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Abstract

The high content of bioactive compounds in the microalga Spirulina platensis has recently attracted attention from food and
pharmaceutical industries. However, for its application an effective preservation technique must be developed. In this paper,
we investigated the use of a non-conventional rotary dryer (with an inert bed) for drying the microalga Spirulina biomass
and the effects of the operational conditions (air temperature, intermittent feeding interval, filling degree of inert particles,
and rotation speed) on its bioactive compounds. The results indicated that this non-conventional drying system offers an
effective alternative for expanding the use of this biomass in an adequate form. We identified the conditions in which the
dried material had maintained satisfactory contents of phenolics (air temperature of 70 °C and intermittent feeding interval
of 10 min), flavonoids (intermittent feeding interval of 17.4 min), and phycocyanin compounds (air temperature of 40 °C),

which were near to those present in fresh microalga.
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Introduction

Spirulina platensis is a single-cell blue-green microalga
(cyanobacteria) which is a natural source of a wide variety of
essential nutrients, such as proteins, vitamins, amino acids,
minerals, and unsaturated fatty acids. This microalga also
contains important antioxidant and anti-inflammatory com-
pounds, including carotenoids, phenolic acids, flavonoids
and phycocyanin, whose therapeutic and health properties
are well documented in several studies. Given these excep-
tional characteristics, this microalga has potential applica-
tions in various industrial processes, including those used in
agriculture, food and pharmaceuticals [1-4].

The dehydration of Spirulina is an essential step in the
effective use of this material, since its moisture content after
harvesting can exceed 90% (wet basis) [5-7]. However, the
drying technique and operating conditions can significantly
affect the functional properties and nutritional value of this
microalga. Therefore, the correct choice of equipment and
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operating conditions is critical to product quality. Some
studies have shown that conventional drying systems may
be ineffective in preserving the quality of microalga [§—10].
Thus, alternative methods that better preserve the func-
tional and nutritional properties of the dried product must
be identified.

Rotary dryers are widely used in various industrial pro-
cesses, due to their flexibility in handling a wider range of
materials than is possible with other types of dryers and their
high processing capacity. The conventional configuration of
the rotary dryer consists of a cylindrical rotary drum slightly
inclined from the horizontal, which is equipped with flights
that lift the solids and cause them to fall in cascades across
the interior of the dryer [11-15]. However, this device is
generally used for granular material, so to process pastes
like this microalga biomass, an alternative equipment con-
figuration is necessary. The use of inert particles inside the
drum offers an interesting possibility for drying pasty mate-
rials, since an inert bed can increase the degree of surface
contact between hot air and the material, and prevent loss
of material on the walls and dryer structure [16—18]. Com-
pared with other devices that use inert beds for drying pasty
materials, such as fluidized and spouted beds, a rotary dryer
with an inert bed will experience a lower pressure drop and
higher moisture removal efficiency, due to its use of larger
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inert particles that prevent instability or bed agglomeration
[19-21].

In this study, we investigated the performance of a rotary
dryer with an inert bed in the dehydration of S. platensis and
analyzed the effects of various process variables (air temper-
ature, filling degree, rotation speed and intermittent feeding
interval) on the quality of the final product, as expressed by
the content of bioactive compounds: phenolics, flavonoids,
and phycocyanin.

Materials and methods

Raw material

The microalga Spirulina platensis used in this work was
supplied by the Brasil Vital Company, located in the state

of Goias, Brazil. Prior to use, the material was filtered
in vacuum conditions, then divided and packaged into

Fig. 1 Experimental apparatus

small portions and stored in a freezer until its use in the
experiments.

Experimental apparatus

The experimental apparatus, as presented in Fig. 1, con-
sisted of a 5-HP blower (Kepler-Weber, 112 M), an air heat-
ing system comprising electric resistances controlled by a
variac, a rotary drum coupled to a rotation system compris-
ing a 0.75-HP motor (WEG, W22) and a frequency inverter
(WEG, CF-08), and a Stairmand cyclone separator (diameter
of 10 cm) with a flask to collect the dried material in the
underflow. Temperatures were measured by thermocouples,
positioned in front of and behind the rotary drum. The fresh
Spirulina was fed by a system equipped with a peristaltic
pump (Masterflex, 7553-70) connected to a velocity variator.

The rotary drum used in the experiments was made of
stainless-steel (Fig. 2a) with an inner diameter of 12 cm,
length of 36 cm and three flights with 2.5 cm in height

1 — Blower

2 — Electric Heater

3 — Toltage Tariator

4 — Rotary Drum

5 —Motor

8 |6 — Frequence Inverter
7 — Thermocouples

8 — Cyclone Separator

9— Collect flask

10 — Feed Tank

9 11 — Peristaltic Pump
12 —Telocity Tariator

Fig.2 Rotary drum (a), flights (b) and inert particles (c)
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(Fig. 2b). The inert particles (Fig. 2c) were porcelain spheres
with a diameter of 1.9 cm and density of 2.32 g/cm?>.

Experimental design

The experimental conditions were chosen based on a cen-
tral composite design (CCD) [22]. To analyze the four inde-
pendent variables, we conducted a total of 26 experiments
with two replicates at the central levels. The independent
variables included air temperature (7), intermittent feeding
interval (FI), filling degree of the inert particles (FD), and
rotation speed (RS). Table 1 shows the coded and real values
for the independent variables.

In each test, about 110 g of fresh Spirulina was fed in
cycles, with intermittent feeds of 10 g of material and rest
periods. The rest time was the variable Intermittent feeding
interval (FI). The filling degree (FD) was calculated based
on the dimensions of the rotary drum and the properties of
the particles bed (size, density and porosity) and expressed
the volumetric fraction of inert particles inside the rotary
drum during the dehydration process. We used a digital
tachometer (MINIPA, MDT-2238A) to measure the Rota-
tion speed (RS). To maximize the collection efficiency of the
cyclone separator, we used a feed air flow rate corresponding
to the highest capacity of the blower (0.92 m*/min).

Moisture and water activity (a,)

The moisture content of the samples was determined using
the oven method: 105 +3 °C per 24 h [23], and the water
activity (a,,) was measured using a LabSwift (Novasina)
device that measures the a,, of the material in a scale from
0.000 to 1.000 with a precision of +0.001. All measurements
were repeated three times.

Analysis of bioactive compounds

The analyzes of the bioactive compounds were repeated
three times and the total contents were expressed as a mean
value + standard deviation. We used the Student’s ¢ test to
evaluate the statistical significance of the difference between
mean values. The quality responses analyzed were the

Table 1 Coded and real values of the experimental design

Coded levels

-1.483 -1 0 +1 +1.483

Air temperature (°C) 40.3 50.0 70.0 90.0 99.7

Intermittent feeding interval 2.6 5.0 10.0 150 174
(min)

Filling degree (%) 12.1

Rotation speed (RPM) 35.2

15.0 21.0 27.0 299
40.0 50.0 60.0 64.8

contents of total phenolics, total flavonoids, and phycocya-
nin. We quantified the effects of the independent variables
on these quality responses using regression techniques.

Total phenolics content (TPC) To determine the TPC we
used the Folin—Ciocauteau method [24], with gallic acid as
the standard and spectrophotometric reading at 622 nm. The
results are expressed in milligrams of gallic acid per 100 g
of sample (dry matter).

Total Flavonoids Content (TFC) To determine the TFC
we used the colorimetric method described by Zhishen et al.
[25], using rutin as the standard and a spectrophotometric
reading at 450 nm. The results are expressed in milligrams
of rutin per 100 g of sample (dry matter).

Phycocyanin Content (PC) We extracted phycocyanin
based on the method reported by Costa et al. [26], using
water as the solvent extractor and spectrophotometric read-
ing at 620 nm and 652 nm. We calculated the phycocyanin
content using Eq. (1) [27], and converted the results to grams
of phycocyanin per 100 g of the sample (dry matter):

[ODg,o — 0.474(ODys, )|

1
5.34 ’ ()

PC =

where PC is the phycocyanin content (mg/mL) and ODg,,
and ODq;, are the optical densities of the samples at 620 nm
and 652 nm, respectively.

Scanning electron microscopy (SEM)

Physical changes that occur during dehydration may affect
the product quality [28, 29]. As such, after drying the Spir-
ulina biomass, we examined it by scanning electron micros-
copy (SEM) technique, using a Carl Zeiss microscope, EVO
MA 10, to evaluate the microstructural characteristics of
the material [30]. We attached the material to the micro-
scope supports using a conductive carbon tape and, then,
metallized it with gold (Leica, SCD 050). We used a 10-kV
acceleration voltage in the SEM analysis.

Results and discussion
Moisture and water activity (a,)

After dehydration in the rotary dryer with an inert bed, the
dried Spirulina obtained was a fine and homogeneous pow-
der. Figure 3 shows images of the fresh (a) and dried (b)
microalga and Table 2 shows the final moisture and water
activity (a,,) values obtained in each test of the experimental
design.

The fresh microalga had a moisture content of
0.827+0.01 g water/g wet matter (wet basis) and the q,,
value of 0.967. The moisture content of the microalga after

@ Springer



1362

Bioprocess and Biosystems Engineering (2020) 43:1359-1367

drying process ranged from 0.036 to 0.078 g water/g wet
matter and the a,, ranged from 0.233 to 0.361. This means
that the material reached moisture content and water activ-
ity levels suitable for storage and transportation in all the
operating conditions used in this work. Most bacteria, fungi,
and yeast are inhibited in their activity and growth when the
a,, is lower than 0.600 [31]. The greatest moisture removals
were obtained in the tests with the highest temperature (Exp.

16) and the highest filling degree (Exp. 22), showing the
relevance of these variables (T and FD) in the heat and mass
transfer process. Thus, the non-conventional rotary dryer
used in this work was effective for processing S. platensis.
However, we still had to verify whether the equipment and
operating conditions used in this work enabled the produc-
tion of a product with good quality.

Fig.3 Fresh (a) and dried (b)
Spirulina

Table 2 Moisture and water

o Exp T (°C) FI (min) FD (%) RS (RPM) Moisture a,
activity (a,,) results (g water/g wet
matter)
1 50.0 5.0 15.0 40.0 0.078 0.361
2 50.0 5.0 15.0 60.0 0.061 0.301
3 50.0 5.0 27.0 40.0 0.053 0.303
4 50.0 5.0 27.0 60.0 0.062 0.332
5 50.0 15.0 15.0 40.0 0.049 0.290
6 50.0 15.0 15.0 60.0 0.048 0.290
7 50.0 15.0 27.0 40.0 0.049 0.309
8 50.0 15.0 27.0 60.0 0.052 0.233
9 90.0 5.0 15.0 40.0 0.053 0.353
10 90.0 5.0 15.0 60.0 0.060 0.312
11 90.0 5.0 27.0 40.0 0.051 0.307
12 90.0 5.0 27.0 60.0 0.058 0.320
13 90.0 15.0 15.0 40.0 0.041 0.309
14 90.0 15.0 15.0 60.0 0.044 0.240
15 90.0 15.0 27.0 40.0 0.044 0.244
16 90.0 15.0 27.0 60.0 0.036 0.208
17 40.3 10.0 21.0 50.0 0.046 0.292
18 99.7 10.0 21.0 50.0 0.040 0.253
19 70.0 2.6 21.0 50.0 0.056 0.310
20 70.0 17.4 21.0 50.0 0.044 0.230
21 70.0 10.0 12.1 50.0 0.045 0.267
22 70.0 10.0 29.9 50.0 0.036 0.277
23 70.0 10.0 21.0 35.2 0.049 0.281
24 70.0 10.0 21.0 64.8 0.044 0.238
25 70.0 10.0 21.0 50.0 0.043 0.234
26 70.0 10.0 21.0 50.0 0.043 0.234
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Fig.5 TPC (a), TFC (b), and PC (c) surface responses

Bioactive compounds

Figures 4, 6, and 7 show the respective contents of total
phenolics (TPC), total flavonoids (TFC), and phycocyanin
(PC) after drying in each experimental test (see conditions in
Table 2). Figure 5 shows response surfaces of these quality
responses as a function of the main independent variables (T
and FI). We obtained these response surfaces using regres-
sion equations fitted to the experimental data, to enable
quantification of the effects of the studied independent vari-
ables (7, FI, FD, and RS) on the quality responses (Egs. 2,
4 and 5).

The phenolic compounds present in this microalga
have been reported to exhibit pharmacological properties
such as being anticarcinogenic, antiviral, antimicrobial,
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anti-inflammatory, and antitumoral [1]. Figure 4 shows
the total phenolic compounds (TPC) present in Spirulina
after drying for each experimental test. We can see that in
some operating conditions the dried microalga had a TPC
value close to that of the fresh material (462.12 mg gallic
acid/100 g samples in dry matter). These best results were
obtained in experiments in which various variables were at
the central levels (intermediate values). For example, Exps.
26 and 21 (see Table 2) led to TPC values of 433.38 and
400.13 mg gallic acid per 100 g samples, respectively. We
also note that several studies [1, 8, 32] have reported that
conventional drying techniques have led to a degradation of
these compounds after drying, which reinforces the potential
of this new rotary dryer for Spirulina dehydration.
Equation (2) shows the fitted equation (R*=0.84) for
TPC as a function of the significant parameters related to the
independent variables considering their linear, quadratic and
interaction effects. This equation for TPC, as well as Eqs. (4)
and (5), for TFC and PC, respectively, are presented with the
independent variables in coded form. In these regressions,
we coded the studied variables (7, FI, FD and RS) using

Eq. (3):

TPC = 408.0 + 23.9.x,— 43.1x]— 66.2.x]

2
—20.0x3—21.2x;— 15.2x,x; @
T —70.0 FI—10.0
wherex; = 20.0 ;X = 50 ;
L _FD-210  _RS-500 )
T60 YT 100

For T in °C, FI in min, FD in % and RS in rpm.

Figure 5a shows the response surface of TPC as a func-
tion of T and FI, with the other independent variables at
central levels. In the figure, we can clearly see the non-linear
effects of 7"and FI on the TPC and that the highest TPC val-
ues are obtained at intermediate levels of the independent
variables, as noted above.

A variety of biological activities, including antioxidant,
anti-inflammatory, estrogenic, antimicrobial, and antitumor
abilities have been reported for flavonoids compounds [8, 33].
Figure 6 shows the TFC of S. platensis after drying in each of
the experimental tests, as well as the TFC of a fresh sample.
We can also see that in some tests the TFC values were closer
to the value of the fresh Spirulina (9.86 mg rutin/100 g sample
in dry matter). The TFC of Spirulina dried in the conditions
used in test 20, for example, was 8.33 mg rutin per 100 g
sample in dry matter. This experiment (test 20) was performed
at a high level of FI with the other variables at central levels.

Equation (4) shows the fitted equation (R*>=0.80) for
TFC as a function of the significant parameters with the
independent variables in coded form. Figure 5b shows the
response surface of TFC as a function of T and FI, with the
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other independent variables at central levels, in which we
can confirm the best conditions for the TFC are those iden-
tified above, i.e., high FI periods and the other variables at
intermediate levels:

TFC = 7.1540.29x,— 0.75x7 + 0.41x,
+0.703— 0.49x3— 0.37 x, + 0.64 x, x, 4)
—0.36 x,x3—0.64 x3x,4.

Among the compounds present in the Spirulina biomass,
phycocyanin is the main pigment produced, which reach
20% of the dry weight of cell protein. This compound has
been used in food coloring and cosmetics, but its significant
therapeutic value, due to its high antioxidant and anti-inflam-
matory properties, has attracted attention for its application
in pharmaceutical and functional food industries [34-36].
Figure 7 shows the PC in microalga after dehydration. We
can see that some of the experiments led to PC in the dried
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Spirulina close to that of fresh microalga (14.55 g Spir-
ulina/100 g in dry matter). Most of these experiments were
performed at lower temperatures, for example the Experi-
ments 6 and 2, were performed at 50 °C, and resulted in
PC values of 13.85 and 13.64 g phycocyanin per 100 g (dry
matter), respectively. On the other hand, Experiments 18 and
11, were performed at 99.7 °C and 90 °C, respectively, and
resulted in PC values of 6.55 and 6.82 g phycocyanin per
100 g sample (dry matter), respectively, which represent a
significant degradation of this compound. Desmorieux and
Decaen [5], Doke [6] and Sarada et al. [37] also observed the
thermosensibility of phycocyanin during the drying of this
microalga when using conventional techniques.

Equation (5) shows the fitted equation (R*=0.84) for PC
as a function of T and FI (coded form), which we identi-
fied as significant independent variables for this compound.
Figure Sc shows the response surface of PC as a function of
these independent variables, from which we can confirm the
thermosensibility of this compound and the highest PC value
at the lowest drying temperature:

PC = 9.33-2.26x, + 0.81x3. 6)

Scanning electronic microscopy (SEM) images

Figure 8 shows SEM images of Spirulina samples before and
after dehydration, which was performed at central levels of

the experimental design (Exp. 25 of Table 2). We can see that
the microalga suffered a considerable alteration in its physical
structure after moisture removal process. The spiral or helical
filaments, which give this species its name to Spirulina, are
visible in the fresh samples, but disappear after drying. In
addition, the biomass surface had melted with clogging of the
formed pores. This “smooth” and “solid leaf” aspect was also
reported by Desmorieux et al. [32] after convective drying of
S. platensis. However, the different operating conditions had
no influence on this aspect of the dried microalga. Figure 9
shows SEM images of the microalga after drying in different
experimental conditions, in which we can see no significant
changes in the morphology of the dried samples, even after
very different operating conditions.

Conclusions

In this work, we used a novel rotary dryer with an inert bed, to
successfully dehydrate the microalga S. platensis. The operat-
ing conditions used led to a moisture content of the microalga
after drying that was lower than 0.080 g water/g wet matter
and a water activity lower than 0.400. These results mean that
the shelf life of this microalga can be extended by minimizing
microbial growth. We also quantified the effect of operating
variables (Temperature, Intermittent feeding interval, Filling
degree and Rotation speed) on the bioactive compounds pre-
sent in microalga after drying. We then derived equations for

Fig.8 Scanning electronic microscopy (SEM) images of Spirulina samples: fresh microalga (superior images) and dried at Exp. 25 conditions
(inferior images) with magnification of 500 (a), 1500 (b) and 4000 (c) times
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Fig.9 Scanning electronic microscopy (SEM) images of dried Spirulina samples: Intermediate experimental conditions (0) versus extreme con-
ditions (+ ) for different values of 7 (a), FI (b), FD (c¢) and RS (d). Magnification of 4000 times

predicting the total phenolic, total flavonoid, and phycocyanin
as a function of these independent variables and identified the
conditions that promote high levels of these bioactive com-
pounds after drying. Based on our results, we can conclude
that the rotary dryer with an inert bed is a very good option
for the efficient drying of S. platensis, while also preserving
the contents of the main bioactive compounds.
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