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Abstract Spirulina (Arthrospira) is a cyanobacterium and an
excellent source of natural compounds. The dried biomass can
be applied in functional foods or in pharmaceutical products;
however, its biochemical and physicochemical properties are
affected by the drying operation. In this work, the drying ef-
fect in Spirulina biomass in a spouted bed at different air
temperatures (80, 90, 100, and 110 °C) was studied and was
compared with conventional tray drying (55 °C). The dried
products and the in natura sample were analyzed for total
phenolic compounds, antioxidant activity, protein solubility,
phycocyanin content, thiobarbituric acid (TBA) value, and
color parameters. DSC, TGA, FTIR, and MEVof the samples
were also performed. The results showed that the spouted bed
dryer at 80 °C and the tray dryer at 55 °C were more suitable
for Spirulina drying in relation to the pigments and the lipid
oxidation, due to the lowest losses of phycocyanin and at the
lowest TBA values. However, the highest values of antioxi-
dant activity and proteins solubility and the lowest losses on
total phenolic compounds were found in the spouted bed dryer
at 100 °C, resulting in a product with the greatest thermal
stability.
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Introduction

The study of microalgae has received increasing attention due
to their great potential as a nutritional source and bioactive
compounds that can enhance the nutritional value of food
products (Batista et al. 2013). Spirulina (Arthrospira) is a
multicellular, filamentous cyanobacterium which grows natu-
rally in alkaline water (Lee 1997). This microalga is rich in
group B vitamins, minerals, unsaturated fatty acids, proteins
(55–70% w/w, dry basis) of high biological value and
pigments, such as carotenoids, chlorophyll-a, and
phycobiliproteins (Belay 2002). Phycocyanin is one of the
more impor tant photosynthet ic p igments of the
phycobiliproteins family and can constitute up to 20% of dry
weight of the Spirulina biomass. This pigment is a natural
blue dye and has been used mainly as a food dye and in
cosmetics (Chaiklahan et al. 2011). Researchers also have
reported that the Spirulina is natural source of antioxidants
and phenolic compounds, being used in food preservation
and in human health (Kepekçi et al. 2013; Nuhu 2013).

The drying operation is a traditional process that has been
used to preserve microalgal biomass. However, for heat-
sensitive materials, the quality of dried product depends main-
ly on the air conditions (Chua et al. 2003; Costa et al. 2016). In
addition, the selection of drying method depends on the oper-
ation scale and application for which the dried product is
intended (Show et al. 2013). The traditional methods that have
been used for the microalgae drying are spray drying, freeze-
drying, and tray drying (Desmorieux and Decaen 2006; Tello-
Ireland et al. 2011). In relation to the drying operation of
Spirulina biomass, there are few studies about the effects of
the air conditions on product quality reported in the literature
(Desmorieux and Decaen 2006; Oliveira et al. 2010; Costa
et al. 2016). Another technique that can be used for
Spirulina drying is the spouted bed, which presents low
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operation cost, and it is still little explored for microalgae
drying (Oliveira et al. 2008). This dryer is appropriate to the
drying of pastes, solutions, and suspensions using inert parti-
cles, which promotes high heat and mass transfer rates due
to the gas–solid contact. Spouted bed dryer is a potential al-
ternative to the flash and spray dryers, because the dried prod-
uct presents the same quality (Epstein and Grace 2011; Fujita
et al. 2013).

The aim of this work was to evaluate the effects of
spouted bed drying and tray drying on the characteristics of
Spirulina biomass. The products dried were characterized ac-
cording to the total phenolic compounds, antioxidant activity,
protein solubility, phycocyanin content, lipid oxidation (TBA
value), and color parameters. The effect of temperature was
also verified through analyses of thermogravimetric (TGA,
DSC) and infrared transform (FTIR). The powder size char-
acterization was evaluated by scanning electron microscopy
(SEM).

Material and methods

Cultivation and characterization of Spirulina LEB-18

Spirulina strain LEB-18 was isolated from the Mangueira
Lagoon in southern Brazil, and the water was supplemented
with 20% Zarrouk medium for maintenance of the inoculum
and biomass production (Morais et al. 2008). The cultivation
was carried out in raceway-type open bioreactors, which were
mechanically stirred at 18 rpm, according to the procedure of
Morais et al. (2009). At the end of cultivation (when the bio-
mass concentration reached 0.5 g L−1), the biomass was re-
covered by filtration and pressed to recover the material,
which had around 0.20 g g−1solid content (wet basis).

The chemical composition of the biomass samples of in
natura Spirulina were characterized, and the results showed
(w.b.): moisture content of 0.780 ± 0.013 g g−1; ash content of
0.013 ± 0.004 g g−1; protein content of 0.149 ± 0.023 g g−1;
lipid content of 0.022 ± 0.002 g g−1; and carbohydrate content
of 0.036 ± 0.012 g g−1. Thus, it can be observed that Spirulina
biomass is a rich source of proteins, which corresponded to
around 68% (w/w) on a dry basis.

Biomass drying

Spouted bed dryer

The drying assays in spouted bed were carried out in an equip-
ment of conical conventional geometry, which was developed
in previous work (Larrosa et al. 2015), and Fig. 1 shows the
equipment schema. The height and the diameter of cell were
of 0.15 and 0.175 m, respectively, being a glass base with
enclosed angle of 60°. The drying air was supplied by a radial

blower (Ibram, model CR0850, Brazil) with 6 kW, heated by
three electric resistances (2.4 kW). The air flowmeasurements
were realized by an orifice plate meter, and the drying temper-
atures were measured with thermocouples. The biomass was
introduced into the drying cell in a semi-continuous form
using a syringe, by atomization with compressed air
(2 atm abs). The dried powder was transported by drying air
and was collected in a cyclone. Polyethylene particles with
load of 0.5 kg (diameter of 0.0032 m, sphericity of 0.7, and
density of 960 kg m−3) were used as inert material to assist
the biomass drying.

The drying operation conditions, in order to guarantee sta-
bility in the bed, were defined in preliminary tests as: inlet air
temperatures from 80 to 110 °C (absolute humidity of
0.013 ± 0.001 kg kg−1), biomass suspension flow rate of 0.4
kgbiomass kginert

−1 h−1, and biomass suspension concentration
of 5% (w/w). The fluid dynamics tests were performed in all
drying temperatures (80, 90, 100, and 110 °C). The values of
minimum spouting air velocity, which represent the point
where bed collapse occurred, were found at around
0.33 ± 0.01 m s−1 for all temperatures. The air circulation rate
used in each assay was double the minimum spouting veloc-
ity, which is recommended for suspensions/pastes drying
(Epstein and Grace 2011). The biomass accumulation rate in
the spouted bed dryer was determined using the total bed mass
at the end of the operation, the total bed mass before the
operation, the total solid mass introduced into the dryer, and
the final moisture content of the dried powder. All assays in
spouted bed drying were performed in 210 min, afterwards,
the dried products were analyzed. The dried biomass samples
were ground in a knife mill (Willey model no. 3, Philadelphia,
USA) and were passed/retained on 150/250 mesh sieves
(Tyler standard), which corresponded a size range from
63 to 106 μm. The drying assays were carried out in duplicate.

The evaporative thermal efficiency (ηE) of drying operation
is defined as the ratio of the heat used in evaporation to the
heat of saturated inlet air, and global thermal efficiency (ηG) is
the ratio of the heat used in evaporation to the total heat input
of the drying air, according to Eqs. 1 and 2, respectively.

ηE ¼ mAincSin TAin−TAoutð Þ
mAoutcSout TAin−TWBð Þ ð1Þ

ηG ¼ mAincSin TAin−TAoutð Þ
mAoutcSout TAin−TAMBð Þ ð2Þ

WheremAin andmAout are the inlet and outlet dry airflow rates,
respectively (kg s−1), cSin and cSout are the humid heat of the
inlet and outlet drying air, respectively (J kg−1 K−1), TAin and
TAout are the inlet and outlet drying air temperatures, respec-
tively (°C), TWB is the wet bulb temperature of drying air (°C)
and TAMB is the ambient air temperature.

In drying process supposed as adiabatic, the heat losses are
negligible; thus, Eqs. 1 and 2 can be approximated for the
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relations shown in Eqs. 3 and 4 (Mujumdar 2007).

ηE% ¼ TAin−TAout

TAin−TWB

� �
� 100 ð3Þ

ηG% ¼ TAin−TAout

TAin−TAMB

� �
� 100 ð4Þ

Conventional tray drying

The tray drying assays were performed according to Oliveira
et al. (2010). The biomasswas dried at 55 °Cwith hot air velocity
at 2.5m s−1 and absolute humidity of 0.013 ± 0.001 kg kg−1. The
sample load in tray was 4 kg m−2, and the tray thickness was
4 mm (samples were in cylindrical pellet forms with the same
tray thickness). The duration of drying assays was until the
samples reached a moisture content about of 0.10 kg kg−1 (wet
basis), which corresponded the commercial moisture content of
the microalgae. The dried microalgae samples were ground in a
knife mill (Willey model no. 3, Philadelphia, USA) and were
passed/retained on 35/150 mesh sieves (Tyler standard),
representing the size range from 106 to 425μm. The assays were
carried out in duplicate.

Analyses of the biomass and of the dried products

Composition centesimal analysis

The samples in natura and the dried products were analyzed
for moisture content, ash content, and protein content by
AOAC methods (AOAC 1995). The lipid content was ana-
lyzed by the Folch et al. method (Folch et al. 1957), and the
carbohydrate content was estimated by difference.

Total antioxidant activity analysis

The antioxidant activity was determined by DPPH (1,1-
diphenyl-2-picrylhydrazyl) radical scavenging according to
Brand-Williams et al. (1995), with some modifications. Each
sample of methanol phenolic extract (0.5 mL) was mixed with
3.5 mL of 0.06 mM DPPH methanol solution and incubated
for 60min at room temperature in the dark, and the decrease in
absorbance at 515 nm was measured. The results were
expressed as ability to scavenge the DPPH radical, following
Eq. 5:

AA ¼ A0‐A1ð Þ
A0

� �
� 100 ð5Þ

where AA is antioxidant activity (%inhibition DPPH), A0 is
the absorbance of the control reaction, and A1 is the absor-
bance of the sample.

Total phenolic compounds analysis

The total phenolic compounds were determined by extraction
with methanol through the precipitation of the non-phenolics
with Ba(OH)2 and ZnSO4 (Assis et al., 2014). The spectropho-
tometric method (SP-220, Bioespectro, Brazil) was carried out
to estimate the total phenolic content, using Folin–Ciocalteau
reagent. The absorbance of methanol extracts was measured at
750 nm using gallic acid as standard. The results were
expressed as mggallic acid equivalent (GAE) (100 gdry sample)

−1.

Protein solubility analysis

The protein solubility in water was determined according to
Morr et al. (1985). Samples of 2.5 g and 50 mL of distilled

Fig. 1 Schema of the spouted
bed equipment: (1) radial blower,
(2) valves, (3) electric resistances,
(4) temperature control, (5) orifice
plate meter, (6) glass manometer,
(7) spouted cell, (8, 9) dry bulb
thermocouples, (10) wet bulb
thermocouple, (11) collector
cyclone, (12) suspension tank,
(13) air compressor
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water were placed in rotary shaker for 15 min and then cen-
trifuged at 3500×g for 15 min. The contents of the tubes were
filtered, and the supernatants were used for protein content
determination by the micro-Kjeldahl method (AOAC 1995).
The protein solubility was calculated as the percentage of the
soluble protein content in relation to the total protein content
in the dry matter (g (100 gdry sample)

−1).

2.3.5 Phycocyanin content analysis

The phycocyanin content was evaluated according to Moraes
et al. (2010). The samples were mixed with distilled water in a
biomass to solvent ratio of 0.16 g mL−1 (dry matter). The
solutions were mixed in shaker for about 4 h and then centri-
fuged. The optical densities of the samples were measured at
620 and 652 nm, and the phycocyanin concentration was de-
termined according to Bennet and Bogorad (1973) as shown
in Eq. 6.

Pc ¼ OD620−0:474 OD652ð Þ½ �
5:34

ð6Þ

Where Pc is the phycocyanin concentration (mg mL−1),
OD620 is the optical density of the sample at 620 nm, and
OD652 is the optical density of the sample at 652 nm. The
results of phycocyanin content were expressed in all assays
in mg g−1, in relation to the in natura sample.

Thiobarbituric acid analysis

The thiobarbituric acid (TBA) value for lipid oxidation deter-
mination was evaluated according to Tiburcio et al. (2007),
with some modifications. The Spirulina powder (1 g) was
mixed with 20 mL of chloroform and filtered. The filtrate
(10 mL) was placed in centrifuge tubes with 10 mL of trichlo-
roacetic acid 7.5% (w/v) and centrifuged at 2000×g for
15 min. The supernatants (4 mL) and 1 mL of 0.02 M TBA
solution were stirred for 5 min and then incubated in boiling
water bath for 40 min to observe development of the color.
The supernatant absorbance was determined at 530 nm. The
TBAvalue was calculated using a standard curve obtained by
reacting of tetramethoxypropane solution 0.01 M with TBA;
the value was expressed as milligram of malonyldialdehyde
(MDA) per kg of sample on a dry basis.

Color analysis

The color was measured by a Minolta Chroma system (CR-
300, Minolta Corporation, USA). Each sample was put on
aluminum plates and randomly measured at 3 spots. The color
system was calibrated against a standard calibration plate of a
white surface and a set to CIE standard illuminant C. The color
parameter values of lightness (L), greenness/redness (a), and

blueness/yellowness (b) were recorded for each sample. The
Hue angle (Hue), chroma index (C), and color difference (ΔE)
were determined according to Larrosa et al. (2015).

Thermal analyses

The thermogravimetric analysis (TGA) and the differential
scanning calorimetry (DSC) analysis were evaluated on the
dried powders (Rivero et al. 2010). In both analyses, a small
sample (around 4–6 mg) was loaded in a silver pan. An empty
pan was used as a reference material. The dynamic assays of
thermogravimetry (TGA) were performed using a
thermobalance (Shimadzu, model TGA, Japan). Temperature
programs for the assays were from 25 to 500 °C at a heating
rate of 10 °C min−1, under nitrogen flow (50 mL min−1). In
DSC analyses (Shimadzu, model DSC60, Japan), the pans
were sealed and scans were run at a heating rate of 10 °C
min−1 from 15 to 200 °C.

Fourier-transform infrared spectroscopy analysis

The presence of groups characteristic of phenolic compounds
in methanolic extracts were analyzed by Fourier-transform
infrared (FTIR) spectroscopy (Shimadzu, Prestige 21, model
The-210045, Japan), according to horizontal attenuated total
reflectance (HATR) through plate crystal with an aperture an-
gle of 45° (Silverstein et al. 2007). The analysis was recorded
at room temperature (20 °C) using scanning over the frequen-
cy range of 4000–400 cm−1 at a resolution of 4 cm−1, with 45
scans per aliquot.

Scanning electron microscopy

The morphologies of products obtained in spouted bed drying
and in tray drying were observed using a scanning electron
microscope (Jeol, model JSM-6610LV, Japan) (Goldstein
et al. 1992). The sample surfaces were coated with carbon in
a sputter coater (Sputtering Denton Vacuum Desk V, USA)
before SEM examination.

Statistical analysis

The biochemical and physicochemical properties (phenolic
compounds content, antioxidant activity value, protein solu-
bility value, phycocyanin content, TBA value) and color pa-
rameters were determined by three repetitions, and they were
compared to evaluate the significant differences between the
values by Tukey’s test at level of 95% (p < 0.05) (Box et al.
2005).
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Results

The values of the outlet air temperatures (TAout), wet bulb
temperatures of the inlet drying air (TWB), absolute humidity
of outlet drying air, evaporative thermal efficiency (ηE), and
global thermal efficiency (ηG) in the spouted bed are shown in
Table 1 for the inlet drying air temperatures from 80 to 110 °C.
The moisture contents of all products obtained from spouted
bed dryer were around of 0.09 g g−1 (w.b.). Already for the
conventional tray dryer, the final moisture content of samples
was about 0.10 g g−1 (w.b.), in a drying total time of 210 min.

The values of total antioxidant activity for the samples in
the tray drying and in natura microalgae were 34.6 ± 1.1 and
80.4 ± 1.0%, respectively. The values of total antioxidant ac-
tivity increased with the inlet drying air temperature increase
for the spouted bed as shown in Fig. 2a. The total phenolic
compounds are shown in Fig. 2b. The protein solubility in
water was evaluated in the dried samples and in natura sam-
ple, and the results for the drying assays in spouted bed are
presented in Fig. 2c. The phycocyanin content of the in natura
Spirulina (30.3 ± 0.3 mg g−1db) was affected by the tempera-
ture in spouted bed drying as shown in Fig. 3a. The TBAvalue
is an indicator to lipid oxidation degree, and the results are
presented in Fig. 3b. The color difference for samples dried in
spouted bed was affected by air temperature, as shown in Fig.
3c.

The thermal analyses (TGA and DSC) were evaluated for
the samples and the dried products. The TGA curves are
shown in Fig. 4a, and the maximum temperatures of weight
loss (Tpeak DTG) were calculated by the derivative of the ther-
mogravimetric curves in Fig. 4b, and these values are shown
in Table 2, which indicate the decomposition stages of the
different constituents in the sample. The DSC analysis can
be observed through the DSC curves of the dried samples in
Fig. 5a and in natura Spirulina sample in Fig. 5b.

FTIR spectral analyses of the methanol extracts of in
natura sample, dried products in spouted bed at 100 °C (most
suitable condition for total phenolic compounds and protein
solubility), and in tray drying were performed. The functional
groups of phenolic compounds were identified according to

Fig. 6. The morphological properties of the powders obtained
in spouted bed and in tray drying (milled in a knife mill) are
shown in Fig. 7, using a scanning electron microscope (SEM).

Discussion

Drying operations in spouted bed and in tray

The residence time values of Spirulina biomass into the
spouted bed for all experimental assays were approximately
13 ± 1 min. Tacon and Freitas (2007) found residence time
values in range from 12.2 to 17.7 min for paste drying in the
spouted bed. The residence time is a very important parameter
because it determines the relation between the drying condi-
tions and the material degradation. This parameter is consid-
ered as the necessary operation time so that the equipment
reaches the permanent regime. The outlet drying air tempera-
ture is another important parameter to obtain the best product
quality (Benali and Amazouz 2006), being that the stable
spouted regime is found when the outlet drying air tempera-
ture becomes constant. The spouted bed dryer showed good
performance because in all inlet drying air temperatures had
low values of accumulated mass (< 5%, w/w). In addition, bed
collapse was not observed in all experimental assays.

Thermal drying is an energy-intensive operation which ac-
counts for up to 15% of all industrial energy consumed. The
evaporation capacity is proportional to the temperature differ-
ence between the inlet air and the outlet air in the spouted bed
dryer. The values of global thermal efficiency (ηG) and the
evaporative thermal efficiency (ηE) were in the range of 25
and 30%, respectively, in spouted bed drying, with the highest
values in inlet drying air at 100 °C (Table 1). The conventional
dryers often operate at low thermal efficiency, typically be-
tween 25 and 50%, but this may be also lower than 10%
(Mujumdar 2007). Thus, it is desirable to reach the higher
possible values, using the highest inlet air temperatures.
However, there are some limitations to be considered, because
an increase in the inlet air temperature can lead to serious
damage in the dried biomass, and a decrease in the outlet air

Table 1 Values of air temperatures, evaporative thermal efficiency (ηE) and global thermal efficiency (ηG)

Sample YAin
(kg kg−1db)

TAin
(°C)

TAout
(°C)

TWB

(°C)
YAout
(kg kg−1db)

ηE*
(%)

ηG
a

(%)

SB 80 °C 0.0124 ± 0.0002 80 ± 1 66 ± 1 32.9 ± 0.2 0.0192 ± 0.0002 29.6 ± 3.6 23.3 ± 2.3

SB 90 °C 0.0136 ± 0.0002 90 ± 1 73 ± 1 35.2 ± 0.2 0.0214 ± 0.0002 31.0 ± 3.1 24.4 ± 2.2

SB 100 °C 0.0133 ± 0.0002 100 ± 1 80 ± 1 36.6 ± 0.2 0.0242 ± 0.0002 31.5 ± 2.6 25.0 ± 1.8

SB 110 °C 0.0143 ± 0.0002 110 ± 1 90 ± 1 38.5 ± 0.2 0.0302 ± 0.0002 28.0 ± 2.4 22.3 ± 1.6

Mean values ± standard deviation (n = 2). YAin and YAout are the absolutes humidities of the inlet and outlet drying air, respectively; TAin and TAout are the
inlet and outlet drying air temperatures, respectively; TWB is wet bulb temperature of drying air; TAMB is the ambient air temperature (20 ± 1 °C)
a Calculated according to Eqs. 3 and 4
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temperature can lead to highermoisture content in the product.
In addition, a decrease in heat input could also cause an

increase in the global thermal efficiency; on the other hand,
the heat consumption is proportional to the evaporation rate,

Fig. 3 Values for Spirulina samples dried in spouted bed at different inlet
air temperatures. a Phycocyanin content. b TBA. c Color difference

Fig. 2 Values for Spirulina samples dried in spouted bed at different inlet
air temperatures. a Total antioxidant activity. b Total phenolic
compounds. c Protein solubility
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and for a given rate, it depends on the biomass suspension
concentration of dryer feed.

Physicochemical and biochemical analyses of biomass
and dried products

The antioxidant activity for the inlet air temperatures at 100 and
110 °C in spouted bed drying (Fig. 2a), showed no significant
differences at 95% level (p > 0.05) in relation to in natura
Spirulina. In addition, the results showed that the antioxidant
activity of the samples presented a similar behavior at the total
phenolic compounds, indicating that these compounds could be
the major contributor to the antioxidant activity of the Spirulina
biomass.

The total phenolic compounds showed that the drying opera-
tion led to a reduction in range from 10 to 76%, presenting
significant differences at 95% level (p < 0.05) in relation to in
natura Spirulina (862.5 ± 12.0 mgGAE (100 gdb)

−1). The highest
losses were observed in tray drying (205.9±7.9 mgGAE

(100 gdb)
−1), and the lowest losses were observed in spouted

bed at 100 and 110 °C (Fig. 2b). The phytochemicals degradation
can occur in drying assays and may be associated with oxidative
reactions or decomposition of thermolabile compounds induced
by the drying hot air and by losses of volatile substances.
Depending of the food processing, the phenolic compounds re-
leased from the disruption of the cell walls can accelerate oxida-
tion and enzymatic hydrolysis. However, at the highest temper-
atures, the enzyme activities probably would be deactivated and
could avoid losses of phenolics. Therefore, at the highest inlet air
temperatures (100–110 °C) in the spouted bed, the highest outlet
air temperatures (around 80 and 90 °C, respectively) were
reached, leading to a reduction in the residence time of the ma-
terial in the equipment (around 13 min), and so, decreasing the
losses of phenolic compounds. Besides, the lowest inlet air tem-
peratures led to the greater losses of bioactive compounds, and
therefore, the enzyme activities were not totally inhibited. Losses
of phenolic compounds were also found by Fujita et al. (2013) in
a range from 33 to 42% on frozen pulp of camu-camu dried in
spouted bed.

The results of the protein solubility in water indicate that
the proteins of dried Spirulina biomass have a great interac-
tion with water, which is a good functional property in food
applications. The difference in the values can be associated to
the residence time and the outlet air temperature, as spouted
bed drying at 100 °C gave the best results (Fig. 2c). Although
the outlet air temperature in this condition was 80 °C
(Table 1), the temperature of the dried product was around
5 °C above of inlet air wet bulb temperature (which was in
the range of 37 °C), and this temperature is in the range that
protein solubility increases (from 40 to 50 °C) (Maciel et al.
2012). The protein solubility in water showed that the drying
assays in spouted bed, with exception at 80 and 110 °C, and in
tray drying (35.9 ± 2.6 g (100gdb)

−1) increased this functional
property of the proteins in relation to in natura Spirulina
(28.6 ± 0.7 g (100gdb)

−1). In spouted bed drying at 100 °C,
the values of the protein solubility in water were higher than

Fig. 4 Thermogravimetric curves of Spirulina in natura and of dried
samples. a TGA curves. b DTG curves. [Legend: (A) in natura, (B) SB
80 °C, (C) SB 90 °C, (D) SB 100 °C, (E) SB110 °C, (F) TD 55 °C]

Table 2 Thermogravimetric analysis of Spirulina in natura and of
dried samples in spouted bed dryer and in tray dryer

TGA DSC

Sample Mass lossa

(%)
Tpeak DTG

a (°C) Tpeak
(°C)

ΔH
(J g−1)

In natura 12.5 304 147 1140

SB 80 °C 35.8 288 84 190

SB 90 °C 31.7 260 97 195

SB 100 °C 35.5 290 99 210

SB 110 °C 34.3 278 95 208

TD 55 °C 34.3 296 90 240

SB spouted bed, TD tray drying
a Range from 180 to 350 °C

J Appl Phycol (2018) 30:1019–1029 1025



the values of Oliveira et al. (2008), which were found in the
range of 35 to 38%.

The increase of inlet air temperature in spouted bed drying
decreased the phycocyanin content significantly (p < 0.05) (Fig.
3a). The percentage losses of the phycocyanin contents were in
range of 32 to 70% in relation to in natura. However, in spouted
bed at 80 °C (20.1 ± 1.2 mg g−1db) and in tray drying
(19.8 ± 1.5 mg g−1db), no significant differences were shown
(p < 0.05). During the tray drying, the thickness of Spirulina
biomass provided some protection to degradation, while in
spouted bed the biomass was more exposed to the drying air
due to smaller particles produced by atomization of the suspen-
sion. Phycocyanin is a blue pigment of the phycobiliprotein
family with great commercial interest, and this pigment is very
sensitive to heat, and its losses might be associated to the dena-
tured proteins. According to Patel et al. (2004), thermal denatur-
ation leads to modification of the structure in the native protein,
giving rise to definite changes in the chemical, physical, and
biological properties. Oliveira et al. (2010) reported a loss around
37% of the phycocyanin content of Spirulina in convective tray
drying. Tello-Ireland et al. (2011) found that dehydration resulted
in a decrease in phycocyanin content at higher temperatures in
Gracilaria chilensis.

The increase of the inlet air temperature from 80 to 110 °C in
spouted bed led to a significant increase of the TBA value
(p<0.05) (Fig. 3b. In the tray drying (0.20 ± 0.02mgMDA kg

−1
db),

the TBA value was a little higher than the in natura sample
(0.14 ± 0.03 mg

MDA
kg−1db). In spouted bed drying, the biomass

atomization on the bed increased its superficial area to hot air
exposure, thus becoming more susceptible to oxidation; howev-
er, in the tray dryer, the biomass thickness provided some pro-
tection from lipid oxidation. Tiburcio et al. (2007) in sun drying
and oven drying, found values ranging from 0.47 to
0.56 mgMDA kg−1, and Oliveira et al. (2010) for different air
temperatures (50–70 °C) in convective tray drying reported
values in range from 0.65 to 2.27 mgMDA kg−1.

Tray dried samples showed lower values of color differ-
ence (5.07 ± 0.63) than the samples in spouted bed drying
(Fig. 3c). This can be explained due to their similar values
of lightness (L) and coordinates (a, b) in relation to the
in natura biomass values. L values between in natura sample
and the dried samples in spouted bed were significantly dif-
ferent (p < 0.05), but there were no significant differences
(p > 0.05) between the in natura and the tray-dried samples.
However, the results did not show browning in the dried sam-
ples, and the lightest values were in spouted bed drying. The a
and b values showed significant difference between in natura
and the dried samples. The lowest values for tray drying can
be associated to the greatest drying time (± 210 min). The de-
crease of a and b coordinates can be affected due to pigment
decomposition, like chlorophylls and carotenoids and non-
enzymatic reactions. The chroma (C) value is a measure of
the degree of color saturation, and spouted bed drying
showed a significant difference (p < 0.05) in relation to the
in natura sample, presenting highest values. Hue angles of the
all samples showed predominantly green-yellowness color.

Thermal analyses

TGA curves in Fig. 4a show the first stage of decomposition
process up to 120 °C, which represents loss of free and
loosely bound water. The second stage of decomposition,
between 180 and 350 °C, is attributed to volatility of the pro-
teins and carbohydrates. In this range, the weight losses of the
samples were similar, except in natura samples due to the high
amount of water. The third stage from 350 to 500 °C can be
associated with lipid degradation (Campanella et al. 2012).
The in natura sample showed a pronounced peak in the range
from 25 to 100 °C, due to 72% loss of mass (free water). The
main peak temperature (approximately 300 °C) suggests pro-
tein decomposition, which is the main nutrient of Spirulina
biomass. The in natura sample showed minor mass loss with

Fig. 5 DSC curves of dried
Spirulina. a Dried samples
[Legend: (A) SB 80 °C, (B) SB
90 °C, (C) SB 100 °C, (D)
SB110 °C, (E) TD 55 °C]. b In
natura sample
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highest DTG peak temperature, Tpeak DTG, because this sample
had a higher moisture content. The highest temperatures
(DTG peaks) were obtained in tray drying and in spouted

bed drying at 100 °C (Fig. 4b and Table 2), indicating major
thermal stability of its proteins.

In DSC analysis, it can be observed that the sample curves
showed endothermic peaks. This technique is used to measure
enthalpy changes as a function of temperature or time accord-
ing to changes of physical and chemical properties (Lin and
Wang 2012). Analyzing Fig. 5a, the sample dried in
spouted bed at temperature of 100 °C (line C) showed the
highest peak temperature and one of the highest enthalpy
changes (see values in Table 2). This fact is due to the higher
thermal stability of their components, which can be associated
to proteins and phenolic compounds. The enthalpy defines the
amount of thermal energy required to cause structural changes
in the microalgae; thus, the sample dried in spouted bed at
100 °C needs more energy to promote protein denaturation
and phenolics degradation. In Fig. 5b, the in natura sample
showed a highest endothermic peak with a higher enthalpy
variation than the other samples (Table 2), due to the highest
moisture content (80% w/w, w.b.), protecting its bioactive
compounds in relation to thermal degradation.

Fig. 6 FTIR spectrum analysis of the methanol extracts. a In natura. b
Spouted bed drying at 100 °C. c Tray drying at 55 °C

Fig. 7 Scanning electron micrographs of dried Spirulina. a Spouted bed
drying at 100 °C. b Tray drying at 55 °C
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Fourier-transform infrared spectroscopy analysis

The infrared spectrum in spouted bed at 100 °C (Fig. 6b) was
similar to in natura spectrum (Fig. 6a). The bands in the range
from 3550 cm−1 are related to O-H stretching; 3150 cm−1

shows N-H presence and from 2850 cm−1 to 2700 cm−1 repre-
sents the aldehyde group. The 1700 cm−1 range is related to
vibrational stretching of C=O, and the 1300 cm−1 band is relative
to deformation angular of C–O–H. The range from 1100 to
1000 cm−1 indicates a stretching of C–O, and the 800 cm−1 band
corresponds to the angular deformations of aromatic rings
(Silverstein et al. 2007). The range of the 800 cm−1 band showed
higher transmittance of the in natura and the spouted bed samples
than the samples in tray drying (Fig. 6c). In addition, the
1020 cm−1 band appeared only in tray-drying sample, which
can represent some division of the 800 cm−1 band reducing its
transmittance. Thus, these differences observed in the samples
could be associated tominor concentration on total phenolic com-
pounds in tray drying.

Scanning electron microscopy analysis

The powder of Spirulina biomass obtained by spouted bed
showed no difference in shape and particle size in the different
temperatures. Besides, rough surface particles with small diame-
ter were observed in Fig. 7b (< 100 μm) and different structure
than the powder of the tray drying in Fig. 7a (> 100 μm). In
spouted bed, the biomass is atomized and covers the polyethyl-
ene surface of the inert bodies, forming a thin layer around them;
thus, during the drying operation of this layer, the interparticle
friction from inert bodies leads to particles with small size and
irregular surfaces. The SEM of the dried powder in tray drying
milled in a knife mill showed a compact, rigid, and non-porous
surface, which could lead the minor losses in the phycocyanin
content and lower increase in TBA value in relation to the
spouted bed drying.

Conclusions

The effects of the drying methods of the Spirulina biomass in
spouted bed and in tray drying were investigated. Spouted
bed drying at 80 °C and tray drying (55 °C) were the more
suitable techniques to obtain the highest phycocyanin contents
and minor lipid oxidation. However, spouted bed drying at
100 °C reached greater thermal stability in relation to the pro-
teins, due to the highest values of total phenolic compounds,
antioxidant activity, and protein solubility. All samples showed
predominantly green-yellowness color, and the tray dried sam-
ples showed lower color difference than the samples in spouted
bed drying. The infrared spectrum (FTIR) of the samples
in spouted bed at 100 °Cwas similar to the spectrum of in natura
sample. However, in the tray-drying samples some differences in

the spectrum were observed, and this can be associated to minor
concentration of total phenolic compounds. The SEM of the
dried powder in tray drying, milled in knife mill, showed a com-
pact, rigid, and non-porous surface, which can lead to the minor
losses in the phycocyanin content and TBA value in relation to
spouted bed drying.
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