773 K.

The computation method was implemented using the
SOLVER routine of EXCEL software [35]. To discriminate
the three components (carbohydrates, lipids and proteins), da-
ta from previous studies [33, 36, 37] were used instead of
model compounds. In fact, the variability of such natural com-
pounds makes the selection of standard molecules difficult.
Each sample was analysed at least four times, and the average
value was considered.

Infrared Spectroscopy

The microalga biomass was characterized by infrared spec-
troscopy (HATR-FTIR). The infrared spectra were obtained
using a spectrophotometer BOMEN FTLA200-100 from
ABB using a reflectance mode. This equipment has a horizon-
tal total attenuated reflection accessory (HATR), from PIKE
Technologies, with a ZnSe crystal. The IR spectra were re-
corded at room temperature in the range 3725–725 cm−1.

Sixty-four scans were accumulated for each spectrum to
obtain an acceptable signal-to-noise ratio. In addition, the re-
flectance signal (R) was corrected using the Kubelka-Munk
(KM) function in Eq. (1):

KM= (1 − R)2/2R Eq. 1.

Pyrolysis Experiments

The pyrolysis experiments were performed in a quartz fixed
bed reactor in a nitrogen atmosphere during 15 min. The used
reactor had an internal diameter of 16 mm and a length of
150 mm. The quartz reactor was filled with carborundum.
The reactor was externally heated using a circular electric
furnace equippedwith a PID controlled to ensure the complete
pyrolysis. Each pyrolysis test was started by placing a certain
amount of raw microalga (about 2.5 g) into the quartz reactor.
The reactor was placed in the circular furnace pre-heated to
748 K. Nitrogen with purity of 99.99%was used as the carrier
gas and its flow (200 mL/min) was monitored using a mass
flow controller. A condenser coupled to the reactor was used
immersed in an ice-water bath to obtain the liquid product.
The uncondensed gas was not collected. The pyrolysis liquid
amount was determined by the mass difference of the con-
densers before and after a pyrolysis test. The bio-oil was re-
covered by washing the reactor with acetone followed by ro-
tating evaporation of acetone under a reduced pressure. The
used acetone could be recycled for further tests. The weighted
mass of char and bio-oil allowed calculating the yield of such
products. The gas yield was computed from a mass balance.

Results and Discussion

Characterization of the Microalga Biomass

Thermogravimetric Analysis

The Scenedesmus obliquus biomass obtained after the WW
treatment and grown in synthetic medium (Bristol) was char-
acterized by TGA to evaluate the differences between their
behaviour under inert (N2 flow) conditions.

Figure 1 shows the results of thermogravimetric analysis
for the microalga Scenedesmus obliquus biomass grown in
urban, poultry, brewery, dairy and cattle WWs and Bristol
medium under inert conditions, using nitrogen, for a heating
rate of 298 K/min, respectively.

The mass loss profiles (TG) were differentiated (DTG) in
order to distinguish processes with different decomposition
rates. The thermal degradation profiles obtained under N2

(Fig. 1) show decomposition processes similar to those report-
ed in the literature for microalgae biomass [38]. All the char-
acterized biomass showed similar thermal degradation pro-
files with minor dissimilarities related with their different con-
tents of carbohydrates, lipids, proteins and ash (Table 4). The
main mass loss processes occurred in the 473–873 K range,
been preceded by low temperature process related with bio-
mass drying (moisture loss centred at 423 K). The major mass
loss corresponds to the overlap of devolatilization of carbohy-
drates, proteins and lipids. For temperatures higher than
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873 K, the bio-char, previously formed during pyrolysis of
carbohydrates, proteins and lipids, is composed mainly by
mineral and metal components [39]. The residual mass at
1473 K contains biomass inorganic salts (ashes) and fixed
carbon of the biomass. These occur since the thermobalance
crucible geometry allied to the laminar flow of gases in the
thermobalance oven favour the existence of mass transfer
limitations.

The DTG profiles under N2 flow were used to quantify
carbohydrates, proteins and lipids in microalgae biomass
using the procedure described by Ferreira et al. [35]. The
maximum located around 573 K for all biomass is associated
with the carbohydrate and protein decomposition. The maxi-
mum located near 723 K revealing the decomposition of the
fatty acids present in this microalgal. These results are in
agreement with the study reported by López-González et al.
[37] and Kebelmann et al. [40]. The maximum observed at
1073–1173 K is related to the volatile metal loss and carbonate
decomposition.

The biomass from dairy WW treatment presented the low-
est residual mass at 1473 K probably due to the highest pro-
teins content, for growing in wastewaters, as cultivation media
with a high percentage of ammonia nitrogen. In fact, during
thermal degradation, proteins release gaseous N-containing
compounds in parallel with char formation [41].

Deconvolution of the DTG Curves

Thermogravimetric quantifications were accomplished by
DTG profiles deconvolution using a pseudo-component mod-
el [34]. Figure 2 a–f show the deconvolution of the DTG
curves of Scenedesmus obliquus biomass after treating several
wastewaters and grown in Bristol medium. In this process, it is
possible to calculate relative values for each compound
(lipids, carbohydrates and proteins) in each biomass (Table 4).

Gauss symmetric curves were fitted, and compositions
were computed considering the areas under each gauss curve
(Fig. 3). Moisture, volatiles, carbohydrates, proteins and lipids
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Fig. 1 Thermograms of microalga Scenedesmus obliquus grown in synthetic medium (Bristol) and wastewaters (urban, dairy, brewery, cattle and
poultry) under nitrogen atmosphere (pyrolysis) at a heating rate of 298 K/min

Table 4 Biochemical
composition (wt%, dry basis) of
the microalga Scenedesmus
obliquus grown in different
wastewaters and synthetic
medium (Bristol), using classic
techniques and thermogravimetry
(Nitrogen; 298 K/min). The data
for Bristol medium was obtained
from Batista et al. [26]

Culture medium Protein Lipids Sugars Ash Moisture

Classic Urban WW 32.7 ± 0.1 8.1 ± 0.1 11.7 ± 3.7 14.1 ± 0.5 n.d.

Dairy WW 53 ± 0.1 18. 0 ± 0.9 14 ± 0.6 8.2 ± 0.1 7.1 ± 0.1

Brewery WW 31.4 ± 0.04 17.9 ± 0.6 30.2 ± 0.5 15.5 ± 0.0 3.1 ± 0.3

Cattle WW 42 ± 0.02 18.0 ± 0.2 22 ± 0.01 14.2 ± 0.1 8.6 ± 0.0

Poultry WW n.d. 19.8 ± 0.3 36.2 ± 0.2 4.2 ± 0.1 2.7 ± 0.1

Bristol 20.4 ± 0.02 17.1 ± 0.2 30.7 ± 0.8 20.2 ± 0.5 5.4 ± 0.1

Thermogravimetry Urban WW 37.2 ± 0.1 8.8 ± 0.1 13.4 ± 0.1 16.9 ± 0.1 9.7 ± 0.1

Dairy WW 46.0 ± 0.1 16.9 ± 0.1 12.1 ± 0.1 5.0 ± 0.1 8.8 ± 0.1

Brewery WW 30.2 ± 0.1 17.2 ± 0.1 30.8 ± 0.1 17.7 ± 0.1 6.6 ± 0.1

Cattle WW 41.2 ± 0.1 21.3 ± 0.1 19.0 ± 0.1 7.9 ± 0.1 8.9 ± 0.1

Poultry WW 19.1 ± 0.1 18.5 ± 0.1 35.8 ± 0.1 14.3 ± 0.1 7.3 ± 0.1

Bristol 21.6 ± 0.1 18.4 ± 0.1 32.5 ± 0.1 18.2 ± 0.1 5.5 ± 0.1

n.d., not determined
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Fig. 2 Deconvolution of the DTG curves for Scenedesmus obliquus grown in urban (a), dairy (b), brewery (c), cattle (d), poultry (e) WWs and Bristol
medium (f), in pyrolysis conditions

Fig. 3 DTG deconvolution using
pseudo-component model and
Gauss curves for each component
for Scenedesmus obliquus grown
in Bristol medium, in pyrolysis
conditions

Bioenerg. Res.



are considered, taking into account the different decomposi-
tion processes occurring in the 300–800 K temperature range
[33].

It is possible to verify that the Scenedesmus obliquus
grown in urbanWW shows a lower percentage of lipids, com-
pared with all the other WWs. In dairy and cattle WWs, the
microalga has a high percentage of both proteins and lipids.
The higher percentage of protein, when compared with the
microalga grown in synthetic medium (Bristol), were proba-
bly due to the high availability of ammonia nitrogen in the
wastewaters used as cultivation media (Table 3).

The microalga grown in poultry WWs has a higher
carbohydrate/sugar content, while in brewery WW, the per-
centage of carbohydrates is similar to that of microalga grown
in Bristol medium. Moreover, microalga grown in cattle and
brewery WW and Bristol medium has a high lipid content,
comparable with urban WWs, maybe due to the lower light
intensity applied since this factor (light) was shown to have a
greater impact on lipid content for Scenedesmus obliquus [25,
42]. These results are according to biochemical analysis.

Biochemical Composition

The biochemical composition of the biomass is closely linked
to the strain and cultivation conditions, namely wastewater
composition, stress caused by nutrient limitations [43], light
intensity and regime, agitation, salinity and pH. The biochem-
ical composition of Scenedesmus obliquusmicroalga cultivat-
ed in synthetic medium (Bristol) and different wastewater was
evaluated by classic techniques and by thermogravimetry un-
der nitrogen flow (Table 4).

The microalgae composition obtained by classic tech-
niques and by thermogravimetry was comparable, with a co-
efficient of determination of 0.946. The results showed that
thermogravimetry is a fast and accurate technique, compara-
ble with classic techniques.

Infrared Spectroscopy

The microalga was characterized by ATR-FTIR (Fig. 4) and
the IR bands were attributed to species (lipids, proteins and
sugars) using data from Driver et al. [44]. A slight displace-
ment, between observed IR bands and data [44], toward lower
wavenumbers, was considered due to the ATR acquisition
mode. For all the characterized samples, the main IR features
are in the range 1800–600 cm−1 maybe due to all of them
being lyophilized which drastically decreases the broad band
around 3600–3000 cm−1 characteristic of –OH vibration
modes.

Taking into account the spectra in Fig. 4, the main compo-
nents of all the analysed microalgae are proteins (1750–
1500 cm−1) and carbohydrates (1200–900 cm−1). The intensi-
ty of proteins IR features are dependents on the microalga

culture medium. The poultry sample showed the lowest pro-
tein content, whereas the microalga grown in urban and dairy
WW showed the highest protein content. The microalga
grown in brewery and poultry WWs showed the highest car-
bohydrate content. These findings can be related to nutrients
availability (Table 3) [45] and biochemical analysis (Table 4).

The band centred around 1745 cm−1 belonging to lipids is
absent for all the spectra because ATR mode used for spectra
acquisition only accounts the surface species and oil species
are encapsulated by the cell walls which are mainly composed
by glycoproteins [46]. In fact, intense bands around
1639 cm−1 and 1534 cm−1 with variable intensities are char-
acteristic of –NH and –C=O of amides associated with pro-
teins [44]. A second group of intense reflectance bands ap-
pears, for all the samples, in the range 1200–900 cm−1 and
belongs to polysaccharides of cell walls. Prior disruption of
microalgae cell walls seems to be essential to characterize by
ATR-FTIR the intracellular components.

Pyrolysis Products

The pyrolysis of microalga biomass was carried out at 748 K
in a fixed bed reactor. The temperature of 748 K was chosen
from the thermal degradation profiles as the temperature cor-
responding to the maximum rate of thermal degradation. A
relatively low pyrolysis temperature was used in order to min-
imize energy consumption and emissions [36]. Figure 5 shows
the pyrolysis product yields (wt%) of Scenedesmus obliquus
biomass grown in synthetic medium (Bristol) at different tem-
peratures (648 and 748 K) and N2 flow rate (83, 200 and
300 mL/min) during 30 min.

Increasing the N2 flow, for the same temperature, tends to
decrease the oil outcome. Jourabchi et al. [47] showed that the
influence of nitrogen sweeping gas on biomass pyrolysis de-
creases the bio-oil outcome for the same temperature [36]. It
was possible to analyse that the best operational conditions to
obtain a higher amount of bio-oil were 748 K with 200 mL/
min of N2 for 30 min.

Table 5 presents the yields (%) of products (bio-oil, char
and gas) obtained on the pyrolysis process from the
Scenedesmus obliquus biomass grown in different wastewa-
ters (urban, dairy and brewery industries, cattle and poultry
breeding) and in Bristol culture medium. Table 5 shows bio-
oil yields in the range 30–60% (w/w) with the brewery WW
microalga giving the highest bio-oil yield (64%). The lowest
bio-oil yield was obtained using poultry WW microalga,
which presents the highest content of carbohydrates. It seems
that carbohydrates are more easily gasified in the pyrolysis
conditions, possibly due to the high inorganic content, which
acts as a gasification catalyst [48]. A simple correlation be-
tween bio-oil yield and microalga composition cannot be in-
ferred due to the high variability of lipids, carbohydrates, pro-
teins and ashes compositions (Table 4) of the pyrolysed
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biomass. Globally, the pyrolysis yields (bio-char, bio-oil and
bio-gas products) are in the range of those previously pub-
lished for fixed bed reactor microalgae pyrolysis [49].

The produced bio-oil fractions presented a brownish dark
colour, high viscosity and pungent odour. They were charac-
terized by FTIR in order to identify organic functional groups
of the major compounds [50, 51], and the FTIR spectra for
bio-oils obtained from Scenedesmus obliquus grown in WWs
and Bristol medium are shown in Fig. 6. FTIR bands of the
produced bio-oils (Fig. 6) were compared with data collected
from FTIR bands of bio-oil functional organic groups [50,
51]. The bio-oil FTIR spectra do not differ substantially from
that of lignocellulosic-derived bio-oils, showing, mainly, re-
flectance bands belonging to carboxylic groups and aromatic
containing compounds [52]. The major spectral difference lies
in the presence of –NH species vibration modes arising from
proteins, which are dominant in the microalgae biomass. The
presence of such N-containing compounds difficult the
biorefinery bio-oil upgrading into fuel because it will require

an additional denitrogenation step. All the produced bio-oils
showed a complex band in the range 3700–3000 cm−1 attrib-
uted to –OH and –NH species. According to Aboulkas et al.
[50], the presence of heteroatoms (O and N) in bio-oil is re-
lated to the bands intensity in the range 1730–1150 cm−1.
Thus, the bio-oil produced from dairyWWmicroalga presents
the highest content of heteroatoms, which is compatible with
its higher proteins content. This bio-oil also shows the highest
intensity bands in the 3050–2800 cm−1 range attributed to
alkanes.

The Bristol-derived bio-oil shows intense bands centred
at 1072 cm−1 and 1100 cm−1 belonging to alcohols, ethers
and esters and a band centred at 1550 cm−1 belonging to
alkanes. The presence of alcohols (–OH species) is also
pointed by the broad band, and intense, in the range
3600–3100 cm−1. Bio-oils from WW-grown microalga
biomass have IR bands centred at 1045 and 1088 cm−1 also
belonging to alcohols, ethers and esters and, a band around
878 cm−1 of aromatics. This band is absent for Bristol-
derived bio-oil spectrum. IR bands of carboxylic species
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Fig. 4 HATR-FTIR spectra of
Scenedesmus obliquus biomass
grown in different wastewaters
(Bristol culture medium was used
as reference)
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Fig. 5 Pyrolysis product yields (wt%) of Scenedesmus obliquus biomass,
grown in Bristol medium, at 648 and 748 K; 30 min; N2 flow rate, 83, 200
and 300 mL/min

Table 5 Yields (% w/w) of products (bio-oil, bio-char and bio-gas)
obtained on the pyrolysis process from the Scenedesmus obliquus bio-
mass grown in different wastewaters (urban, dairy and brewery industries,
cattle and poultry breeding) and in Bristol culture medium

Culture medium Yield (% w/w)

Bio-oil Bio-char Bio-gas

Urban WW 38.4 ± 0.1 21.6 ± 0.1 40.1 ± 0.1

Dairy WW 45.3 ± 0.1 36.0 ± 0.1 18.7 ± 0.1

Brewery WW 64.1 ± 0.1 29.8 ± 0.1 6.1 ± 0.1

Cattle WW 60.8 ± 0.1 37.2 ± 0.1 2.0 ± 0.1

Poultry WW 32.3 ± 0.1 19.5 ± 0.1 48.3 ± 0.1

Bristol 57.6 ± 0.1 25.6 ± 0.1 16.8 ± 0.1
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that are visible in the spectra of bio-oils from WW-grown
microalga are also absent for Bristol-derived bio-oil. The
lower protein content, in parallel with the highest inorganic
content, which can act as gasification catalysts [53], seems
to contribute to the better quality of the Bristol-grown
microalga bio-oil, when compared with that of the bio-
oils produced using WW-grown microalga.

Conclusions

Biomass for green energy production can be obtained
growing microalga using wastewater nutrients thus
allowing a double benefit: green energy production and
wastewater treatment.

Scenedesmus obliquus microalga was successfully used to
treat urban, dairy, brewery, cattle and poultry wastewaters.

The grown biomass showed carbohydrate, protein and lipid
contents dependent on the nutrients availability in wastewater.
The following conclusions can be summarized from the pres-
ent results:

– all microalgae show a similar thermal degradation
behaviour;

– microalga grown in urbanWW shows a lower percentage
of lipids; in dairy and cattle WWs shows a high percent-
age of both proteins and lipids, and in poultry and brew-
ery WWs shows a higher carbohydrates content;

– the microalga grown in poultry shows the lowest protein
content, whereas the urban microalga showed the highest
protein content;

– the bio-oil obtained by pyrolysis process showed yields in
the range 30–60% (w/w) and showed a high content of
aromatic compounds.
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Fig. 6 FTIR of bio-oil obtain
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treat the different wastewaters
(urban, dairy and brewery indus-
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divided in two wavenumber
ranges to give a clearer view of
the peaks at these ranges
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